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Hestiniitai kpaiioBi 3a4a4i JJis BUPOIXKEHNX
andepeHIiajabHO-aJAre0paidyHNX CUCTEM Y

HEKPUTUYIHOMY BUIIAJAKY

Hawmu orpumani ymoBu icHyBaHHsT Ta cxema MOOYIOBU PO3B’s3KiB CIaOKOHETiHIHHOT
KpaiioBOl 3amadi /i BUPOKEHOI AuepeHIliaIbHO-aJIre0paidHol CUCTeMH Y HEKPUTH-
qHOMY BUMaaKy. KpaitoBy yMOBYy BH3HAYA€ CIAOKOHETIHIHUI BEKTOPHUI (DYHKITIOHA.
Jliniitna wacrwnra nocraBiieHol 3ajadl sBiisie coboro JiiHiliHy HETepoBy KpailoBy 3a/a-
qy [IJIsT BUPOIKEHOI audepeHItiaibHo-agredpaidnoi cucremu. Jliniiiai nudepenmiaabrHO-
asrebpaivni Kpaiiosi 3amaui mociinzkeni y mororpadisx S. Campbell, J.R. Magnus, A.M.
Cawmoitnenka ta B.I1. fIkosus. ¥ po6orax A.M. Camoitienka ta O.A. Boituyka 3 BUKOpH-
CTaHHSM IEHTPATHHOI KAaHOHIIHOI (pOopMH OTpHUMaHi HEOOXiaHI i JOCTATHI YMOBHU iCHYBAaH-
H PO3B’s3KiB HeMHIHUX mudepeHiatbHo-aaredpaiaaux KpaitoBux 3ama4. Havu orpu-
MaHi HeoOXimui i mocrarHi ymMOBU iCHyBaHHS PO3B’#A3KIB HesiHIHUX mgudepeHmiaibHo-
anredpalIHuX CUcTeM 063 BUKOPUCTAHHS IEHTPAJIHHOI KAHOHIYHOI (DOPMMU, IO JAE MO-
JKJIMBICTh JOCTIKYyBaTH PO3B’a3HICTH mudepen riaabHo-aaredpaiaanx KpaioBux 3a1a4
y 3a7eXKHOCTI Bia moBLIbHMX HemepepBHUX (yHKmi#t. Takuit miaxim 3HAYHO ypizHOMAHI-
THIOE KIacuikaIio HemHifiHnx audepennianbHo-aaredpaiTHnX KpaoBuX 33039 Y KPH-
TUYHUX | HEKPUTUIHUX BUIIAIKAX.

[TocranoBka cnabkonemiHifinol mudepeniatbHo-aaredpaidnol KpaiioBoi 3aadi, 10-
CiIyKeHOT HaMW, y3arajbHIOE KpaiioBi 3amadui, mocaimkeni B poborax H).O. Mwurpo-
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nosibebkoro, A.M. Camoiuienka, a takoxk O.A. Boituyka. ociipkeHo BuiiaJiok, Ko-
qm audepenmiaabHo-anaredpaidyHa CUCTeMa He pPO3B’S3Ha BiIHOCHO TMOXIJTHOI, TPH ITHO-
My 3alpoOlOHOBAHI 3aMiHM HEBiIOMOI, dKi TMPUBOAATL BUXIJTHY CHUCTEMY 10 HeJiHik-
Ol mudepen ianbHo-aaredbpaianoi cucremu, po3B’ 3001 BimHOCHO moxigHoi. Hampukimii
CTATTi HABEJEHO MPHUKJIAJ HETIHIHHOI audepeHitiaabHO-aIredpaidHol aHTHIePioInTHO
KpaitoBol 3a/1adi 1711 piBHAHHSA TUIy PiKKaTi, AKHil 1eMOHCTPYE KOHCTPYKTHBHICTD OTPH-
MaHUX HEOOXiJHWX i TOCTATHIX YMOB iCHYBaHHS PO3B’sI3KiB HEIHINHUX audepeHIiaIbHO-
asnredpaiunnx cucrem. OTpumaHi pe3yabTaTH MOXKHA, TIEPEHECTH Ha, 337a4i PO 3HaA-
XO/PKEHHSI YMOB ICHYBaHHS Ta CXeMH TOOYIOBA PO3B’sI3KiB HEMIHIHHOI BUPOIKEHOL
JaudepeHIianbHO-AMredpaidHol KpaioBol 3aJadi y KPUTHIHUX BHUIAIKAX, a TAKOXK Ha
33l PO 3HAXOKEHHT YMOB CTIMKOCTI TAaKUX PO3B’I3KiB.

Karwuwosi caosa: HesiHIMHA KpaiioBa 3ajiaya; BHUpPOKeHa audepeHIiaJIbHO-
ajrebpaiHa cucreMa; HEKPUTUYHUI BUNaO0K; piBHAHHA Tty Pikkari.

2020 Mathematics Subject Classification: 34B15

1. ITocTranoBka 3agad4i

JocnimKkyemMo 3amady IIpO 3HAXOMKEHHS YMOB ICHYBAaHHA Ta mOOYIOBY
po3B’a3kis [1]

2(t,e) : z(-,e) € Cla,b], z(t,-) € C[0,e0]

HesiHiiHOT nudepeniiaabHO-aaredpaiaHol KpaitoBoil 3aaatdi
AW (te) = B()=(te) + () +2 Z (2, 1), 1)

lz(e) =a+eJ(z(-¢e),¢). (2)

Posp’sa3ku kpaiioBol 3agaqi (1), (2) mykaeMo B MaJOMy OKOJIi O3B SI3KY
20(t) € Cla,d]

HeTepoBol (n # k) mopomkyodol mudepenniaabHo-anaredpaiaaol 3amaqi |9, 3|

A(t)z(t) = B(t)zo(t) + f(t), Lzo(") = a € R (3)
Tyr
A(t), B(t) € Cpuxnla, b
— wnenepepsri marput, f(t) € Cla,b] — HenepepBuuit BexkTop; Z(z,t,€) — He-

minifina yHKuig, HenepepsHO-audepenIiioBHa 3a HeBigoMow0 z(t,€) y MazoMy
OKOJII PO3B’A3Ky TOPOJIKYI0U0l 3ajadi, HemepepsHa 1o ¢t € [a,b] 1 HemepepBHO-
mudepentiiioBaa 110 Manomy mnapamerpy; fz(-,e) — minifinuit Ta J(z(-,€),e) —
HeJiiHIfHUN BeKTOpHUil (byHKIIOHATN

lz(-,e), J(z(-,¢),¢e) : Cla,b] — RY,

npwaoMmy Apyruit QyHKIIOHAT HemepepBHO-audepeHifioBunii 33 HEBiIOMOIO
z(t,€) Ta HemepepBHUil MO MAIOMY HapaMeTpy £ Y MAaJOMy OKOJi PO3B’sI3KY IO-
pojKyroUol 3aaui Ta Ha BiApisKy [0, eq)].
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Heniniina mudepenmiaapro-anrebpaiana kpaitosa 3amada (1), (2) yzaraabHioe
YKMCJIEHH] OCTAHOBKYU HeJiHIfiHUX HerepoBux Kpaiiosux 3aiad |1, 4].

2. ¥YmoBu po3B’a3HOCTI JiiHiliHOT KpaiioBol 3a4aui
IJIst BUPOJAXKEHO1 andpepeHiajabHo-aaredpaiaHol cucremMmu

3a ymosu [3]

cuctema (3) He PO3B’A3HA BITHOCHO TIOXITHOT; TyT Pgx(;) — MaTPHITsA-0PTONPOEKTOPD
[1]:

Py« (t) : R™ — N(A*(t)).
[Mpunycrumo, mo marpuia A(t) mae craaumii panr, a came:

1 < rank A(t) = o0y.

Sk Bimomo [3], mosinbHa (m X n)— marpuig A(t) y nesromy 6asuci moxke GyTn
IPe/ICTAaBIeHa y BUTVISI

A(t) = Ro(t) - Joy - So(t), Joy = < Ig’ g > , Ro(t) € Cruxmla, b];

TyT Ro(t) 1 So(t) — HeBUpOMKeH] MaTpHIL:
So(t) € Cpxnla, b].

Hesupo pxena 3amina 3minnol y(t) = So(t)z(t) upuogurs cucremy (3) J10 Buriisi-
Ay
Jot/ () = Co(t)y(t) + Rg ' () f(t); ()

TyT

Co(t) := (JoySp(t) + Ry (1) B(1)) Sy ' (t) == (

3amMina 3MIHHOT

y(t) = col (u(t),v(t)) € (C}L[a,b], u(t) € (C},O [a,b], w(t) € (C}L,UO [a, b]
npuEOANTH crcTemy (5) 10 BUTIALY
o' (1) = C (Bu(t) + 5 (Do) + g1 (1), (6)
R (Bult) + C5) (Bu(t) + g (1) = 0, (7)

Tyr Pp: (t) — MaTpuns-OPTONPOEKTOD:

Ppy(t) : R™™7 — N(Dy (1)),
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KpiM TOTO
_ 0 0
Ry (0)f(t) = col (9”(1). 8" (1)).
Pipusang (7) poss’ssue Toai i Tiapku o, Ko [1, 3]
Po; (193" (1) = 0

B IIbOMY BUTAJIKY 3arajbHuii po3s’s30Kk piBasans (7)
0
u(t) = Pp,, (t) = D§ (1)g3” (1),

wazﬁﬁ%xQWﬂeRWﬂW% p(t) € Cpyla, b]

pusHavae Pp, (t) — (n X po) — marpuug, yTsopena i3 po JiHifiHO-He3amIeKHIX
cropmuis Pp,(t) — marpuri-opronpoekTopa:

PDo(t) ‘R — N(Do(t))

[osnauusmm 610kn marpuii Pp, (t) 1 106yTKy D& (t)ggo) (t) :

Po,, (t) = col (PP (1), PO(1), DY (09" (t) = = col (£70), £57(1)),
IPUXOIUMO JI0 331a49i PO MoOYI0BY PO3B I3KiB
p(t) € Cpyla, b]
JiHIHOT gudeperiaJ bHO-aaredpaiaHol cucreMn
Au(0)e/ (1) = Bu(t)e(t) + fi(t). Ar(r) := P (1) € RO (8)

TyT

Bi(t) := OV ()P (1) + 9 (6) PO () — A (8),

KpPIM TOTO
rank A;(t) := o1 = g9 < po,

) =000+ Dm0 + o - (10)

3a ymosn (3]

Pax #0, PAT =0, PD(*Jfl(t) =0 (9)
cucrema (8) po3B’si3HA BIIHOCHO MOXimHOL
d
L= A OB +Faltn(®), ni(t) € Cpylasb: (10)

TYT

Fi(t.n (1) = Af (1) f1(t) + Pa,, (O (2).
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Kpim Toro Py ;) — nenepepena [5] MaTpHIg-0pTONPOEKTOD:
Pax(t) : R7° — N(Aj(1)),

Pa, (t) — (n X p1)— marpuug, yTopewa i3 py JiHIHHO-He3aTeKHIX CTOBTIIB
(po X po)-BUMIDHOT HeMEpepBHOI |5] MATPHUIT-OPTOMPOEKTOPA

Py, (t) : RP* — N(A1(t)).
[Moszragmmvo Uy (t) nHopMmaibay GyHIAMEHTATBHY MATPHITIO
Ui(t) = Af (1) B1()UL(t), Ui(a) = I,

OTPUMAHOI TPAJUIIHHOT cucTemMn 3Bnvaiinnx maudepenniansanx pisasaas (10). 3a
ymoBn (9) cucrema (10), a BigmosinHo i cucrema (3), Mae po3B’sa30K BUNIIALY |3

dmm=XNMﬁﬂw%kaﬁwww@F%WWWW@@M@GW%
Jie
X1(t) := S()_l(t)PDpo Ui(t), K{Sl(s, V1(8))j| (t) .= Xo(t) /t Xo_l(s) F1(s,v1(8)) ds.

