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oSeveral years ago, a research and 
education program on Mechatronics has 
been started in the Vicenza Branch of the 
University of Padova

Mechatronics in Vicenza



o Vicenza has about 3000 Engineering 
Students

o 70 Faculties, 50 PhD & Post-docs, 30 
Adm. & Tech.

o 15 Laboratories

o 3 bachelor and 3 master degrees 
§ Management, Mechatronics, Product Innovation

o 2 Doctoral schools
§ Mechatronics, Management

o Erasmus flow with Grimstad (thesis/research)

Mechatronics in Vicenza



• DOB has been proposed by Prof. Ohnishi, at lPEC
Tokyo, 1983  

A bit of history



• The initial approach was aimed at estimating and 
compensating the load torque, under the assumption 
that model parameters were known 

•

A bit of history



• Using a zero-order model of the unknown load 
torque, it was possible to set up a reduced-order 
estimator

A bit of history



• The resulting implementation diagram looks familiar

A bit of history



• In fact, this is an equivalent approach for building the 
observer:



• Applying the concept to the motor…

Feasible
version…

!𝑻𝒅𝒊𝒔 𝒔 = 𝑲𝒕𝒏𝑰𝒓𝒆𝒇 𝒔 − 𝒔𝑱𝒎𝒏𝛀(𝒔)



• The estimated disturbance can be used in 
compensating the actual one



• After some manipulations, it can be shown that it is
equivalent to this system

A bit of history



• But this was only the beginning…

• Ohnishi further developed the concept and realized 
that the estimator could have been designed on 
nominal parameters, instead of actual ones
– He introduced the concept of “equivalent disturbance”

– It contains not only the actual load torque, but also the 
effects of differences between nominal and actual plant

A bit of history
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I. INTRODUCTION

Disturbance Observer (from now on, DOB) has been pro-
posed by Prof. Ohnishi in 1983 [1], in an application to a
velocity–controlled DC motor. The initial aim of his research
was to find an alternative method to the standard integral action
in the controllers, to compensate the effects of the load torque
on the motor, under the assumption that all physical parameters
(e.g. inertia, torque constant etc.) were known. Using a zero-
order model of the unknown load torque, he proposed to set up
a reduced-order estimator of such disturbance. The estimate, in
turn, was used to generate a compensating signal that canceled
the effect of the disturbance (see Fig.1).
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Fig. 1. First version of DOB [1]

But this was only the beginning, as Prof. Ohnishi further
developed the concept and realized that the estimator could
have been designed on nominal parameters, instead of actual
ones. Here, the quantum leap has been the introduction of

the concept of the ”equivalent disturbance”, accounting not
only for the actual load torque, but also for the effects of
friction and uncertainties on both torque constant and inertia
[2]. In fact, starting from the equation of motion of the DC
motor (1) and defining the actual values for inertia, friction and
torque constant with their nominal values plus a variation (2),
the overall dynamics can be understood as that of a nominal
system, affected by the sum of the actual disturbance torque ⌧d
and the effects of the differences between actual and nominal
parameters, as shown in Fig.2.
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Fig. 2. Equivalent disturbance as a sum of effects

This led to the definition of the equivalent disturbance (3),
for which an estimator could be easily set up as reported in
Fig.3 (note that the nominal viscous friction Bn is conve-
niently set to zero).

⌧dis(s) = ⌧d(s) +�Js⌦(s) +�B⌦(s)��KIa(s) (3)

As we will see in the next Section, the compensating signal
Icmp = ⌧dis(s)/Ktn, obtained from the estimated equivalent
disturbance, implements the cancellation of some portion of
the effects of the latter, leading to a system characterized by an
”equivalent disturbance–free” dynamics, i.e. the compensated
system behaves like one, with nominal parameters and zero
disturbances, at least when such disturbances are slow enough.

II. DOB-BASED DISTURBANCE COMPENSATION VS. PID
It is well known from the standard Automatic Control

courses that a common approach for the rejection of the
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A bit of history



• In other words, the compensating signal Icmp = 
τdis(s)/Ktn, obtained from the estimated equivalent
disturbance, implements the cancellation of some 
portion of the effects of the latter, leading to a system 
characterized by an ”equivalent disturbance–free” 
dynamics, 
– i.e. the compensated system behaves like one, with 

nominal parameters and zero disturbances, at least when
such disturbances are slow enough. 

– Some had the feeling that the DOB was nothing but
another way to implement an integral action in the control, 
to get a disturbance rejection

A bit of history



• It is well known from the standard Automatic Control 
courses that a common approach for the rejection of 
the disturbances acting at the system’s input is to 
have a very high gain of the controller, at least in the 
frequency range where the disturbance exerts its
action. 

