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Abstract

This article is devoted to parametric synthesis of a control system of a two-wheeled balancing robot. From the mathematical point
of view, the robot is an inverted pendulum type object with a pivot point placed on the wheel axis. This device is unstable while de-
energized. Devices of this type are excellent laboratory stands for testing and debugging control algorithms of unstable nonlinear systems.
The inverted pendulum math model is well studied theoretically but, when designing a particular device many additional tasks arise
such as taking into account the error in measuring the tilt angle and the influence of actuator nonlinearities. In this paper, one of these
tasks is solved, namely, the problem of reducing the amplitude of the robot’s oscillation around the equilibrium position. In practice, this
oscillation almost always occurs in such systems and leads to various negative effects, such as increased energy consumption, increased
wear of an actuator and heating of its windings, etc. Therefore, reducing the amplitude of the oscillation is an important task. To solve
this task, the authors of the article propose to use the method of numerical optimization of the regulator, which is well recommended
Jor solving many problems. The article analyzes the behavior of the device near the equilibrium position and identifies the causes of the
self-oscillation. Further the method of its simulation is proposed. On the basis of numerical experiments, the main reason for the increase
in the amplitude of the oscillation is revealed. The reason is an overlay of the reverse peak of the device transient process on the peak
caused by a torque throw. The throw is generated by a combination of actuator backlash and static friction effects which cause the robot
self-oscillation. The authors propose a technique of adjusting the regulator, aimed at reducing the magnitude of the reverse peak of
the transition process and, as a consequence, reducing the amplitude of the oscillation. The effectiveness of the technique is confirmed
experimentally by the results of numerical simulation of the robot’s behavior and the results of testing the coefficients obtained in a real
device. The use of the technique allowed reducing the oscillation amplitude in a real device by almost three times.

Keywords: two-wheeled balancing robot, numerical optimization, design, control system, PID controller, inverted pendulum

For citation:

Ivoilov A. Yu., Zhmud V. A., Trubin V. G., Roth H. Parametric Synthesis of the Control System of the Balancing Robot by the Numeri-
cal Optimization Method, Mekhatronica, Avtomatizatsiya, Upravienie, 2019, vol. 20, no. 6, pp...

VK 681.513.11 + 681.5.013 DOI: 10.17587/mau.20...

A. 10. UBoiinos', acnupatT, iau13hv@mail.ru, B. A. )Kmy.qb1, O-p TEXH. HaykK, npod., 0ao_nips@bk.ru,

B.T. pr6wH1, cTapwui npenogasartens, trubin@ngs.ru, H. Roth2, D. Sc., Professor, hubert.roth@uni-siegen.de,
! HoBocnbunpckuin rocygapcTBEHHbIV TEXHUYECKUI yHUBepcuTeT, HoBOoCMGMPpCK,
2 University of Siegen, Department of Automatic Control Engineering Siegen, Germany

MapameTpuuyecknn cCMHTE3 CUCTEMbI YNpaBreHusa 6anaHcupyollero po6ora
MeTOAOM YMCIIEHHOW ONTUMMU3aLUK

