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Development of Two-Wheeled Balancing Robot
Optimal Control System based on Its Feedback
Linearization
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Abstrgei—The scope of ihis research §s to compare
performance of two main methods of leedback linesrizatbon of
plants with |mtermal dvonsmics for the probleos of o twesw heeled
tralamcing robet comirel. The cossidered methods of limearization
Inelude: 1) approvimate feedback linesrizatbon; 1) parcisl
fredbaek Hmeorfzation with stabibity sssessomemd of the pland
Internal dynamics wsing Lyspesmov approach. Im rthis case,
conzldering Bboith algerithms, psendo-costral sigmal valee s
calewlated by an optimal state controller (linear guad ratke - Loy -
regulaterk,.  Experlments  with  dbe  symihesized nomlinear
conirellers are eenducted nsing the plant matheneatical madel kn
Simulink ssd the real LEGOD EVS helanclsg robol. Experimcats
demonsirate fhe performamce efficaey and the effectivensss of
roth methods of feedback Heearizstien of the plant wnder
comsideratisn. Takisg inte consklerstios that the aim of the
future researeh is do develop an mdsptive comtroller for the reteot,
the approximate linearicatlon methed s chosen as the Basks of
sueh  regelator, since the partial linearizotion  approach
poteniinlly incresses it dimensios.

Kapivords— mo piimeir courely  feedback  Flneseiasiomn
gk iware Mivvaelzation: partiel Nicarizatvn] dalemcing reber.

L INTRODUCTION

A problem of nonlinear aplimal control of a two-wheeled
balancing rodat 15 considered. Such plants are choracterized by
several iypes of monlinearities, which can bhe found im their
mathematical deseription. For an instance, the rising of stale
caardingtes e o power, their muoltiplication and application of
trigonometric  functins 1o them |1, X). Howewver, existing
methids af contral of the balancing robols are mostly based o

the plant moadel linearizaton near a certain point by means of

Taylor series expansion. This allows to symthesize linear
controfbers like PIIY and state (linear gquadratic - L) regubitiors
[, 4], which are ahle 1o guaraniee the reguired conirol gualicy
orly in some small nefghborbood of the lineariralion point (as
i orube, it s the point of unstable equilibrivm) [5]. At the same
time, it is known that the spplication of noslinear contrael faws,
in  sfme  Cises, aschieve both a significant
improvemenl of the control performance and the expansion of
the ohove mentioned neighborbmed around the liBearizotson
poind i comparison with lineor regolaiors |6, 7). In particular,
cansifering the baluncing robots, the menlinear contrisller can

allows b
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slabilize the plant for the high valaes of a pitch angle, when the
influence of aonlinearitses e greal. The aim o of this research is
b develop such a nonlinear regulator,

A owell-known and developed approach to solve the abave
consklersd problem is te use a transformation known as the
plant feedback lincarization |8, 8], 11 implies transition from a
mrielimear sysbem be an eguivalent lingar system., wrilten in the
Brunovsky canonical form (%], In this case. the original control
action is replaced by o new psewdo-contral, and the slale (in
particalar cases — the output) feedbock is applicd b the plant.
Under such cenditinns, a regulator forming psewdse-cantral
gsignal 1% wsually a L0 comtroller. which parameters are
ciloulated for a linearized plant. The respiting control action i=
limzar for the system io the cananical farm, but penlinear for
the initial system. In this paper. the LO regulator parameters
are oblined as a resall of amalytical eplimization by salving
the Riccati eguation.

In some casex, the development of the nonlinear contmoller
in accordance with the Binecarization approaches is complicaled
dwe o the plant internal dvnamics [10, L], As o resalt, the
feedbuck lineurization splits the differential equations of the
sysigm  inie fhe equations of the extermal {linearized hy
feedback) and internal (mon-linearized by feedback] dymamscs.
In this cuse, the volslity of the oMained linear pseudo-control
law dlepends an the stability of the internal dynamics |6, 12]