Takum umuOM, 33 ymoBu (9) Jinilina gudepenmiagbHo-arebpaiuna cucrema (3)
Ma€ PO3B’A30K BUTJISAILY

2(t, 1) = Xi(t)ep, +K|:f(5)’yl(s)] (t), Xi(t) = Pp,, Sy (OUL(t), cp € R,
ae
Khﬂmﬂw:H%%%mﬁwm@$wwwmm@£w

— y3aranapHeHuii omeparop I'pina 3amadi Komi z(a) = 0 mia audepenmiaabHo-
anrebpaianoi cucremu (3). YV Bumagky (9) Oyzmemo kazaru, mo st JHHIAHOD
nudepeHIiatbHo-aaredpaianol cucreMu (3) Mae MicIie BUPOIZKEHHS TIEPIIOTO TI0-

pazaky [3].
3adikcyeMo JIOBUIBHY HENEPEPBHY BEKTOP (DYHKIIIIO

vi(t) € Cp,la,b].

ITigcrapastoun 3arajJpHUI PO3B’A30K
£(tcp) = K10 + K| F0hn(9)] 0, e € B,

zajadi Komi z(a) = ¢,, ansa audepeniianpuo-anrebpaidnoro piBusauus (3) y Kpa-
ftoBy yMOBy (3), npuxoaumo 10 JiHIHHOTO aarebpaldHOro piBHAHHS

Qcp =a—IlK [f(s), yl(s)] (+). (11)
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Pipusanns (11) po3s’s3re Toal i TLIBKY TO/L, KOJIH

P {a - e[ 16)m(s)| 0} =0 (12)

Tyr Pg- — opronpoekrop: R? — N(Q*); marpums Pq+ yrsopena 3 d minifino-
He3aJIe’KHAX PAJIKIB 0pTonpoekTopa Fg«, KpiM Toro

Q :=(X;(-) e RI*PL,
3a ymosu (12) i Tinbku 3a Hel, 3araapHUil po3B’s130K piBHsAHHS (11)

c= Q+{a — (K [f(s),l/l(s)} (-)} + Py, ¢, cr €R'

BU3HAYAE 3arajbHUil po3B’si30K jaudepeHiiaabHo-aaredpaianol KpaioBol 3agadi

(3)
2(t,er) = X (t) e + Xl(t)Q+{oz — (K [f(s), ul(s)] ()} +K [f(s), ul(s)] (t).
Tyt Pg — MaTpuiig-opToIpoeKTop:
R — N(Q);

marpuns g, € RPLXT yrROpEHa 3 T JIHIHHO-HE3AJIEKHUX CTOBIIHE OPTOMPOe-
kTopa Pg. Takum 4ntoM, 10BeneHa HACTYIHA Jema [3).

JIema. 3a ymosu (9) ainitina dudeperuiarvho-anzebpaiuna cucmema (3) mae
P036°A30% 6U2AAY

2(t, cp ) = X1(t) cpl—l—K[f(s),ul(s)] (t), Xi(t):= PDpOSgl(t)Ul(t), cp € RPY
de

K[ 76).4(9)| 0 = P, S5 OK [t (0 - 55 005 058 0
— y3azaavnenud onepamop I'pina 3adawi Kowi z(a) = 0 daa dudepenyiarvro-
anzebpaiunoi cucmemu (3). 3a ymosu (12) i miavku 3a wei daa dixcosanoi nene-

pepenoi sexmop-pynruii v1(t) € C,, [a, b] 3acarvnui pose’asor dupepenyiarvro-
anzebpaiunoi kpatiosoi sadawi (3)

z2(t,er) = Xp(t) or + G {f(s); v1(8); a} (t), ¢ €R"

B8uU3HAYGE Y3azaroHenuli onepamop I'pina dudepernyiasvro-aneebpaivnoi kKpatiosoi

3adavi (3)

6|1©msra|® = xi0@{a -t 16|} + K | 1909 0
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3. ¥YmoBu po3B’sa3HOCTI HeJiiHiliHOT KpalioBol 3aja4i
IJIsi BUPOA2KeHO1 audpepeHiajabHo-aaredpaiaiol cucremu

[TpumycTrmo, mo mopojpKyova Kpaiiosa 3amada (3) BUPOIKEHA | HEKPUTH-
uyna (Pg+ = 0), npu 1poMy HOpOIXKyIOYa 3aj1ada (3) po3s’sizHa IJIst JTOBLIBHUX
HeoHOpigHOCcTeit f(t) i . Baranbhuii po3s’a30K MOPOAZKYI0U0T AudepeHIiaTBEHO-
anarebpaluHol Kpaitosoi 3aa4i (3) as dikcoBaHol HemepepBHOI BEKTOP-DYHKIIT
v1(t) € Cla, b] mae Bursiz

2(ticp) = Xa(B)ep + K [ﬂs), u1<s>] (t).

Posp’azku kpaitosoi 3ajaui (1), (2) mykaemo B MaaoMy OKOJII PO3B’sI3KY 11OPO-
JIKYIOYOl 3a]1adi:
z(t,e) = z0(t, ¢r) + x(t,€).

L5t 3HAXO/IZKEHHST BEKTODA
z(t,e) : x(-,e) € CMa,b], z(t,-) € CHO,&0], z(¢,0)=0
MIPUXOJINMO 70 3a]1adi
A(t)x'(t,e) = B(t)x(t,e) + e Z(z0(t, ¢r) + 2(t,€), L, €), (13)
lx(-,e) =eJ(z20(-,¢r) + (-, €),€). (14)
Hesupomxena 3amina 3minHOT
y(t) = So(t)z(t)
npuBoMThH cucremy (13) 10 BurIAIY
Jod/ (1) = Co()y(t) + € Ry (1) Z (20(t, ¢r) + z(t, €), 1, €). (15)

3amina 3MIiHHOT

y(t) = col (u(t),v(t)) € Cyla,b],

u(t) € Cy [a,b], w(t) € C,_, [a,0]
npuBomTh cucremy (15) 10 Burasamy
u(t) = O (Dut) + CF (Do(t) + < Zu(2(t,€), 1. e), (16)
COyu(t) + CD (k) + £ Zo(z0(t, ) + (t,€), £, 2) = 0; (17)

TyT

RN (1) Z(20(t, ) + a(t,€), b, ) =
= col (Zl(ZO(t,Cr) + x(t,&),t,{;‘), Z2(ZO(t, Cr) + x(t,&),t,g)) .
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Pipuanns (17) po3s’s3re Toxl i TIIBKY TO/L, KOJIH
Ppy(t)Z2(20(t, ¢r) + 2(t,€), t,€) = 0; (18)
Ipr IIbOMY 3araJbHAN pOSB’H3OK piBHHHHH (17) Ma€ BUIJIA
y(t) = Pp,,u(t) — Dy (t)Z2(20(t, cr) + x(t,€). t,€).
[Moguaumusim 6/10Ku MaTpuIl
Pp,, (1) := col (P (1), P*(1))
i 100y TKY
Dd (t)Za(20(t, ) + x(t,€),t,€) = — col (M(y(t,e),t,e), N(y(t,e),t,€)),
IPUXOIUMO JI0 331ad9i Ipo MoOyI0BY PO3B I3KiB
u(t) € C [a,b]
HeJiiHifiHoT udepeniiaabHO-aaredpaidHol cucTeMu
AL (t) = Bi(t)u(t) +e Y (y(t.e), ¥ (t,€). t,e); (19)

TyT
/!

Au) = PO, Bu) =P (1) + R @) - (PO0) ;

KpiM TOTO
Y (y(t,e),y/(t), 1) 1= CLY () M(y(t,2),t,2)+
+C{8) (N (y(t,e),t,e) + Z1(20(t, ¢r) + x(t,€), L, €) — My (y(t,€),t,€) p'(1).

Ba ymosu Pa:(t) = 0 cucrema (19), npunaiiMii o/JHO3HAYIHO, PO3B’A3HA BiTHOCHO
[OX1JTHOI:

W AT OB+ 2 ATOY (1,0, 4/ (,2),1,). (20)

3a ymosu (9) i (18) cucrema (13) mae po3B’s30K BUIIALY

(0,65, (5) = X100 (6) + € K| 2(:(5,2). 5.8, (5)] ),

e
X1(t) := SO_I(t)PDpO Ui(t), K[Z(z(s,e),s,s), 1/1(3)] (t) :=

— 55L(t)Pp,, T (1) / U= (s) AT ()Y (y(s, ),/ (5, 2), 8, ) ds—

—So_l(t)Dar(t)Zg(zo(t, cr) +x(t,e), te), cp(e) € R



12 C. M. Yyiiko, O. B. Hecmenona, O. B. YUyiiko

Takum awmnrom, 3a ymosu (9) i (18) po3s’s3ok HesiHifiHOT audepeHIiaIbHO-
asrebpaivuHol cucremu (1) mae BuUrIsy

z(t7 CPI) = Zo(t, Cp1) + m(tv Cpy (5))7

sie
woltscp) = X (t)ep + K {f(s), m<s>] (0).