PID vs. DOB

– In this way, the controller 
generates a compensating
signal, while keeping the the 
error between reference r(t) and 
actual output y(t) at a small (or 
even zero) value



• Unless the disturbance is known in its limited
frequency range, however, such a tailored design of 
the controller is not feasible and a more simplistic
approach is used. 
– In practice, an integral action is embedded in the controller, 

so that its gain tends to infinity as the frequency goes to 
zero. 

– With this solution, complete rejection of the constant
disturbances is achieved, while a often satisfactory
performance against time–varying ones can be achieved, 
with an appropriate design of the overall controller. 

PID vs. DOB



• What the DOB promises is to have the same
rejection of disturbances and, for this reason, when it
has been proposed, many researchers labeled it as
an alternative implementation of a standard integral
action.
– Let’s briefly see whether this is the case or not

• We can consider a controller 
C(s) factorised as C∗(s)/s, to 
consider the presence of a 
single integral action. 

PID vs. DOB



• When designing the controller C*(s), the phase lag of 
the process P(s) is 90° larger, due to the presence of 
the integrator in the controller. 
– This reduces the phase margin available and, in turn, limits

the possibility in the design of C∗(s). 
– As for the disturbance rejection, there is a full rejection of 

constant disturbances, while for other disturbances, this
depends on P(s) and C∗(s) in a somewhat involved way

PID vs. DOB



• Let’s now consider a simple implementation of the 
DOB, in which the actual process P(s) corresponds
to the nominal one (and its inverse, P-1 (s), is used in 
the DOB) 
– The actual implementation of the DOB must take into

account also a low-pass filter LPF(s)

PID vs. DOB



• Key results:

– the DOB does not alter the original process transfer 
function (and the phase profile of the system for which the 
controller must be designed)

– the rejection is effective in the range of the bandwidth of 
LPF(s), where |1 − LPF (jω)| ≈ 0 

PID vs. DOB



• The previous facts clearly set the difference between
the integral-based and DOB-based disturbance
rejection. 
– The first requires the inclusion of the integrator into the 

process to be controlled, with the reduction of the phase
margin by 90°

– The second does not alter the phase profile of the process
to be controlled, thus resulting in an easier design, possibly
with wider closed loop bandwidth. 

– Disturbance rejection performance with DOB is neatly
stated by the design of the low pass filter, without complex
relations with C*(s) and P(s)

PID vs. DOB



• In sum:
– DOB and controllers with integral action may achieve the 

same result of getting rid of the effects of low frequency
disturbances, but they are not equivalent. 

– Moreover, the compensation with DOB implements a kind
of separation between the design of the controller and the 
disturbance compensator, leaving a greater freedom to the 
designer. 

– Let’s see a simple performance comparison..

PID vs. DOB



• To keep the problem simple, let’s use the simplest
dynamic model for a motor, P(s) = 1/s , i.e a motor in 
which torque constant Kt = 1 and J = 1

• Then, let’s consider a pair of controllers, designed by 
following the standard Bode’s method
– The first is a PID and the second a PD, the latter to be 

used with the DOB-compensated motor. 

– Both controllers are designed for the same open loop
crossing frequency ωc=10 rad/s and phase margin φ=100°

– The low pass filter LFP(s) has a bandwidth of 100 rad/s

Disturbance rejection
comparison



– The two systems achieve similar performance in response
to an input step, even if the presence of additional zeros in 
the PID controller (needed to compensate for phase delay 
caused by the integrator) leads (as expected) to a higher
overshoot in the step response
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– The transient induced by the input disturbance is almost
negligible with the DOB-based control, while the PID 
recovers a much larger effect in a much longer time.

– DOB-based control leads to a higher rejection, with a 
profile which is directly shaped by LPF(s)
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Issues with DOB

27



• DOB seems to magically solve many problems, but it
has also some key issues, neglected at the 
beginning
– How to properly choose the bandwidth of the filter applied

to the measured velocity or position, in order to achieve the 
best trade-off between noise rejection and promptness?

– How to define the best parameters of the ”nominal” 
process (in this case, the nominal motor torque constant
Ktn and the nominal inertia Jn ), while avoiding possible
unstable behaviours?