352 MexaTponnka, aBToMaTu3anus, ynpasienne, Tom 20, Ne 6, 2019



H3zyuaemcs 6onpoc nhapamempuuecko2o cunmesa cucmemsl ynpasieHus 08yxXkoaecHoeo 6arancupyouweeo poboma. C mame-
Mamu4eckol mo4Ku 3peHus 3mo ycmpoucmeo npedcmasasem coboii o6sekm euda "llepesepuymutii masmuuk” ¢ moukoii nooseca
Ha ocu Koaeca u 8 00eCmoveHHOM COCMOSHUU HeyCmou4ugo. Yempoiicmea makoeo muna séAsl0mcs Xopouumu 1a60pamopHsimu
cmendamu 045 UCNBIMAHUS U OMAAOKU AA20PUMMO8 YNPABAeHUS 045 HEYCMOUYUBbIX HeAUuHeUHbIX cucmeM. Mamemamuueckas
Modens nepesepHymoe0 MAssMHUKA XOPOWo U3yYeHa meopemuvecku, HO npu NPOeKMUPOBAHUU KOHKPEMHO020 YCMpolcmea 803-
HUKaem MHOXCeCme0 OONONHUMENbHbIX 3a0ad, MAKUX KAK y4em OWUOKU U3MepeHUs Yead HAKAOHA U 6AUsHUe HeAuHelHocmell
UCNOAHUMENbHO20 MeXaHusma. B dannoii pabome pewaemcs o0na u3 makux 3a0a4, a UMeHHO — 3a0a4a YMeHbUeHUs AMNAU-
mydsl agmokose6anuii po6oma 0K0A0 NOA0NCEHUs pasHosecUs. Imu KoaeOaHUus Ha NPAKMUKe NPAKmu4ecKu 6ce20a 803HUKAOM
6 NOOOGHBIX cucmemMax u NpUgoosm K pAa3AUdHbLIM OMPUUAMeENbHbIM ddpexmam, maKum KaK NO8blUeHHbI pacxod 3Hepeul,
NOBbIUIEHHBLI UBHOC UCHOAHUMEAbHO20 MeXAHU3MA, Hazepes e20 00MomoK u np. [losmomy crHudicenue amnaumyos. smux Koieda-
Hull — eaxcnas 3adaua. Jlas peuwenus 3moi 3a0a4u agmopamu cmamo npediazaemcs UCnoab308ams Memoo YucieHHoOlU Onmu-
MUBAYUY pe2yasimopa, Xopoulo 3apeKoMeH008as Ul ce6s 045 peuleHus MHo2UX 3ada4. B cmamve npoeodumcs anaius noéedeHus
YCmpolicmea 0K0A0 NOA0JCEHUS PABHOBECUS U BbIABAAIOMCA NPUYUHbL B03HUKHOBeHUs aemokoaebanull. [laiee npediraeaemcs
cnocob modeaupoganus agmokosebanull. Ha ocnose uucieHHblx IKCNepUMEHMO8 GbiABASeMC S OCHOGHAS NPUYUHA YBeAUUEeHUS
amnaumyosl Smux KoaeOaHuli — Hanoxdcenue 00pamHo20 NUKA nepexo0H020 npoyecca ycmpoiucmea Ha RUK, 8bl36AHHbIL GpO-
CKOM MOMEHMA, NOPOIHCOEHHO20 NPOUECCaMU, Gbi3bI8AIOUWUMU A8MOKOAEOAHUS — cOYemaHueM dPHeKmos Mexanu1ecko2o 3a30pa
deueamens (nogpma) u mpenus noxos. Jasree agmopamu npediaeaemcs MmemoouKa HACMPoUKU pecyasmopa, HanpagieHHas Ha
YMeHbuleHUe geAUuYUHbl 00PAMHO20 RUKA Nepex00H020 NPoyecca U, KaKk credcmeue, YMeHbeHUs amMniumyosl aemokoie0aHul.
Ipgexmusnocms memoduxu noomeeprucoaemcs 3KCHePUMEeHMAaAbHO Pe3yAbMamamu YUCAeHHO20 MOOeAUPO8AHUs NogedeHUs
poboma u pe3ysbmamamu nPOGEPKU NOAYHEHHBIX KOIPDUuyuenmos 6 peaisvHom ycmpoticmee. [lpumenenue memoouxu no3604uno
YMeHbUWUmMb aMiAUMYOY KOAeOAHUL 8 PeaibHOM YCmpolichee nOUmMuy 6 mpu pasd.

