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The performance of a motion control system depends on hardware capabilities, such as sensor resolution and ac-
tuator technology. For a certain plant, an amelioration in performance can often be achieved by using better sensors.
This however may require a redesign of the system, as the new sensor may not fit into the existing plant. As for the
actuators, many motion control systems using stepper motors exist; these stepper motors known for their high torque
ripple and limited dynamic performance, especially in the presence of mechanical resonances of the driven load. A
possible solution is to replace the actuator with a better one; however, this again may require a costly redesign of the
plant. To improve the performance of existing plants with minimal invasive modifications, our group has developed
a set of solutions, based on the use of low-cost MEMS inertial sensors, which can be easily placed on the system to
be controlled. We will show the manner in which we used such sensors to develop new control strategies, to enhance
the performance of existing sensors and actuators, without major modifications to the plant. This will be demonstrated
through some examples taken from both laboratory and industrial applications.
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1. Introduction

High accuracy and fast motion control of industrial mecha-
tronic systems (e.g. machine tools, inspection equipment,
surface mounting equipment etc.) is a key factor in the im-
provement of manufacturing quality, needed to respond to the
increasing demand for products with high reliability and per-
ceived quality. Indeed, the achievable control performance
heavily relies on hardware performance, such as sensor reso-
lution, actuator technology and computational power, and the
achievement of a certain goal may require the replacement of
the whole manufacturing equipment or some of its compo-
nents. In particular, a possible solution for the improvement
of the positioning performance of outdated equipment could
be to replace the existing low-resolution position sensors with
higher resolution ones. This, however, may require the com-
plete redesign of the system, as the new sensor may not fit
in the available space of the existing plant. In such a case,
a possible solution is the use of sophisticated hardware for
encoder signal processing, as proposed in”, where a smart
time-stamping and selection of encoder events is used to vir-
tually increase the resolution in position measurement. The
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cost of such solution, however, is related to the additional
high performance hardware to be used. An alternative low
cost solution is to resort to the use of estimators, capable of
providing smooth estimates of the actual position and, in turn,
better motion control quality. Significant results on this ap-
proach have been reported in®®. Among all the possible
estimation techniques, those based on Kalman filters (KF) “
have gained a lot of interest in those applications where there
is a need to estimate velocity and position of a system with
low resolution sensors ©7.

In other scenarios, the use of low-cost stepper motors leads
to a limited achievable motion speed, especially in presence
of mechanical resonances, as this type of actuators introduces
some torque ripple. Even with the use of better performing
Hybrid Stepper Motors (HSM), combined with micro step-
ping in the current driving of the stator coils, it is not possible
to achieve the complete reduction of the ripple and cogging
torques in this type of actuators. The limitations in the use
of HSM are even stronger when they are used to move load
through a flexible mechanical transmission. This is a typi-
cal industrial scenario, in which the problem of the oscilla-
tions arising from the excitation of the mechanical resonance
by various disturbances (including torque ripple) is usually
addressed by severely limiting the overall dynamic perfor-
mance. Again, a possible solution is the replacement of the
actuator with another, with better characteristics, but this may
require the complete or partial redesign of the plant.

To avoid all the above-mentioned redesigns and to improve
the performance of the existing plants with minimally inva-
sive modifications, our group has developed a set of solu-
tions, based on the use of low-cost MEMS inertial sensors,
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properly placed on the mechanical load to be controlled. In
this paper, it will be shown how the use of such sensors allow
the development of new control strategies, by means of which
it is possible to enhance the performance of existing hard-
ware, without resorting to major modifications of the plant.

The paper is organized as follows: the use of MEMS in-
ertial sensors to improve the performance of motion control
systems with low-resolution positions sensors is presented
in Sect.2. It will be shown how accuracy and robustness
can be improved, compared to standard solutions. As for
the improvement of the performance of motion control sys-
tems driven by stepper motors, the problem is two-folded.
In Sect.3 it will be shown how it is possible to use load-
side MEMS sensors to determine and compensate the prin-
cipal components of the torque ripple in Hybrid Stepper Mo-
tor, which severely limit the performance attainable with this
type of actuators. In Sect.4, we propose the use of an ac-
tive damping strategy, which allows for the improvement of
the dynamic response and an excellent rejection of the oscil-
lations caused by the torque ripple. Section 5 reports some
final remarks.