Issues with DOB



• The effectiveness of the DOB in disturbance
rejection in strictly related to the bandwidth of the low
pass filter LPF(s): 
– the higher the latter, the better the rejection
– DOB designer may be led to choose the largest possible

bandwidth for LPF(s) 

• But the transfer function between sensor noise and 
estimated disturbance has a high frequency gain that
increases with the bandwidth of LPF(s) 

Sensor noise effects in DOB 



Sensor noise effects in DOB 

n



the better the rejection. In considering this beneficial effect, the
DOB designer may be induced to choose the largest possible
bandwidth for LPF (s). This, however, as a side effect, would
amplify the unavoidable sensor’s noise in the high frequency
range. In fact, the transfer function between sensor noise and
estimated disturbance is:

Tdis(s)

N(s)
=

�(C(s) + P (s))LPF (s)

1 + P (s)C(s)
(7)

with a high frequency gain that increases with the bandwidth
of LPF (s), as shown in Fig.11. So, the designer has to
be vary careful in selecting the bandwidth for the low pass
filter, to avoid the recirculation of amplified sensor noise into
the feedforward compensation signal, with rather unpleasant
consequences.
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Typically, a trade–off between promptness and limitation
of noise effects had to be made and, at the time of my visit
to Keio, this was done with a trial-and-error procedure. Of
course, this is a typical scenario where an optimal filter design
can be successfully applied and this was my first contribution
to the DOB, applied to a flexible robotic joint: the reformu-
lation of the problem in a state–space framework (where the
disturbances on motor and robotic arm were represented as
additional states of the system) and the design of a disturbance
observer in form of a Kalman Filter [3].

phenomena like static friction 

Aim of thq PaDer 
So far, disturbance estimators have been applied 

only in robots with tachometer or very high resolution 
position encoders, because the estimation of the 
disturbance torque needs the acceleration signal to be 
calculated. This paper intends to explore thi 
Feasibility of a robot12 joint control w i t b .  l:.i 

low-medium resolcrior. position sensars arp xsec-. .:.t 
advantage of this structure are: a reduced COS:, less 
maintenance. a shorter motor shaft and a sensor-less 
speed measurement. Due to the low resolution and the 
related large measurement noise, an optimal estimato: 
(Kalman filter) is preferred. State space approach 
makes the controller design easier, since the systen 
modes, under the condition of validity of t h e  
separation property, can be arbitrarily chosen. Once 
the disturbances are estimated, the feedforuard 
transfer functions can be designed. A novel approach 
for the disturbance suppression on the arm side is here 
applied. To show the effectiveness of the approach, the 
proposed control schemes have been tested on a special 
experimental system, in which a rubber element has been 
inserted between motor and arm. to enhance the problem 
of the arm oscillations. 
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Space-state model 

From the block diagram of the flexible robotic 
joint in fig.2. the state equations (2) and the related 
system matrices (3)  are derived. It is worthnoting that 
the gear box stiffness has been included in the joint 
model. This is quite different from the common approach 
to robotic joint control, in which the joint is assumed 
to be rigid (k + m ) .  Due to the non-linear behavior of 
the gear box [31, it is quite difficult to find a value 
for the stiffness k. Experimentally the best choice 
turned out to be a value quite smaller than the rated 
one. 

In the design of both estimator and state 
feedback, nominal values for the joint parameters have 
been used. 
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The disturbance torques has been modeled as 
constants. Such a model is well suited for this system, 
in which static disturbances should be compensated to 
eliminate steady state errors. The value of the system 
parameters can be estimated by means of an off-line 
identification process. 

$1. .6<---$ Estimator ~ 

Kt = torque constant; 
KV = current gain; 
6 m . W m  = motor position and speed: 
t9a,wa = arm position and speed; 
Tload,Tdisl,Tdis2 = load and 

F = static friction torque; 
disturbance torques; 

Jm,Dm = motor inertia and friction; 
Ja,Da = arm inertia and friction; 
N = gear ratio; 
k = gear box stiffness; 
WI = system noise; 
~ 1 . ~ 2  = measurement noise 

F i g . 2 :  Robotic joint block diagram 

I ECON '91 

Fig. 11. Full state estimator for flexible robotic joint [3]

The first step has been to find a state-space equivalent of
the DOB concept, and this could be easily done by following
the approach proposed in [4], where the unknown time-varying
disturbance is conveniently represented with an additional state
variable, having a zero-order model Ṫdis(t) = 0, as shown in
Fig. 13.