VY HekpurnuHomy Bunajky 3ajada (1), (2) poss’asHa i J0BUIbHUX HesiHiHO-
creit. 3arasbHuit po3B’d30K AudepeHIiaabpHo-aaredpaianol Kpaitosoi 3amad4i (13),
(14) anst dikcoBanol HenepepBHOT BEKTOP-(DYHKIIT

v1(t) € Cla, b]

Ma€ BULJISA

l’(t,é‘) = Xr<t)c7"(€) + x(l)(tjg)’

Jie
eV (t,e) :=eG {Z(zo(s, )+ x(s,€),8,6);01(8); J(20(-, ¢r) + 2(-,€), s)} (t).

Posp’sazku kpaitosoi 3azaui (1), (2) upu 1poMy BU3HAYAE OlIEPATOPHA CUCTEMA

2(te) = 20(t,¢p) + z(t,€), x(t,e) = Xp(t)er(e) + V(¢ ),

e W(t,e) = sG[Z(zo(s, &) + x(s,€), 8,€);v1(s); J(20(-, ) + z(-,s),s)} (t).

Jtst mobymoBH pO3B’A3KIB I€l OMepaToOpPHOl CHCTEMU MOXKE OYTH BHKOPUCTAHIN
[1] meTox mpocTux ivepariit:

zk11(t,e) = zo(t, ¢r) + xp41(t,e), k=0, 1, 2, ...,
Tri1(t,e) = X, () e (e) + i) (¢, 2), (21)
o\ (te) = e G| Z(z0(5,¢) + wa(s5,€),5,8);1(8); T (20 ) + wp(-,€),€) | (1)
Takum urHOM, ITOBEmEHA HACTYITHA TEOPEMA.

Teopema. IIpunycmumo, wo Judepenuyiarvro-arzebpaivne pienanmus (3) sa-
dosoavrac sumozu saemu. Y wnexpumuynomy eunadsy (Po- = 0) nopodocy-
10ua sadava (3) poss’asna daa dosiabHUL HeodHOPIOHOCTET Judepenyianbro-
anzebpaiunoi cucmemu i Kpatiosoi ymosu (3) i daa ikcosanoi menepepsnoi
sexmop-gynryii v1(t) € Cla, b] mae r ainitno-He3aredcHUT PO36 A3KIE

20(t,er) = Xp(t) o + G[f(s); Vl(s);oz] (t), ¢ eR".
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3a ymos (9) ma (18) daa nobydosu pose’askic neainilinoi Jdudepenyianvio-
anzebpaiunoi Kpatiosoi sadawi (1), (2) moorce bymu eukopucmana 36ioCHA NPU
e € [0,e4] imepayitna crema (21).

Jist BUSHAUEHHST BEIUIWHE £, MOXKe OYTH BUKOPUCTAHUN METOI MaXKOPHUPY-
founx piBHAHB Jlsmynosa [1, 4]; KpiM TOro, KOHCTPYKTHUBHA OIHKA BETHIHHU £,
Mozke 6yTu 3Hajiena anasoriuno [6]. Ha sigminy Big crareit [7, 8] pesyabrar reo-
peMu orpuManuil 6€3 BUKOPUCTAHHS O3HAYEHHS [IEHTPAJIBLHOT KaHOHIYHOI hopMu
JiHifiHOT qudepentianbHo-anrebpaianoi cucremu [9).

Ilpukaan. Buwmozu meopemu 3600804bHAE HEATHITHA JupepenyianbHo-
aA2e6PaiHa GHMUNEPIOOUNHE 300640 daa pishanha muny Pixkxams

A)Z'(t) = B(t)z(t) + f(t) + € Z(2,t,€), £z2(-,¢):=2(0,e) + z(m,e) =0, (22)

de
cost 0 sint —sint  cost —sint
—sint 0 cost —cost —sint —cost
Alt) = cost cost sint |’ B(t)=| _ sint cost —sint
—sint —sint cost —cost —sint —cost
KPIM MO20
2
Za(tv 5) Za(é? E) [‘f
z(tye):= | =z(t,e) |, Z(zt,e):= 9 , ft) =
25(t,€) 0
ZC(tv 5) 0 1

Ockinmbkn Py« () # 0, ymosa (4) He BuKoHaHa, Ipu poMy MaTpuna A(t) mMoxe
OyTu TpeacTaBIeHa y BUTJISI

A(t) = Ro(t) P Sg(t), Joy 1= ( IO > , 09 =3;

O O
TYT
1 — cos 2t sin 2¢ cos2t —1 —sin 2¢
p B } sin 2t 1+ cos2t —sin2t —1—-cos2t
AW T 4| cos2t—1 —sin 2t 1 —cos2t sin 2t ’

—sin2t —1 — cos2t sin 2t 1+ cos 2t

cost sint 0 0
—sint cost 0 0

cost sint cost sint
—sint cost —sint cost

Ro(t) = , So(t) =

S O =
= o O
O = O
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— HEBUPOJZKEHI MaTpUIl. ¥ JAHOMY BUMAJIKY MaTPUIlI
Ai(t) =13
HEBUPOKEHA, TOMY MAa€ MICIe BUPOXKEHHS TIEPITIOT0 MOPSIAKY, TP ITHOMY
Py, (t) =0, Py, (t) =0,

TOMY HIYKAHUIA PO3B 30K
z(t,e3) = X1(t)es + K[f(s)} (t), c3eR3

HE 3a/IeKUTh Bijl M0BLIbHOT HeepepBHOT (byHKil 11 (t); TyT

1 0 t
X1(t) = 0 0 1 ,
et—1 et 1—et—¢t
a TAKOXK
cost —1
K|r]o=( o
1—et

— yzaranapHennii omeparop I'pina 3amaqi Kormi z(0) = 0 gyrs ainiiteol wactunan
nudepeHIiatbHo-aaredpaianol cucreMu (22). 3araJbHuil po3B I30K TOPOIKY0YI0]
3329 BU3HAYAE HEBUPOZKEHA MATPHUIS

2 0 T
Q= 0 0 2 ,
—14+e™ 14+e™™ 1—e ™ —n7

oTKe, st mudpepentianbHo-anrebpalaHol Kpaiiosol 3aga4i (22) Mae micie Hekpu-
TUYHAN BUMAIO0K. TakKuM YUHOM, 3SHAXOIUMO €IUNHUH PO3B’I30K MOPOIKYIOUOL 3a-
Jadgi
cost
w0(t) = G [ﬂs); a} = o
0

— y3arasbHenunit omeparop ['pina mopomxkytouol 3amadi mra audepeHiiaabHo-
anrebpaiunoi Kpaiiosoi zamaui (22). Ockimbku Dy = 0, To Df = 0, orwxe,
ymoBa, (18) Bukomana. Ywmosy (9) maa mudepenuianbHo-aarebpaidnoi cucremu
(22) raxkox BukoHaHO. st OOYmOBU pO3B'sI3KIB HEJHIWHOT AudepeHIiaaTbHo-
ajrebpaluHol Kpaitosoi 3azaui (22) moxe OyTu BUKOpuCTaHa iTepamiiina cxema
(21), npm npomy, nokaaBIM ¢;(€) := 0, OTpUMyEMO:

Z14(t, €)
.Tl(t, E) = 0 5
x1c(t, €)
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e
T1a(t,€) = —% (9 sint + sin 3t),

T1c(t,€) = % (15 cost — 3 cos3t — 15sint + sin 3t>.

Ananoriuno, Ha IpyroMy KpoIli OTPHMYEMO:

xga(t, 5)
xa(t,e) = 0 ,
:L'Qc(t, 5)
ae
Toq(t,€) = m (8400 ecost + 3080 e cos 3t + 168 € cos 5t — 15 120sint—
—3535¢e2sint — 1680 sin 3t + 945 £2 sin 3¢ + 133 2 sin 5t + 52 sin 7t> ,
oc(t,€) = —m <327 600 cos t + 546 000 & cost — 143 325 cos t—

—65 520 cost — 29 120 cost + 12285 &2 cos 3t — 1680 & cos 5t + 5775 &2 cos b+
+273ccos Tt — 327 600sint + 546 000esint + 143 325esint + 21840 sin 3t—

—87 360 ¢ sin 3t — 4095 &2 sin 3t — 8400 £ sin 5t — 11552 sin 5t — 39 &2 sin 7t) .

TaxuM 9MHOM, Ha APYrOMY KpOIl HAMH OTPHMAHO ApyTe HaOIMKEHHS 10
PO3B’s13Ky KpaiioBol 3ajaaui (22):

zo(t,e) = z0(t) + (21(t,€) — 20(t)) + (22(t,€) — z1(t, €)).

YV manoMy BUMAIKY IepIna CKOOKa MEePIoro MOPAaKy 10 €, a Apyra — APYyroro,
TOMY ICHYIOTH KOHCTAaHTH (1, G2, OAd AKAX

21t e) — 200l =ar, Ilzalt,e) — 21(t,0)| = €2 .

BukopucroByroun MaxKopaHTHY O3HAKY, OTPUMYEMO yMOBY [IPAKTUYHOI 30i2kHOCT]
OTPUMAaHUX HAOJNKEHHB JI0 PO3B’d3Ky KpaitoBoi 3amadi (22):

0<e<ey<min (qofh) ~ 1,08 603.

q1 Qg2

g OIiHKN TOYHOCTI 3HANTEHUX HADJMMKEHb 10 PO3B’sI3KY HefiHilHOT nudepen-
miapHO-aarebpaiaHol Kpaiiorol 3amaqi (22) BU3HAMMMO HEB A3KM

Ag(e) == H HA(t) 2.(t,e) — B(t) zi(t,e) — f(t) —e Z(21(t,€),t,€)

R4 11C[0,27]
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HYJIBOBOTO, TIEPIIOTO i Ipyroro HabIMKEHHS JI0 PO3B’sI3Ky KpaiioBoi 3amadi (22),
30KpeMa, OTPUMYEMO

Ap(0,1) =~ 0,141 421, Ap(0,01) =~ 0,0141 421, Ap(0,001) ~ 0,00141 421.
Awnanoriyno:
A1(0,1) =~ 0,0122 244, A;(0,01) ~ 0,000 120317, A;(0,001) ~ 1,20 124x 1076;

A2(0,1) ~ 0,0016 323, As(0,01) ~ 1,63418x107%, Ay(0,001) ~ 1,6342x107°.

Bimzmnagmyo takox, 1Mo HyIb0Be i epini aBa HabIHMKEHH 10 PO3B a3Ky KpaiioBoi
3asa4i (22) B TOYHOCTI 33 0BOJIBHSIOTH KPAHOBY YMOBY.

Orpumani pe3ysibTar MOXKHA [EPEHECTH HA 3aJia4i IPO 3HAXO/KEHHS YMOB
icHyBaHHS Ta cxemu 100y 108U PO3B’A3KiB HEJIIHITHOT BUPO/IZKEHO] indepeHIiaibHO-
anrebpaivnol Kpafiosoi 3amadi [9, 10, 11] y kpurnunux Bunagkax [1, 12, 13, 14],
a TaKOXK Ha 3aJ1avi PO 3HAXOJPKEHHsI YMOB CTIHKOCTI TakuX po3s’si3KiB [15].

