AOKAAABI KOH®EPEHIIUU

MOAEAD HEYETKOTQ PETYAATOPA AAAl YIIPABAEHUA ABIDKEHUEM

MOBHABHOTO POBOTA

MODEL OF FUZZY CONTROLLER FOR CONTROLLING THE MOVEMENT

OF A MOBILE ROBOT

YK 681.5.017

BUHOTI'PALOB APTEM HUKOJIAEBY
vinogr-artem @yandex.ru

TEPEHTBEB AJIEKCE NITOPEBUY
aaattt@mail.ru

IIETPOB OJIET BJAJIUMHWPOBUY

Hayuonanvhwiii uccnedosamenvckuii ynusepcumem «MHIT»
124498, e. Mockasa, e. 3eaenoepad, naoujaos lllokuna, 1

VINOGRADOV ARTEM N.
vinogr-artem@yandex.ru

TERENTYEV ALEXEY I.
aaattt@mail.ru

PETROV OLEG V.

National Research University of Electronic Technology
1 Shokin Square, Zelenograd, Moscow, 124498, Russia

nOCTpOCHa MOIEJIb CUCTEMbI YIIPpaBJICHUA OBUXECHUEM MOOMJIBHOTO p060Ta Ha OCHOBE HEYETKOM JIOTMKU. BI)I6paHI>I BXOIHBIC

1 BBIXOIHBIC IIEPEMEHHDBIC, ITPEATOXKCHBI (byHKL[I/II/I TMIPUHAIJIIC)KHOCTU. HpOBCZ[eHO CpaBHEHUE (I)yHKLH/IOHI/IpoBaHI/IH KJIaCCUYECKOIo

1 HEYETKOTI'O PETYIATOPOB.
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The paper presents a model of motion control of a mobile robot based on fuzzy logic, as well as its input/output variables and

membership functions. A comparison with a model built on the basis of a classical regulator has been made.

Keywords: fuzzy logic;, Mamdani algorithm; mobile robot; LabView.

OpHoit U3 npo6JsieM ynpaBjieHUss MOOMJIBHBIMU POOOTaMMU SIBJISIETCS
MOCTPOEHUE TPACKTOPUU IBUXEHMS. DTa 3a1aya sSIBJISIETCS OLHOM
M3 BaXXHBIX, TOCKOIBKY TTOCTPOECHUE ONTUMAJIbHOM TPAaeKTOPUY TBU-
JKEHU S TTI03BOJISIET TOBBICUTH 3(GHEeKTUBHOCTh GDYHKIITMOHUPOBAHM I
MoOuIILHOTO poboTa. CienyeT OTMETUTh, YTO 3Ta 3a7a4ya MOXET ObITh
pelieHa ¢ UCMOJIb30BaHUEM CUCTEMBI YITPABJICHUSI HA OCHOBE KJIaCCH-
yeckoro peryisitopa [1]. OnHako mojyyaembie pe3yabTaThl HE BCeTaa
00ecrmeYnBaOT BHICOKYIO 3G GhEKTUBHOCTh QYHKIIMOHUPOBAHU ST
poborTa.

B To Xe Bpems, B YCTOBUSIX aBTOHOMHOTO YMpaBieHUs (OTCYT-
CTBME CBSI3U C ONIEPAaTOPOM) POOOT HE MOXKET IMOJy4aTh KOPPEKTUPY-
follee yrnpasjaeHue u3BHe. Takum o6pa3oMm, 3aaayda A0JKHA peliaTbes
OT HayaJjla U A0 KOHIA HeMOCPEJACTBEHHO CUCTEMOM yrnpaBlIeHUs
poboTa. DTO peleHne J0JKHO MPOUCXOIUTH B YCIOBUSIX ONPEesIeH-
HBIX OTPaHMYCHU I HAa TEXHUIECKYIO COCTABIISIIONY IO (KOMITAKTHOCTD,
HU3KOE 9HEPTronoTpedieHue), a 3TO CKa3biBaeTCs Ha UCIIOJIb3YyeMOM
AJITOPUTMUYECKOM OOECTICUCHU .

OOBEKTOM yIpaBJIeHUS B TaHHOU paboTe SIBJIsIETCS pOOOTU3UPO-
BaHHOe maccu. CucremMa yrnpaBIeHUsI IIACCU COCTOUT U3 JIEKTPOJBU-
raTejeil ¥ MPUBOJOB, a TAKXE BBIYMCIUTEIBHOTO ycTpoiicTBa. O06s-
3aTeJbHOM YacThbl0 MOOMIBHOTO POOOTa SABISIIOTCS JaTYUKU. B maH-
HOI1 paboTe OyneT MOAeIMpPOBaThCsl pab0oTa HABUTALIMOHHOM CUCTEMBI,
oTBevalolleil 3a onpeaeseHue OpueHTalluu poboTa B MPOCTPAHCTBE.
B Moaenu yuyuteiBaeTcsi, YTO HaBUTALlMOHHAs cuUcTeMa paboTaeT
C MOrPELIHOCTbIO.