1 
Js + 

+ Iref ω = x1 τm 
Τdis=x2 

Kt 

1 
s 

0 

Fig. 12. Zero-order model of disturbance torque

By defining the state of the system as x(t) = [!(t) Tdis]T ,
the input u(t) = Iref (t) and the output y(t) = !(t), the
resulting state-space model is:

ẋ(t) = Ax(t) +Bu(t); y(t) = C1x(t);Tdis(t) = C2x(t) (8)

with
A =


0 1/J
0 0

�
;B =


Kt/J
0

�
(9)

C1 =
⇥
1 0

⇤
;C2 =

⇥
0 1

⇤

For such a system, an asymptotic state estimator can be:

ˆ̇x(t) = Ax̂(t) +Bu(t) + L[y(t)� C1x̂(t)] (10)

The estimated disturbance, then, is simply obtained as
x̂2(t) = C2x̂(t). Disregarding the solution adopted for the
computation of the estimator gain vector L = [l1 l2]T (e.g.
pole placement, Kalman Filtering etc.), the transfer function
form system’s input and output to the estimated disturbance
results:

X̂2(s) = C2[(sI �A+ LC)�1[BU(s) + LY (s)]] (11)

Developing (11), it results that the estimate of the distur-
bance is again the filtered version of the difference KtU(s)�
sJY (s), as in the DOB:

X̂2(s) = [KtU(s)� sJY (s)]
�l2

Js2 + Jl1s+ l2
(12)

This simple result opened the possibility to use powerful
tools, typical of the state-space framework (e.g. Kalman fil-
tering), in the design of DOB. In other words, it was the
beginning of the end of the trial-and-error design of LPF (s),
for some time experienced in standard DOBs design.

B. Robustness of the DOB

One fascinating claim for the DOB was that the plant
could be converted into a ”nominal” one, not affected by
disturbances, at least in a certain frequency range. So, why,
when tuning LPF (s) and the nominal plant parameters, my
colleagues at Keio were able to de-stabilize a bulky, direct
drive robot? When listing the properties of the DOB in Section
II, we made the simplifying assumption that the process is
perfectly known. In other words, the equivalent disturbance
corresponds to the actual one. Let’s see what really happens
when the nominal parameters differ form the actual ones

Sensor noise effects in DOB 

𝑻𝒅𝒊𝒔(𝒔)
𝑵(𝒔)

= −
𝑳𝑷𝑭 𝒔
𝑷 𝒔

𝑳𝑷𝑭 𝒔 =
𝒈

𝒔 + 𝒈 ; 𝑷 𝒔 =
𝟏
𝒔 ; ⇒

𝑻𝒅𝒊𝒔(𝒔)
𝑵(𝒔) =

−𝒔𝒈
𝒔 + 𝒈



• Of course, it was possible to use a trial-and-error
tuning

• This, however, is a typical scenario where an optimal
filter design can be successfully applied

• In 1990, the DOB desing has been reformulated in a 
state-space framework, with an application to a 
flexible robotic joint
– the disturbances on motor and robotic arm were

represented as additional states of the system and the 
traditional approach to the disturbance observer was
replaced by the design of a Kalman Filter

Sensor noise effects in DOB 



Sensor noise effects in DOB 



• Of course, a major issue was to verify that the state-
space approach was equivalent to that of the 
«traditional» DOB
– The first step has been to find a state-space equivalent of 

the DOB concept, and this could be easily done by 
following the «zero order» modeling approach, where the 
unknown time-varying disturbance is conveniently
represented with an additional state variable, having a 
zero-order model:

DOB in state-space approach



DOB in state-space approach



• For such a system, an asymptotic state estimator 
can be as follows:

• The estimated disturbance, then, is simply obtained
as:

DOB in state-space approach



• Disregarding the solution adopted for the 
computation of the estimator gain vector L = [l1 l2]T

(e.g. pole placement, Kalman Filtering etc.), the 
transfer function from system’s input and output to 
the estimated disturbance results: 

• i.e. the estimate of the disturbance is the filtered
version of the difference KtU(s)-sJY(s), as in the DOB!

DOB in state-space approach

Nominal values…



• This simple result opened the possibility to use 
powerful tools, typical of the state-space framework
(e.g. Kalman filtering), in the design of DOB. 

• In other words, it was the beginning of the end of the 
trial-and-error design of LPF(s), for some time 
experienced in standard DOBs design. 

DOB in state-space approach



• The most fascinating claim for the DOB was that the 
plant could be converted into a ”nominal” one, not
affected by disturbances, at least in a certain
frequency range. 
– Let’s see what really happens when the nominal

parameters differ from the actual ones (which is clearly the 
standard condition)

Robustness of the DOB



• The DOB is designed considering the nominal plant
parameters Ktn Jn, while the plant is characterized by 
Kt, J and B. 

Robustness of the DOB



• If we compute the transfer function between the 
current reference and the velocity we get: 

– i.e. the DOB system behaves as the nominal one, in series
to a pole-zero filter. 

