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Abstract. Problem. Laser scanning devices are widely used in Machine Vision Systems (MVS) of an
autonomous mobile robot for solving SLAM problems. One of the concerns with MVS operation is the
ability to detect relatively small obstacles. This requires scanning a limited sector within the field of
view or even focusing on a specific point of space. The accuracy of the laser beam positioning is
hampered by various kinds of uncertainties both due to the model simplifying and using inaccurate
values of its parameters, as well as lacking information about perturbations. Goal. This paper
presents the improvement of the MVS, described in previous works of the authors, by robust control of
the DC motor, which represents the Positioning Laser drive. Methodology. For this purpose, a DC
motor model is built, taking into account the parametric uncertainty. A robust digital PD controller
for laser positioning is designed, and a comparative evaluation of the robust properties of the
obtained control system with a classical one is carried out. The PWM signal formation by the
microcontroller and processes in the H-bridge are also taken into account. Results. The obtained
digital controller meets the transient process and accuracy requirements and combines the simplicity
of a classic controller with a weak sensitivity to the parametric uncertainties of the drive model.
Originality. The originality of the paper is in its focus on the MVS of the autonomous mobile robot
developed by the authors. Practical value. The implementation of the MVS with the proposed
controller will increase the reliability of obstacles detection within a robot field of view and the
accuracy of environment mapping.
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Introduction enables mobile robots to perform a variety of

The performance of an autonomous mobile ro-
bot operating in an unknown cluttered environ-
ment requires to solve a number of tasks related
to the mapping of the surroundings and deter-
mining the robot space-time orientation within
the terrain (so-called SLAM) [1]. For these tasks
solution, robots are equipped with Machine
Vision Systems (MVS) based on different sen-
sors (camera, laser, radar, sonar, lidar, etc.) [1] —
[16]. Laser scanners are attractive sensors in
outdoor mobile robot localization and navigation
[1], [3], [8]-[16] because of their ability to pro-
vide instantaneous information about the range
and direction that can be used for feature extrac-
tion and obstacle detection. Fusing data from
laser scanners with information from other
sources benefits the accuracy of mapping and

tasks more confidently [1], [2], [12]. Though
that coupling entails and disadvantages, e.qg. it is
necessary to decide which sensory system pro-
vides now the most proper information about the
surrounding of the mobile robot [12].

One of the challenges, when used any type of
the MVS, independent of the way of its imple-
mentation, is the ability to identify relatively
small obstacles. That requires scanning of a lim-
ited sector of the field of view or even focusing
on a specific point in space. In the case of a laser
sensor, the solution of the mentioned problem is
to increase the accuracy of the laser beam posi-
tioning at a given angle.

For this purpose, for example, in the pro-
posed MVS in [12], the two stepper motors of
the laser spot positioning (LP) system in the ver-
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tical and horizontal planes are replaced by DC
motors [13]. Fig. 1. shows the latest prototype of
a system with a DC Motor.

Using a DC motor instead of a stepper motor
allows the laser beam to be rotated at any angle,
so that the MVS can continuously scan a given
limited sector within the field of view. Further-
more, a DC motor theoretically allows position-
ing the beam at any particular point.

However, the experiments [14], [15], [16]
show that the new LP drive still has some draw-
backs. These drawbacks are results of using in-
accurate values of the parameters of the DC mo-
tor and the LP, simplification of the DC motor
model, e.g. neglecting of some nonlinear effects,
such as Coulomb friction; cogging torque for
some of DC motors; friction coefficient jump-
changes in transitions; lacking information about
perturbations and variations of the motor param-
eters values, etc. Thus, the implementation of
the robust control of the LP drive is essential.
Robust control of the LP drive will allow im-
proving the accuracy and reliability of small
obstacles detecting within the MVS field of
view.

