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Abstract—Experimental study presented in “Delay 

Compensation of Tilt Sensors Based on MEMS Accelerometer 

Using Data Fusion Technique” by M. Ghanbari and M. J. 

Yazdanpanah is commented. It seems that some of the reported 

results are affected by errors related to mechanical imperfections 

of the applied test apparatus, what might have influenced 

determination of parameters of models of the applied 

complementary and Kalman filters. Appropriate modifications of 

the test apparatus are proposed. An alternative method of 

processing the experimental data is suggested.  

 
Index Terms—kinematic deviation, MEMS, accelerometer, 

incremental encoder, coupling, inaccuracy. 

I. INTRODUCTION 

N the above paper [1], a novel algorithm for compensation 

of response delay of a tilt sensor built of a micromachined 

accelerometer is proposed. The algorithm is based on data 

fusion that employs Kalman and complementary filters. 

Parameters of models of the filters were determined on the 

basis of experimental results, where output signals from 3 

kinds of sensors (a tilt sensor built of a MEMS accelerometer, 

a MEMS gyroscope, an incremental encoder) were recorded 

using a custom-built test apparatus.  

The content of [1] is novel and very useful for researchers 

who employ MEMS sensors, and at the same time strive for 

improving their response characteristic. 

However, due to some issues that have been overlooked in 

[1], it is hard to state if the evaluated accuracy of the proposed 

algorithm is reliable, since the applied mechanical 

instrumentation features important limitations neglected in the 

commented paper [1].  

Considerations presented in this comment are meant to 

address the noticed errors and propose a solution to the 
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resultant problems, in particular, with regard to kinematic 

inaccuracy, described by kinematic deviations of the 

mechanical members of the employed instrumentation [2]. 

II. THE TEST APPARATUS 

The commented paper presents a test apparatus (illustrated 

in Fig. 1 [1] and Fig. 10 [1]), whose structure contains few 

kinds of mechanical components, each introducing specific 

kind of kinematic deviation. It seems that the mentioned 

inaccuracy of the applied encoder, of ca. 0.1 , is not the only 

source of the existing kinematic deviations, neither the 

smallest one. 

The authors did not reveal important details related to the 

applied test apparatus. Except for the incremental encoder, the 

pendulum and a connecting shaft, it is not known what kind of 

mechanical components were used – one can make only a 

guess. It is not known either, if the motion of the pendulum 

was realized manually or by means of an electric motor. 

Besides, there are two different configurations of the 

apparatus; one is illustrated in Fig. 1 [1], with the encoder 

located at the front, and the other in Fig. 10 [1] (top 

photograph on the left), with the encoder attached at the back 

and the supporting bearing included in the kinematic chain. 

Thus, it is evident that the kinematic structure was different in 

both cases. However, the configurations are not related to 

specific results reported in [1].  

Since an intermediate shaft is mentioned in Section II of 

[1], we assume that at least two mechanical couplings were 

used to connect the encoder shaft with the pendulum shaft (see 

Fig. 1). It is not known either what kind of bearing was 

applied for supporting the pendulum shaft, especially with 

regard to its radial and axial plays.  

III. KINEMATIC DEVIATIONS 

Kinematic configuration of the test apparatus presented in 

[1] complies with a chain-connection of few independent 

elements that perform a rotary motion caused by (or causing) 

oscillations of the pendulum. If the pendulum is driven by an 

electric motor, the following can be specified: an encoder 

shaft, an intermediate shaft and the driven element, i.e. the 

pendulum shaft.  

It is not clear how did the authors interconnect these 

elements. Rigid connections might have been used, however 

that would require nearly-perfect alignments of the axes of the 

connected shafts. So, couplings compensating for the existing 

misalignments: eccentricity or inclination of the axes, have 

been used more probably. We mean such couplings as 
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Oldham’s coupling, Hooke’s coupling or a flexible coupling. 

Yet another issue is a problem of torsional rigidity of the 

created connections (or the applied couplings).  

We think it would be advantageous to supplement the 

general photos of the test apparatus with a related kinematic 

diagram of the mechanical structure. Such diagram would 

dispel any doubts concerning a correct interpretation of the 

obtained results. On the basis of the presented photos (Fig. 1 

[1] and Fig. 10 [1]), we created such diagram in Fig. 1, and 

indicated points that may be a source of additional factors, 

which have been probably disregarded in [1].  