PaccmoTpuMm penleHue 3agauu yrpaBiaeHUsl ABUXKEHUEM MOOUIb-
HOro pob6oTa U3 TOYKM A ¢ KoopauHaTamu (X,, y,, 0,) B TouKy B
C KOOpAMHATaAMHU (X, ,;, V41> Oyyy), TAE X — KOOPAMHATA POOOTA MO OCU
abciucc; y — KOopAnHaTa poboTa 1o OCH OPIMHAT; 0L — YT'OJl OpUEHTa-
nu po6ota (puc. 1). Mogenupyercs IBUKeHUE poOOTa B ABYyXMEPHOM

MpOCTpaHCTBE 0e3 MPEensITCTBUI B peXXMMe pealbHOr0 BPEMEHU.
KoopaunaTel poboTa onpenensiioTcst B 1eKapTOBO CUCTEMe KOOPA -
HaT, BbIOMpaeMoit U3 cooOpakeHu it yno0cTBa MpU najibHei1leM 0To-
O6paxeHuu TpaeKTopuu. OcoOEHHOCTBIO pelIaeMoil 3aJauu sIBJIsI-
€TCsl yUeT OpUeHTaluuu podoTa B TouKe HazHaueHus. [loa yriiom opu-
€HTauuu podoTa MOHMMAETCS pa3HULlA MEXY BEKTOPOM IBUXKEHU S
pob6oTa 1 ochio abciKcc B BBIOpaHHOI cucTeMe KoopauHat. Tpaek-
TOPUSI IBUXEHUS OyJeT CTPOUTHCS B 3aBUCMOCTH OT TOTO, B KAKOM
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Puc. 1. Hantocmpayus 3a0auu ynpagaenus 08udiceHuem MoouabHo2o poboma

Fig. 1. An illustration of the task of controlling the movement of a mobile robot
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Puc. 2. Qopma ¢pynxyuu npunaosexncHocmu 6xo0HolU nepemMeHHoll «ouuo-
Ka y2n060i opueHmayuu»

Fig. 2. The form of the membership function of the “angular orientation
error” input variable
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Fig. 3. An illustration of the definition of the second input fuzzy variable —
“sector”

I/IH(IDOPMA].[I/IOHHO-YHPABAHIOIJ.II/IE CUCTEMBI

MMEHHO TTOJIOKEHUU OJIKEH 0Ka3aThbCsl pOOOT B KOHIIE NBUXCHUSI.
DTO MO3BOJUT JIETKO MACIITAOUPOBATH CUCTEMY YIIPABICHUS IS
0oJiee CIOXHBIX CIy4yaeB ABUXKEHUS CPelU MPEMSATCTBUM, B Y3KUX
MPOXoAax U KOpuaopax.

OpHUM U3 BApUAHTOB PEILeHMsI 3TOM MPOOIEMBI SIBISIETCS UCTIONb-
30BaHUE MEXaHU3MOB HEYETKOMN JIOTMKHU. DTa KOHUENI s Oblia
npeaioxeHa B 1965 rony matematukom Jlotdu 3ane u 3akitouaercs
B UCIOJIb30BAHUM HEUYETKUX MHOXecTB [2—4]. To ecTh TaKMX MHO-
JKECTB, XapaKTepucTUUecKast GYyHKIIMSI KOTOPBIX MOXET MIPUHUMATh
He TOJIbKO ornpeeseHHble 3HaueHUst — 0 uiau 1, HO U JItoObIe IpyTre
B uHTepBase [0, 1].

[Mpennaraercst UCTIONB30BATh CIIEAYIONINE TIEPEMEHHBIE LIS peaiu-
3alMU HEUYETKOTO aJITOPUTMA:

Bxonnsie mepemenHble. O003HAYMM MHOXKECTBO BXOIHBIX TEepe-
MeHHBIX V = {f,, B,}, Tie f, u B, mepeMeHHbIe «OLINOKa YII0BOIi OpH-
E€HTALMU» U «CEKTOP>.

Iepemennas 1: B, — omunbKa yrioBoit opueHtauuu podora. Onpe-
NeJisieTcsl KaK pa3Hullia MeX 1y TeKYLUIUM YIJIOM OpUEeHTallu poboTa
U TpebyeMbIM. B oTiinuMe oT 3ajauu cienoBaHuUs TpaekTopuu [5],
9Ta MepeMeHHasl oJIXKHa OXBaThIBaTh BeChb CIIEKTP 3HaUeHU it oT —180
1o 180. Takum oGpa3omM, OYAYT UCIOIb30BAHBI CIAEAYIOIINE TEPMBbI:
a, — OYeHb CUJIBHO OTpULIaTeIbHAs; 4, — CUJIbHO OTpULIATEIbHAS; a5 —
oTpullaTelbHast; a, — €1abo OTpULIATeNbHAS; a5 — OJU3Kas K HYJIO;
ag — cJ1ab0 MOJOXUTENIbHAS; &, — MOJOXUTENIbHAS; 3, — CUJIBHO M0JI0-
JKUTENIbHAS; 4, — OUEHb CUJIbHO NoJoxuTeabHas. ['padux dyHkumi
TMPUHAIIEXKHOCTH L(X) ITOM epeMEeHHOH MpeCcTaBIeH Ha puc. 2.

Dopma GyHKIUI TPUHAAIEKHOCTA HE OKa3bIBA€T CEPhE3HOTO
BJIUSIHUS HA PE3yJbTaT YNPABICHUS, YTO MPOJEMOHCTPUPOBAHO
B pabore [6]. TakuM 06pa3oM, MOKXHO MCII0Jb30BaTh PACIIPOCTPAHEH-
HBIIl BapMaHT TPEYTOJbHBIX U TpaneleuaaaibHbiX GYHKINI MpUHaI-
JIEXKHOCTH.

Tepemennas 2: 3, — cexrop. [IpexcrtaBum cucreMy KOOpIMHAT,
TPUHATYIO TAKUM 00pa3oM, YTO IMOJIOXEHUEe MOOUIBHOTO poboTa
SIBJISIETCSl HayajJ oM KoopauHat. Torna HampaBieHHE, B KOTOPOM
HaXOAUTCS TOUKA Ha3HAUCHUs (PUMEM clelylolie TepMbl: b, —
c3anu-nesee; b, — c3aau-cuesa; b, — ciaesa; b, — cnepenu-ciesna;

One of the problems of controlling mobile
robots is the construction of the trajectory
of motion. This task is one of the most impor-
tant, since the construction of the optimal tra-
jectory of motion makes it possible to increase
the efficiency of the mobile robot opera-
tion. It should be noted that this problem can
be solved using a control system based on the
classical regulator [1]. However, the results
do not always ensure a high performance
of the robot.