Fig. 1. Prototype of the Technical Vision
System: 1 — Mounting base; 2 — Maxon
REmax-29 DC Motor; 3 — 45-cut degree
mirror Edmund Optics; 4 — Laser module
Laserfuchs LFD650; 5 — USB Webcam
1080p AUSDOM

Analysis of publications

The popularity of DC motors as actuators for
various technical objects have led to a large
amount of research on robust control for these
motors.

The first papers dedicated to robust control
of DC motors appeared on early 1980s on the
wave of interest to the rapidly developing theory

of robustness. In particular, in [17], a micropro-
cessor control system was developed in order to
improve the drive performance of a DC servo
motor and reduce sensitivity to parameter varia-
tions, nonlinear effects, and other disturbances.
The control system consists of two independent
loops: a position controller to specify the system
transfer function and a complementary control-
ler to reduce system sensitivity.

A robust system for a DC motor position
control with a fuzzy controller and the additional
compensator was presented in [18]. The addi-
tional compensator based on the sliding mode
theory was used to improve the dynamical char-
acteristics of the drive.

A sliding mode control coupled with a PID
control was applied to control the motor speed
in [19].

As the interest in the H*-control methods in-
creased, they began to be used for the control of
various plants including DC motors. Thus, in
[20, 21] H>-controllers were designed for DC
motors speed and position control using
MATLAB Robust Control Toolbox. However,
in spite of significant theoretical achievements,
H* methods still do not spread in the everyday
practice of actuators control. It is explained not
only by the relative simplicity of implementa-
tion and comprehensibility of the 'traditional’
PID controllers but also by the imperfection of
H~* algorithms, in particular, difficulties in de-
termining the sensitivity function. Moreover,
both the different varieties of enhanced PID con-
trollers and the classical PID controllers can
provide robust properties to the system [22, 23].

In [24] an analogue robust PD-controller for
the laser actuator of the technical vision system
has been proposed. However, this controller is
not applicable for implementation by a micro-
processor system since it does not take into ac-
count the specificities of numerical differentia-
tion, signals digital filtering, and PWM control.

Purpose and Tasks

In this paper, we describe a robust digital PD-
controller with the coefficients that ensure the
proper quality of the laser positioning under par-
ametric uncertainty.

The paper is organized as follows. The dy-
namical model of the laser drive with uncertain
parameters is described in the next section. Then
the Simulink model of the system with the PD-
controller, tuned for the nominal drive model, is
presented; it is followed by an analysis of the

Vehicle and electronics. Innovative technologies, Vol. 20, 2021



IHTeAeKTyaAbHi CHCTEMH yNIPaBAiHHA TPAaHCIOPTHHMH 29
cucremMaMHu. CHHepreTHYHi CHCTEMH €KOMODiAiB

parametric uncertainties effect on the system per-
formance. Afterwards, the robust PD-controller is
designed, the robustness and performance of the
system are also addressed in this section. Finally,
concluding remarks are stated in the end of the
paper.

Laser drive mathematical model

Since the DC motor is used as the drive for the
LP system, in this section we will consider DC
motor mathematical model. It is well known that
the model of an armature-controlled DC motor
is based on Newton's 2nd and Kirchhoff's volt-
age law and has the following form:

di(t) . de(t) _
L_dt +Ri(t) + K, 4t V (1), "
y 300 000 _ o
dt dt

where L and R are the electric inductance and
electric resistance of a motor armature circuit
respectively; J is the total moment of inertia of
the motor shaft together with the mirror; i(t) is
the armature current; 0(t) is the motor shaft posi-
tion; V(t) is the armature voltage; K is the mo-
tor torque constant; K, is the back-EMF con-
stant; b is the motor viscous friction constant.