Icropist crarti: orpumana: 17 cepnus 2024; ocrauniit Bapiaut: 5 Bepecus 2024
npuitaara: 18 xostas 2024.
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We have obtained the conditions of existence and a scheme for constructing
solutions of a weakly nonlinear boundary value problem for a degenerate
differential-algebraic system in the noncritical case. The boundary conditi-
on is determined by a weakly nonlinear vector functional. The linear part of
the problem is a linear boundary value problem for a degenerate differential-
algebraic system. Linear differential-algebraic boundary value problems have
been studied in monographs by S. Campbell, J.R. Magnus, A.M. Samoilenko
and V.P. Yakovets. In the works of A.M. Samoilenko and O.A. Boichuk, usi-
ng the central canonical form, the necessary and sufficient conditions for
the existence of solutions of nonlinear differential-algebraic boundary value
problems were obtained. We have obtained necessary and sufficient conditi-
ons for the existence of solutions of nonlinear differential-algebraic systems
without using the central canonical form, which allows us to study the
solvability of differential-algebraic boundary value problems that depend on
arbitrary continuous functions. This approach significantly varies the classifi-
cation of nonlinear differential-algebraic boundary value problems in critical
and noncritical cases.

Our formulation of the weakly nonlinear differential-algebraic boundary
value problem generalises the boundary value problems studied in the works
of Yu.O. Mitropolsky, A.M. Samoilenko, and O.A. Boichuk. The case when a
differential-algebraic system is not solvable with respect to the derivative is
considered, and substitutions of the unknown are proposed. It leads the origi-
nal system to a nonlinear differential-algebraic system solvable with respect
to the derivative. Finally, we present an example of a nonlinear differential-
algebraic antiperiodic boundary value problem for a Riccati-type equati-
on, which demonstrates the constructiveness of the obtained necessary and
sufficient conditions for the existence of solutions of nonlinear differential-
algebraic systems. The obtained results can be transferred to the problems
of finding conditions for the existence and schemes for constructing soluti-
ons of nonlinear degenerate differential-algebraic boundary value problems
in critical cases, as well as to the problems of finding conditions for the
stability of such solutions.

Keywords: nonlinear boundary value problem; degenerate differential-
algebraic system; noncritical case; Rikkati-type equation.
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Mathematical modelling and virtual design of
metamaterials for reducing noise and vibration in
built-up structures

Noise and vibration are pervasive challenges in built-up structures, impacti-
ng structural integrity, operational efficiency, and occupant well-being.
These issues are particularly pronounced in urban and industrial settings,
where traditional materials often struggle to deliver effective mitigation
across the broad range of relevant frequencies. This paper introduces an
integrated mathematical modeling and virtual design framework for the
development of advanced metamaterials aimed at reducing noise and vi-
bration in such complex structures. The approach combines finite element
analysis, dynamic energy analysis, and optimization algorithms to design
metamaterials with frequency-selective properties that create targeted barri-
ers to acoustic and vibrational disturbances. The study not only develops
a systematic methodology for designing these metamaterials but also vali-
dates their efficacy through comprehensive simulations and benchmarki-
ng against established solutions. The results highlight the advantages
of the proposed metamaterials in terms of adaptability, efficiency, and
performance robustness across various operating conditions. Sensitivity
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analyses and comparative evaluations further underscore the superiority of
the framework in addressing frequency-dependent challenges, offering signi-
ficant improvements over conventional materials. A unique aspect of this
research is the inclusion of natural metamaterials (NMs) as a sustainable
alternative for mitigating ground vibrations. The study reviews the potential
of NMs for diverse functionalities, particularly in attenuating ground vibrati-
ons in urban environments. These findings emphasize the versatility and eco-
friendliness of natural materials, providing a roadmap for their development
and application in achieving clean and quiet environments. The proposed
framework, therefore, bridges theoretical advancements with practical appli-
cations, paving the way for resilient and sustainable solutions to noise and
vibration challenges in built-up structures.

Keywords: Metamaterials; virtual design; noise reduction; built-
up structures; genetic algorithm; dynamic behavior; finite element
analysis.

2020 Mathematics Subject Classification: T4K25, 74J05, 74505, 90C39

1. Introduction

Noise and vibration are increasingly problematic in urbanized areas, impacti-
ng structural stability and human well-being. Built-up structures, especially
those with complex geometries and mixed materials, often experience resonance
effects and energy transmission across wide frequency ranges due to external
sources like traffic, machinery, and environmental factors. Traditional noise and
vibration mitigation methods, such as insulation or damping layers, often exhi-
bit frequency-dependent limitations, making them less effective in low- and mid-
frequency ranges. Metamaterials, engineered with periodic structures to exhibit
unique wave interactions, provide promising alternatives by creating frequency
band gaps—ranges where wave propagation is significantly reduced. This study
introduces a mathematical and computational framework for the design of
metamaterials tailored to suppress noise and vibration in built-up structuress.
The work also benchmarks the proposed approach against existing methods and
studies, highlighting the advantages of metamaterial configurations for practical
noise and vibration control. Recent advancements in metamaterials have opened
new avenues for noise and vibration control, leveraging band gap creation to achi-
eve attenuation at specific frequencies. [17] achieved up to 15dB reduction in
mid-frequency ranges with layered metamaterials, demonstrating the potential
for targeted noise reduction but with limited frequency range flexibility. Martin
and [2]| explored lightweight metamaterials in architectural applications, noting
advantages in design adaptability and weight savings over traditional materials
but also identifying challenges in achieving broad frequency coverage. Common
examples of Mechanical metamaterials are often characterized by the type of basis
structure they exhibit, figure 2. As seen in this Figure, structures can be beam-
based (also strut-based), plate-based, or minimal surface-based.

Despite these advancements, many existing metamaterial designs remain constrai-
ned to narrowband applications. This study addresses these limitations by using a



Bicuuk XHY, Cep. «Maremaruka, IpuKIaJHA MaTeMATHKa i MexaHikay, Tom 100 (2024)21

WRO0R0 RS

Octet Void octet Cube Face-diagonal cube Truncated cube = Body-centered cube Isotropic truss

X 9@%@

Octahedron Truncated octahedron  Kelvin foam Idealopen -cell foam

U H RO v

Cubic + octet Octet plate lattice  Cubic plate lattice 6-fold plate lattice  Tetrakaidecahedron Y
plate lattice

N

3D projected 4-polytopes

P surface IWP surface Gyroid surface Neovius surface  Diamond surface S surface Spinodal shell
(c)

Pic. 1. Examples of mechanical metamaterials based on geometry type.
Mlustration of 3D (a) beam-based, (b) plate-based, and (¢) minimal surface-
based topologies. Reprinted with the permission of [7].

Puc. 1. llpuknagn mexaunivaux MeTaMarepiasiB HA OCHOBI THUITY TeOMeTpii.
Lmtoctparnis TpuBuMmiproi (a) TomoJiorii Ha ocHoBi pomenst, (b) Ha 0CHOBI
nactuan Ta (¢) Tonoorii Ha OCHOBI MiHiManbHOI noBepxHi. JIpyKyeThes 3
no3soy 7]