At the same time, in conditions of auton-
omous control (lack of communication with
the operator) the robot cannot receive cor-
rective control from outside. Thus, the task
must be solved from the beginning to the end
directly by the robot control system. This solu-
tion should be made under certain limitations
on the technical component (compactness, low
power consumption), which affects the algo-
rithmic support being used.

The object of control in this work
is a robotic chassis. The chassis control system
consists of electric motors and drives, as well
as a computing device. Sensors are also a nec-
essary part of the mobile robot. This paper fea-
tures the work of the navigation system respon-
sible for determining the orientation of the
robot in space, taking into account the naviga-
tion system work’s error.

Let us consider the solution of the prob-
lem of controlling the movement of a mobile
robot from the point A with coordinates
(x,, ¥,» @,) to the point B with coordinates
(X415 Yarrs Osp) ), Where x is the robot coor-
dinate along the abscissa axis; y is the coor-
dinate of the robot along the ordinate axis; o
is the orientation angle of the robot (Fig. 1).
The motion of a robot in a two-dimensional
space without obstacles in real time is being
modeled. The coordinates of the robot are
determined in the Cartesian coordinate

system, chosen for convenience reasons with
further mapping of the trajectory. The pecu-
liarity of the problem being solved is the con-
sideration of the robot’s orientation at the
destination. The angle of the robot’s orien-
tation is the difference between the robot’s
motion vector and the abscissa axis in the
chosen coordinate system. The trajec-
tory of the movement will be constructed
depending on the position of the robot at the
end of the movement. This will make it easy
to scale the control system for more compli-
cated traffic cases among obstacles, narrow
aisles and corridors.

One of the solutions to this problem is the
use of fuzzy logic. This concept was proposed
in 1965 by the mathematician Lotfi Zadeh and
consists in using fuzzy sets [2 — 4]. That is,
sets whose characteristic function can take not

only certain values — 0 or 1, but also any others
within the interval [0,1].
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b; — cniepenu; by — criepenu-cnpasa; b, — cripasa; by — c3anu-cnpasa;
b, — c3anu-npasee), n OyoeT JaHHOI HeueTKoil nepemeHHoi. Pa3-
MepbI CEKTOPOB MpuMeM Kak 30 rpaaycoB AJisi CEKTOPOB «CIepen»
U «c3aam», 60 TpaaycoB IJIsl CEKTOPOB «CJIeBa» U «CIIpaBa» U 75 rpaay-
COB 17151 OCTaJIbHBIX. DTa KOHLEMIIM S MPOMJITIOCTPUPOBaHa Ha puc. 3.

YToO6bI OnpeneauTh 3HaYeHUE HEUYeTKOM MepeMeHHOM, HYKHO
BBIYMCIUTH YTOJI MEXy HallpaBJIeHUEM JIBUXEHUsI podoTa U HampaB-
JIEHMeM Ha TOYKY Ha3HaueHus. [ist aToro mpeobpa3yeM KOOPIMHAThI
00erX TOYEK B CUCTEMY OTCUETa, CBSI3aHHYIO C MECTOHAXOXICHUEM
po6oTa (1) mpu nomouix MaTpubl MoBopoTa (2):

X, x*—x
Vo [=M()* y*-y |, ()
o, o —o
raoe
(cosoc sinoe 0
M(ot)=| —sino. cosor 0. ?2)
L 0 0 1

Torma yroa MoXHO onpeneauTb Kak (3):

szarctg[xfx']. 3)
Vo=

I'padpuk byHKUMIT TPUHAIIEKHOCTHU 3TO IMTepeMEeHHOM MpeaCcTaB-
JIeH Ha puc. 4.

BrixonHbie mepeMeHHBIE. O003HAYMM MHOXECTBO BXOIHBIX IT€PE-
MEHHBIX V = {W,, W,}, TTle W, U W, IEpPEMEHHbIE «XeJlaeMasl yIJI0Bast CKO-
POCTb» M «KeJaeMast CKOPOCTh».

IMepemenHas 1: w, — xKeqaemast yriaoBasi CKOpOCTb (IpUMEM Cliey-
0Ll Me TEPMBI: C, — OBICTPO HaJIEBO, €, — HAJIEBO, C; — IJIABHO HAJIEBO,
¢, — NpsIMO, C; — IJIABHO HAIpaBo, ¢, — HAMpaBo, ¢, — ObICTPO
Hanpago). 'paduk GyHKUMI MpUHAIIEXKHOCTU 3TOI MepeMeHHOM

Ab, b, b, b, by bs b, b be
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Puc. 4. @opma pynxyuu npunadaeincHocmu 6X00HOU nepeMeHHOl «CeKmop»
Fig. 4. The form of the membership function of the “sector” input variable
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Puc. 5. ©opma ¢pynxyuu npunadsexcHocmu blX00HOU nepemMeH ol «dce-
naemas yeao8as CKOpOCnb»

Fig. 5. The form of the membership function of the “desired angular veloc-
ity” output variable

d, — cron, d; — manblii Biepen, d, — Brepen, d, — MosHBbI Briepen).
I'paduk GyHKUMIE NPUHAMIEKHOCTH 3TOM NMepeMeHHOI NpeacTaBieH
Ha puc. 6.

MpencTaBieH Ha puc. S.

IlepemenHas 2: w, — Xeylaemasi JINHel Has CKOPOCTb (ITPUMEM clie-
nyomue TepMbl: d; — MONTHEIA Ha3an, d, — Ha3an, d; — MaJIblii Ha3al,

It is suggested to use the following variables
to implement a fuzzy algorithm:

Input variables. Let us denote the set
of input variables V = {f,, B,}, where 3, and f3,
are the variables “angular orientation error”
and “sector”.