Karoueevie caosa: 08yxxoaechvili 6arancupyrOuuil pobom, HUCAeHHAS ONMUMU3AUUS, KOHCMPYKYUS, CUCMeMa Ynpasie-

Hus, [TH]] konmpoanep, nepegepHymolil MASMHUK

Introduction

The article is devoted to parametric synthesis of
a control system of the two-wheeled balancing robot
(TWBR). The task of controlling a TWBR is highly
relevant in modern technology. This type of devices
has high mobility and maneuverability and is able
to operate autonomously. This allows them to be
used for solving a number of tasks, such as load
delivery and sampling from hard-to-reach places,
conducting observations, photo and video filming.
Two-wheeled robots can be used in various fields
of human activity, such as eliminating the conse-
quences of natural and man-made disasters, wor-
king in hazardous conditions, using them as human
helpers in everyday life, etc. From a mathematical
point of view, a TWBR belongs to the control ob-
jects of the inverted pendulum type. The task of
stabilizing an inverted pendulum is one of classi-
cal problems in the control theory. The behavior of
many technical systems, in one way or another, is
described by a model of this class of control objects.
In some cases, this model describes the behavior
of a part of the system or the system behavior at
some stage of work. The mathematical model of the
inverted pendulum is applied in medicine; in par-
ticular, it is used in the study of the human muscu-
loskeletal system. In addition, laboratory benches,
which are based on the inverted pendulum model,
are excellent platforms for testing and debugging
various control algorithms and synthesis methods.

Today, to solve the problem of stabilizing two-
wheeled robots, various control methods are used
that can be divided into three groups: linear, non-
linear, and non-classical. Linear methods include
the pole placement method, control using the PID
regulator or its modifications, as well as various ver-
sions of these methods using adaptive control. The
pole place technique is applied by authors in [1—3].
Non-linear control of a TWBR based on sliding
mode application is presented in paper [4]. In paper
[5] a special non-linear block, non-linear distur-
bance observer, is proposed to apply for stabilizing
of a two-wheeled robot. An example of non-classi-
cal methods is fuzzy logic control. Various versions
of this method are presented in [6—S8]. In addition,
when designing a specific device, a number of tasks
arise that require separate consideration. These
tasks include: estimating the tilt angle of the robot
relative to the vertical, estimating the rotation angle
and angular speed of the wheels, analyzing the in-
fluence of nonlinearities and unaccounted features
of the motors, suppressing undesirable oscillations
and others. Often the solving some of these tasks
may lead to the need to adjust the control method
of the system. In particular, the analysis of the fea-
tures of the based on MEMS sensors subsystem
of estimating the robot tilt angle, showed that it
is necessary to adjust the overall control system of
the robot [9]. In more detail the control system of
the robot will be considered further. In this arti-
cle, the problem of reducing the amplitude of the
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self-oscillations of the robot is solved. At present,
this issue has been studied worse compared to the
above. From the existing solutions, for example, the
energy relations proposed in [10] to reduce the am-
plitude of self-oscillations can be noted, as well as
a hybrid regulator that takes into account the pre-
sence of backlash motors, presented in [11]. However,
often this question is not considered separately by re-
searchers. In practice, this oscillation almost always
occurs in such systems and lead to various negative
effects, such as increased energy consumption, in-
creased wear of an actuator and heating of its win-
dings, etc. Therefore, reducing the amplitude of the
oscillation is an important task.

The features of the TWBR

The appearance of the two-wheeled balancing
robot is shown in Fig. 1. This device is a labora-
tory model of the vehicle "Segway". Structurally, the
robot is designed as a platform to which the stators
of DC motors are attached. A wheel with a tire is
attached to the shaft of each motor. Boards with
control and power electronics, as well as a battery
that ensures autonomous operation of the device,
are placed on the platform. The balancing robot
is unstable in the de-energized state; an automatic
stabilization system is implemented in the device
to maintain balance by rotating the wheels. Fig. 2
shows the block diagram of the robot. The core of
the device is the STM32F205 microcontroller of
the 32-bit ARM architecture microcontroller fami-
ly with the Cortex-M3 core. The microcontroller’s
control program performs a survey of the feedback
sensors, calculates the control action applied to the
DC motors, and sends the current values of the tilt
angle of the robot, the rotation angle of the wheels
and other data to the communication line. Two
types of sensors are used to provide feedback in the
robot: the MPU6050 measuring system, which is
used to estimate the robot tilt angle and its deriva-
tive, and the quadrature optical encoders built into
the DC motors, which are used to measure the ro-
tation angle of the wheels relative to the robot body.
The Lego NXT servomotors are used as actuators
of the robot. The servomotors are permanent mag-
net DC motors. The rotation of the motors is con-
trolled by the pulse-width modulation of the voltage
applied to the motors windings. A bridge circuit is
used to modulate the voltage of each motor. The
circuit includes four field-effect transistors and their
gates driver circuits. The device uses two lithium-
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Fig. 2. The block diagram of the robot