In the case of using couplings in systems ensuring a 

precise reconstruction of motion – what is relevant to the 

considered case – a problem of kinematic deviations must be 

carefully considered and regarded. The kinematic inaccuracy 

of couplings can be evaluated by comparing values of 

kinematic deviations [2] (in unidirectional motion) or a 

backlash (in bidirectional motion in some cases). The 

kinematic deviation is meant as a difference between the value 

of rotation angle of the driven shaft, coupled with the driving 

shaft by means of the analyzed mechanical system, and 

rotation angle applied to the driving shaft. The deviation is 

defined as an angular quantity measured in function of the 

rotation angle of the driving shaft. Maximal value of the 

deviation determines kinematic inaccuracy of a coupling.  

A general formula for an instantaneous kinematic 

deviation of any member transmitting rotary motion can be 

expressed as o(φi) in function of the angular position of the 

input shaft: 

av

i
oio

i
)(  (1)  

where: φo – real angular position of the output shaft; φi – 

angular position of the input shaft; iav – average ratio of the 

member transmitting rotary motion. 

The unknown course of an instantaneous ratio ig can be 

expressed by the following formula, 

i

o
avig ii

d

d
1)(  (2)  

Research related to the considered issue has been already 

carried out for a long time at the Division of Design of 

Precision Devices, Institute of Micromechanics and Photonics, 

Warsaw University of Technology. Experiments performed 

employing custom test rigs are in this case of a considerable 

value – limited knowledge of the details related to operation of 

elements of precise mechanisms results in the fact that 

creation of mathematical models of these units on the basis of 

traditional rules, connected with knowledge of the 

manufacturing and assembly techniques, is not sufficient to 

create a satisfactory description. Therefore, it was proposed to 

create nonparametric (substitute) models of these units on the 

basis of experimental results [2]-[6] – obtained using e.g. 

instrumentation presented in [7]-[8]. In order to employ the 

above formulas in analytical works, it is necessary to obtain a 

mathematical form of the courses 0(φi) – e.g. in a form of 

expansion into Fourier series,  

n

k

kokio k
1

00 )(sin)(  (3)  

where: n – number of the determined constituent harmonics; 

0 – free term (constant component); k – amplitude of k-th 

harmonic; k – phase shift of k-th harmonic; 0 – frequency 

of the fundamental component.  

After appropriate transformations, the series representing 

variability of the instantaneous ratio of a member transmitting 

rotary motion can be presented finally as [6],  

n

k av

k

av

i
kkavig

i

k

i
ksii

1

)(cos1)(  (4)  

where: sk – factor of k-th harmonic. 

In the case of a coupling iav = 1, so the formula for the 

instantaneous kinematic deviation gets simplified,  

n

k

kcckkcci ks
1

)(sin)(  (5)  

A mathematical form of the instantaneous ratio ic for the 

analyzed couplings can be expressed as,  

kksi
n

k

kcckkccc

1

)(cos1)(  (6)  

Our own experimental studies revealed that typical 

miniature couplings usually feature kinematic inaccuracy of 

ca. few tenths of degree arc [7]. So, in the case of the 

commented studies these errors were rather of a minor 

influence, nevertheless comparable to accuracy of the encoder 

applied in the test apparatus reported in [1]. However, there 

are some couplings (i.e. disk or tang-type couplings) that 

feature significantly higher kinematic deviations, up to 3  [7], 

and even a backlash [9]. 

In light of the above, we presume that the considerations 

presented in [1] did not take into account the fact that 

assuming an ideal transmission of drive by the connections 

(couplings) of particular shafts does not correspond to the real 

situation. Thus, the results obtained by means of the encoder 

cannot be indentified with the real position of the pendulum in 

such a simple way. Additionally, while positioning the 

 
Fig. 1. The assumed kinematic diagram of the mechanical structure of the 

test apparatus. 

E – encoder; Sh – rigid interconnecting shaft; P – pendulum; φE – angle 

indicated by the encoder; φP – the calculated angular position of the 

pendulum; a and b – points at which correctness of interpretation of the 

angular position of the pendulum is affected 
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pendulum, influence of the kinematic deviations is magnified 

due to the fact that accelerating or decelerating nature of the 

oscillatory motion results in instantaneous dynamic surpluses 

to be transmitted by a compliant structure of a coupling.  