2. Positioning Performance Improvement with
MEMS Sensors

In this section, we propose the use of a KF, which imple-
ments a sensor fusion, in order to reduce the effects of the
quantization noise affecting the measured position. In par-
ticular, the KF utilizes the measurements provided by a low
cost MEMS accelerometer to enhance the quality of position
and velocity estimates, to be used in the closed loop posi-
tion control of a table system. The size and cost of the ad-
ditional sensor are negligible, so it can be easily mounted on
an existing system, to improve its original performance. The
use of load acceleration sensing, combined with a KF, is not
new in motion control, but the solution proposed here has
some original features, compared to the existing ones. In?”,
the measurements provided by the accelerometers is used to
get a velocity signal with reduced noise, compared to that
obtained by the differentiation of the position provided by
an incremental encoder. The robustness of the estimate is
also enhanced by making use of a kinematic KF, in place
of the usual one, based on the dynamic model of the plant.
Another relevant application can be found in the sensorless
force control proposed in ®, where the measurement provided
by the accelerometer is used in an advanced implementation
of the Disturbance Observer (DOB), to obtain a better esti-
mate and compensation of the disturbances. In both cases,
however, authors do not explicitly take into account the issue
of bias affecting the acceleration measurements. IAddition-
ally, the results reported do not consider the scenario of a
servo positioning device, limiting the discussion to velocity
or force control. As mentioned above, we are interested in
the possibility of improving the performance of an existing
servo positioning system, equipped with a low resolution po-
sition sensor. In this section, we present a solution based on
an acceleration-based disturbance observer (a-DOB). In this
implementation of the disturbance observers, an augmented
model of the acceleration measurement is used to take into
account bias and drifts in the measurements provided by the
MEMS sensor. Similarly to the solution proposed in®, the
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Fig. 1.

Kalman filter is based on a kinematic model, and the esti-
mates are used not only to determine the disturbance acting
on the system as in ®, but also to get a smooth and large band-
width estimate of load position and velocity.

2.1 Kalman Estimator Utilizing a MEMS Accelerom-
eter In this subsection, we develop the model and the
Kalman estimator for a rigid, single degree of freedom servo
positioning system, composed of a linear motor on which a
position sensor and a MEMS accelerometer provide the load
mass position and acceleration, respectively. When consider-
ing the force as the system input and the position as output,
the plant block diagram results as in Fig. 1, where u is the
force command provided by the controller, d the input dis-
turbance force, a is the actual acceleration of the load and
x and x are the load position and velocity, respectively (so
that a = X). For such a system, it is possible to design a
kinematic state estimator, which makes use of the measured
acceleration and load position to obtain a smooth and robust
estimate of the system states, as proposed in”. The robust-
ness is ensured by the fact that, by knowing the actual load
acceleration and considering it as the system input, the load
mass is no longer included in the system dynamics, thus en-
suring an accurate estimate even in case of large variations
of the actual load mass. In, it is assumed that the accelera-
tion measurement is accurate and bias free. This, however, is
not true, especially when acceleration measurement is made
by using low cost MEMS accelerometers. In general, The
presence of bias is particularly detrimental in all those ap-
plications where the acceleration signal is used to obtain the
velocity and/or position of a device on which the sensor is
mounted. This is the typical scenario of inertial navigation, in
which the coordinates and velocities of a vehicle (terrestrial
or aerial) are obtained by integrating the measurements of a
set of inertial sensors (e.g. accelerometers and gyroscopes).
On the other hand, Global Positioning Systems provide drift-
free measurements, but at a low sampling rate and with an un-
satisfactory degree of accuracy. To achieve the desired goal
of accurate, drift-free and frequent estimate of the position
(and/or velocity), several so-called sensor fusion techniques
have been developed, in which the positive characteristics of
the GPS sensor are blended with those of the inertial one. In-
terested readers can deepen the subject in® and “?. In a nut-
shell, most of the techniques for the cancellation of the bias
are based an integrator, which accumulates the difference be-
tween the GPS position and that obtained by the double in-
tegration of the accelerometer’s output. This initial approach
has been further developed in a state-space, stochastic frame-
work, where errors, noise and bias are all treated as random
processes. Additionally, the research on MEMS sensors has

IEEJ Journal IA, Vol.5, No.2, 2016



Use of MEMS inertial sensors for performance improvement (Roberto Oboe et al.)

shown that the errors in their measurements are a combina-
tion of random error sources, non linearities and thermally in-
duced alterations. A global analysis on the model of errors in
MEMS accelerometers can be found in ", while a more de-
tailed modeling of their measurement noise is reported in 2,
where the use of Allan’s variance is clearly described. Fi-
nally, a comprehensive analysis on the bias in the measure-
ments has been conducted in "®. Here, it can be seen that the
bias has by far a more complex description than a stochas-
tic process, being related also to operating temperature. Of
course, many of the above-mentioned issues can be partially
or totally solved by implementing an accurate calibration of
the sensors (to determine scale factors and bias) and imple-
menting a strict temperature control (or compensation). In
the mechatronic application analyzed in this paper, however,
this would require a specific calibration of each sensor after
placement on the servo positioner to be controlled, increas-
ing the implementation cost. In order to address all the above
issue at a reasonable implementation cost, it is proposed here
to make use of a simplified model of the acceleration mea-
surement (compared to that proposed in ""), which considers
the actual acceleration a as the sum of the measured one plus
a bias and a noise, i.e.

a:am+ab+wl ................................ (1)

where a,, represent the measurement of the load acceleration,
as provided by an accelerometer, ay, is the bias and noise w;.
The measurement bias is modeled as a random walk, i.e.

with w, a white random process.

It is worth noticing that the proposed model, far from being
complete, is however capable of capturing several important
characteristics of the MEMS sensor, namely the wide-band
noise, the bias and its possible variations, including those in-
duced by the operating temperature and the changes in the
scale factor.