ion batteries, connected in series, with a total vol-
tage of 7.4—8.4 V, depending on the state of charge.
To transfer data to an external computer, the device
has an UART connector to which an USB-UART
adapter for data transmission can be connected, or
a Bluetooth module for wireless transmission.

The control system of the TWBR

Let us to consider the automatic control system
of the robot. The purpose of this system is to sta-
bilize the robot in an upright position. In addition,
this system eliminates uncontrolled movements of
the robot in the horizontal plane. Mathematically,
the two-wheel balancing robot is an object of the
inverted pendulum type with a pivot point placed
on the wheel rotation axle. The equations of mo-
tion of this object can be obtained on the basis of
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the Lagrange equation of the second kind [12]. We
present a mathematical model of the robot in the
form of transfer functions, obtained in [9]:

k s
W) =L = ——° , (1
U s”+ays”+as+ag
2
W)= 2=k, S0 @)
(0] S

The numerical values of the parameters of this
model are shown in Table 1. The device control sys-
tem is implemented in accordance with the struc-
ture shown in Fig. 3. Since the control system sta-
bilizes both the tilt angle of the robot and its hori-
zontal movements, the feedback system includes the
robot’s wheel rotation angle in addition to the tilt
angle relative to the vertical. Each of these parame-
ters has its own regulator; their transfer functions
have the following form:

W) =L = Kus+ K, + X0 3)
0] s
u H, H;
WH(S)ZEZHP+T+S—2. (4)

Here ¢ is the robot tilt angle, o is the wheel ro-
tation angle, u is a voltage, applied to the motors
windings. The regulator (3) is a PID regulator. The
choice of the structure of the regulator (4) is due to
the fact that a MEMS-gyroscope is used to mea-
sure the robot tilt angle and has the disadvantage of
zero drift. The output value of the gyroscope is the
angular velocity, i.e. the tilt angle derivative. On the
one hand, this simplifies the implementation of the
controller (3), since the derivative is available for di-
rect measurement. On the other hand, to obtain the
value of the robot tilt angle, it is required to integrate
the gyroscope data, which leads to an accumulation
of error. This is manifested in the fact that the value
of the angle gradually "floats away", which over time
leads to a loss of stability of the system. This effect
can be considered as a linearly increasing tilt angle
error. This error is represented in the block diagram
as some Err, value, which goes to the

Table 1
The numerical values of the robots model parameters

Parameter k, a a a, k, by
Value —2.8| —490 | =52.3 | 99 | —7.07 | —49.5
e 1
i | Comtroller 1 !
I I @ :
: Erry e ! Wy (s) 1

i i
1 : b

Controller 2

W)

Fig. 3. The structure of the robot’s control system
Table 2

The regulators coefficients of the original system obtained in [13]

Coefficient K; K K, H H;

i D 4 i

—758

H;

ii

Value —4240 —11.9 | =354 | =55.7 | —32.3

six coefficients. This means that when calculating
the system, it is necessary to specify the closed loop
system desired characteristic polynomial, which has
the sixth order. This is difficult due to the presence
of nonlinearities in the real device, such as dry fric-
tion and backlash of the motors, and limited con-
trol resource. Because of these effects, the choice of
the desired polynomial is a non-trivial task, since in
practice the system can become unstable even with
the desired polynomial, giving a theoretically stable
system [13]. In [13], the authors proposed a tech-
nique based on the numerical optimization method,
which allows adjusting the coefficients of the control
system regulators to obtain one or another form of
transient processes, for example, with higher speed
or with a lower level of oscillation. The values of the
regulators coefficients obtained in [13] are presented
in table 2. Fig. 4 shows graphs of the change in time
of the robot tilt angle and wheel rotation angle.