• Such filter may behave as a phase lead network, and 
this surely happens if

Robustness of the DOB



• Otherwise, the pole-zero pair introduces a phase
delay, which may possibly lead to the instability of an 
outer control loop, designed on the nominal system
– For such a reason, when considering a negligible friction

(i.e. B ≈ 0) the basic guideline for the design of the nominal
system was to choose a pair so that:

• This very simplistic approach to the problem of DOB 
robustness, was addressed in a formal and effective
way by Umeno and Hori. 

Robustness of the DOB
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MEMS & DOB

• Going back to the initial idea of DOB, we notice
that we make use of the load acceleration, to 
get the equivalent disturbance

– So, why not using a direct measurement of the 
acceleration, instead of resorting to noisy time 
derivative of the load position?

– Solution: MEMS accelerometers

– We will see a pair of applications in which the use 
of MEMS accelerometers brings a clear benefit

i.e. the delay does not influence the overall closed loop
stability. A similar result could be obtained with a standard
Smith predictor, but, in case of CDOB, the actual value of the
delay is not required. Details can be found in [9], but it is clear
once more that the DOB is actually a new way to conceive
the disturbance acting on a system and its compensation. The
natural framework for the application of the CDOB is the
bilateral teleoperation, in which a local manipulator (master
device), handled by an operator, commands a remote one
and, in turn, receives a force feedback that informs on the
interaction with the remote environment. The CDOB has been
successfully applied in many bilateral teleoperation systems,
but I am particularly proud of one application, in which it has
been developed a rehabilitation system, aimed at providing a
tool by means of which a therapist could remotely interact
with a patient [10]. With such a system, patient’s condition
and progresses could be monitored, leading to a continuous
evaluation and a consequent adaptation of the therapeutic plan,
without face-to-face sessions at the rehabilitation clinic.

C. Acceleration–aided DOB in motion control

After the detour on the time-delay systems, my interest went
back on motion control systems. In particular, having been
involved in the development of MEMS inertial sensors (i.e.
accelerometers and gyroscopes), I found such devices as very
effective in motion control systems, for inertial disturbance
rejection [11], [12]. Their introduction in DOB-based systems
is rather natural, when considering the implementation of Fig.
13. There, it is clear that, in spite of the usual availability
of the load velocity (and, more often only of its position),
what we actually need to compute the equivalent disturbance
is the load acceleration, as ⌧dis = KtnIref �Jn!̇. So, instead
of obtaining the load acceleration from the first or second
time derivative of the sensor’s measurement, why not using
a load accelerometer or gyroscope? Clearly, this question
had a very simple answer in the 90s: ”too expensive!”. But
now, a MEMS accelerometer costs less than 1 USD and
its deployment in consumer and industrial applications is no
longer confined to high-end settings. Many researches have
been working on the so–called ”Acceleration–aided DOB”
(ADOB) and, when using MEMS accelerometers, they had
to take a drastic decision, to avoid the side effects caused
by the bias and drift that affected their measurements. In
other words, they had to use high-pass filters, thus limiting
the benefits in the low-frequency range. To recover the DOB
performance, then, they had to use a complementary approach,
where the usual position (or velocity) based DOB (PDOB)
was used in the low frequency range, and the ADOB was
used in the high one [13]. But, wait... Aren’t the bias and the
drift on the acceleration measurement a kind of slowly varying
disturbances? Is it possible to estimate and compensate them?
So, this consideration triggered a new research... Let’s briefly
describe it below.

Consider the simplified representation of a single degree–
of–freedom positioning system shown in Fig. 18. The plant
can be regarded as a mass, actuated by the force resulting

ZOH Plant

quantizer

�

d(t)

Ts
u[k] y[k]

a(t)

s
2

x(t)

Fig. 18. Simplified block diagram of a one degree–of–freedom positioning
system.

from the difference of the force command u and the input
force disturbance d. Given the input force command u and
the position measurement y provided by the position sensor
(encoder), a smooth estimate of the kinematic variables x
and ẋ can be retrieved by using a state estimator based on
the dynamic model of the plant (model–based estimator).
A drawback of this approach is that it requires a perfect
knowledge of the system parameters to produce an accurate
estimation of the system variables. On the other hand, if a
direct measurement of the load acceleration a is available,
then, as proposed in [14], the kinematic relation (model) ẍ = a
can be exploited to design a kinematic state estimator that does
not require any knowledge of the plant parameters (e.g. mass).
In this way, the estimation process becomes intrinsically robust
against any uncertainty or variation of the plant parameters,
thus ensuring an accurate estimate even in case of large
variations of the actual load mass.