Going back to 7, it is proposed in this paper to extend such
approach, by embedding the above model for the biased ac-
celeration measurement into the kinematic model of the servo
positioner, resulting in the following space state model, de-
scribing the dynamics between the acceleration measurement
a,, and the measured position y:

01 0 0 0 0
A=|0 0 -1 |.By=|1].B=|-1 0],
0O 0 O 0 0 1
C=[1 0 ()] ............................... 5)

The process noises w;, w, and measurement noise v are white
Gaussian random processes with zero mean and variances 0'5,
o-i and 0'1%, respectively, and they account for different noise
and error sources, including the accelerometer output noise,
the quantization of the position encoder, and other modeling
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Fig.2. Block diagram of the continuous time plant
model used for the Kalman filter design

MEMS Accelerometer

Fig.3. Picture of the experimental setup

The block diagram of the continuous time model (3), (4),
used for the design of the kinematic KF, is reported in Fig. 2.
Its zero-order hold discretization has been used for the design
of a time-varying KF, in which the variance of the measure-
ment noise is 0 = ¢*/12, with ¢ being the position sensor
resolution (quantization step). On the other hand, the deter-
mination of the process noise variances is not so immedi-
ate. Process input noise variance o2 can be obtained experi-
mentally, by performing an Allan’s variance test on the data
obtained using a steady MEMS accelerometer or using data
provided by the manufacturer. As for the, variance of w,,
this must determined experimentally, by performing a white-
ness test (e.g. Bartlett’s test ") on the process innovation, i.e.
the value of o-i is varied until difference between the actual
and the estimated system outputs, during the actual motion
of the servo positioner, gets as close as possible to a white
noise. In fact, it is not possible to use data from the Allan’s
variance test, due to simplicity of the model for the bias used
here, for which variations in scale factor due to nonlinearity
or variations of bias due to temperature (both not accounted
in Allan’s variance) will result in variations of the estimated
measurement bias. Anyway, this experimental tuning usually
leads to satisfactory results, even if not optimal in a stochas-
tic sense. As a final remark, it is worth noticing that the KF
estimator used here can be seen an extension to the stochas-
tic case of the Unaccessible Input Observer proposed in **,
where the unaccessible input is the bias of the MEMS ac-
celerometer in the system considered. In particular, approach
followed in this paper is inspired to the research on the zero-
order model for the bias reported in“® and later extended to
the stochastic case in 7.

2.2 Experimental Setup Figure 3 shows the experi-
mental setup used to test the use of Kalman filter in the con-
trol of the position with low resolution encoders. It is com-
posed of a linear shaft brushless motor, moving a mechani-
cal load consisting of two slides, mounted on two linear ball
bearings guides.
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Fig.4. Block diagram of conventional control system consisting of p-DOB with PD regulator based on measured

position information (conventional)

Table 1. Specifications of experimental setup
continuous force 20 N
peak force 78 N
magnetic pitch (North-North) | 60 mm
length 80 mm
linear sensor resolution 10 pm
sampling time 7 500 pus
load mass M 2 kg

The position of the load is measured by a linear encoder
with 10 um resolution. A low cost MEMS accelerome-
ter (Analog Devices’ ADXL335 3-Axis accelerometer **) is
placed on top of one slide, to measure its acceleration. The
linear motor is driven by a servo amplifier, which receives
the thrust force command given by the control system. This
is computed with sampling time 7'y on Matlab/Simulink with
Real-Time Windows Target. The specifications of the system
are listed in Table 1.

2.3 2-degrees-of-freedom Control System In order
to test the effectiveness of the proposed solution, a fair com-
parison of the control performance achievable with different
solutions had to be made. In the following we will present
two alternative position servo controllers for the experimen-
tal system described in Sect. 2.2.

Both of them implement a robust 2-degrees-of-freedom
(2DOF) PD controller, designed by using a slightly modi-
fied version of the solution presented in "”, where a robust PI
controller was designed for a velocity servo.

2.3.1 Conventional: p-DOB with PD Regulator based
on Measured Position Information The first controller
is reported in Fig. 4, which shows a 2DOF positioning sys-
tem, consisting of p-DOB with PD regulator based on mea-
sured position information, where N(z) and D(z) are feedfor-
ward compensators, K, is a position gain, K, is a velocity
gain, M, is a nominal weight of the table, L,(z) is a first or-
der low pass filter, L,(z) is a second order low pass filter, r[k]
is a position reference, 7[k] is a velocity reference, u[k] is a
thrust force command, y(f) is a table position, y[k] is a mea-
sured table position, d is a disturbance and d is an estimated
disturbance.

As mentioned above, all the discrete-time filters and con-
trollers are the discrete versions of continuous-time counter-
parts. In particular, the first order low pass filter L;(s) has
been designed for filtering of the discrete-time differentia-
tion of the measured position, with the following transfer

81

Table 2. Controller parameters of conventional system

proportional gain K, [N/m] 7900
differential gain K, [N/(m/s)] | 250
cut off frequency of N(s) and D(s) wy [rad/s] 1007
cut off frequency of L; () wy [rad/s] 2007
cut off frequency of L, (s) wp  [rad/s] 60
sampling time T, [ms] 0.5

function:

wi1

L(8) = et (6)

S+ wp '
The second order low pass filter L,(s) has been designed
with narrower bandwidth compared to Li(s) (cut off fre-
quency of 30Hz), in order to reduce the noise due to the
double differentiations of the quantized measured position.