As can be seen from the graphs, the control
system solves the robot stabilization task. But in
the real device there is self-oscillation around the

input of the integrator. F o

In [9], it was shown that the struc-
ture described allows eliminating the
negative effect of zero drift. The ad-

Tilt angle, ©

performance, since the system does
not apply filters for estimating values,

|
|
|
|
|
|
|
vantages of such a structure are higher |
|
|
:
|
and ease of implementation. However, !

|

the calculation of such a systemisdif- '____________Tms _____________________Tmes _________

ficult, since it is necessary to calculate

Fig. 4. The original system: the tilt angle and the wheel angle
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equilibrium position. The peak-to-peak amplitude of
the oscillation is about one degree, and the frequency
is about 4 Hz. The presence of such oscillation is
undesirable in view of the unnecessary battery power
consumption, motors heating, etc. Therefore, it is
necessary to eliminate these oscillations or, at least,
significantly reduce their amplitude. It is also proposed
to use the method of numerical optimization to solve
this problem. Thus, the task of parametric synthesis
of the robot control system is posed. To do this, it is
necessary to solve two related tasks:

1) To propose a method of self-oscillation
simulation;

2) To propose a technique of reducing the
amplitude of self-oscillation based on the numerical
optimization method.

The Self-oscillation simulation

The most probable causes of self-oscillation in the
real device are the presence of nonlinearities, which
the current mathematical model of the robot does not
take into account. First of all, this is a backlash of DC
motors and dry friction, and the effect of static fric-
tion is most pronounced. Indeed, as can be seen from
Fig. 4, oscillation begins only after the device’s motors
have completely stopped, and exactly at this point the
change of direction of motor shaft rotation at which
the backlash effect appears occurs. In the literature,
one can find various recommendations on the simula-
tion of backlash and friction of motors [17—21]. Five
different variants of backlash simulation are described
in [17]. Methods of compensation for the influence of
backlash on motor control are proposed in [18] and
[19]. However, in practice, simulation of these effects
involves a number of difficulties. First, the simulation
of the backlash in the composition of a particular sys-
tem is complicated, since the model of the system is
not continuous (for more details see below). Secondly,
in order for the simulation results to be in accordance
with the behavior of a real device, an experimental
measurement of all necessary parameters is required,
which can also be difficult. In addition, the values of
these parameters may change during operation of the
device. All this seriously complicates the application
of modeling to the real device.

Let us to consider an alternative way to simu-
late the effect of the motor nonlinearities on the
device behavior. The idea of the method lies in the
fact that the self-oscillation itself is simulated (the
consequence of backlash and friction phenomena)
rather than the reasons for its occurrence. To do
this it is necessary to select the correct model of

Fig. 5. The movement of the system with backlash:

1 — the motor rotor and the load move together; 2 — independent
movement of the rotor and the load after the changing the direction
of rotation; 3 — the exit from the backlash zone

such oscillation. Let us to consider in more detail
what happens with the system when changing the
direction of wheel rotation. The motor rotor and
the load move together before changing the rotation
direction. When changing the direction of rotation,
the load continues to move in the same direction,
while the motor rotor moves in the opposite di-
rection. Such movement is maintained for the time
required for the rotor to overcome the mechani-
cal gap. At this time, the system is uncontrollable,
because the body of the robot is not connected to
the motors shafts and hence to wheels. At the mo-
ment when the gap is passed, a short-term transient
process occurs (in fact, a small blow), after which
the load and the rotor move together. The above il-
lustrates Fig. 5. From this we can conclude that the
model of the robot is a piecewise function, its be-
havior is described by different models, depending
on the current state. In addition, the system is also
affected by the effect of static friction: when chan-
ging the direction of rotation, a slightly larger torque
is required for the system to exit from the state of
rest, compared with the torque of sliding friction.
This excess torque is added to the hit torque arising
from overcoming the mechanical gap, increasing
the amplitude of oscillation.