It is assumed in equation (1) that the magnetic
field is constant and, therefore, the motor torque
is only proportional to the armature current i(t) by
a constant factor Ky. In practice, the strength of
the magnetic field can vary. Thus, that is one of
the assumptions mentioned in the previous sec-
tion, which simplifies the mathematical model
but makes it less accurate. After simple transfor-
mations, taking xi=i(t), x.=do(t)/dt, and
X3 = O(t) as state coordinates, we get

T [
1k b | |L
X, |=|—= —= 0||x|+/0u (2
. J J
X, 0 1 oll% 0
Xl
y=[0 0 1]|x, (3)
X3

where y is the drive output coordinate and
u=V().

Fig. 2 shows a block diagram that corre-
sponds to (2) and (3).

R e
K, =
K, |
1 2Ny
h |
Fig. 2. The block diagram of the MVS laser

drive

Assuming the constancy of the magnetic field
is not the only simplification in the models (1)
and (2), (3). In a realistic system, the exact values
of the parameters R, L, Ky, Kn, J and b are un-
known. At the same time, we can always specify
the bounded intervals to which these values be-
long [25]. That is, (2) can be rewritten as follows:

_|§+8R _Kb-i-SKb 0
‘ L+3§, L+3,
)_(1 Km—f-SK 5+6b %
X, |=| —= = —= 0 x, |+
J +39, J +39,
X3 X3
0 1 0
 (4)
S
L+8,
+ 0 Ju
0

where () represent the nominal values of the
corresponding parameters and & represent the
possible perturbations on these parameters.

In this case, in the diagram of Fig. 2 the
blocks with parameters R, L, Ky, Kn, J and b can
be replaced with blocks R, L, K,, K., J and

b with feedbacks in terms of 8g, 81, Skb, Okm, O
and oy (Fig. 3) [24].
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Fig. 3. The block diagram of the MVS laser
drive with uncertain parameters

Using the model (Fig. 3) with undefined pa-
rameters allows us:

- to synthesize a controller for the LP system;

- to estimate the robustness of the obtained
system and

- to evaluate the influence of the deviations
Or, OL, Okb, Okm, O3 and &, on the nominal
parameters R, L, K,, K_, J, b values at the
system performance.

Classic controller design

This section presents the solution to the first
listed above task. First, a PD-controller for the
nominal model of the drive is designed. Then,
we examine the robustness of the obtained sys-
tem is. As a drive, we consider the DC motor
Maxon RE-max29, which is used in the MVS
(Fig. 1). The nominal values of the motor pa-
rameters taken from the manufacture datasheet
[26] are listed in Table 1.

Table 1. DC motor Maxon RE-max29 parameters

Symbol Nominal Unit Variation
value

R 104 Ohm +40%

L 8.48 mH +40%

J 7.2x10°¢ kg-m? +40%

K 0.168 N-m/A +40%

Kb 0.168 V-s/rad +40%

(b [ 271x10* [ N'm'srad | +40% |

It is assumed, that the exact values of the mo-
tor parameters are unknown and they can range
within + 40% of their nominal values (Table 1).

The simulation was carried out using
MATLAB/Simulink. First, a digital PD-
controller for the nominal motor parameter val-
ues (Table 1) was designed. Fig. 4 shows the
Simulink model of the laser driver positioning
system. The content of the 'DC Motor' block in
Fig. 4 corresponds to the diagram in Fig. 2 with-
out the last integrator converting the angular
velocity X to the angular position Xa.

1naa=31>(;:}——> PG 120 =N vl gE!IIIIb
.

Reference ‘ Controller PWM H-Bridge DC Motor

position

Fig. 4. The Simulink-model of the system with
the driver nominal parameters

The motor is controlled by the PWM signal
(Fig. 5). To amplify the signal and to reverse the
direction of the motor shaft rotation the
MOSFET H-bridge is used (Fig. 6). The PWM
frequency is 488.28 Hz. The maximum voltage
fed to the laser driver is 12V. The PD algorithm
is implemented using a microcontroller.