2
Wp

Lo(8) = — 2 e (7

(s +wp)*’

The feedforward compensators have been designed, ac-
cording to the coprime factorization of the rigid model
Py(s) = 1/(M,s%); it holds that:

w}z{ Mna)f,s2
N(s) = m, D(s) = m ........ (8)

Finally, the feedback controller is a standard proportional-
derivative (PD) regulator with transfer function

Cs)=K,+K, s,

where the controller parameters are listed in Table 2.

2.3.2 Proposed Solution: a-DOB with PD Regulator
based on Estimated Position Information Figure 5
shows the 2DOF positioning system consisting of a-DOB
with PD regulator based on estimated position. Again, the
design of the controllers and filters is the same as above, with
the main difference in the use of the Kalman filter in order
to estimate of the whole system state, which includes the ac-
celeration bias d,[k], in addition to x[k] (estimated position)
and X[k] (estimated velocity). With this solution, the accu-
racy and the speed of the disturbance estimate no longer de-
pends on the noise and/or the quantization affecting the posi-
tion measurement. For this reason, it is possible to widen the
bandwidth of the low-pass filter on the estimated disturbance,
resulting in the set of parameters reported in Table 3.
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position information (proposed)

Table 3. controller parameters of proposed system
proportional gain K, [N/m] 7900
differential gain K, [N/(m/s)] | 250
cut off frequency of N(s) and D(s) w; [rad/s] 1007
cut off frequency of L(s) w; [rad/s] 80
sampling time Ty [ms] 0.5

2.4 Experimental Verifications  In order to verify the
positioning performance of the proposed system, a S-shaped
position reference with amplitude of 70 mm and travel time
of 0.5s is applied to the system. The performance of the
conventional position based disturbance observer (p-DOB) is
compared with that obtained with the proposed a-DOB, de-
scribed in the previous section. It is worth noticing that in
the p-DOB the load acceleration (required for the estimation
of the input disturbance) has been obtained by filtering the
load position measurement with a second order high-pass fil-
ter. As mentioned in the previous section, a cut-off frequency
of 60 Hz has been chosen to get a satisfactory reduction of
the high frequency noise caused by the double differentiation
of the low-resolution position measurement. This results is
a slow response of the overall system, compared to the pro-
posed solution, which does not implement such filtering. Fig-
ures 6 and 8 show response waveforms of (a) table position,
(b) thrust force command and (c) acceleration measured by
a MEMS accelerometer without and with load conditions,
respectively. Figures 7 and 9 are magnified plots of posi-
tion responses for positive and negative motions. Positioning
performances under load conditions are clearly deteriorated
by the additional weight, in comparison to no-load perfor-
mances. The estimation bandwidth of the p-DOB cannot be
easily increased, due to the presence of the noise caused by
the differentiation of the low resolution position signal. Its ef-
fect can be noticed in some high frequency vibration, occur-
ring before settling at the target position. As for the proposed
control system, based on a-DOB, it achieves a better position-
ing performance. As it can be seen in the experimental results
reported in Figs. 10 to 13, the proposed method achieves the
shortest rise time and the best rejection of the effects of the
load mass variation. Settling is faster, compared to the other
method.
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Fig.6. Response waveforms for S-shaped position ref-
erence of conventional control system consisting of p-
DOB with PD regulator based on measured position in-
formation without additional load weight (M = M,,)

[positive motion]

E
Soo7t 0.1 mm -
‘@
o
0.5 1 1.5
Time [s]
[negative motion]
E
s I
=0 0.1 mm T
o
o
1.5 2 25
Time [s]
Fig.7. Magnified position waveforms of Fig. 6
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Fig.8. Response waveforms for S-shaped position ref-
erence of conventional control system consisting of p-
DOB with PD regulator based on measured position in-
formation with load weight (M = 2M,,)
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3. Ripple Torque Minimization in HSM

Stepper motors are commonly used in those motion con-
trol applications that do not require extremely high position-
ing accuracy, but instead impose constraints on cost and com-
plexity of the driving circuits. Hybrid stepper motors (HSMs)
are a particular kind of stepper motors, combining the operat-
ing principles of the variable reluctance (VR) and permanent
magnet (PM) motors ®”. As matter of fact, the torque gener-
ated by HSMs is affected by undesired pulsations (harmonic
components) that produce an irregular motion of the load.
Such non-smoothness of the torque becomes rather problem-
atic in case of a resonant load. In such a case, in fact, the
torque ripple could excite the load resonances, thus inducing
large oscillations. Given the previous considerations, the re-
duction of torque ripple is highly desirable in HSM-driven
motion control applications. A common practice to address
this issue is the use of a sine-cosine microstepping excitation

83

[table position]

— L ——reference
: 0'07
c
9o
2 0
a

0 0.5 1 1.5 25

Time [s]

[thrust force]

10
z
g of 1
(s}
w
_10 . . .
0 0.5 1 1.5 25
Time [s]
[acceleration]
NZ 2r 1
E
—~ 0
[}
Q
Q
< ot i
0 0.5 1 1.5 2 25
Time [s]

Fig.10. Response waveforms for S-shaped position ref-
erence of proposed control system, consisting of a-DOB
with PD regulator based on estimated position informa-
tion without additional load weight (M = M,,)
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Fig.11. Magnified position waveforms of Fig. 10

scheme, in which the two stator phases are excited with two
sinusoidal quadrature currents. However, as shown later, this
solution, cannot definitely remove the torque ripple.