Based on the above it is possible to propose to
simulate self-oscillation as a series of periodic pulse
disturbing influences:

(-D"te {nTTM;nTTM+O.Ol}c
M) =

5
0,7 e(nTTM+0.Ol;(n+1)TTMjc ©)

n=01,...,0.

Here T,, is a period of the pulse disturbance.
It should be noted that such modeling is still esti-
mated, since in a real system the parameters of self-
oscillation, such as amplitude and frequency, de-
pend on the parameters of the device, which means
that resonance phenomena are possible. However,
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such modeling can be applied to
study the causes of the increase in
the amplitude of this oscillation.
Let us to perform the oscillation
simulation in system (1)—(4) with

regulator parameters from table 2.
We will simulate the oscillation in
accordance with the expression (5)

Tilt angle, ©

of the pulse disturbance. The simu-

lation result is presented in Fig. 6.
It can be seen from the figure that
the amplitude of oscillation varies
depending on the period of the pulse

disturbance. From the simulation re-
sults, it follows that the amplitude of
the oscillation increases if the next
pulse disturbance acts on the system
at the moment when the system pas-
ses the reverse peak of the transient
process from the previous disturbance. This leads to
overlap of two effects and the amplitude of the peak
increases. In a real system, this is likely to cause the
system to reach a certain resonant oscillation fre-
quency. Therefore, in order to reduce the amplitude
of the oscillation, it is necessary to reduce the mag-
nitude of the reverse peak of the system response to
a pulse disturbance. This is a key point in carrying
the numerical optimization.

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
and set different values of the period |
I
|
|
|
|
|
|
|
|
|
|
|
|
|

The regulator coefficients adjusting technique

Let us briefly consider the features of the nu-
merical optimization method. The system model is
complemented by some parameter called the system
quality criterion. The value of this parameter indi-
cates how close the system transient processes to the
desired ones and is calculated by an expression called
the cost function of the system. The smaller the value
of the quality criterion, the better the processes in
the system corresponds to the desired. A numerical
simulation of the processes with certain initial values
of the regulator coefficients is performed. Next, the
values of the coefficients change in accordance with
the optimization algorithm, and the system is re-
simulated. The simulation result, i.e. the value of the
quality criterion is compared with the value in the
previous step or several steps. Based on the results
of this comparison, the values of the regulator coef-
ficients change again, and the simulation is repeated,
and so on. Thus, systems in which the quality of
processes is worse are rejected, and those in which

Fig. 6. The robot self-oscillation simulation. Bold line depicts a part of the process
before the second pulse of the disturbance influence. Dot line shows the system reaction
on the non-periodical pulse disturbance

the quality is better are preserved. As a result, after
a certain number of steps, the optimal values of the
regulator coefficients are determined. The obtained
coefficient values are used in a real device. Currently,
these algorithms are implemented and successfully
used in various software packages, such as VisSim
or Matlab. The application of the numerical opti-
mization method for solving a number of tasks is
described in [14—16]. The cost function of the sys-
tem can have a different form; its specific form is
determined by the problem to be solved. An example
of cost function is the following expression:

F.(T) = T|e(t)|N tRdr.
0

Here e(f) is a control error, ¢ is time elapsed in
the system, T is total simulating time. As the time
elapsed since the beginning of the transient pro-
cess increases, the X factor will make an increa-
sing contribution to the cost function, which means
that processes with lower speed will have a higher
value of the quality criterion, and, therefore, will be
discarded during optimization. In turn, the factor
le(®)|" is responsible for the overall value of the sys-
tem error. As a result, by changing the values of the
R and N coefficients, it is possible to obtain faster
or less oscillatory processes, depending on the spe-
cific requirements. In [13], the following cost func-
tion was used to adjust the robot control system:

F.T) = ?|d(t)|t4a’t. (6)
0
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Here, the wheel angular speed is selected as the
control error, since to achieve equilibrium, not only
maintaining the vertical position (i.e. zero value of
the tilt angle) is required, but also the absence of
uncontrolled horizontal movement (zero value of
the wheel angular speed).

In order to reduce the reverse peak of the system
response to the pulse disturbance, we introduce into
the cost function (6) the additional term and take
the values of the parameters N and R equal to 1:

15 ¢ < —=0Pjim

T
F@ =[(aolr +10°0)d0 =) o " "

The purpose of this term is to dramatically in-
crease the value of the cost function if the value
of the tile angle exceeds a certain threshold de-
termined by the value of ¢y,,. In this case, such a
process will be dropped during the automatic opti-
mization procedure and, therefore, the reverse peak
will be limited to ¢y;,,. In the course of optimiza-
tion, we will model the response to a single (non-
periodic) disturbing influence:

M) = 1,2 €]0;0.01]c
0,7>0.01c

The adjustment process, as in [13], is proposed to
be divided into several stages. In this case, we will
carry out the adjustment in three stages. The initial
values of the coefficients K, K,, K, are calculated
on the basis of the block diagram of the simplified
system presented in Fig. 7. The transfer function of
the simplified system and the expressions for calcu-

lating the coefficients are as follows:

ko(Kys® + K s+ K;)

Here a; is coefficients at the powers of s opera-
tor of the desired characteristic polynomial of the
closed-loop system, which is required to calculate
the regulator coefficients. Note that the simplified
system is only needed to calculate the initial values
of the coefficients.

At this stage, the regulator is optimized for an
ideal device in ideal conditions. In practice, firstly,
the device starts operation at a certain non-zero ini-
tial value of the tilt angle, and, secondly, the gyro
error Err, is present in the system. At the first stage,
both of these parameters are set equal to zero. At
the second stage, the H, and H; coefficients are ad-
justed, and their initial values are set to zero. The
purpose of this stage is to adjust the system response
to non-zero initial conditions. Therefore, in the sys-
tem a certain small initial value of the tilt angle is
set; the error value of the gyroscope Err,, as be-
fore, is set to zero. Note that it is also necessary to
slightly reduce the requirement for the value of the
reverse peak, since now the system also fulfills the
initial condition in addition to pulse disturbance.
Therefore, the value of the threshold ¢;;,, must be
reduced. In the third stage, the same coefficients
are adjusted as in stage 2, but the coefficient H;; is
also added to them. The purpose of this stage is to
adjust the system when there is a gyroscope error.
The initial value the tilt angle is set equal to zero,
and the value of the gyroscope error is taken to be
equal to a certain value determining the maximum
rate of increase of the tilt angle error. Measure-
ments in a real device show that this value is in the
range of 0.18—0.23 /s, therefore, we take a value
with a margin of 0.25 °/s.

The results of the optimization, as well as the
simulation conditions for each stage, are presented