Variable 1: f, is error of the robot’s angu-
lar orientation. It is defined as the differ-
ence between the current orientation angle
of the robot and the required one. In con-
trast to the task of trajectory [5], this vari-
able should cover the whole range of values
from —180 to 180. Thus, the following terms
will be used: a, — very strongly negative, a, —
strongly negative, a; — negative, a, — slightly
negative a; — close to zero, a; — slightly pos-
itive, a, — positive, a; — strongly positive,
a, — very strongly positive. Fig. 2 shows the
graph of the membership functions of this
variable.

The form of membership functions does

not have a serious effect on the control result,

dopMupoBaHue 6a3bl MPaBUJ HEYETKOW CUCTEMBI 3aKJII0YAETCs

as demonstrated in [6]. In this way, you can use
a common version of triangular and trapezoi-
dal membership functions.

Variable 2: 3, is sector. Let us visualize the
coordinate system adopted in such a way that
the position of the mobile robot is the origin
of coordinates. Then the direction in which
the destination is located (take the following
terms: b, — rear-left, b, — left-rear, b, — left,
b, — front-left, by — front, b, — front-right,
b, — right, by — right-rear, b, — rear-right),
will be given a fuzzy variable. Sizes of sec-
tors will be taken as 30 degrees for the sectors
“front” and “rear”, 60 degrees for the sectors
“left” and “right” and 75 degrees for the others.
This concept is illustrated in Fig. 3.

To determine the value of a fuzzy vari-
able, we need to calculate the angle between
the direction of the robot’s movement
and the direction towards the destination
point. To do this, we transform the coordi-
nates of both points into the reference frame

B (hopMUpOBaHUM psijia BbICKA3bIiBaHU It BUaa [7]:
ECJIH «B, ectbap U «B, ectb by TO «w, ecThb ¢ » U «w, ecTh dp,

connected with the location of the robot (1)
using the rotation matrix (2):

X, xX*=Xx
Yo |=M(@)*| y*-y |, )
o, o*—a
where
coso.  sinot 0
M(a)=|—sinee cosa 0. ?2)
0 0 1

Then the angle can be defined as (3):

S= arctg[ H =X j ‘ 3)
Yy =

The graph of the membership functions
of this variable is shown in Fig. 4.

Output variables. Let us denote the set
of input variables V = {w, w,}, where w, and w,
are the variables “desired angular velocity” and
“desired speed”.




ra€c au b— TEPMbI BXOOHBIX IEPEMECHHBIX, C U d— TEPMBbI BBIXOIHBIX

MEPEeMEHHBIX, i, j, P U  — WHIEKCHI COOTBETCTBY IOIIMX TEPMOB.

Basza mpaBu 10JKHA OXBATHIBATH B3aMMHBIC OTHOIICHUST BCEX
TepM BCEX BXOAHBIX MEPEMEHHBIX U OMUCHIBATH PEAKIIMIO CUCTEMbI
Ha T€ UJIK UHbIC YCTIOBUSI.

s perraeMoit 3aaum 6a3a npaBui coctaBuia 81 mpaBuiio, HEKO-
TOpbIE U3 KOTOPBIX MPUBEIEHbI HUXKE:

11 ECJIH «Owubka y2n060i opuenmayuu» ecmb «CUAbHO OMPUYa-
meavnasn» U «Cexkmop» ecmo «c3adu» TO «XKenaemas yenosas cko-
pocme» ecmo «Obicmpo Hanpago» M «Kenaemas auHeilnas cKopocmo»
ecmo «Ha3ao».

48 ECJIH «Owubka yen080ii opueHmauyuu» ecmov «0AU3KAs K HYAH0»
U «Cexmop» ecmb «cnepedu-cnpasa» TO «Kenaemas yenosas ckopocmo»
ecmb «<Hanpaeo» U «Kenaemas auneiinas ckopocme» ecimb «gnepeo».

71 ECJIH «Owubka y2n080i opueHmayuu» ecms <H0A0NUCUMENbHASN»
U «Cexkmop» ecmb «c3adu-cnpasa» TO «XKenaemas yenoeas ckopocmo»
ecmb «Obicmpo Hanpaso» M «Kenaemas auneiinas ckopocme» ecms «gne-
peo».

Cy1iecTByeT HECKOJIBKO aJlTOPUTMOB HEYETKOTO BHIBOIA, KaX-
NIBII U3 KOTOPBIX UMEET CBOM 0COOeHHOCTH. OCHOBHBIX aJITOPUTMOB
YeThIpe:

e anroput™m Mamaanu [8];

« anroputm Takaru — CyreHo;
* anroputm Llykamoro;

» anroputm JlapceHa.

Psn orpaHuuyeHuii, CBOMCTBEHHBIX TSI KaXKI0TO U3 aJITOPUTMOB,
MO3BOJISIET OINPeIeTUTh HauboJee MOAXOASI LM TSI pelaeMoii 3a1aun
[9].

B wactHOCTH, anropuT™M LlyKaMOTO MCIOJB3YETCST TOABKO ISt
MOHOTOHHBIX GYHKIMI MPUHAIIEKHOCTU BBIXOJIHBIX TTEpEeMeH-
HBIX. DTO aBTOMATUYECKU JIeJIaeT ero HEMPUTOIHBIM B OTIMCHIBAEMBIX

I/IH(IDOPMA].[I/IOHHO-YHPABAHIOIJ.II/IE CUCTEMBI

\1/
AWANE U SVLWANEN P
oL LIV VI [

-1 0 1

Puc. 6. Qopma ¢ynkyuu npunadiexncnocmu 6biXx00HOU nepemMeHHOl «ice-
naemas AUHeHAs CKOPOCHIb»

Fig. 6. The form of the membership function of the output variable “desired
linear velocity”

YCJIOBUSIX, KOTJIa OMHOI 13 IEPEeMEHHBIX SIBISIETCS YII0Basi CKOPOCTh,
3HaYeHUe KOTOPOil KoJjehueTcs: OT OTPUILIATEIbHBIX 10 MOJOXUTEIb-
HBIX 3HaueHuit [10].