3.1 HSM Torque Ripple In the following, we derive
the analytical expression of the torque in a HSM by apply-
ing the principle of energy conservation; we will assume that
no magnetic saturation occurs in the magnetic circuit (i.e. the
magnetic flux is proportional to the stator currents and inde-
pendent of the internal magnet). At first, it can be proved ®"
that the motor torque 7,,, w.r.t. the rotor position 6, is equal
to

1 0L

e e 1
Tm 21 Bﬁl (10)

where L is a 3 X3 symmetric positive definite inductance ma-
trix
Ly Lip Ly
L=|Ly Ly Ly
Ly Ly Ly
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Fig.12. Response waveforms for S-shaped position ref-
erence of proposed control system, consisting of a-DOB
with PD regulator based on estimated position informa-
tion with load weight (M = 2M,,)
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and i = [iy, 2, i7]", with ij, i, the the winding currents in,
respectively, phase 1 and phase 2, and iy is the constant fic-
titious field current, responsible for the magnetic field pro-
duced by the permanent magnet. In the inductance matrix,
L1, and L, are the self-inductances of windings 1 and 2, L,
is the mutual inductance between the two windings, Ly and
L,y are the mutual inductances between the two windings and
the fictitious rotor winding, and Ly is the self-inductance of
the fictitious rotor winding. The torque expression 10 can be
expanded as follows

OLyy. . Ol .
Tm = Tpm + Ty + Teg = (Wlllf + lelf)
10L; 2 10L,, 2 oLy, . . 1 aLﬂ" 2
(5 30 172790 27 a0 ”’2)+§%’f
..................... (12)

The first term in round brackets is the torque component
generated by the interaction of the magnetic fields of the
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stator windings and the permanent magnet. The second term
is the reluctance torque, which depends on the variations in
self and mutual inductance of the windings (mainly due to
geometric imperfections and rotor anisotropy). The last term
is usually refers as the cogging (or detent) torque, mainly due
to variations in self-inductance of the fictitious rotor winding,
caused by the presence of slots in the stator (minimum reluc-
tance path). It is worth noticing that the cogging torque is
present even in absence of winding currents; its periodicity
with respect to the rotor position is equal to the periodicity at
which the slots are located along the stator.

All the entries of the inductance matrix are periodic func-
tions of the rotor position 6, and their basic frequencies can
be deduced from the symmetries of the motor. Denoting with
N, the number of rotor teeth, it holds that

L11(0) = Lo + Ly COS(2N,)- -+ v vvvvvvvnnneenn. (13)
L22(9) = LO - L1 COS(2N,9)
L

Li»(0) = —70 + L, sin(2N, )
Lif(0) = Ly + ) Ly cos(jN,0)

j=1
Lof(0) = Lyo + ), L sin(jN, )

j=1
Ly(0) = Ly + Z Ly COS(INB) - cvveevreenne (14)

=4

where n is the number of harmonics considered in the expres-
sion of the motor torque. Higher order harmonics (n > 2) in
the mutual inductance terms L,y and L, model the nonsinu-
soidal (with respect to the rotor angle) flux distribution in the
airgap.

In a typical (ideal) hybrid stepper motor, the variation of
phase inductance is as small as a few percent, and its contri-
bution to the total torque is negligible; moreover, the surfaces
of the rotor and stator teeth are usually shaped in such a way
that the magnetic flux in the airgap is fairly sinusoidal. By
setting

Liy=Lyp=L, L=0, Lpj=0j=2-------

in the self and mutual inductances (13)—(14), and replacing
them in the torque components, (12) yields

Tpm = -0 if'L,nlNr sin(N,H) + izifLmlNr COS(N,H)

1< e
Teg = —5 jz4 Lf].]Nr Sln(‘]Nre)lf ................

and 7, = 0.

As mentioned before, a standard approach used to generate
a constant torque is to use a microstepping driving technique,
in which two sinusoidal quadrature currents are applied to the

stator windings:
il = ICOS(NrHu), iZ = Isin(NrHu) ..............

where 6, is the angular position of the stator flux. In fact,
replacing (17) in (16) yields:

Tom = i Lyt Ny T SIN[NG(B, = 0)] v vvvevevennnn
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Hence, the torque 7, is constant whenever the angle p =
0, — 6, called torque (or load) angle, is constant.

In practice, due to unbalancing and imperfections of the
driving amplifiers, the phase currents will always be affected
by some offset, and their amplitude will be unmatched. By
taking into account the offsets and gain unbalancing in the
expressions of phase currents, i.e.

i1 = Iip + I11 cos(N,0,), ir = b + b1 sin(N,6,)

................... (19)
and replacing them in 16 yields:
. 1 .
Tpm = lfLmlNr {E(lll + 121) Sln[Nr(Gu - 9)]
— I sin(N,0) + I,y cos(N,6)
1 .
= S0y = B)SIN@+ 61} -+ 20)

For a constant torque angle p = 6, — 6, two harmonic com-
ponents show up in the torque 7, in addition to a constant
term. The first harmonic component of the torque ripple in
7pm has the same frequency of the phase currents and an am-
plitude depending on the current offsets 7,9 and I5o; the sec-
ond component has twice the frequency of the phase currents
and an amplitude depending on the unbalancing of the phase
current amplitudes /;; and Ip;. This fact will be exploited
later in the section to introduce a partial cancellation of the
first and second harmonic in the torque ripple.