Two-wheeled baluncing rishais belang 1o a class aof ohjects
with the internal dynamics [L-§Z]. There are two main
methids of such plants feedback linearization. The first is an
appraximate lincarization proposed by Kokoovieh in [13:15].
The main idea of this method is 1o find some oulpat function
that depends oo stafe coordinates of the plant and maximizes its
relative order. Huavimg differentizied the obtained output
fanciion with Lie derniwative, the trunsformation of the sfae
coordimates e the cunomical form and the linearizotion
contral law cas be bound. The secomd approuch is a partial
linearization [146], in which the linear controler s coloulaied
fior the siate conrdinales describing the linearized dyvnamics of
the plant. Asymphisic stobility of the contral ohject internal
dynamics % puarantesd by means of an pedditional regulator
developed accordimg i the second Lyapusny method,
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Development of Balancing Robot Control System
on the Basis of the Second Lyapunov Method
with Setpoint-Adaptive Step Size
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Abstract — The &im of this ressarch is fo develop an
sdaptive centrol system of & fwo-wheeled balancing mbot
based om a referemce model and the second Lyapumev
approach. Solvimg this problem. the following geestions are
cencidered: 1) & mathematical masdel of the robitl reference
dvmamics iz devebsped. I) mumng the optimal contrel theory. n
calculation of LY controller parameters is made, 3) applying
the sevomd Lyapsnov method, an abgorithm to adjust the
parameters of such controller is proposed. The step siee &
calculated in acordanoe with the proposed formula and
depends an the curreat snd previows sefpoint values of one of
the robat state coordinstes. A real balamcing robot and s
mided are veed (0 eomduct experiments, over the course of
which the mass of the robat i increased by several times. The
obraimed results show that, despite the rebot mon-stationarity,
the develaped sdaptive comtrol system iz able fo follow the
reference model owtpal keepbng the transiest guallty elose fo
the devired one.

Keywords — sdaptive control system; secomd Lyapanoy
method; two-whecled balancing robst; L0 regulater

I IWTROEUCTION

A problem of a two-wheeled balancing robad control &
considerad in this research. Swch planis are unstable,
multidimensional, son-sisionary and  characterized by
several nvpes of nonlinearities [1-3), Thesz facts are  be
tekon mito account m order o develop an effective regulator
for such a plant, The existing metheds of balancing robots
comtrol, m o miosl cases, are based on an '.l.l;-:umpl:'rm that the
contnel obgect limearized model 5 known, so the regulator
parameters can be calcwlated using optimal contrel methods
[4, 5]. Such parameters are nof adjusied in the process of the
robol functioning [6]. These methods gearantee the required
transients quality only in a small neighborlood of @ point, at
which the model finsarization has beon mide (m many cases,
this 12 the point of an ensiable equilibium) [7]. Moseaver,
sach regulstors canmot Tully compensse the plant non-
statiomanity (the robol mass vaciation. cenfer-ol-gravity shifft,
ele, ), Al the sene time, m arder o make the Balancing robols
mioee widetpeead in people’s evervday life, it is necessary 1o
paarantes theirr effective control from the poimts of view of
ransienis quality and energy comumption for a wide rangs
of the robot parameders variation [8, 9],

A possible solution of the problem involved is the
application of adaptive conirol methods [¥]. Having excluded
from constderation approaches a'l.wwmg that the balancing
mhm ok -'H;I lbk wisrmabioms o 1I:~: rnmncl.em Ho
known, cnce the :idm!:iﬁ-l:ﬂh‘:n of such plart in real Hme &
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rather a complex task, methods based on the reference model
[10] are analveed, The kalaincmng robot s mitially an unstable
control object, so the main 2k = 10 make 0 stable. In this
regand, the application of e adaptive control methsd based
on e secomd Lyvapunov approach is suppesed o be
Prnmi:.irls, [I'I]:, Publizshed books and papers }m"ns been
analyzed, some works in which the Lyapusov method i
applied to stabilize an aircraft and solve the Wing Rock
problem were found [12, 13].

In ihis re'.wan:h. the rm:ll"ud inwilved 15 p-mpnsad o e
applied o control the balancing robot, This requires =
adapation and improvement. In particular, the regulator
obtained in this sudy is able w control mstable plants. T
adjusts its own parameters in both modes of functioning
(stabilization and sefpoint fracking), while the version from
[1Z, 13] Is able 1 do that caly for e fiest of them.

The development of such an adaptive controller includes
the following steps: 1) calculation of & mathematical model
of the robet according to ifs known physical characteristics
(el of the rodor nbdal (nomisal) state), 2} caleulation of
the noaminal values of the paremeters of the L0y controller for
smch moedel, 33 development of a controller  online
adjustment system with an adaptive step sire, which depends
o the vahie of the seipoinl. Such svstem s based on the
Lyapunov method and does nol reguire subseguent re-
identification of the rebod. It is deseribed in details in the
folkrwing sections,

1L BALAMCING ROBOT [MESCRIPTION

The kinematics of the balancing robot is shown in Fiz 1.
Its mathematical model 1= obtoined with the help of the
second Euberian-Lagrangian method [14]. It is linearized in
the podnt of the unstable equilfrium and showns as (15

L3

Ralancing rohol ksematcs

Full-scale experiments are conducted on the basis of the
LEGO EVE balancing mobaot.
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Abstraci—This  research is o sebve a  proldem  of grometric dimensions and weight of the robod itself and the

smstninnbility of a baloncing robal contralled by an arlificial
meural metwork. The mentioned network acts ey o regulator
andl calculates ol ds output layer o control actien ler the plast
Online trafning of such a network is necessary to improve the
wuality ol the robast control since it changes ils paramelers or a
misle of functivning in the conrse of operation. Implemeating
such training, the guestion of the lkarning rate lmitation orises
sharply. It is directly related fa the assesvment of sustainability
of the contrel system ander comsideration. Thot is why @
meihed bused sn the second Lyapunoy appreach is propesed fo
cialculate the upper allowalde limit of the online learning rafe
for the peural petwork controller under varioms conditions at
cach moment of its Tunctivning. This method does mol regqeire
the plamt mathematical madel. The efficdency of the approach
ix proved by svperiments with o real balaneing robaol based on
the EY3 platfarm.