W imp(8) = 3 5 ;0 (7) | in Table 3. When calculating the initial values of
s”+(ay +k,K;)s” +
+(a, + koKp)s +(ay +k,K;) Table 3
*
a, + ko K 4 =a; ) The results of the regulator coefficients adjustment
a, + k K. = ai“. 9) The stage number 1 2 3
9
omp The simulation time, s 2 5 5
ay + kK, = ay. (10) The initial tilt angle, ° 0 0.1 0
The gyro sensor error, °/s 0 0 0.25
The tilt angle threshold (¢},), ° —-0.5 —=0.7 —0.7
The coeffici- | Before | After | Before | After | Before | After
ents values:
[Tttt —— " . (; -V K; —9820 | —5030 | —5030 | —5030 | —5030 | —5030
' ' K —983 | —914 | —914 | —914 | —914 | —914
! W, @) W, @ > | L
! x® ¢ ! Ky —28.6 | —28.2 | —28.2 [ —28.2 [ —28.2 | —28.2
: : H, — — 0 —18.4 | —18.4 | —23.2
- - ! H; — — 0 —47.3 | —47.3 | —40.0
Fig. 7. The block diagram of the simplified system Hi o - o - 0 181
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Fig. 8. The result of the optimization at stage 1. Dot line depicts the system before
adjustment; solid line shows the adjusted one
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Fig. 9. The result of the optimization at stage 2. Dot line depicts the system before
adjustment; solid line shows the adjusted one
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Fig. 10. The result of the optimization at stage 3. Dot line depicts the system before
adjustment; solid line shows the adjusted one
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Fig. 11. The simulation of the robot transient processes. Dot line depicts the original
system with regulator coefficients form Table 2; solid line shows the adjusted one

the coefficients, the following de-
sired characteristic polynomial of the
closed-loop system was used:

A(s) = (s +30)° =
=53 +90s% +2700s +27 000.

Figures 8—10 show the transient
processes of the system at each stage
of adjustment. Fig. 11 shows the re-
sult of operation of the original (with
the regulator coefficients from Tab-
le 2) and the adjusted systems. As it
can be seen from the figure, the re-
verse peak was reduced by almost 2
times using the technique proposed,
while slightly increasing the transient
process time.

Perform a simulation of oscillations
in the original and adjusted system.
The simulation result is shown in
Fig. 12. It can be seen from the figure
that the amplitude of oscillation of
the adjusted system was reduced by
1.5—2 times in comparison with the
original system.

Testing the technique
in the real device

The regulator coefficients obtained
during adjustment (see Table 3) were
applied in the real device. The results
of the operation of the balancing
robot with the initial and adjusted
coefficients of the regulators are
presented in Fig. 13 and Fig. 14. Fig. 13
shows graph of the robot tilt angle
upon completion of the transient
process. From the figure it can be seen
that the amplitude of self-oscillation
has decreased by almost 3 times,
compared with the original system;
and the value of the mean square
error in the adjusted system is almost
8 times lower: 7.58-1072 degrees for
the original system and 1.03-1072
for the adjusted one. The transient
process time of the tilt angle slightly
increased, as can be seen from Fig. 14,
while the same parameter for the
wheel rotation angle process remained
almost unchanged.
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Fig. 12. The simulation of the self-oscillation. Dot line depicts the
original system; solid line shows the adjusted one
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Fig. 13. The robot self-oscillation. Gray line depicts the original
system; black line shows the adjusted one

Conclusion

The objectives of the research are completed.
The analysis of the causes of robot self-oscillation
around the equilibrium position has been carried
out. A method of the robot oscillation simulation is
proposed, which consists in simulating the response of
the system to a periodic pulse disturbance influence.
Numerical experiments with the proposed model
allowed us to reveal the main reason for the increase
in the amplitude of self-oscillation, which consist of
overlap of the peak caused by the system reaction on

Tiltangle, ©

the pulse disturbance and the reverse peak caused
by the reaction on the previous disturbance. Based
on this, a three-step technique for adjusting the
device regulator coefficients based on the method of
numerical optimization is proposed. In the course
of this technique, the system is optimized to reduce
the magnitude of the reverse peak, which leads to
a decrease in the amplitude of self-oscillations.
The effectiveness of the technique is confirmed
experimentally by the results of numerical simulation
of the robot’s behavior and the results of testing the
coefficients obtained in the real device. The use of the
technique allowed reducing the oscillation amplitude
in the real device by almost three times. Thus, the
proposed technique has shown its efficiency even
when working with the real device.
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