3.2 Torque Ripple Minimization in HSMs Torque
ripple reduction or compensation in permanent magnet syn-
chronous motors has been widely studied and a rather com-
plete review on various methods is reported in ®®. Such meth-
ods can be broadly classified in two major groups: 1) meth-
ods based on the improvement of the motor design, and 2)
methods based on the improvement of the stator current driv-
ing, possibly taking advantage of feedforward or closed con-
trol loop schemes, in order to compensate the unideal char-
acteristics of the motor.

Differently from the majority of the solutions found in lit-
erature, the procedure for torque ripple reduction proposed in
this paper does not require neither expensive high-resolution
encoder for measuring the rotor angular position nor modi-
fications of the magnetic structure of the motor; instead, it
exploits a low-cost MEMS accelerometer to detect the vibra-
tion induced by the torque ripple on the load-side. As it will
be show later, another advantage of the proposed solution is
that it can be easily fitted in existing equipments, without ma-
jor interventions.

The proposed procedure, reported in detail in®, is con-
ceived to minimize the torque ripple contribution induced by
imperfections in the generation of the current profiles when
using a microstepping excitation scheme. The compensation
scheme is based on the observation that, under the assump-
tion made in Sect. 3.1, the nonzero current offsets produce
a torque harmonic disturbance component at the same fre-
quency of the driving currents, while the amplitude unbal-
ancing between the two current phases generates a second
harmonic at twice the frequency of the driving currents.

With reference to 20, it can be noted that the two torque
ripple harmonics have magnitudes
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[Tpm1l = if L1 N, 1/1120 + 13

. 1
ITpmal = ifLyi N, 1 111 — Dl

i.e. the squared magnitude of the first harmonic depends
quadratically on the current offsets I;o and Iy, while the
squared magnitude of the second harmonic depends quadrati-
cally on the amplitude unbalancing I1; —I;. This observation
allows to formulate a multi-step minimization procedure, in
which some current offsets and gain unbalancing are deliber-
ately introduced in the phase currents, and then varied to seek
for a minimum of the amplitude of the first two harmonics of
the acceleration ripple measured by the MEMS accelerome-
ter.
The procedure can be summarized in the following steps:
(1) do a first experiment in which the ideal microstep-
ping excitation scheme (19) is modified as follows
iy = Lo + Icos(N,8,), ir = Isin(N,6,)
where the offset Iy is slowly varied over a specified
range (fraction of the rated current /), while the ro-
tor moves with almost constant velocity (i.e. while 6,
is slowly linearly increased), until the optimal offset
compensation value / 10> Minimizing the first harmonic
of the torque ripple is found.
(2) do asecond experiment in which the previous step
is repeated for the second phase current. Use the mod-
ified microstepping excitation scheme

iy = Ity + 1 cos(N,8,), ir = I + I'sin(N,8,)

where the offset b is slowly varied over a specified
range. Obtain the optimal offset compensation value
IAEO by repeating the procedure described in the previ-
ous step.

(3) do a third experiment in which the ideal microstep-
ping excitation scheme (19) is modified as follows

iy = Ity + I11 cos(N,8,), ir = I}, + I sin(N,8,)

where [}, is slowly varied over a specified range
(across the rated current I), while Ly =21-1,,. The
last condition guarantees that the average torque pro-
vided to the load is kept constant. The minimum value
of the second harmonic of the torque ripple is achieved
with the optimal amplitude value [ ;| for the phase cur-
rent i; (and, indirectly, the optimal amplitude value f;l
for the phase current i).

3.3 Experimental Results The proposed procedure
for minimizing the torque ripple in hybrid stepper motors has
been tested on a commercial bipolar, two-phase HSM with
1.8° step angle (50 rotor teeth), used for generating the pan
motion in a positioning unit for surveillance cameras (see
Fig. 14).

A MEMS linear accelerometer has been placed on top of
the camera, as shown in Fig. 15, to measure the tangential ac-
celeration of the unit; then, the angular acceleration can be
derived by measuring the distance of the accelerometer from
the rotation axis. Clearly, no major modifications on the ex-
isting hardware have been made and only the wiring between
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Transmission
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motor
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e
—

Fig.15. MEMS accelerometer placement on top of the
camera case

the sensor and the control unit is added.

Two sinusoidal phase currents with a nominal amplitude of
I = 1 A and a frequency of 20 Hz (corresponding to an angu-
lar velocity of = 21°/s for the pan motion) have been used
in the experiments. The driving frequency has been chosen
in order not to excite the mechanical resonances, described
in the next section. In such a way, a more regular motion is
produced and the effects produced by varying the current off-
sets/amplitudes can be highlighted more clearly. In perform-
ing the experiments, we purposely skipped the initial calibra-
tion of the offsets and gains of the linear amplifiers used to
drive the two motor phases, so the phase currents were af-
fected by some offset and gain unbalancing. The application
of the procedure described in the previous section yields the
results collectively reported in Fig. 16. The minimization of
the first harmonic amplitude has been achieved with the offset
values f;‘o = —-0.121 A and f;o = —0.055 A (see the top plots
of Fig. 16). The minimization of the second harmonic ampli-
tude is obtained with the amplitude values f;‘l = 0.847 A and
I, =21-1 = 1I53A.