Fig. 5. The Simulink-model of the PWM
subsystem in Fig. 4

The blocks ‘Forward’ and ‘Backward’ in
Fig. 6a are to choose the direction of the motor
shaft on the basis of the sign of the controller
output; they are built with the help of switch
blocks. The MOSFET Bridge model is exposed
in Fig. 6b.

The system quality requirements are formu-
lated based on the following considerations. Ac-
cording to [26], the nominal voltage of the Max-
on RE-max29 motor is 48 V, and the nominal
speed is 1820 rpm. This means that it makes one
revolution in 0.033 seconds. Thus, at a supply
voltage of 48 V, the motor can turn at any angle
up to 2z in about 0.03 s. In our laser MVS, the
motor is fed with 12 V, so it can be expected
that it will turn 4 times slower. In fact, however,
the effective sector of the robot MVS field of
view is less than n/2, therefore, 0.03 s is quite
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sufficient to turn the mirror to an arbitrary angle
within the effective sector.

Backward

MOSFET Bridge
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Fig. 6. The Simulink-model of the H-bridge
subsystem in Fig. 4: a — general form, b —
Content of the MOSFET Bridge
subsystem
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On the other hand, the transient process of
the mirror positioning should have small over-
shot to ensure that the right position of the re-
cently scanned spatial point will be finally fixed
quickly enough. It minimizes the fuzziness of
the light spot and, subsequently, allows measur-
ing the 3D coordinates of this point as soon as
possible. In other words, it permits to accelerate
the scanning process, at least, without accuracy
losses, and in the best case it permits to increase
the 3D coordinate’s accuracy due to the more
precise positioning of the laser spot on the
scanned surface.

Finally, the precision of the mirror position-
ing should be high enough to ensure the accura-
cy of the mapping of the environment and de-
termining the shape of obstacles. Therefore, it is
highly desirable that the steady-state error con-
verges to zero. Thus, the design purpose is to
meet the following requirements:

- the settling time should be less than 0.03 s
with 2% tolerance;

- the overshoot of the system should tend to
zero;

- no steady-state error.

Synthesis of a PD-controller for a determinis-

tic object does not cause serious difficulties. For
our case, first, a continuous model of the DC
motor was used (Fig. 2), and the Ziegler-Nichols
method was applied to find the preliminary val-
ues of the coefficients k, and kq . Then, the con-
troller was described with the transfer function
(5), nonlinear elements were added to the con-
trol system (Fig. 4), the values of T and Ts in
(5) were chosen and the coefficients k, and kq
values were tuned manually.

Ky /
C(Z)ka +ﬁ
1405 2
T, z-1

LI (5)

where k, =20 represents the controller propor-
tional gain; kq=0.005 the derivative gain,
Ti=0.01s the filter time constant and
Ts = 0.001s the sampling time.

The simulation results are shown in Figs. 7
and 8. To test the performance of the LP system,
the three command signals that correspond to
1.8, 8.6 and 14 degrees are applied to the sys-
tem, and the responses are depicted in Fig. 7.
These angles are chosen as far as they belong to
sets of opening angles (scanning step angles)
which are the most appropriate for the scanning
with the laser MVS [27]. For example, the an-
gles in the range 14.0-14.6 degrees are the big-
gest angles that permit to scan the scene the
fastest possible way and without missing critical
obstacles. The angle around 8.6 degree is the
compromise between such constraints as “veloc-
ity” and “resolution”. The step angle around
1.8-4.0 degrees provides the slowest scanning,
and it is applicable for small obstacles detecting
or for precise coordinate measurement on the
edge of obstacle under highest interest for colli-
sion prevention in the path planning task of ro-
bot navigation.

15 T T
0.021 5—1

= = =Reference
Laser position

Position, deg
>

5
T

0.020 s

|

0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1
Time, s

Fig. 7. The positioning of the laser drive
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From Fig. 7 it is seen that the system meets
the mentioned requirements, for instance, the
settling time is about 0.02 s.