It can be noted that a “delay” between the encoder signal 

and the accelerometer signal in Fig. 12 [1] and Fig. 13 [1] is 

slightly bigger for one direction of rotation (positive slope of 

the curves), whereas smaller for the other direction of rotation 

(negative slope of the curves). This cannot be observed in Fig. 

4 [1] with regard to the integrated signal from the gyroscope 

since the range of the time-axis is much bigger. However, in 

Fig. 12 [1] it can be observed that the first lower peak of the 

signal related to the gyroscope is shifted to the left with 

respect to its counterpart of the encoder signal, whereas the 

first upper peak is shifted to the right. Then, the second upper 

peak is shifted to the left, most probably due to longer time of 

integration resulting in additional errors. That effect makes us 

suppose that relatively compliant couplings were elements of 

the mechanical structure. Another proof of that may be 

maximal and RMS values of the errors related to “one 

direction test” and “swinging mode test” (reported in Table II 

[1] and Table III [1]). 

IV. MODIFICATION OF THE TEST APPARATUS AND 

ALTERNATIVE DATA PROCESSING 

The structure of the applied apparatus should be 

simplified. If the encoder disc were fixed directly at the 

pendulum shaft, no couplings would be necessary, and the 

mechanical plays at the bearings of the pendulum shaft would 

be of little or no concern. In such a case, the plays may only 

result in some insignificant changes of the tilt (both pitch and 

roll) of the pendulum, and thus of the tested accelerometer. 

If that were impossible, e.g. because of applying an 

encoder with an output shaft, a precise coupling should be 

used. Sometimes we use couplings, whose kinematic 

inaccuracy is lower than few seconds arc [10]-[11], and thus 

such value can be usually disregarded. However, such 

couplings are expensive and require to have the coupled axes 

aligned quite precisely (e.g. eccentricity below 0.3 mm, 

inclination below 0.5  [10]). 

Such mechanical structures of the test apparatus would 

dispel any doubts with regard to the reliability of the obtained 

accuracy of estimation the tilt angle. 

There are also two other ways, in which more reliable 

results can be obtained without modifying the employed test 

apparatus. First, a new experiment employing only one 

direction of rotation could be performed, just as presented by 

the authors in Fig. 11 [1]. Then, the kinematic deviations of 

the couplings would be much lower. 

Second, the authors can use only a part of the experimental 

data obtained in their tests. The selected data should 

correspond to one direction of rotation only (i.e., ca. 50% of 

the all data), and parameters of models of the applied filters 

should be related only to these data.  

Then, angles recorded by the encoder and their 

counterparts estimated by means of the proposed method 

should be compared in order to evaluate accuracy of the 

applied data fusion technique. We suppose, the accuracy 

would be higher compare to the value reported originally. It 

would also reveal influence of the existing kinematic errors. 

V. SUMMARY 

We proved that the authors of [1] used inaccurate 

instrumentation while performing their experiments. Thus, the 

parameters of models of the applied filters might have been 

determined on the basis of inaccurate reference values. Even 

though a high conformity between the reference signal and the 

estimated angular position was achieved, in our opinion the 

obtained results ceased to be universal. Besides, the estimated 

angular position does not correspond to the real position of the 

tested sensors. Thus, it seems that if the motion of the 

pendulum were not oscillatory but rather of a chaotic nature, 

the estimation errors would be higher. 

We presume that if parameters of models of the filters 

were determined on the basis of more accurate reference 

values, a higher accuracy of estimation would be obtained, 

increasing reliability of the proposed method at the same time. 

On the other hand, it can be pointed out that an 

advantageous feature of the proposed method is a capability of 

compensating not only for the delay, but also for some 

additional sources of errors (like kinematic deviations and 

backlashes of mechanical couplings).  

So, we infer two conclusions: the proposed method is in 

fact more accurate than stated in the commented paper [1] (yet 

more precise experimental data are required to prove that), and 

the proposed method is immune to some interfering 

phenomena (e.g. kinematic deviations, backlashes), however 

at the cost of a lower accuracy of estimating the tilt angle. 
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