Keypwords— suvirirabilify, bolomcing robof, menrad ootword
coutrel, leeraing nrie value for online fradming

. INTRODUECTHIN

Among all the challenges of maderm control theosry, the
problems  of contrel amd stabilization of mobile robobe
systems under the condibions of changes of their parameters

medl wmem o sEmsiranmmsl sbaie are bkoeaaedee ommones amd oEeaes
NG a0 SEVITRRIMSED 55050 drD FECHNINE mors ang name

mctual [1, 2], This pammebers nonsstatonarity s cawsed
cither by uncontrolled external disturbances or chanpe of the
mobile rabot electrical and electromechanscal componenis
paramebers during its long-lerm opeabion. All such robotic
complexes can be divided inte severzl prowps sccording o
the methad of movement: wheeled, crawler, walking. As far
a5 kimematics is concerned, the most manewyerable and
simple 10 implement are wheeled rabats with a small number
of wheels N {in this study & =2). But a1 the same fime, the
lagk af their stohilization and  positbon contral 15 very
complex  since there is the peed o control several slale
coordinntes with the help of only one or two achoaling
mechunisms.

A preat number of comrel schemes and methods for such
unstable objects have heen develoged |3, 4, 5]. In the studies
|6, 7] o comparative descripion of the mujority of existing
vontrel algorithms for the considersd class of obhjects is
piven, In mast coses, lineor guodeatic (RO amd FIEY
contrisllers are wsed e selve the considesed problem. The
valwes al their parameters arg caleulnted I:-:l.' aplimial cantral
methads uking the abinined mathemntical masdel ol the robst,
which PEIAE ST are Conslanls calealated on the hagis of tlwe

e Tinaneinl supporn e s rescargh was proncskad by g Kussian
Foindances lier Hasie Hesgameh | grant no THAET-31HEELp a),

mameplate dala abaut the values of the elecine mobors used
bir ot thee robol wheels.

Ag it as mentiened abetve, the parameters of the nobaod
may change thewr values over time. In parbicular, considering
a twirewheeled robobic leader, the weight of the ansported
lirad may change, as well as, the center of inertia might be
shifled. All these can lead o a deterioration in the contrel
gualsly or even the ansiability of the rohaot.

Theretore, it is advisable to use adaptive control systems,
which is able o adjust the parameters of the controller in the
caourse of functivning. In peneral, all such systems can be
divided into two lorge groups: classical and miellecteal [B].

Conpsidening application of the claskical adaptive systems,
il &5 necessary  either e have o reference model or
permanently repeat the wentificaton procedure for the plant
using fesd signals. Bath ways are difficult o be implemented
for an unstable two-wheeled robotd.

The disadvaninges of the inlelligent control methods,
which are mostly based on the Tuzey logic and the neaml
networks [7]. are as follows. As for systems asing offline
training, there is the difficulty of obtaining a trofmng sel
[either an abject masdel is needed, or samples are formed
uging an existing conbroller, but that does not allow 1o
imprave accuracy of the regulator). Conssdering the fuxey
legic, there s dbe complexity 1o provide the online
acjustment of the normalizateon parameters wsed for the
furzy controller mput amd cotput signals. As for sysiems
psing the anhme traiming, there are pe restricisens on the
learning rate valwe. Moreover, such systems do not wsually
take snbe gocount a prien know ledpe of the panticular ool
phject [ 7], Due to these reasons the consulersd methads can
be applied to contral masdels of an inverted pendulum, but
not o real one, However, the neural networks are supposed 1o
b the moest promising spproach becavse of their ability o
histh spprovimate and be trained online.