Aunroputm Takaru — CyreHo npuMeHsIeTCsl, KOria U3BeCTHbBI BECO-
BbIe KOO GUIMEHTHI TPU HEU3BECTHOM (hopme (PyHKIIMT TpUHAATEeK-
HOCTY BBIXOJIHBIX MepeMEHHBIX. Tak KaK B HallleM CJIydae Mbl MOXKEM
BbIOpaTh hopMy DYHKIIMIT, HET HEOOXOAMMOCTH UCITOJb30BaTh HEUET-
kuii BiBox CyreHo [11].

AnropuTMbl MaMmnanu u JlapceHa TOXOXY MO CBOEU CTPYKTYpe
Y OTJIMYAIOTCS JIUIITb CTIOCOOOM BhIOOpa UMILTUKANIUU. PaccMoTpum
anropuT™M MamaaHu noapo6Hee (puc. 7).

CyTb ¢pazsudukanum 3aKia04aeTcss B IPUBEACHUU B COOTBET-
CTBUE YETKUX 3HAYEHU I, MOAAIOLUIMXCS HA BXOI HEUETKOI CUCTEMBbI
¥ TEPMOB HYKHOI BXOJHOM nmepeMeHHoi. TakuM o6pa3oM, BBOAUTCS
psiZ BBICKa3bIBaHM I BUA «f, eCTb ap, «f3, ecThb a,» U T. 1. 1151 Kaxaoro
13 HUX YCTAHABJIMBAETCSA HCTMHHOCTD @, TlyTeM MOJACTAHOBKM 3HaYe-
HUI a, B GyHKIMIO MpruHaaiexHocTh W(x). [Tocie Toro kak Bce 3Haye-
HUs a, = W(a,) JUTs BCEX TEPMOB BCEX BXOTHBIX MEPEMEHHbBIX HAllIEHbI,
atan $ha33uduKamum CUNTaeTCsl 3aKOHYCHHBIM.

Variable 1: w, is the desired angular veloc-
ity (take the following terms: ¢, — fast left, ¢, —
left, ¢, — smoothly left, c, — straight, ¢, — fast
right, ¢, — right, ¢, — smoothly right). Fig. 5
shows the graph of the membership functions
of this variable.

Variable 2: w, is desired speed (take the follow-
ing terms: d, — full back, d, — back, d; — small
back, d, — stop, d; — small forward, d, — forward,
d, — full forward). Fig. 6 shows the graph of the
membership functions of this variable.

Formation of the fuzzy system rules base
is the formation of a number of utterances
of the form [7]:

IF “B, is a,” AND “B, is b;” THEN “w,
isc,” AND “w,isd,”,
where a and b are the terms of the input
variables, ¢ and d are the terms of the output
variables, i, j, p and q are the indices of the
corresponding terms.

The base of rules should cover the mutual

relations of all the terms of all input variables

and describe the reaction of the system to cer-
tain conditions.

For the problem to be solved, the rule base
consisted of 81 rules, some of which are given
below:

11 IF “angular orientation error” is “strongly
negative” AND “sector” is “rear” THEN
“desired angular velocity” is “fast right” AND
“desired speed” is “back”

48 IF “angular orientation error” is “close
to zero” AND “sector” is “front-right” THEN
“desired angular velocity” is “right” AND
“desired speed” is “forward”

71 IF “angular orientation error” is “positive”
AND “sector” is “rear-right” THEN “desired
angular velocity” is “fast right” AND “desired
linear speed” is “forward”

There are several fuzzy algorithms, each
of which has its own peculiarities. The main
algorithms are four:

*  Mamdani algorithm [8];

» Takagi-Sugeno algorithm;
* Tsukamoto algorithm;

» Larsen’s algorithm.

A number of limitations inherent in each
of the algorithms make it possible to determine
the most suitable for the problem being solved
[9].

In particular, the Tsukamoto algorithm
is used only for monotonic membership func-
tions of the output parameter. This automati-
cally makes it unsuitable under the conditions
described, when one of the variables is the
angular velocity, whose value varies from neg-
ative to positive values [10].

The Takagi— Sugeno algorithm is used
when the weight coefficients are known for
the unknown form of the output variables
of membership functions. Since in our case




AOKAAABI KOH®EPEHIIUU

Ha sTamne arperupoBaHust onpenessieTcs CTerneHb UCTUHHOCTH TSI
KaxIoro mpaBuiia u3 6a3el. Tak Kak mpaBuiia B 6a3e COCTOSIT U3 MPO-
CTBIX BBICKa3bIBaHM 1 «[3, €CTh a,», TO TIPU 9TOM UCTIOJIb3YIOTCS PE3YJIb-
TaThl haz3udukanmnu.

AXKTUBU3aLUS TIPEACTaBISIET COOO0M MpOIeCcC ONnpeaeaeHus cTe-
MEeHU UCTUHHOCTH JJISI KaXI0T0 U3 3JIEMEHTapHBIX JIOTMYECKUX MOJI-
3aKJI0YEHU 1, KOTOPbIE BEIUMCIISIIOTCSI HA OCHOBE BBIXOHBIX IEPEMEH-
HbIX. CYLIECTBYIOT pa3IMuHble METOIbI AKTUBU3ALMU:

* min-akTuBM3anusa — p(c) = min{f,, u(c)}

+ prod-aktususauust — w(c) = f,-u(c)

+ average-aktuBuzauus — p'(c) = 0.5(f, + w(c)),

rne mEoXxecTBo F = (fl, f2, ..., f,) — MHOXecTBO cTeneHeil HCTUHHO-
CTH JIJIs1 KaX/I0TO U3 TIPABUII; q — OOIIee KOJIMYECTBO MOA3aAKIIOUSHU I
B 6asze mpaBui; U(c) — QYHKUIMS TPUHAAIEKHOCTU TePMa, KOTOPBIiA
SIBJISIETCSI 3HAYEHMEM HEKOTOPOIi BBIXOAHOM MepeMEeHHOI.