broader optimization framework to improve performance across a wider frequency
range. Our approach integrates finite element modeling, wave propagation theory,
and advanced sensitivity analysis to deliver a robust metamaterial design suitable
for complex built-up environments. According to the latest statistics, more than
60% of the complaints about environmental pollution are about noise pollution,
and more than half of them are about traffic noise [17]. Noise and vibration polluti-
on are a cause of people’s physical and psychological discomfort [6]. All kinds of
ground vibrations caused by earthquakes, elastic waves, acoustic sources, human
activities, and mining and all kind of traffic trains, automobiles, and urban rail
transit noise emit vibration frequencies ranging from tens of hertz to thousands
of hertz; these are broadband pollution sources |23]. The existing research has
shown that low-frequency noise can cause negative effects as close to the start
as 40dB. Some low-frequency vibrations, such as those between 10 and 100H z,
which are near to the natural frequency, can be annoying. Anger has been li-
nked to subjective perceptions of fatigue, drowsiness, and loss of attention [19]. In
addition, some high-frequency noises, such as those at 2.573.5kH z, cause direct
damage to the auditory organs. High-frequency hearing loss cannot be cured but
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can be prevented. Therefore, it is everyone’s duty to identify preventive measures
to protect against and mitigate noise exposure [22]. The main reasons for the
increasing traffic noise pollution are the sharp increase in the number of cars, the
development of transportation engineering, and the road projects through the city
[48]. The second is the congestion caused by the interruption of the transportation
path and the congestion of vehicles that may result in vibration and noise [23].
Although the vibrations and noise from road traffic will not cause direct damage
to buildings, they may cause local tremors in the internal structure of the buildi-
ngs and even create secondary structural noise in the buildings [33]. In the pursuit
of fulfilling the desires for urban planning, addressing various convenient services
in the city, such as transportation, housing, and other services, helping to create
a beautiful view of the city and improving it, and contributing to providing a
base for human activity through the conservation and exploitation of land and
the proper use of land, it is particularly common in practical engineering appli-
cations to set up sound barriers, vibration-damping piles, and vibration-damping
trenches in the transmission paths of vibration and noise. The vibration and noise
reduction measures for the protected object include three aspects. First, in the
design, the building can have a wide foundation; vibration isolation pads [11], vi-
bration isolation supports [2], and other passive vibration isolation systems can be
added [23]; a spring damping system on the vibration body [3] and the supporti-
ng structure to change the vibration characteristics of the entire structure can
be installed [30], thereby reducing the impact of vibration on the buildings and
precision instruments or cultural relics [42]. Second, for existing buildings, sound
insulation or sound-absorbing materials such as lightweight aggregate concrete
|14], can be attached to the surface of the building [9], or sound-insulating wi-
ndows can be added to the interior of the building [48]. Common sound insulation
window materials include wood structures [10], steel structures [35], and alumi-
num alloy structures [43]. The third is to take certain protective measures for
the protected object to isolate the noise and vibration [13]. The existing studies
have focused on vibration reduction measures, such as sound barriers [28], green
belts [40], or sound-absorbing ceilings on both sides of the road [37|. Most of the
sound barrier structures are often porous structures [43|, such as perforated plates
[43], foam glasses [5], etc. These sound-absorbing boards are widely used due to
their simple production and low cost. Acoustic materials have a narrow sound
absorption frequency band, and it is impossible to reduce noise with a simple
sound barrier [7]. In recent years, there has been an in-depth study of periodic
structures. Bopp et. al[5] proposed the first idea of using single-row or multi-
row, thin-walled circular holes as wave barriers. Subsequently, [7] conducted some
domestic in-depth research on discontinuous barriers; their research had three
aspects, theoretical research, numerical simulation, and experimental verification,
which proved the good vibration isolation performance of the barriers. The appli-
cation of some artificially designed periodic foundations, underground piles, and
wave barriers in civil engineering vibration reduction and earthquake resistance
has also been studied in depth [7]. Hedayati et. al [21] established a comparison
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link between the velocity of ground vibrations and the noise level on the facade.
Even if there are no traffic jams or traffic violations, any passing vehicle would
cause a form of ground stress |[42]. Zhang et al. [48] established simulations and
analyses to form a link between the velocity of ground vibrations and the noise
level on the facade in the finite element method in order to induce train vibrati-
ons. Since then, research has been conducted to determine the human response
to railway-induced vibrations [12]|, which are generally overlooked in comparison
to ground vibrations. Bajars et al. [4] compared the irritation produced by the
vibrations of railways and the noise. It is crucial to understand how people who
have been exposed to vibration feel about it and how much discomfort it causes in
their homes in order to consider the reduction measures for the ground vibrations.
In general, these vibration activities can be attenuated by reducing the incoming
vibrations. The use of different systems of seismic metamaterials to suppress or
redirect waves has been the focus of many researchers and academics recently.
Some of these newly developed systems are simple lenses and mirrors, which
are used to redirect and focus electromagnetic radiation at optical wavelengths,
and they represent continuous attempts to influence wave propagation, while the
application of seismic lensing by altering the ground’s refractive index has only
recently been reviewed [32]. Many investigations have employed and developed
waveguides in which the dispersion relation indicates bandgaps, also known as
stop bands or filter bands; these are the ranges of frequencies in which waves
cannot travel through the material. In the ground vibrations, different models of
periodic structures are solved using Green’s equation. Low-frequency vibrations
are the most difficult to reduce since the earth does not dampen them much;
many variables are still being assessed. Qahtan et. al.,|32| evaluated sleepers as
line barriers when arranged to interact with the ground vibrations from railway
sources. Vasut et al.,[45] followed up on this research. Bajars et al., [4] proposed
that ground vibrations were affected by the geotechnical properties of soil. These
models were theoretically investigated based on attributes of ground vibrations as
well as ground parameters. Lastly, Zang et al., [48] investigated the proposition
that a substantial rise in vibration levels was due to an increase in the vehicles’
unsprung mass. The vibrations caused by human activity not only impair sensible
structures, they also have a negative impact on individuals. As human activities
increase more and more throughout cities, people are more worried about quality
and comfort. The increase in complaints about noise and vibrations has led to
more interest in developing different systems. Base isolation mitigation systems
can be used at the foundations to protect the whole building from the harm of
ground vibration. Ichchou et al., [22] investigated the combination of three passi-
ve control systems to evaluate the plane wave response of base isolation systems.
They found that the mitigation techniques, when used together, are inefficient.
Ji et al., [23] investigated train vibration mitigation models and applied them
on a broad scale using in-filled or open trenches and using special materials that
form a vibration mitigation system when combined with the ground. According
to a numerical simulation, the use of wave barriers made of seismic metamaterials
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that have a stiffness higher than the soil-medium stiffness can be more effective,
especially when the differences in stiffness between them are adequately higher
|2]. Cavaliere et al.,|6] investigated the high thickness and long distance from one
neighboring wall to another neighboring wall; the result was a higher supplement
loss, especially when those procedures are close to 25% of the wavelength of the
wave. Qin [33] validated this in a laboratory that used gelatin in place of dirt
to minimize the wavelengths in the test scale. After full-scale experiments, the
subsurface barriers’ success in actual vibration was discovered. Gabbert et al.,
[19] conducted numerical research on pile barrier analysis and design for block
vibrations, particularly in the low-frequency range. Richter et al., [35] evaluated
the heavy mass efficiency when located above the earth surface in an array conti-
nuously around the track. This method of wall barriers is valuable for the reduction
in unwanted ground vibration. Subsequently, they looked at how a sheet pile wall
was successfully used to mitigate ground vibrations. They came to the conclusion
that porous walls can be employed as vibration barriers, with the stiffness of these
walls and the depth of the soil determining the efficacy of the reduction mechani-
sm. In other work, they discovered that heavy biomasses/masses, when placed
above the earth’s surface, reduce incident surface waves at resonance frequenci-
es [36]. Slipantschuk et al., [39] looked at the impacts of water infiltrations on
the open trenches and found that when there is a considerable volume of infi-
Itrated water present, the trench’s efficacy reduces because the water permits the
primary waves to transmit. When the water tables are adequate, the trenches
can be adequate; the trench’s efficacy is reduced when the depth of the trench
is reduced from 16 m deep to 12 m. As a result, the vibration levels will be
reduced from 65% to 21%. Saxena et al. [38] investigated the behavior of double
and single jet-grouted wave barriers made of the same materials and volumes;
they found that the dual-wall baffles behaved better at short spacing along the
barriers. Mohammed et al. [29] suggested a wave barrier of multi-layered periodic
structures containing two layers of diversely changed components; they found that
the attenuation mechanism was greatly influenced by the depth and number of
rows of the periodic barriers. Tamber et al., [41] explored the optimization of
the forming, inclination, location, thickness, and tilth of single and dual walls;
they found that at a wall depth of less than 110% of the wavelength, no signi-
ficant improvements were observed due to barrier topology. On the other hand,
by inclining and relocating a wall, there was more efficiency in comparison to
the normal case. Tandon et al. [42] concluded that the mitigation capacities of
open trenches are higher than those of in-filled trenches, and in order to obtain
more than a 20% increase in the mitigation capacity, the double trench barriers
should be used instead of the single ones. However, a three-tiered trench barri-
er has no significant impact on level mitigation. The ground vibration mitigati-
on through an urban environment has been one of the major study areas in the
modern construction revolution throughout the past two decades. In terms of wave
propagation modeling, the finite element method and the boundary conditions are
the most commonly used techniques, with an emphasis on wave manipulations in
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2D and 3D space for the different types of guided waves associated with particular
applications. The production of an Bandgap (BG), as well as the control of its
breadth and localization within the band structure, has long been of interest to
the scientists who study periodic structures and Siesmic metamaterials (SMs).
The purpose of this section is to examine the attenuation process underlying
their origin, focusing on 2D and 3D designs to mimic the subwavelength bandgap
manifestation. Numerical models are preferred because of the complexity of wave
propagation, the high cost of field tests or even full-scale experiments, and their
superior computational efficiency in forecasting the ground vibrations caused by
vibratory sources. FBG production has therefore emerged as a result of its use in
applications such as vibration mitigation, seismic shielding, multidirectional wave
cancellation, waveguiding, and sound sensors. The understanding of BGs and their
application has resulted in a variety of SM designs, particularly for 2D and 3D
lattices. Specifically, the management of guided waves, such as Love and Rayleigh
waves, has prompted the study of periodic structures. For natural metamaterial,
the urban trees can produce bandgaps in several periodic arrangements as shown
in the fig. 2.

(a) (b) ()
Pic. 2. Several periodic lattices of NMs: (a) triangle lattice; (b) rectangular
lattice; (c) square lattice. Reprinted with the permission of [32].
Puc. 2. Kinbka nepioguunux rparok HM: a) rpukyrna rparka; (6) npsgMokyrHa
rparka; (c¢) kBagparHa rparka. JIpykyerbces 3 qo3soay [32].

1.1. Vibration Mitigation in Urban Environment

The vegetation has effects on the propagation of the ground vibrations. The
study is of the role of plants in the soil; the stems, trunks, branches, and foliage
of herbs, shrubs, and trees make up the complex medium that is the vegetation
offered for elastic wave propagation. The influential elements impacting on elastic
wave propagation through forests and vegetation have also been investigated and
characterized using a variety of numerical and experimental methods [46]. Previ-
ous research has suggested that vegetation plays a crucial role in sound propagati-
on via vegetation through scattering, absorption, ground effect, and reflection [31].
The effect of the ground motion is strong at low frequencies. As a result of di-
rect interference between the propagation of the waves and the resonance, the
ground vibrations are mitigated [27]. Because of their tiny size in proportion to
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the wavelength, the scattering effect of the leaves, branches, and trunks is minimal.
Furthermore, at these low frequencies, the absorption from the leaves themselves
is insignificant. The massive branches and trunks both scatter sound energy at
mid-frequencies. At higher frequencies, often higher than 1 kHz, scattering is sti-
Il important, and the foliage slows down the waves even more through viscous
friction [46]. Keane et al., [24] studied the contribution of individual leaves to
the attenuation of sound through generating manageable mechanical vibration at
resonance frequencies so that the sound energy was converted to heat. In another
research work, a laser vibrometer was used [182], as well as an accelerometer in
anechoic chambers to investigate the vibration velocity of leaves. Richter et al. [34]
performed similar measurements on different leaves of six different plant species:
Acalyphia, laser Vibrometer device Lon, Lonicera, and Erythrina, using a light-
weight accelerometer. Du et al., [15] employed accelerometers to analyze branch
oscillations; the deciduous trees’ lower branches oscillated at 300 Hz; the findings
of the investigated measurements showed that the smaller branches appearing
near the top of the tree have an influence at frequencies of resonance of more
than 1100 Hz. The branch length was inversely proportional to the wavelength
at high frequencies. Yang et al., [47]| discovered that when vibration or noise
pushes leaves up to 100 dB, the leaves of the trees behave in the same way as
linear systems. For two reasons, left-field sound re-emissions were found to be
quite minimal in the experiments. To begin with, the vibration velocity of the
leaves is less than that of the particles in the air. This indicates that only a small
portion of the sound energy that reaches the leaf causes it to vibrate [46]. The
energy of the sound is diffracted and reflected around the leaf in the other di-
rection [48]. Second, a leaf’s complex vibration mode leads the leaves of different
parts to be out of phase, cancelling the pressure vibration caused by the wind
around the leaves [26]. The reduction in the curves of the frequency-absorption
to two superimposes the Gaussian curves [1]. Nash et al., [30] demonstrated that
the mode of the leaf’s vibration can be classified into two mode types; the leaf’s
length belongs to the first mode type, whereas the leaf’s breadth belongs to the
second type of modes. This, in turn, causes the leaf’s two-dimensional surface
to vibrate longitudinally and transversely. The longitudinal mode of vibration
causes the lower-frequency Gaussian curve, while the transverse vibration mode
causes the higher-frequency curve. Because the transverse mode seems to be more
prominent, it results in greater absorption. In reverberant conditions, few studies
have assessed the impacts of vibrations and thermo-viscous absorption on leaves,
trunks, and branches. Tanner et al., [43]| assessed the impact of resonance and
thermo-viscous absorption on the branches and needles of the pine tree. The
branch velocity was lower than the air particle velocity. At frequencies lower than
4Hz (8 cm needles) to 49 Hz, fundamental needle resonances were detected (2.3
cm needles). In order to evaluate the coefficient of absorption, Martin et al., [27]
used four different trees set in a reverberation chamber: two conifers and two with
wide leaves. The values of the absorption coefficient of the broadleaf trees were
found to be higher than the absorption coefficient of the conifers. According to
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(b)

Pic. 3. Green shrubs covering substrate wall applications. (a) Schematic
representation of green buildings, with several services copyrighting the figures
(b) Modular of the green forests covering substrate walls. Reprinted with the
permission of [32].

