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Fig. 12. 4
2 < δ <4

go through the PD-controller, otherwise we obtain the high
amplitude spikes at the output of the PD-controller and the
Coulomb friction won’t be able to cope with them.

For the system with nonlinearity as in Fig. 12, by carrying
out a similar analysis for the existence of the stable limit
cycles as in sections II, III (see [10]), we obtain that
condition for the self-sustained oscillations existence requires
our sample time to be bigger than maximal sample time
that was derived in [6] (i.e. T > 2b

K ), which is also the
condition for the discrete time system without nonlinearity.
This means that sensor introduces no additional oscillations.
The implementation of the dead-zone δ bigger than one
sensor tick guarantees us non-oscillatory behavior in the
system due to the sensor quantization [10]. However, the
price which has to be paid is the reduction of positioning
accuracy.

V. EXPERIMENTAL RESULTS
Experimental validation of the analytical results has been

carried out by means of ILM70 brushless DC motor used in
our robotic drives [11] equipped with a sensor having 1800
counts per revolution. The torque loop has been implemented
by ELMO motion controller. An external position loop has
been implemented in Matlab and the torque command using
Matlab RTW to the torque loop of ELMO motion controller
was provided via a dSPACE Controller Board. The full reso-
lution sensor has been used to tune the torque loop in ELMO
box, while the resolution has been artificially reduced in
the Simulink environment for the feedback of position loop.
The motor inertia was J = 0.21× 10−4Kg ·m2. Estimated
Coulomb friction was at c = 1.6×10−2N ·m and the viscous
friction was b = 10−4Nm · s/rad. The artificially reduced
sensor resolution 4 ≈ 0.07rad measured the feedback of
the position loop that was sampled with the sampling time
T = 10−4s.

The obtained results for the cases of P- and PD-controllers
are presented in Fig. 13 and 14 respectively. In Fig. 13(a)
and Fig. 13(b) the transient responses of the system with P-
controller are presented. They show the existence of the limit
cycles mode, as it was analyzed previously. The transient re-
sponses of the system with implemented dead-zone element
in the controller according to (47) are presented in Fig. 13(c)
and Fig. 13(d). They show the complete elimination of the
limit cycles by the provided solution.

Obviously, for the P-controller one cannot obtain the good
transient response. This was a motivation of extending the
analysis in [1] to the PD-controller in the present work. The
obtained results one can see in Fig. 14. Comparing the looks
of the transient responses for the P- and PD-controller one
can conclude that for the last case the transient responses are
faster and better, but there is also presented the limit cycle
mode due to the sensor quantization, as in Fig. 14(a) and
Fig. 14(b). The modification of the PD-controller, as in

(a) Transient response without limit cycles compensation

(b) Transient response without limit cycles compensation
zoomed in the steady state

(c) Transient response with limit cycles compensation

(d) Transient response with limit cycles compensation
zoomed in the steady state

Fig. 13. Limit cycles observation in the system with P-controller
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(a) Transient response without limit cycles compensation

(b) Transient response without limit cycles compensation
zoomed in the steady state

(c) Transient response with limit cycles compensation

(d) Transient response with limit cycles compensation zoomed
in the steady state

Fig. 14. Limit cycles observation in the system with PD-controller

Fig. 9(b) and according to condition (45) leads us to
complete elimination of the limit cycles, as presented in Fig.
14(c) and Fig. 14(d).

A few words about validation of the assumptions that have
been made throughout this work:
• the value bT

2J is sufficiently small for the systems used in
the simulation and experiment, 3.8 ·10−3 and 2.4 ·10−4,
respectively;

• the analysis of Fig. 8, 13 and 14 shows the validation

of the assumption on the existence of the limit cycles
with the amplitude smaller than one sensor resolution
tick (sec. III A, Fig. 6);

• simulation analysis of the system with PD-controller
[10] confirmed the assumptions of limit cycles periods
which are whole even multiples of the sampling period
(sec. III B).

VI. CONCLUSIONS
In this work the effect of sensor quantization on the system

behavior in the steady-state condition was analyzed. It was
shown that limit cycles might arise in the system due to
the bad sensor quantization. The modified controllers were
proposed in order to compensate these limit cycles behavior.
The experimental data have proved the existence of the
limit cycles, as well as have shown the effectiveness of the
proposed solution for its compensation.

In the future we would like to extend our analysis over
more real systems, e.g. considering actuator saturation effect
and to analyze the effect of the sensor quantization on the
overall system performance, namely transient response.
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