B anroputme MamaaHu UCMOJIb3YETCS Min-aKTUBU3ALIMS, B aJITO-
putMme JlapceHa — prod-aktuBuzauus. B psae ciyyaes [12] anroputm
JlapceHa oka3bIiBaeTCs TOYHee ajJropuTMa MamaaHu, HO TpedyeT
OoJiblle onepaluil yMHOXEHHMSI.

AKKYMYJISILUS — 9TO HaXoXAeHHe GyHKLUMU NPUHAIIEKHOCTH
IUTST KaXKIO¥ M3 BBIXOMHBIX MEPEMEHHBIX MTyTeM 00beIUHEHM ST BCEX
cTereHel ICTUHHOCTY MOA3aKJIIOUEeHH I, TIOJyYEHHBIX paHee.

DuHanpHAasT YaCTh JI0OOTO HEUYETKOTO aJITOPUTMA — TEPEXON
OT GYHKIIMY TPUHAIIEKHOCTU BBIXOTHBIX IIEPEMEHHBIX K UX YMCJICH-
HBIM (Y€TKMM) 3HaUeHUsIM. TakKM 00pa3oM, pe3yabTaThl HEYETKOTO
aJTOPUTMa MOXHO OYIEeT UCIIOJIb30BATh B TOCIENYIOMNX BEIUUCIIE-
HUSX.

MonenrpoBaHue ABUXKEHUS MOOUJIBHOTO pobOTa U HEYETKOM
CHUCTEMBI yIIPaBJIEHUsI MPOBOAUIOCH B cpelie rpacduueckoro nporpam-
mupoBaHus LabView. LabView 1o yMo4aHWI0 MOAAEPXKUBAET paboTy
C HEYeTKMMU CHUCTEMaMM, YTO JIMIIAaeT HEOOXOAMMOCTHU Herocpe-
CTBEHHO pEaJM30BbIBATh HEUETKHUE aJTOPUTMBI C HYJISI, TPU ITOM
OCTaBJISISI BCE BOBMOXHOCTH JIJISI MOIEPHU3AIIMH OTHX aJITOPUTMOB.

Biiok-nuarpamma Mozesu rpejacrasieHa Ha puc. 8. [Tomumo Hero-
CPEeICTBEHHO HEYETKOW CUCTEMBI (puc. 9), 3MeCh TPUCYTCTBYIOT OJTOKK
OTpe/IeJIeHU s CEKTOpa, OIMMOKY OPUEHTAIINY, OIIMOKY TTOJOXKECHU ST,
Mpeo6pa3oBaHUsI KOOPAWHAT, SMYJISIIAY OIIMOKY HABUTAIIU Y.

PaccMoTpuM pe3ynbTaThl MOAEIMPOBAHUS TepeMeEIIeHU s
po6oTa OT TOYKM K Touke. DyHKIIMOHUPOBAHUE HEYETKOTO PETYIsI-
TOpa CPaBHUBAJIUCH C PYHKIIMOHUPOBAHUEM MOJEIU U3 paboThl [1].

dopmurpoBaHve 6a3bl Npasu
Formation of rules base

v

dazsndpukaums
Fuzzification

v

ArpervposaHue
Aggregation

v

AkTnBM3aLMA
Activation

v

AKKyMynsauus
Accumulation

v

Hedassndunkauna
Defuzzification

Puc. 7. [Tocaedosamenvrocms uiaeog neuemioeo evieoda Mamoanu
Fig. 7. The sequence of steps of Mamdani fuzzy algorithm

MopenupoBaHue nmokaseiBaeT (puc. 10), 4To poGOT TOCTUTACT 3a1aH-
HOI TOYKU. MOXHO YBUNIETD, UYTO BO BTOPOI MO POOOT ABUXKETCS
110 KPUBOJIMHEIHON TPaeKTOPUHU, YTO YCIOXHSIET yIpaBIeHUe U CTa-
OuJIM3alKio, a TaKXKe MPUBOAUT K 00Jiee ObICTPOMY M3HOCY MCITOJHHU-
TeJbHBIX MeXaHU3MOB. HeueTkast Moieab MpuIepK UBACTCS IBUXKEH U
10 MPSIMBIM OTpe3KaM Ha O0JIbLIeH YacTH MyTH, UTO SIBJISIETCS ee Npe-
MMYIIECTBOM.

Ha puc. 11 moka3aHo ABMXeHHE poOOTa MO MPSIMON JUHUU
13 Touku ¢ koopanHatamu (0; 0) B Touky ¢ KoopauHatamu (200; 0).
B naHHOM 3KcTniepMMeHTe TakXe OblJIO MPOBEIEHO CPABHEHUE C MOJIE-
JIbI0 U3 paboTHl [1]. B oboux ciydasx poOOT TOCTUTAET LUETU, HO HEYET-
Kasl cucTeMa IMOKa3biBaeT MeHbllee oTKJIoHeHUe (0,5 METPOB TPOTUB
1,0 MeTpa y KJIacCYeCKOTO PETYJISITOPA) OT MPSIMOI IMHUU.

Puc. 12 moka3bIBaeT pe3yJabTaThl MOACJIUPOBAHUS pPa3BopoTa
po6ota u3 touku (0; 0) c opueHTaumeit 180 rpagycos B Touky (10; 0)

we can choose the form of the functions,
there is no need to use the fuzzy derivation
of Sugeno [11].

The algorithms of Mamdani and Larsen
are similar in their structure and differ only
in the way they choose the implication. Let
us consider the Mamdani algorithm in detail
(Fig. 7).