The major limitation of the approach proposed in [14] is
the assumption that the acceleration measurement is accurate
and bias free. This, however, is not true, especially when
acceleration measurement is made by using low cost sensors,
like MEMS accelerometers. In order to address this issue,I
proposed in [15] to make use of an augmented model of
the acceleration measurement, which considers the actual
acceleration a as the sum of the measured one plus a bias
and a noise, i.e.

am = a + ab + w1 (23)

where am represents the measurement of the load acceleration,
as provided by an accelerometer, ab is the accelerometer bias
and w1 its output noise. The measurement bias is modelled as
a random walk, i.e.

ȧb = w2 (24)

with w2 a white random process. The above definitions can be
combined in the following space state model, describing the
dynamics between the acceleration measurement am and the
measured position y:

ẋ = Ax+B1 am + B2 w (25)
y = C x + v (26)



• MEMS technology adapts the typical solutions for 
sensing acceleration to the micro-sized world
– Accelerometers are still based on the measurement of 

acceleration-induced displacement of a seismic mass

accelerometer

MEMS & DOB



• Sensing the deflection of a spring, supporting a 
seismic mass, is the key idea

Seismic mass

Piezoresistors

Springs

MEMS & DOB



• Capacitive sensing is the most used solution

MEMS & DOB



• Sometimes, processing electronics and 
sensing are built on the same silicon chip
– More often, sensing element and electronics are 

on different chips (to increase flexibility) 

1.7 mm

1.7 mm

In 3 mm2, sensing and 
processing of a x-y 

accelerometer

MEMS & DOB



3x3x1 mm package

0.792 USD 

5.3 kHz BW

The cost has been dropping while performances have been increasing:
- XYZ linear accelerometer for less than 1 USD, >1 kHz BW, 16 bits, etc..

MEMS & DOB



Low resolution position 
sensors in DOB-based motion 

control systems



Positioning Performance 
Improvement with MEMS sensors

• Old and low cost motion control systems often rely on low 
resolution positions sensors

• Low positioning accuracy

• Limited achievable speed, due to high noise in speed, obtained by 
differentiation of the position measurement

• Replacing the existing low-resolution position sensors with 
higher resolution ones may require the complete redesign of 
the system, as the new sensor may not fit in the available 
space of the existing plant



• Otherwise, it is possible to use sophisticated hardware 
for encoder signal processing 
– Smart time-stamping and selection of encoder events is used to 

virtually increase the resolution in position measurement 

• A common practice in motion control systems is also to 
make use of Disturbance Observers (DOB), which rely 
on the availability of an estimate of the acceleration of 
the mechanical load to be controlled
– Using load position and its derivatives severely limits the DOB 

performance when using low-resolution position sensors

Positioning Performance 
Improvement with MEMS sensors



DOB



• We propose the use of a Kalman Filter (KF), which implements 
a sensor fusion, in order  to reduce the effects of the 
quantization noise affecting the measured position.

• In particular, 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 
position control of a positioning system. 

• KFs + accelerometers have been used by others: what is the 
difference here?

Positioning Performance 
Improvement with MEMS sensors



• We combined some relevant features:
– Kinematic KF: not relying on the actual plant dynamics, the 

estimates are insensitive to plant variations (robustness)

– KF estimates of position and velocity are used in place of the 
measurements and their derivatives in the outer servo loops

– Augmented model for acceleration measurement
• Bias and drift on measurements are estimated and compensated

– KF is systematically tuned on the actual plant, by using whiteness 
tests on estimation error

• Optimally tuned KF produced smooth estimates of kinematic 
variables and disturbances in a wider frequency range, compared to 
standard DOB implementations, based on position measurements

Positioning Performance 
Improvement with MEMS sensors



Kalman estimator utilizing a 
MEMS accelerometer

• We developed the model and the Kalman estimator for a 
rigid, single degree of freedom servo positioning system:

• a linear motor on which a position sensor and a MEMS 
accelerometer provide the load mass position and 
acceleration, respectively.

2
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Fig. 1. Block diagram of the plant model
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Fig. 2. Block diagram of the continuous time plant model used for the
Kalman filter design.



• When considering the bias and noise affecting the acceleration 
measurement, an augmented model of the plant must be 
considered
– The actual acceleration a as the sum of the measured one (am) plus a 

random walk-like bias (ab) and a noise, i.e. 

1
s

1
s

1
s

�

w1 ab w2

am a ẋ x
v

y

Kalman estimator utilizing a 
MEMS accelerometer



• The definitions can be combined in the following space 
state model, describing the dynamics between the 
acceleration measurement am and the measured position y: 

Kalman estimator utilizing a 
MEMS accelerometer



• A time varying KF can be easily implemented for the discrete 
time version of the plant:

Kalman estimator utilizing a 
MEMS accelerometer



P-DOB vs. A-DOB

• Standard implementation of the DOB makes use of filtered 
version of the double derivative of the position to obtain an 
estimate of the acceleration and disturbance

• P-DOB

• Additionally, load velocity is obtained by filtered 
differentiation of the position. 