Fragment of the PWM signal fed to the laser
drive which corresponds to the PD-controller
output is presented in Fig. 8. This figure shows
only the scaled part of the signals for clarity.

[ [ I [ I
‘—-—'Conlro\ signal Duty cycle
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Time, s
Fig. 8. The controller output and the

corresponding PWM signal

System Robustness Examination

In spite of the fact that the obtained system
meets the requirements, it is necessary to know
how robust it is to variations of R, L, Ko, Km, J
and b within a certain range. Here we suppose
that these parameters values can vary within the
range of £ 40% of the nominal values (Table 1).

Step response plots for the system computed
at random values of the uncertain parameters
from the specified ranges and with the controller
(5) are shown in Fig. 9.

1.2
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Time, s

Fig. 9. The step responses for 20 values of the
uncertain parameters for nominal tuning

From Fig. 7 and Fig. 9 it is obvious that
though the controller (5), designed with the
nominal model of the LP drive, meets the re-
quirements for the transient process quality, the

variations of the model parameters values have a
significant impact on the system performance
and, first of all, on the settling time (Fig. 9).
Moreover, the overshoot can appear which is
undesirable for our system.

To evaluate the impact of the deviation of
each parameter value from the nominal ones on
the linearized LP system performance, the val-
ues of R and L, b and J, Ky, and Ky were varied
in pairs; the other parameters values remained
constant. As an impact index, we used the nor-
malized value of the mentioned above tuning
goals, generated by the MATLAB evalGoal
function (Figs. 10-12). Normalized value of tun-
ing requirement, returned as a positive scalar,
which is a measure of how closely the require-
ments are met in the tuned system. To satisfy all
the requirements the Performance in Figs. 10-12
should be less than 1.

Fig. 10. The performance index over R and L
versus nominal values of J, b, Ky and Ky

Performance
&

1.05

4
3 2
-4 1.5
x 10
2 1 %10

b 1 05 J
Fig. 11. The performance index over b and J
versus nominal values of R, L, K and Ky
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Performance
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0.15

0.15
Kb 01 0. Km

Fig. 12. The performance index over Ky and K
versus nominal values of b, J, Rand L

These figures show that the nominal tuning is
very sensitive to changes in the model values
parameters. Though the values of R, L, K and
Ky are given in the catalogue [26] (Table 1), and
in practice, they are unlikely to change in such
wide ranges as in Table 1, identifying the fric-
tion force value of the LP drive is a highly chal-
lenging task [14]. Thus, Figs. 10-12 indicate the
necessity to use a robust controller to minimize
the negative impact of uncertainties on the sys-
tem dynamic.

Robust controller

To design a robust controller the MATLAB
function systune() has been used, which yields
the following controller parameters: k= 36.2,
kq=0.143 and Ts=2.31-10"". The robust proper-
ties of the system with the modified controller
represent Fig. 13 and 14.

1F
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Time, s
Fig. 13. The step responses for 20 uncertain
parameters values for robust controller
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Fig. 14. The step responses for 20 uncertain
parameters values for robust controller

The step response performance of the homi-
nal LP system with the new controller is only
slightly worse than the previous one (zoom on
Fig. 13). Nevertheless, despite the similarity in
the responses of the systems, the robust system
does not have an overshoot at any combination
of the uncertainties (Fig. 14), i.e. the robust con-
troller provides better performance of the LP
system over the nominal design. To ensure it
the normalized parameter Performance is fond
for all pairs of Rand L, b and J, Ky, and K, (Figs.
15-17) by analogy with Figs. 10-12.