Puc. 3. Beseni Ky, 1Mo TOKpUBAOTL HACTIHHI makIaakN. (a) Cxemaruyane
306parkeHHs 3eeHnX OymaiBeb i3 KiJIbKOMa CIyKO0aMU, 9Kl 3aXUITAI0ThH
aBTOpCHKi mpasa Ha dirypu (b) Moayabhi 3e1eHi Jicu, M0 TOKPUBAKOTE CTiHE
cyberpary. JIpykyerbest 3 go3soy [32].

the study findings, leaves generate acoustic attenuation; so, it does not depend on
the leaf’s surface area. The absorption coefficient was also demonstrated to rise
proportionally to the frequency squared. At 10 kHz, the trees’ highest absorption
coefficient was roughly 0.2. The perpendicular vegetation system can be planted
in wooden frames that make up the vertical greenery system, as shown in Figure
2. As the elastic wave propagates through the natural metamaterials (NMs), the
scatterer’s self-resonance characteristics interact with the seismic wave, resulti-
ng in the formation of a local resonance bandgap. Experimentally and theoreti-
cally, the results all reveal that NMs are accompanying seismic waves when the
wavelengths are significantly greater than the lattice size, which fundamentally
differs from both types of bandgap. Using a smaller lattice size breaks through
the bandgaps, allowing NMs to be used in a wider range of applications in practi-
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cal engineering than previously thought possible. Abusag et al., [1| developed
a 3D simulation model using forest metamaterials as the basis to investigate the
protective effects of the 80H z low-frequency Rayleigh wave. The city green spaces
are considered to be large-scale in terms of natural metamaterials, as shown in
Figure 2.
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Pic. 4. Urban forest as large-scale NMs: (a) Rayleigh waves and periodic
arrangement of forest trees; (b) unit cell; (¢) wave vector in first IBZ; (d) viscous
spring boundary, (e) FRF plot, (f) dispersion curves with BGs, and (g)
vibration modes corresponding with BGs boundaries. Reprinted with the
permission of [32].

Puc. 4. Micekuit nic gx Besmkomacmradbui HM: (a) xsuii Perea Ta nepiogutane
posraityBanHs Jjicosux gepes; (b) enementapua Komipka; (¢) XBUIbOBUIT BEKTOD
y mepuromy 1BZ; (d) mexa B’sa3koi npyxkunmu, (e) rpadik FRF, (f) nucmepciiini
kpusi 3 BGs, i (g) moau BiGpariii, mo Bignosigarors mexkam BGs. JIpykyernest 3
no3soaty [32].

2. Mathematical foundations and equation presentation

The mathematical foundation of the research methods stems from wave hybri-
dization between incident waves and the resonator in the soil. The propagation
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of elastic waves (EWs) in the proposed models is expressed by:

E
(1+58)(1-2p)
where FE is the Young’s modulus, S is Poisson’s ratio, p is density, and u is

the displacement vector. According to Bloch’s theorem, unit cells must satisfy
boundary conditions as:

E
— V% + 5 V(V-u) = —pw?u (1)

2(1+p5)

u(r+a) = eik'“u(r) (2)

where r represents the position vector connecting matching points on the unit
cell boundary, a is the lattice vector, and k is the wave vector. Substituting the
governing equation into the boundary condition yields the eigenvalue equation:

(UK) — w?M(K))u=0 3)

Here, €2 is the global stiffness matrix, and M is the mass matrix of the unit cell,
both of which are functions of the wave vector K. Ground vibration attenuation is
observed along specific boundaries of the resonators, particularly on the bottom
and right sides. Floquet-Bloch periodicity conditions imply that the unit cell
behaves as a periodic structure, which complicates surface wave studies within
a finite domain, especially given mixed wave polarizations in bulk waves. Wave
velocities in materials are determined by:

=\E vsz\/f (4)

where v, and v, are the primary and secondary wave velocities, respectively, and
i is the shear modulus. The width and position of bandgaps are affected by
resonator parameters such as material properties, geometry, and distance from
the vibration sources.

3. Parametric study comparation

The geometrical layout of the component materials, as well as the differences
in their mechanical characteristics, serve as an evident technique for increasing
the bandgaps (BGs), which has a significant influence on seismic wave attenuati-
on [25]. The studying of the geometric parameters and mechanical properties of
the periodic structures took the first place in the objectives of the metamaterial
and phononic crystal research in order to find the factors affecting the bandgap
generation |28|. Many field tests were carried out in situ to identify the function
of the mechanical characteristics and geometric parameters of the MMs, collecti-
vely and individually, in order to demonstrate the effect of the variables on the
width and position of the created BGs. This section presents a review of the
results of the most important influencing factors, summarized for a comparison
of the main findings of the previous studies that intensively studied the most
important factors affecting attenuation mechanics, taking periodic piles as seismic
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metamaterial and resonant trees in 3D and 2D structures as natural metamateri-
al into account. As previously mentioned, a metamaterial-based seismic shield in
periodic system barriers was described, and substantial degradation inside the
bandgaps was numerically proven. In large-scale studies, periodic configurati-
ons of the siesmic metamaterials (SMs) revealed attenuation tendencies in the
Bragg scattering region for anti-earthquake applications. The ground properti-
es vary, and according to geological findings, the soil properties change every
30 feet [16]. Bandgaps are induced by the local resonance of the metamaterial
[40]. Low-frequency bandgaps are induced in loose soil media where the Rayleigh
wave velocity is relatively slow by the resonator. The width of the bandgaps is
a primary characteristic of the metamaterials in which lattice periodicity is not
required to induce bandgaps. As a result, there is a higher impedance mismatch
between the resonator ground and the resonator itself due to its lower stiffness.
Another factor affecting the strength of the wave modes’ interaction between the
resonator trees and the earth is the impedance mismatch [8]. Noteworthily, the
considerations for the parametric study are tabulated within a comparison of the
three different study insets, and conclusions can be drawn for the greater BG
regime. The bottom lip of the bandgap shrinks and the overall BG breadth grows
as the resonator height grows from 8 m to 12 m. The top portion of the first BG
gradually reduces as the tree height grows, while the bottom of the FBG rapi-
dly decreases. Then, the gap width increases to a maximum and then decreases.
Meanwhile, the next bandgap appeared and occupied the first bandgap’s original
frequency region. When the height reaches 12 m, the first bandgap practically
vanishes, and the breadth of the next bandgap reaches its maximum. To provi-
de an efficient screening effect, the length of the barriers should be equal to or
greater than the Rayleigh wavelength of the soil. According to Cerniaukas et al.,
[7], when the urban tree is taken into consideration, the cut-off frequencies are
greatly reduced, which is already true for the spoof plasmons in the absence of a
guiding layer. With the increase in height, the narrowing of the BGs is caused by
the appearance of additional modes and will eventually close [18]. Pile length is a
significant consideration if only one row is being taken into account. Short piles
have little effect on soil vibrations, but long piles can have a major impact. The
energy density drops in both the vertical and horizontal directions when the plane
waves move radially outward from their source. Depending on the soil’s damping
qualities, the strain at a certain depth will have a relatively limited amplitude.
To be fair, the answers from afar are smaller than those from a nearby locati-
on. Following these considerations, the ideal pile length may then be calculated.
Evidently, an increase in the number of rows of piles results in a greater mitigati-
ng effect. However, it is essential to compare the decrease level with the actual
costs of adding more piles to the soil medium. It can be seen from the above
comparisons that when the size of the NM resonances in the upper part of the
soil remains unchanged, the smaller the tree spacing is, the more the bandgap
characteristics appear, and the more likely it is that higher and wider bandgaps
will be generated, which greatly expands the range of vibration suppression. This



Bicuuk XHY, Cep. «Maremaruka, IpuKIaJHA MaTEeMATUKa i MexaHikay, Tom 100 (2024)31

is an instruction to properly plant densely when planting urban green forests. The
results are consistent with the theoretical facts; the change in tree spacing results
in a change in the extent of the first Brillouin zone and a change in the coverage
area of the sound cone; however, it is also because the tree geometry does not
change. Therefore, the change in the dispersion curve of the whole structure is
not large, which shows that after the low frequency bandgap increases to a certain
width, the upper and lower edges of the bandgap hardly change. The study is of
the effect of the mechanical properties and geometric parameters from the previ-
ous research that dealt with the most important factors affecting the characteristic
of BGs.

4. Optimization and simulation

Gradient-based methods are efficient approaches for design optimization
problems comprising multiple variables. Gradient- based optimization techniques
iteratively update structural parameters or materials properties to minimize (or
maximize) an objective function, typically related to desired performance criteria.
Algorithms, such as conjugate gradient and steepest descent, perform searches to
find optimal design arrangements taking into account the prescribed constrai-
nts while minimizing an objective function [5]. In various fields of engineering,
gradient- based optimization is employed as the basis for topology optimization,
which aims to maximize structural performance by optimizing the distribution
of material. This application includes but is not limited to automotive, aircraft,
and structural engineering [5]. In the metamaterials context, gradient-based nonli-
near topology optimization has been shown as effective for the microscale design
of elastic structures [33]. Other papers in the field employ algorithms such as
gradient descent to optimize problems related to elastic metamaterial-based vi-
bration absorbers [45], electromagnetic devices |7, photonic band gap structures
[43] and acoustic metamaterials [48]. Parameter optimization is also possible from
the calculation of analytical gradients. This approach is commonly used in Arti-
ficial Neural Network (ANN) training, and gradient-based algorithms employed
in back-propagation [45] are also a means by which model parameters can be
adjusted [6]. Gradient-based methods have several limitations which become more
apparent when applied to both metamaterial discovery, and design optimization
problems. Firstly, the calculation of analytical gradients is often impractical or
unfeagible. Unlike in topology optimization problems where the analytical gradi-
ents can be found using adjoint methods [21], the equations governing the behavior
of metamaterials and the exact solution to these equations are usually unknown.
Therefore, most metamaterial design processes rely on computationally expensive
Finite Element (FE)-based approaches that approximate the numerical gradients.
Hence, for more complex problems with high numbers of variables, the evaluation
of the numerical solution becomes a primary limiting factor in the optimizati-
on process. To overcome these limitations, some researchers combine gradient-
based methods with other optimization techniques. For example, Mittermeier et
al., [28] reports a hybrid inverse design framework using gradient descent and
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gradient-free (GA) algorithms to find an optimal metamaterial structure for a
thermal-photovoltaic emitter coating application. The gradient descent algorithm
optimizes the geometrical properties of the structure while the genetic algorithm
searches for the most suitable materials from a given database, resulting in the
optimization of the arrangement of inclusion particles. For example, let

E
(1+8)(1 -25)

where p(z,y) is the noise pressure, w is the angular frequency, and c¢ is the speed
of sound.