• Such filters are usually experimentally tuned, in order to 
obtain a good compromise between overall achieved BW 
and residual effects of quantization noise



• We compared the results obtained with p-DOB based position 
servo with those obtained with acceleration-based DOB (A-
DOB) 

P-DOB

P-DOB vs. A-DOB



• Position and velocity controllers are 2-DOF

A-DOB

P-DOB vs. A-DOB



• The main differences are in the estimation of disturbance and 
kinematic variables. 

• Not requiring a narrow filtering of the estimates, a wider BW 
and faster convergence can be achieved with the same 
position sensors. 

• Actuator force results smoother with A-DOB
• Robustness against load variations is increased with A-DOB, 

as it uses a kinematic KF.

P-DOB vs. A-DOB
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• Bias could be removed at start-up, but this won’t be enough, 
because zero-g output tends to drift with time and 
temperature. 
– The proposed sensor fusion takes advantage of the availability of a 

coarse position measurement to update the value of ab

– With a constant bias compensation, the control may show an error in 
both positioning and velocity accuracy

Bias/drift in MEMS 
measurements



• Unproperly compensated bias leads to errors:

Bias/drift in MEMS 
measurements

±5 qtz

±5%

Conventional Proposed
Reference
Measured
Estimated



• Most of the drift is caused by temperature variations

Bias/drift in MEMS 
measurements



• It may change with load position, time, temperature

Estimated drift



• A crucial issue is the tuning 
of the KF, i.e. the proper
choice of the measurement
and model noise. 

• Encoder and accelerometer
noise variances can be 
obtained experimentally

• Accelerometer random walk
is experimentally tuned with 
a whiteness test (Bartlett 
cumulated periodogram)

KF tuning
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Use of Loadside MEMS 
Accelerometers in Servo  

Positioning of Two–Mass–Spring
Systems



• The previous example was applied to a rigid servo-
positioner.

• In many industrial applications, servo–positioning devices are 
composed of an electric motor, connected to the mechanical 
load, through elastic elements

Control of two–mass–spring 
systems



• The problem of two–mass resonant systems has been 
studied for long  time, and the main issue targeted has been 
the development of  accurate and robust servo positioning 
devices, without making use of a load–side position sensor.

• By using properly designed observers, it is possible to obtain 
accurate  information on the load position, but the robustness 
of control laws based on this solution is weak against plant 
parameter variations (e.g.  stiffness, friction, inertia)

Control of two–mass–spring 
systems



• Robust controllers for uncertain two–mass–spring 
systems, using  different approaches (e.g., µ–analysis, 
H∞, LMI , non–linear observers  etc.) are usually 
designed in a conservative way and they do not provide 
a level of performance close to that achievable with a  
load–side position sensor.

• The damping of the oscillations between actuator and 
load mass can be easily achieved in case of availability 
of load side position and/or velocity

• When an estimator is used, if the model and the actual 
system are  not perfectly matched, the active damping is 
not effective, or it even worsens the performance.

Control of two–mass–spring 
systems



• We show here the feasibility, the performance and the robustness of an 
optimal state feedback control, in which the full state of the system is 
obtained by a Kalman Filter

– The main idea is to make use of a load side, low-cost MEMS 
accelerometer to  implement a robust estimate of the load position and 
velocity

• The use of accelerometers in position control requires some extra care, as 
in the previous case:

– The presence of unknown biases and drifts in acceleration 
measurements, leads to diverging estimates of the load velocity

– An augmented model of the acceleration measurement has been 
properly embedded in the model of a two–mass–spring system

• It will be shown that the proposed solution recovers the robustness of  a full 
state optimal feedback (LQR)

USE of load side MEMS 
accelerometers



• The standard space state model is SISO and 
considers a force input and the co-located position 
measurement

System model



• Considering a load–side acceleration measurement, 
comprising (again) a zero–order stochastic model 
(i.e. a random walk) of the bias plus drift ab, the 
model is augmented by a state variable:

Two–mass–spring linear 
system with acceleration 

measurement



• Considering a load–side acceleration measurement, 
comprising (again) a zero–order stochastic model 
(i.e. a random walk) of the bias plus drift ab, the 
model is augmented by a state variable:

Two–mass–spring linear 
system with acceleration 

measurement



• The control of a two–mass–spring system can be performed 
by using several techniques.