The essence of fuzzification is to bring into
correspondence the precise values that are fed
to the input of the fuzzy system and the terms
of the required input variable. Thus, a number
of statements of the form “B, is a,”, “B, is a,”
etc. are entered. For each of them, the truth
of a*n is established by substituting the values
of a, in the membership function u(x). After all

the values ofa*n = w(a,) for all terms of all input

variables are found, the phase of fuzzification
is considered complete.

At the stage of aggregation, the degree
of truth for each rule from the database
is determined. Since the rules in the data-
base consist of simple statements “3, is a,”, the
results of fuzzification are used.

Activation is the process of determining the
degree of truth for each of the elementary log-
ical sub-clauses, which are calculated on the
basis of the output variables. There are various
methods of activation:

* min-activation — p’(c) = min{fi, u(c)}

* prod-activation — w(c) = fi- u(c)

« average-activation — p’(c) = 0.5(fi + p(c)),
where F = (1, f2, ..., fq) is the set of truth
degrees for each of the rules; q is the total

number of sub-clauses in the rules database;
w(c) is the membership function of the term,
which is the value of some output variable.

In the Mamdani algorithm, min-activation
is used, in the Larsen algorithm — prod-acti-
vation. The paper [12] shows that in a number
of cases the Larsen algorithm is more accurate
than the Mamdani algorithm, but it requires
more multiplication operations.

Accumulation is finding the member-
ship function for each of the output variables
by combining all the degrees of truth of the
sub-clauses obtained earlier.

The final part of any fuzzy algorithm
is the transition from the function of the out-
put variables to their numerical (precise) val-
ues. Thus, the results of the fuzzy algorithm
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Fig. 8. Block diagram of the mobile robot motion model built on the basis of fuzzy logic
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Fig. 9. Block diagram of the fuzzy control system

can be used in subsequent precise calcula-
tions.

Simulation of the movement of the mobile
robot and fuzzy control system was carried out
in the LabView programming environment.
LabView supports the work with fuzzy sys-
tems by default, which makes it unnecessary
to directly implement fuzzy algorithms from
scratch, while leaving all the possibilities for
upgrading these algorithms.

The block diagram of the model is shown
in Fig. 8. In addition to the directly fuzzy system
(Fig. 9), there are sector determination blocks,
orientation errors, position errors, coordinate
transformations, and navigation error emulation.

Let’s consider the results of simulat-

ing the robot’s moving from point to point.

The operation of the fuzzy controller was
compared with the model from [1]. The sim-
ulation shows (Fig. 10) that a robot con-
trolled by both models reaches the specified
point. It can be seen that the second model
moves along a curvilinear trajectory, which
complicates control and stabilization, and
also results in the faster wear of the actua-
tors. Most of the way the fuzzy model adheres
to the movement along straight lines, which
is its advantage.

Fig. 11 shows the movement of the robot
along a straight line from point with coordi-
nates (0; 0) to point with coordinates (200; 0).
In this experiment, a comparison was also
made with the model from [1]. In both cases,
the robot reaches the target, but the fuzzy

system shows a smaller deviation (0.5 meters
vs. 1.0 meter for the classic regulator) from the
straight line.

Fig. 12 shows the results of simulating
a robot turn from point (0; 0) with an ori-
entation of 180 degrees to point (10; 0) with
an orientation of 0 degrees. The peculiarity
of this maneuver is that the distances to be
covered do not exceed 10 meters in both
directions. Thus, the error of the naviga-
tion system (NS) plays an important role.
The global NS of the robot has an error of up
to 5 meters. In the case of moving to much
larger distances, this, as can be seen from
previous experiments, does not play a major
role. But in the case of a turn around, the
orientation of the robot with such an error
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Puc. 10. Moodeauposarnue nepemewjerus poooma us mouku (0; 0) ¢ opuen-
mauyueti 0 epadycoé ¢ mouxy (200; 200) ¢ opuenmayueii 0 epadycos: 1 —
Modenb Ha 0CHOGe HeuemKoU n02uku; 2 — Modeasb us pabomot [4]

Fig. 10. Modelling the movement of a robot from point (0; 0) with an orien-
tation of 0 degrees to point (200; 200) with an orientation of 0 degrees: 1 —
model based on fuzzy logic; 2 is a model from [4]

c opueHTanueir 0 rpagycoB. OCoOGEHHOCThIO JaHHOTO MaHeBpa
SIBJISIETCS TO, UYTO MIPEOI0JIeBaeMble PACCTOSTHUS HEe TIpeBbITIaoT 10
METpPOB B 000MX HampaBlieHUsIX. Takum o6pa3omM, GOJIbIIYIO POIb
MMeeT MOrpelrHoCTh HaBuraumoHHou cuctembl (HC). ImoGanbHas
HC po6oTa umeer omnbky 10 5 MeTpoB. Kak BUITHO U3 Mpeabiay-
LM X 9KCIIEPUMEHTOB, MPU IBUXKEHUU Ha OOJIbILINE PACCTOSIHUS 9Ta
olnbKa He UrpaeT cyliecTBeHHOI poau. Ho B ciyyae pasBopora
OpHUEHTUPOBaHME poOOTa C TAKOW OIMOKON CTAHOBUTCSI HEBO3-
MOXHBIM, TOCKOJIBKY peajibHOE MOJI0KEHUE POOOTa U MOJIOXKEHME,
onpenensiemoe HC, MOTyT OT/IMYaThCS HACTOJIBKO, YTO OYJYT HaX0-
IUTHCS IO Pa3HbIe CTOPOHBI OT TOYKHM Ha3HAYEHUSI. DTO IPUBOIUT
K TOMY, YTO POOOT HE MOXKET IOCTUYD IeJIU U OEeCITOPSIOUYHO TIepe-
NBUTAETCSI BOKPYT TOUKU cTapTa. TpaekTopus NBUXKEHUs poboTa
TIPU MOMBITKE Pa3BEPHYTHCS B TAKMX YCIOBUSIX M300pakeHa Ha rpa-
duke | puc. 12.