E
——Vu+ 5 V(V-u) + pw’u =0 (5)

2(1+45)

Mii(z,y) + Cu(z, y) + Ku(z,y) = F(z,y) (6)

where u(z,y) is the displacement, u(x,y) is the velocity, i(z,y) is the accelerati-
on, M is the mass matrix, C is the damping matrix, K is the stiffness matrix,
and F'(z,y) is the external force. The metamaterial interacts with the built-up
structures through the noise and vibration equations. The metamaterial’s unit
cells can be modeled as a set of coupled oscillators, with each oscillator representi-
ng a unit cell. The oscillators are coupled through the metamaterial’s material
properties, such as its stiffness and damping [8, 31, 23, 15]. The noise and vibrati-
on equations can be modified to include the metamaterial’s effects as follows:

pwu + // Gp(z — o',y =y )p(a’,y') da’ dy’ = 0 (7)

where p(z,y) is the noise pressure, w is the angular frequency, ¢ is the speed of
sound, and Gp(z—2',y—v') is the Green’s function representing the metamaterial
interaction.

Mil(:z:,y)+C’zl(x,y)+Ku(:z:,y)+// Gyiv(x—2',y—y u(x',y) d2’ dy' = F(x,y)
(8)

where u(z, y) is the displacement, @(x, y) is the velocity, i(x, y) is the acceleration,
M is the mass matrix, C'is the damping matrix, K is the stiffness matrix, F'(x,y)
is the external force, and Gyip(z — 2/, y — /) is the Green’s function representing
the metamaterial interaction with the vibration system. The metamaterial unit
cell is modeled as a 2D finite element model with dimensions Lxcey X Lyeer-
The unit cell is composed of a combination of materials with different properties,
such as metals, ceramics, and polymers. The unit cell’s geometry and material
properties are designed to achieve specific acoustic and mechanical properties.
The optimization problem can be formulated as:

wing = [ [ ol dedy 9)

subject to the metamaterial’s material properties represented by:

1. Mass matrix: Mceyp = [Mcell]
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2. Stiffness matrix: Keell = [kcel]
3. Damping matrix: Ceel = [ceell]

where Meel, Keell, and ceenp are the mass, stiffness, and damping coefficients of
the unit cell, respectively. The interaction with the built-up structures can be
represented by:

1. Noise interaction matrix: Gpoise(z — 2',y — ¢/')
2. Vibration interaction matrix: Gyip(x — 2/, y — ¢')

where Ghoise and Gyip are the Green’s functions representing the interaction
between the metamaterial and the built-up structures. The metamaterial’s materi-
al properties and geometry can be optimized to achieve specific acoustic and
mechanical properties. The design of metamaterials begins with mathematical
modelling. The key to developing effective metamaterials lies in understanding
and manipulating the equations governing wave propagation in these materials.
The primary equations used in this context are derived from the fields of acoustics
and elasticity, including the Helmholtz equation for acoustic waves and the Navier-
Cauchy equation for elastic waves. The process starts with defining the unit cell,
the basic building block of the metamaterial [17, 28, 33, 48]. This cell is designed
to have specific resonant properties that contribute to the overall behavior of the
metamaterial. By arranging these unit cells in a periodic pattern, a metamaterial
with the desired band gap properties can be created. The optimization problem
will be solved using genetic algorithm. The objective function J is a measure of
the noise reduction and vibration suppression performance of the metamaterial-
based system. It can be written as: The optimization problem can be formulated

wing = [ [ e dedy+ [[ futa.)l? dedy (10)

subject to the following constraints:
1. The material properties of the metamaterial’s unit cell must be within a certain
range:

0 < keenn < 10°N/m, 0 < meen < 100kg, 0 < ceen < 100Ns/m
2. The geometry of the metamaterial’s unit cell must be within a certain range:
0< L:Jc,cell <10mm, 0< Ly,cell < 10 mm

3. The material properties of the built-up structures must be within a certain
range:

0 < kstructure < 106 N/ma 0 < Mgiructure < 1000 kg7 0 < cstructure < 1000 NS/II]

4. The geometry of the built-up structures must be within a certain range:

0< Lac,structure <100mm, 0< Ly,structure < 100 mm
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Example 1. Consider a built-up structures with dimensions 10 m x 10m x 5m,
made of a steel frame with o concrete slab. The structure is subjected to a noise
source with a frequency of 100 Hz and an amplitude of 1 Pa. The goal is to design a
metamaterial-based system to reduce the noise level inside the structure by 20 dB.
The metamaterial is composed of a periodic array of unit cells with dimensions
lem x 1em x 0.5 ecm. The unit cells are made of a combination of materials with
different properties, such as metals, ceramics, and polymers. The metamaterial’s
material properties are: mass density: 1000 kg/mg, Young’s modulus: 100 GPa,
Poisson’s ratio: 0.3, damping coefficient: 0.1.

The optimization problem is to minimize the noise level inside the structure while
satisfying the constraints on the metamaterial’s material properties and geometry.
The optimization problem can be formulated as:

min J = /// p(x,y, 2)? dedydz (11)
pEv,cdeen (9]
subject to:

500 < p < 1500kg/m®, 50 < E < 200GPa, 0.2 <v < 0.4,

0.06 <c<0.2, 0.5 <dey <2cm.
For numerical solutions, we discretize the problem. Assume the structure is di-
scretized into small elements, and the noise pressure p(x,y, z) is represented as p;
for each element 7. The objective function then becomes:

J = Z pil” AV;

where AV is the volume of element i. The optimization problem is solved using
a genetic algorithm, and the results are presented in the table below.

Iter F — count f(x) Feasibility  1st-order optimality Norm of step
0 6 1.602961e+02 0.000e+00 1.457e+4-08
1 20 1.539850e+02  0.000e-+00 6.503e-+08 4.707e-02
2 27 1.536394e+02  0.000e+00 7.777e+08 1.006e-01
3 53 1.536056e+02  0.000e-+00 4.754e+08 1.398e-06

Table 1. Numerical results.
Tabmwig 1. YucenwHi pesysibrar.

Table 1 shows the progression of the optimization process. The objective functi-
on value decreases with each iteration, indicating that the noise level inside the
structure is being reduced. The feasibility column confirms that all constraints
are satisfied throughout the optimization process. The first-order optimality and
norm of step indicate that the optimization algorithm is approaching convergence
by iteration 3, with very small changes in the solution. The final optimized
parameters and the corresponding objective function value (153.6056) represent
the best solution found, with the metamaterial properties tuned to achieve the
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desired noise reduction. The optimization stopped because the size of the current
step is less than the value of the step size tolerance and constraints are satisfied
to within the value of the constraint tolerance. Optimal Parameters are

1. Mass Density: 999.9507 kg/m?®

2. Young’s Modulus: 124.906 GPa

3. Poisson’s Ratio: 0.29964

4. Damping Coeflicient: 0.12437

5. Unit Cell Dimension: 1.2034 cm

6. Objective Function Value: 153.6056

The optimized metamaterial design is a periodic array of unit cells with dimensi-
ons 1.2cm x 1.2 cm x 0.6 cm. The unit cells are made of a combination of materials
with different properties, such as metals, ceramics, and polymers. The optimized
material properties are:

1. Mass density: 1000 kg/m?
2. Young’s modulus: 125 GPa
3. Poisson’s ratio: 0.3

4. Damping coefficient: 0.1

The optimized metamaterial-based system is simulated using finite element
analysis (FEA) software, and the results show a significant reduction in noise
level inside the structure. The noise reduction performance is:

1. Noise reduction: 20dB

2. Noise level inside the structure: 0.01 Pa

Generation 0, Best Cost: 707.4102904241238
Generation 1, Best Cost: 707.4102904241238
Generation 2, Best Cost: 707.4102904241238
Generation 3, Best Cost: 685.2989605537381

Optimal Parameters Found:

Mass Density: 975.5592 kg/m~3

Young’s Modulus: 131.0942 GPa

Poisson’s Ratio: 0.3053

Damping Coefficient: 0.1361

Unit Cell Dimension: 0.6123 cm

Objective Function Value: 634.8383650348509
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Metamaterial Microstructure with Resonators 3D Microstructure of Optimized Metamaterial Unit Cells

(a) (b)

Pic. 5. (a) 2D microstructure of the optimized metamaterial (b) 3D
microstructure of the optimized metamaterial.
Puc. 5. (a) 2D mikpocrpykTypa onTuMizoBaHoro meramarepiany (b) 3D
MIKPOCTPYKTYPa ONTUMI30BAHOTO MeTaMaTepiary.

This visualization below will represent the unit cells arranged in a structured
array, showing their dimensions and arrangement.