Hawving made such an analvsis of the shomcomings of the
existing contrel methads fer the two-wheeled balancing
robots, we have propased our own direct neural metwork
cantral alzerithm (9, 10). The netwark i nat troimed offlmne,
bt omline at pimes thot ore strictly determined by o syslem of
rales and resirictions, whick 1zkes inlo gccownl ibe featwres
of the balancing robot operation. A method 9 adapt the
cantroller e the current sabai n-p-;:rd.li:m masle s ulso
proposed

g78-1-6386-5142-1/10/331.00 @ 2019 |EEE



Pl-controller Fuzzy Tuner Based on Transient Quality
Estimation to Control DC Drive Speed
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Abstraci—The guality improvement of o [ drive speed
cinired i the scope of this research. Classical Pl-contrellers with
constant parumeters does not provide high quality of tremients
for all DM drive fumctioning mades due to the mutor nenlinearity
and parameiers monsiationarity. In this regard. there is a need o
develsp contral systems, which take this fact inte acconnt and, to
some extent, compensate it. The exisling methods to develop DR
drive mlaptive contrel system are analyred. It is comcluded thai
the most promising way (o solve this problem is (o opply fozey
logic to implement a Ploontroller paraometers  sdjosier. A
comparison of the existing furey luners s made, and their
shortcomings are fommd. A mew forry tumer is proposed wmd
implemented fuking into consideration the tronsients guality
requirements. & moadel of a IHC drive of SE-ELVIS 1T test bench
s developed to conduct experiments. Full-acale experimenis wre
also performed msimg this test bench. The resulis show that the
proposed loner, which wses an overshool and a tranxiemi time
esfimation as input variables. i= able to reduoce the overshool
value by 15% comparing to the clissical speed Pl-controfler nmd
by aversgely 10%: in comparisom with the exiting tuners under
the comditions of the T drive parameters moostationarity, while
the transiend Hme remmins the some.

Keywordy—i{W" drive, Ploosmiredler, fuzzy tmmer, oversiood,
franzieni time

I INTROMICTENN

Claszical Pl-regulators with constant parameters are the
most commonly osed mdestmal controllers 1] At the same
time, they bave a sagnificant drawback due to the fact that they
are limear, while most real control objects are nonlmear (2. For
example, the nonlmzarity of DM drives i3 ssually caused by
paramoters value change of 2 motor and a thyristor converer,
the drive wear, cbtc. The abowve
contrellers apphcation te sech drives often eventually cesulis in
energy consumption increase and control guality detcrioration,
which is characierired by high valoes of overshoot, steadys
state crror and transient time [3].

mechanics menlioned

Effective control of the D motor to meet the high
tramsients quality requirements §5 pessible through the use of
adapitve controd systems. 5o, the develrpment of such a sysiem

This resemch was finnmciolly sepported by the Rosson Foosdeinoms for
Basic Besearch | groms no 184 55 1HHI5 .0 a).
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15 am actual problem. The existing methods to salve it are
apalyzed mn the following secton.

I1. ANALYSE OF EXETING METHODS

A DC dnve adaptive drive control sysiem can be devebrped
cither by changing the sitxndard P and Pl algonithms to a mew
{monlinear] one or faking them as base ones o0 implement
onlime adjustment of their parameters. Both ways  are
considered further.

For an mnslance, methods to develop robust controllers
using adaptive observers of ste coordinates are shown 1o [,
5] Their disadvaniage is the meed to have an adequoate model
of the control objecl, which identification is a difficull sk
under real production condibions.

Fuzrzy contrellers are also vsed as an aliernative o classic
PID-regniators [G6-8]. In these papers stedies are presented o
compare the effectiveness of the classical Pl-contreller and the
furzy Pl.controller. Their authors justily the relevance of the
furry regulators application by the fact that the classical Fl-
contreller does ol provide high control quality due to the
electne drives nonlinearity [E]. In this case. the functioning of
the Pl-=controller s characterized by a high value of overshoot
umd low goaliy of disturbances repection. The furey PID
contreller provides a better control quality for complex
sysbems, which is reflecied m good dynamic response, koow
overshool valoe and tensient fime [6]. Al the same time,
neither test signals, mor control ohject model are reguired. In
each of the stedics under consideration the simuplation resalts
show the advantages of the fuzrry controller comparing 1o the
claszical Pl-coniroller.

However, 11 15 difficull 0 implement these resulis o
practice. The fact is that the use of the adaptive regulators as an
aliemative 0 classical Pl-regolaiors s complicated doe io
design features of eleciric drives, which do oot allow such a
replacement in most cases. The structore of the control system
15 usually fixed-programmed and cannot be changed. Bul it iz
possible to adjust the porameters of the controllers integrated
inin the drive. Their valoes can be transmibted to the drive foom
1 programmable logic controller {PLCL. 5o it can be conclisded
that the most appropriate way to develop the DC drve adaptive
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Abstract. Awtomatic confrol sysfems are  uswally developed  wsing  linearized  differential
equations, which odequarely describe o real nomlinear control object only in a smalf
nelghborlond of a linearization poim. Constdering practical applicarion of the obiained comrol
systems, unconsidered nonlinearities comribution often leads 1o impossibility of the plani
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neslineariiies. In this regard, this paper scope is fo evalpare the influence of the monlinearities
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