It is worth noticing that the measured square magnitudes of
the first two acceleration harmonics depend quadratically on
the two current offsets and the amplitude unbalancing, thus
legitimating the assumptions made in Sect. 3.1 for deriving
the torque expression (20).

The benefits of the proposed compensation procedure in
minimizing the first two harmonics of the torque ripple can
be also appreciated in the acceleration spectrum measure-
ments reported in Fig. 17. The compensation of the current
offsets drastically reduces the amplitude of the first harmonic
(at 20 Hz); the minimization of the second harmonic ampli-
tude is less evident (at 40 Hz), perhaps due to the fact that the
initial gains of the driving amplifiers were almost balanced
before applying the compensation procedure. It is worth
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Fig.17. Acceleration ripple (load-side) spectrum before
and after the compensation procedure

noticing that the use MEMS accelerometers usually brings in
some problems, due to bias in the measurements as well as in-
accuracy in the scale factor. The proposed method, however,
is insensitive to bias on acceleration measurement, given that
the analysis on the spectrum is performed at non-zero ripple
frequency. As for the scale factor, it does not affect the ef-
fectiveness of the proposed procedure, as the latter searches
for the minimum of the measured acceleration due to the first
two harmonics of the ripple torque (21), which has a convex
relation with the tunable parameters.

4. Active Vibration Damping in HSM-Driven
Mechanical Systems with Elesticity

In the previous section, we have presented a solution for
reducing the torque ripple generated by a HSM, by prop-
erly tuning the gains and the offsets of the phase current
amplifiers. It can be noticed, however, that the cancella-
tion is not complete and higher order harmonics cannot be
reduced. As described in literature, the complete cancella-
tion of torque ripple requires the injection of compensation
stator currents that should change according to the absolute
position of the rotor. This, however, would require a rotor
position sensor and, in turn, a major hardware modification.
With a residual ripple torque it is still possible to experience
severe limitations, especially when the HSM is connected to
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the mechanical load through an elastic transmission. In this
case, in fact, the response of the mechanical system exhibits
a resonance, which may amplify the effects of the torque rip-
ple, with large vibrations of the mechanical load and possible
pull-out of the HSM. In order to test the feasibility of an ac-
tive vibration suppression scheme, when the load is driven
by a HSM, we used the pan-tilt camera positioning unit de-
scribed in the previous section, which has an elastic trans-
mission system, in which a pair of reduction gears (reduction
ratio Ng = 1/7) are connected by a toothed belt. The tracking
of a moving target is performed simply by acting on the HSM
position, without any feedback, since the unit does not mount
a camera position sensor. Rotations of the unit at a constant
angular rate w; (e.g. when tracking a far target, moving at a
constant speed) are obtained with a microstepping drive, with
two stator sinusoidal currents in mutual quadrature and with
a fixed frequency w, = (N,/Ng) w;, where N, is the number
of pole pairs of the HSM and Ng is the gear ratio. In such op-
erating conditions, it may happen that the required rotational
speed corresponds to a torque ripple centered on the mechan-
ical resonance of the system and, in this case, the camera
may be subjected to large vibrations, making the tracking of
the moving target impossible. This phenomenon can be ob-
served in general in HSM-driven motion control systems and
it is usually addressed by upper limiting the allowable speed
of the system or by allowing only a limited set of fixed mo-
tion speeds, not generating torque ripples at the resonance
frequencies. In the following we briefly present a solution
for the damping of the oscillations induced by the torque rip-
ple and amplified by the mechanical resonance, which does
not require a precise dynamic model of the system to be con-
trolled. Further details can be found in ®¥ and *.

4.1 Control Design In order to perform the design
of the active damping of the vibrational modes for the sys-
tem described in the previous section, it is vital to derive its
dynamic model, relating the control input to the camera posi-
tion. It is worth noticing that, using the microstepping tech-
nique, the stator field can be oriented with an arbitrary angle
6,, by driving the stator windings with two current in quadra-
ture, namely i; = / cos(6,) and i, = Isin(6,). In absence of a
load torque, the rotor aligns its magnetic axis with the stator
field (i.e. 8, = 6,). When an external torque 7, is applied,
this causes a displacement between rotor and stator flux, ac-
cording to

T = Ky 1 SIN(B, — Og) -+ v v v vvvvvvvememeneeene.

This, in turn, can be linearized for a small displacement,
around the equilibrium, yielding to

Ton & K T(0 = Og)- v vvvmervmnnermnnneennn.

Clearly, the above result suggests that the HSM behaves like
a spring, with an equivalent stiffness that depends on the mo-
tor torque constant K7 and the level of the driving current
1.

We identified experimentally the frequency response of the
actual system (see Fig. 18). Three different types of connec-
tion with the floor are considered, namely with high, medium
and zero stiffness K, (the latter obtained by using a ball-
bearing support). We can observe that the system shows
two evident resonance peaks (which can possibly amplify the
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torque ripple) at frequencies that clearly depends on the rigid-
ity of the connection.