TToaTOMy MOOUIIBHBIN POOOT MOJIKEH UMETh TaKXKe aBTOHOMHBIE
CpelCcTBa OPUEHTUPOBaHUS (HAIpUMEpP, MHEPIUaIbHble HABUTALIU-
OHHBbIE CUCTEMBI, JJa3epPHbIC AaTbHOMEPHI) C MOTPELIHOCTBIO MOPsIIKA
necsTkoB caHTuMeTpoB. Mcnonb3zoBaHue Takux HC npu MmaHeBpax
PSIIOM C TOUKOI Ha3HAaYeHMsI TO3BOJIUT Oojiee TOUHO OPUEHTUPOBATH
poboTa 1 TOCTUYb OCTABICHHO 1[eJTN, YTO MPOUJIITIOCTPUPOBAHO
Ha rpaduke 2 puc. 12.

B pesymnbraTe paboThI ObLJIA TOCTPOCHA MOJIENIb CUCTEMBI YIIPaBJie-
HUS (PEryasaTop) MOOMJIBHBIM POGOTOM Ha OCHOBE HEUETKOMU JIOTUKH,
BBIOpAHBI BXOJHbIE HEUETKUE MepeMeHHbIE «OIINOKa YTTI0BOI Opr-
EHTAIUN» U «CeKTOP». [IpOBeIeHO KOMITBIOTEPHOE MOIETUPOBAHUE
B cpene rpadudeckoro nporpammupoBanust LabView. [1pencraBiaeHbl
pe3yabTaThl CpaBHEHM ST pabOTHI MOJiesiell Ha OCHOBE HEYETKOTO pery-
JISITOpa U KJIACCUYECKOTO PEryisiTopa, a TakxXe pa3IMyHble TPaeKTO-
PUU IBUKEHUS poOOoTa.

ABTOPBI CUMTAIOT, UTO B JAHHOI paboTe HOBOIL SIBsIETCSI MOZIEb
HEYETKOIo PeryJjisiTopa Ha OCHOBE HEYETKHUX MePEeMEHHbIX «OLInOKa
YIJIOBOM OPMEHTALIMU» M «CEKTOP», C TIOMOIIBIO KOTOPOI TOJyYEHBI
pe3yJIbTaThl CpaBHEHU I (DYHKIITMOHUPOBAHU ST KJTACCUUECKOTO PEryJisi-
TOpa ¥ PeryasTopa, MOCTPOCHHOTO C MPUMEHEHNEM HEUeTKO JIOTUKU.

Pa3pa60TKa MOICIU N MPOBEACHNUE KOMITBIOTEPHBIX O9KCIICPUMEHTOB

Puc. 11. Modeauposarnue dsuxcenus poboma no npsamoii uz mouxu (0; 0)
¢ opuenmauueii 0 epadycos ¢ mouxy (200; 0) ¢ opuenmayueii 0 epadycos:
1 — modenb Ha ocHoGe HeuemKoll 102uKu; 2 — Modeas u3 pabomot [1]
Fig. 11. Simulation of the robot’s motion along a straight line from the point
(0; 0) with the orientation of 0 degrees to the point (200; 0) with the orienta-
tion of 0 degrees: 1 — model based on fuzzy logic; 2 is a model from [1]
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Puc. 12. Modeauposanue pazsopoma poboma: 1 — ¢ noepeutHocmvio Ha-
BU2AUUOHHOLU cUCmeMbl 5 Mempos; 2 — ¢ nO2PeUHOCIbI0 HA8ULAYUOHHOU
cucmemvwt 0,2 mempa

Fig. 12. Modeling the turn of the robot: 1 — with a navigation system error
of 5 meters; 2 — with a navigation system error of 0.2 meters

TMPOBOAUINCH B cpesie Tpauueckoro nporpaMmmuposaHust LabView.
[Mony4eHHbIe pe3yabTaThl MOATBEPAUIN A€ KBATHOCTb UCTIOIb3yEMO
MOJIeJIV ¥ pa3paboTaHHOTO Habopa MpaBUJI paOOTHl HEUETKOTO pery-
JIsITOpA.

Paboma evtnoanena npu punancosoii noodepyucke Munobprayxu
Poccuu, npoexm N 8.8952.2017/8.9.
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becomes impossible, since the actual posi-
tion of the robot and the position determined
by the NS can be so different that they will
be on different sides of the destination. This
leads to the fact that the robot can’t reach the
target and randomly moves around the start-
ing point. The trajectory of the robot’s move-
ment when trying to turn around under such
conditions is shown in the graph 1 of Fig. 12.

Therefore, the mobile robot should
also have autonomous means of orienta-
tion (for example, inertial navigation sys-
tems, laser rangefinders) with an error of the
order of tens of centimeters. The use of such
NS at maneuvers near the destination will
allow more precise orientation of the robot
and achieve the goal, which is illustrated
in graph 2 of Fig. 12.

As a result of the work, a model of a reg-
ulator controlling a mobile robot based
on fuzzy logic has been constructed, input
fuzzy “angular orientation error” and “sec-
tor” variables have been chosen. Computer
simulation in LabView’s graphical pro-
gramming environment has been carried
out. The results of comparison of the work
of models on the basis of a fuzzy controller
and a classical regulator have been presented,
as well as various trajectories of the robot’s
movement.

The authors consider novel the model
of a fuzzy regulator based on fuzzy vari-
ables “angular orientation error” and “sec-
tor”. With the help of this model, we have
obtained the results of comparison of func-
tioning of a classical regulator and that
of a regulator constructed using fuzzy logic.
The development of the model and the

conduct of computer experiments were car-
ried out in the LabView graphical program-
ming environment. The obtained results have
confirmed the adequacy of the model used
and the developed set of rules for the opera-
tion of the fuzzy controller.

The work was carried out with the
financial support of the Ministry
of Education and Science of Russia,
project No. Ne8.8952.2017/8.9.
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