• We have implemented an optimal state–feedback control, in 
which the state is either fully available (LQR) or estimated by 
a KF (LQG), both built around the discrete time version of the 
state space model.

• LQR is known for its excellent robustness, which is usually 
lost in LQG with standard KF as state estimator.

LQG and LQR control



• Once the discrete–time models are available, it is easy to implement the 
prediction and correction steps, that are the same the KFs for both 
systems

– It is worth noticing that the difference between the standard KF and the 
proposed aaKF is the availability of a second measurement form the 
plant (namely, the load acceleration) and the inclusion of a stochastic 
model of the noise and bias affecting such measurement.

– aaKF makes the estimates more accurate and, in turn, the control 
more robust against possible mismatch between model and actual 
system, which is the typical critical aspect in standard LQG approach.

– It is worth noticing that acceleration is a linear combination of motor 
and load position

Standard and acceleration-
aided KF



• Motor with DOB–compensated friction and force 
disturbances has been controlled with different state 
feedback controllers, all implemented in Matlab–
Simulink, with a sample frequency of 1 kHz

• LQR
• LQG with standard, motor position–based KF 
• LQG with aaKF

LQR and LQG comparison



• The system is composed of a two linear motors, one 
used as actuator and the other as load, mounted on 
linear ball bearings and connected through a leaf spring
– Both actuators have a position sensor

– Load motor mounts a MEMS accelerometer (ADXL335)

• System parameters have been identified using a 
frequency–based approach

Experimental setup



Experimental setup



Experimental results

• In all experiments, the reference position is the same and it 
has an initial section with constant acceleration, followed by 
one at constant velocity and, finally by a constant 
deceleration.

• Both acceleration and deceleration are limited to a value that 
does not lead the actuator into saturation.

• LQG has been implemented in two ways: with standard KF 
(LQG1) and with aaKF (LQG2)

• In nominal condition (i.e. model perfectly matches the actual 
plant), LQR and LQGs outperform the PID control and they all 
exhibit similar performances



Experimental results



• Having a closer look to the estimation of the load side 
variables, it is possible to see that the aaKF-based LQG 
provides a much better estimate of position and velocity, 
compared to the standard LQG

Experimental results



• Some differences are evidenced when the actual system 
parameters differ from those embedded into the models used 
for both feedback and estimator design.

• LQR is rather insensitive to large stiffness variations, while 
the control based on standard KF shows an oscillatory 
behaviour, which is much worse than that obtained with the 
proposed aaKF.

• The experimental results obtained by varying the load mass 
or the load-side friction are even more favorable to the aaKF-
based LQG.

Experimental results
Robustness
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Robustness



Experimental results
Robustness

• The robustness of the proposed 
aaKF can be also analyzed by 
comparing the Nyquist plot of its 
loop transfer functions with those 
of the other controllers (LQR and 
LQG based on standard KF)
– It can be seen that the LQG based 

on the aaKF matches the 
performance of a full-state 
feedback LQR, which is known to 
provide the best stability margins



• We reported some results obtained by implementing a 
state feedback control of a two-mass-spring system, 
when the state estimate is obtained by using a KF which 
makes use of the load side acceleration.

• In addition to similar solutions found in literature, we 
explicitly accounted for the presence of bias and drift, 
always present when a low-cost MEMS accelerometer is 
used.

• As a result, the LQG control based on the proposed aaKF
outperforms the standard one and, in terms of 
performance and robustness

• It achieves similar results of a standard LQR, based on 
the availability of the measurements of the full state.

Conclusions.. 



• M. Yokoyama, R. Oboe and T. Shimono, "Robustness Analysis of Two-
Mass System Control Using Acceleration-Aided Kalman Filter," IECON 
2018 - 44th Annual Conference of the IEEE Industrial Electronics Society, 
2018, pp. 4600-4605, doi: 10.1109/IECON.2018.8591114.

• M. Yokoyama, R. A. B. Petrea, R. Oboe and T. Shimono, "External Force 
Estimation in Linear Series Elastic Actuator Without Load-Side Encoder," 
in IEEE Transactions on Industrial Electronics, vol. 68, no. 1, pp. 861-870, 
Jan. 2021, doi: 10.1109/TIE.2020.3013791.

• R. Oboe and D. Pilastro, “Use of Load-Side MEMS Accelerometers in 
Servo Positioning of Two-Mass-Spring Systems,” Proceedings of Industrial 
Electronics Society, IECON 2015 - 41st Annual Conference of the IEEE, 
November, 2015, pp. 4603–4608

References



Many thanks for your kind 
attention!