The rationale behind an active damping strategy is to set up
an inner loop, capable of reducing the height of the resonant
peaks as well as the oscillations that may be caused by vari-
ous disturbances. In the following development of such inner
control, we must take into account several constraints, due to
the use of HSM and to the specific application under study.
As for the latter, we must consider that there is no precise
knowledge about the transfer function, since it may widely
change during operation (e.g. when a bird lands on the cam-
era or the snow piles up un it, the load inertia increases and, in
turn, all resonance frequencies decrease). Of course, an on-
line identification procedure could be implemented (e.g. ),
but this is not compatible with the uninterruptible 24-7 op-
erating scenario of the surveillance camera and the possible
sudden and large variations in plant parameters. Then, a typ-
ical active damping scheme, with a feedback tuned on the
plant resonances (see, for instance,®”) cannot be applied to
the camera positioning unit considered here. Given the above
limitation, we resorted to a simple and robust solution, which
makes use of a load velocity feedback to generate a torque
proportional to the load speed. It can be easily demonstrated
that this is equivalent to inserting a viscous damper between
load and base.

HSMs, however, are position actuators, so main issue is
how to command HSM to generate a damping torque. The
solution is provided by (23), which shows that by modulating
the stator flux angle 6,, it is possible to modulate the gener-
ated torque as well (this under the hypothesis of small differ-
ences between stator and rotor angles). Using the previous
consideration, a vibration damping inner loop can be real-
ized in the form shown in Fig. 19, where the load side veloc-
ity is obtained by integrating the load acceleration, measured
using the MEMS accelerometer. Remarkably, the proposed
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method to generate a compensating torque in HSM-driven
system can be applied also in systems with fixed plant param-
eters, for which more sophisticated damping schemes can be
applied ®. In practice, if the target is going to be followed
with a constant camera angular speed w;, this is achieved by
setting the phase currents in the HSM as in (24), (25), where
60, represents the desired load position:

iy = Icos(8,,) = I cos(w,,t) = Icos(N,/Ng w; 1)

When the active damping inner loop is active, the actual
angular position reference for the stator flux is obtained as
follows

gu = gur -
i.e. by subtracting a signal proportional to the load angular
velocity to the reference angle 6,,. This, as shown above, is
equivalent to command the HSM to generate a torque pro-
portional to the load angular velocity, as required by the ac-
tive damping strategy. Indeed, the design of the inner loop
clearly reduces to the choice of the feedback gain K. It is
worth noticing that the actual implementation of the inner
loop must consider the unavoidable bias and high frequency
noise affecting MEMS accelerometer output. Given that the
action of the active damping is at the frequency of the me-
chanical resonance, it is possible to solve the bias and noise
issues by filtering the sensor output using a properly tuned
band-pass (BP) filter. Doing the filtering before the integra-
tion of the acceleration measurement, avoids the presence of
both drifts and unwanted noise in the velocity signal #,. Since
the phase quadrature between compensating torque and vi-
bration speed is essential to ensure the damping, the low and
high cut frequency of the BP filter are chosen at least one
decade lower and one decade higher of the expected reso-
nance frequency, respectively. The resulting control scheme
is shown in Fig. 19, in which it can be seen that the strength
of the damping action depends on the feedback gain K. As
detailed in ®, such gain can be chosen in rather wide range,
so making the proposed solution rather insensitive to errors
on the scale factor of the MEMS sensor.

4.2 Experimental Results The proposed active
damping control has been applied to the camera position-
ing unit and its effectiveness proven in different operating
conditions. Figure 20 shows the comparison of the spectra
of the accelerations measured by the MEMS accelerometer,
with and without the active damping. The rotating speed is
chosen so that the first harmonic of the torque ripple falls in
the resonant peak of the frequency response. As a result, a
reduction of 95% of the vibration amplitude is achieved.

The same test at constant speed has been performed with
different supports (with different rigidity), in order to test the
insensitivity of the solution to the mounting conditions. Fig-
ure 21 shows the results obtained with teflon and neoprene
supports, confirming the robustness of the method.

The robustness against support variations has been tested
also in transient conditions (constant acceleration) and the
results reported in Fig. 22 confirm the ability of the system to
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provide an effective damping of all vibratory modes.

Finally, the robustness against load inertia variations has
been verified, by placing ad additional weight on top of the
camera. The results shown in Fig. 23 confirm again the insen-
sitivity of the proposed method to wide changes in operating
conditions.

5. Conclusions

In this paper, we have shown how it is possible to largely
improve the performance of an existing motion control sys-
tem, by simply exploiting the measurements provided by
low-cost MEMS inertial sensors, mounted on the mechani-
cal load to be controlled. We have shown how it is possible
to improve several aspects, ranging from the ripple torque re-
duction and active damping in HSM-driven systems, to the
use of the acceleration measurement in new sensor-fusion
schemes, based on the use of Kalman Filters. As a result, the
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availability of MEMS inertial sensors open new perspectives
in the amelioration of the performance of motion control sys-
tems, which can achieve higher performance without major
changes in hardware.
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