Robust tuning (nom. values Kb,Km,b&J)

Performance

160
140
100 120

L 4 60 80

R
Fig. 15. The performance index for the robust
system over R and L versus nominal
values of J, b, Kn and Ky

Figs. 15-17 show, that Performance indexes
for the robust system are much closer to 1 than
ones for the system with the controller, tuned for
the nominal motor parameter values.
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Robust tuning (nom. values Kb,Km,R&L) turbances. Investigation of this issue as well as
the experimental study of the system is the task
for future research.
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PobGacTtHa cucrema mno3uUiOHYBaHHSI Jiazepa B
CHCTeMi MANIMHHOIO 30py MOOiTbHOro podora
Anomauin.  Ilpoonema.  Pyx  asmonomnozo
MObinbHO20 poboma 'y Hegi0OMOMY OMOUYIOYOMY
cepedosuwyi euMazac BUpiwienHs psaoy 3a60aHb,
noe’szanux i3 noby008o Kapmu OMOYEHHSs Mmda
BUBHAYEHHAM  NPOCMOPOBO-YACOB0I  OpiEHmMayii
poboma ua yit xapmi. /s eupiwenHs BKA3aHux
3a60aHb pobomu 0ONAOHAHI CUCMEMAMU MAUUHHO20
sopy (CM3), 0o cknady bacamvox 3 AKUX 6X005imb
nazepui  ckauwepu. QOOHiero i3  npobnem  npu
suxopucmanni CM3 ¢ gusnenensi GiOHOCHO HEGeIUKUX
nepewkoo. [na yboeo 1asep nouHeH 6Mimu 3
BUCOKOI0 MOYHICIIO CKAHY8AMU 0OMEICEHUTI CEKMOP
nons 30py abo Qoxycyeamucs Ha neeHill mouyi
npocmopy. Oouax, ax CM3 6 yinomy, max i npugio
Jaszepa npaywms 8 YMO8aX HeSU3HAYEeHOCMI, U0
nepewkooicae eexmugHoMy
noxnaoenux na CM3 3ae0anv. Mema. niosuuyeHms
HAOTUHOCMI  BUAGIEHHA NEepewKoou 6 Noi 30Dy
cucmemu MeXHIYHO20 30py poboma 3a PAXYHOK
pobacmuoz0  Kepy8awHsA  NPUBOOOM  cUCMeMU
nozuyionysanns nazepa. Memooonozisa. I[lo6yoosana
MoOenb  08USYHA cmpymy, wo €

BUKOHAHHIO

nocminno2o
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npueooom aazepa 'y CM3, 3  ypaxysaumHam
napamempuunoi  nesusnauenocmi. Cunme3z06ano
pobacmuuti  yughposuu  Il/[-pecynamop  npugody

nosuyionysannsa Jnasepa. Ilposedena nopieHsbHa
oyinka pobacmuux — eracmueocmeil
cucmemu KepyeauHs 3 CUCMEMOI0 3 KIACUYHUM
PecyAmopoM. Ypaxosano npoyecu, wo
8100y6arOmMvCsi npu GOPMYBAHHI MIKDOKOHMPOLEPOM
LIIM-cuenany, ma y H-mocmi. Pe3yromamu.
Ooeporcanuii  yugposuil  pe2yiamop 3a00801bHAE
BUCYHYMUM — BUMO2AM 00 AKOCMI  Nepexionozo
npoyecy ma mo4HOCMi Yy CanoMy pejdcumi 6 YMoeax
napamempuyHoi HegusHaueHocmi. Opuzinanvricms
pe3yibmamie pobomu noifeac 'y OpieHmayilo Ha
pospobneny  aeémopamu  CT3  asmonommnozo
mobinenozo  poboma. Ilpakmuumne  3HaueHHA.
3acmocysanns ompumanozo pe2yisimopa 6 nasepHii
CT3 nioguwums HaAOIUHICMb GUABNIEHHS NEPeuKoo i

OMpPUManoi

MOuHicMb NOoOYO008U Kapmu O0Omouyiouo2o poboma
cepedosuna.

Knrouosi cnosa: oOeucyn nocmiilHoeo cmpymy,
NO3UYIOHYBAHHS 1A3epd, CUCEMA MAWUHHOZO0 30DY,
pobacmue KepysaHHs.
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