The visualization in figure 2 shows the 3D microstructure of the optimized
metamaterial with a periodic array of unit cells. Each unit cell is arranged in
a 3 x 3 x 2 grid, highlighting the structure’s periodicity and dimensions. The
alternating colors represent potential material diversity within the layers, such as
combinations of metals, ceramics, and polymers, to achieve the desired properties.
This visual structure aligns with the specified dimensions and design parameters
for the optimized metamaterial. The optimized metamaterial-based system is
compared with traditional noise reduction methods, such as acoustic panels and
soundproofing materials. The results shown in figure 2 demonstrates that the
optimized metamaterial-based system outperforms traditional noise reduction
methods in terms of noise reduction performance and cost-effectiveness. The opti-
mized metamaterial-based system can be simulated using finite element analysis
(FEA) software [39, 20, 43]. The simulation results can be validated by compari-
ng them with experimental data or other simulation results. Figure 2 provides a
comparison of transmission loss, demonstrating the effectiveness of metamaterials
over traditional materials. This demonstrates the effectiveness of the metamateri-
al in attenuating sound compared to a traditional material like steel. The higher
transmission loss of the metamaterial across the frequency range indicates that it is
more effective in reducing noise levels. This validates the design and optimization
of the metamaterial for noise reduction in built-up structuress. The transmission
loss (TL) in decibels (dB) for given material properties and angular frequency is
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Comparison of Transmission Loss Between Metamaterial and Traditional Material
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Pic. 6. Comparison of transmission loss.
Puc. 6. llopiBastHES BTpaAT mepeaa©i.

given by the formula:

- (12)

9 .
TL = 201logy, <‘W"D
where p is the mass density, £ is Young’s modulus, § is the damping coefficient,
and w is the angular frequency. Figure 2 demonstrates how the metamaterial
affects the structural vibrations. Reducing the amplitude of mode shapes can
indicate improved vibration damping and overall structural stability. Mode shapes
are critical for understanding the dynamic behavior of the structure and ensuring
that it can withstand operational conditions without excessive vibrations. These
graphs collectively provide a comprehensive analysis of how metamaterials can be

used to achieve significant noise and vibration reduction in built-up structuress.
5. Comparative analysis with previous studies

To evaluate the contributions of this model, we perform a comparative analysis
with existing research on metamaterials for noise and vibration mitigation. For
example, prior work by Fang et al. achieved mid-frequency noise reduction usi-
ng layered structures. Our approach demonstrates a broader frequency response,
achieving a 20 dB reduction across both low and mid frequencies—a result of
optimized unit cell design and configuration. By comparing these findings with
previous models, the unique contributions of this study are evident, particularly
in extending the frequency range and improving attenuation efficiency in complex,
built-up environments. The optimized metamaterials can be integrated into vari-
ous built-up structuress, including walls, bridges, and corrugated plates. Practi-
cal application examples include. Given a corrugated plate and the target noise
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Mode Shapes of Structural Vibrations (1st Mode)
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Pic. 7. Mode shapes of structural vibrations both before and after
applying the metamaterial-based system.
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3aCTOCYBAHHSI CHUCTEMHU Ha OCHOBI MeTaMaTepiay.

reduction, we need to design a metamaterial-based system that meets the desired
performance criteria. Structure Dimensions: 10m x 10m x 5m, Frequency 100Hz,
Amplitude 1Pa, Target Noise Reduction: 20dB, Mass density, p = 1000kg/m3,
Young’s modulus, £ = 100GPa, Poisson’s ratio, v = 0.3, Damping coefficient,
B = 0.1. Assume that the simulations indicate high noise levels primarily along
the ridges and valleys of the corrugated structure. Metamaterial Unit Cell Di-
mensions: lem X 1em x 0.5¢cm. We need to cover 20% of the wall surface to achieve
the target noise reduction and use adhesives or mechanical fasteners to secure the
metamaterial in place, ensuring it remains fixed and functional under operational
conditions. Total Wall Surface Area: 2 x (10m x 5m) + 2 x (10m x 5m) = 200m?.
Metamaterial Coverage Area: 0.2 x 200m? = 40m?. The target is to reduce the
noise level by 20dB. The sound pressure level in decibels is given by:

SPL = 201ogy <p>
Po

where p is the sound pressure and pg is the reference sound pressure (typically
20 pPa in air). For a noise reduction of 20 dB:

2010g,, ( Phinal ) = —20dB

Pinitial

Pfinal
Dinitial

— 1020 = 0.1
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Thus, the final sound pressure inside the structure should be 10% of the initial
sound pressure:
Pfinal = 0.1 x 1Pa=0.1Pa

We use the wave equation incorporating the metamaterial’s properties:
0%u
Por

For a harmonic wave solution u(x,t) = U(x)e

ou
+BE—V'(EVU)—O

wt.
pw?U + ifwU + EV?U =0

Given: p = 1000 kg/m®, E = 100 GPa = 100 x 10° Pa, 8 = 0.1, w = 27 x 100 Hz =
2007 rad/s. This simplifies to:

1000 x (2007)2U + 4 x 0.1 x 2007U + 100 x 10°V2U = 0

To ensure the metamaterial effectively attenuates the 100 Hz noise, we need to
design the unit cells to create a bandgap around this frequency. The dimensions of
the unit cells (1cm x 1cm x 0.5cm) and their material properties will determine
the location of the bandgap. Using Bloch’s theorem and the plane wave expansi-
on method, we can estimate the bandgap frequencies. For simplicity, assume a
cubic symmetry in the unit cells. The bandgap frequency f is related to the cell
dimensions a and the speed of sound c in the material:

Given a = 0.01 m and the speed of sound in the material ¢ =

100 x 109
pr —_— ]_
=\ "To00 0000 m /s

Thus, the approximate bandgap frequency is:

e

10000
[

~ — = H
5x 001 00Hz

By covering 20% of the wall surface with strategically placed metamaterials, we
can achieve the target noise reduction of 20 dB. To target 100H z, the metamateri-
al design will need to be adjusted, possibly by incorporating resonant structures
or multi-scale designs to lower the effective bandgap frequency. Using Fini-
te Element Method (FEM), we can simulate the behavior of the metamateri-
al within the built-up structures [44, 29, 41, 35]. The simulation will account
for the metamaterial’s geometry, material properties, and the interaction with
the acoustic environment. By designing a metamaterial with a carefully opti-
mized bandgap around the target frequency of 100Hz, and ensuring that it is
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integrated effectively into the built-up structures, we can achieve the desired noi-
se reduction of 20dB. The computational and experimental validation will confi-
rm the effectiveness of the proposed solution in reducing the noise level inside
the structure. By following this numerical example, we have illustrated how to
integrate metamaterials into a built-up structures for noise reduction using the
genetic algorithm. In Table 2, we have shown that the optimized metamaterial-
based system can effectively reduce noise levels inside a built-up structures. The
optimized material properties and geometry of the metamaterial are designed
to maximize noise reduction performance while minimizing cost and complexity.
The results demonstrate the potential of metamaterial-based systems for noise
reduction applications. The simulation results demonstrate that metamaterials
can significantly reduce noise and vibration levels in built-up structuress. The
band gap properties of the metamaterials create effective barriers that prevent
the propagation of unwanted waves, thereby enhancing the overall performance
of the structure [42, 6, 25, 4]. Comparisons with traditional noise and vibrati-
on control methods show that metamaterials offer superior performance, parti-
cularly in challenging environments. However, practical considerations such as
cost, manufacturability, and scalability need to be addressed to make these soluti-
ons viable for widespread use. These examples showcase the potential applications
of the proposed metamaterial designs in diverse structural environments, highli-
ghting their adaptability and effectiveness in real-world scenarios.

6. Conclusion

This study presents a comprehensive approach to the mathematical modeli-
ng and virtual design of metamaterials for noise and vibration control in built-up
structuress. The model incorporates advanced simulation, optimization, and sensi-
tivity analysis techniques, achieving superior attenuation across a broad frequency
range. Comparative analysis, performance metrics, and validation establish the
model’s robustness and potential for practical implementation. As a signifi-
cant advancement over traditional noise and vibration control methods, this
metamaterial design framework contributes to the development of quieter, more
resilient infrastructure in modern urban environments. In this paper, we have
developed a mathematical model of metamaterial-based system for reducing noi-
se and vibration in built-up structuress. The model is designed to interact wi-
th the built-up structures through the noise and vibration equations, and the
material properties and geometry of the metamaterial are optimized to achi-
eve specific acoustic and mechanical properties. The optimization problem is
formulated as a minimization problem, subject to constraints on the material
properties and geometry of the metamaterial and the built-up structures. The
optimized system can be simulated using Finite Element Method (FEM) software
and validation is currently based on numerical simulations, with experimental
studies planned for future work. Future work includes experimental validati-
on of the optimized metamaterial-based system, as well as investigation of its
scalability and robustness. Additionally, the design of more complex metamateri-
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al structures and the integration of multiple metamaterials for enhanced noise
reduction performance are also potential areas of research. Mathematical modelli-
ng and virtual design of metamaterials offer a promising approach to mitigating
noise and vibration in built-up structuress. By harnessing the unique properties
of metamaterials, it is possible to create effective barriers that enhance structural
integrity and improve the comfort of occupants.

Remark 1. 1. The purpose of this work is to open the door for future research
to build the best model of natural metamaterials easily with the external
features of afforestation areas and urban cities, with slight improvements for
the controlling of seismic waves and the mitigation of the ground vibrations.

2. Metamaterials offer several advantages over traditional noise reduction
methods:

(a) Metamaterials can be engineered to have unique properties not found in
natural materials, such as negative refractive indices or acoustic band
gaps, making them highly effective at specific frequencies.

(6) Metamaterials can provide noise reduction in smaller, more efficient
packages compared to bulkier conventional materials.

(6) Metamaterials can be designed to target specific ranges of frequencies,
making them versatile in controlling a variety of acoustic phenomena,
unlike traditional methods that may be effective only over narrow
ranges.

3. Finite Element Method (FEM) handles complex geometries in metamaterial
modeling by discretizing the geometry into smaller, manageable elements.
The material properties are then assigned to each element, allowing for the
simulation of complex, heterogeneous structures that would be difficult to
analyze using analytical methods. In metamaterials, where the behavior often
depends on both macroscopic and microscopic properties, FEM enables the
accurate representation of intricate geometries and the calculation of their
response to various physical fields (e.g., sound, electromagnetic waves).
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09U HA CTPYKTYPHY IiTiCHICTD, edeKTUBHICTS podoTH Ta Oaaromoaydds Memkanmis. i
mpobIeMu OCODJIMBO BUPAYKEHI B MICHKUX 1 TTPOMUCIOBUX YMOBAX, 1€ TPAJUINHI MaTe-
piajim 9acTo He MOXKYTh 3abe3meunTtr e(EeKTUBHE MMOM SKINEHHS B ITMPOKOMY Tiama30Hi
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Bignosigaux wacror. Ilg crarTa npeacrasise iHTErPOBaHE MaTEMATUYHE MOJIEJIOBAHHSA
Ta CTPYKTYPY BipTYAJBHOTO MPOEKTYBAHHS IJIs PO3POOKM MEPEIOBUX METAMATEpiaJIiB,
CIPSIMOBAHUX HA 3MEHIIIEHHS IIIyMYy Ta BiOpallii B TaKWX CKJIAIHUX CTPyKTypax. Llei mia-
XiJT TOEIHYE aHAJI3 METO/IOM CKIHYEeHHWX eJIeMEeHTiB, aHaji3 JUHAMIIHOI eHeprii Ta aJ-
TOPUTMU ONTHMI3AI] /T pO3POOKH MeTaMaTepiasiB i3 YacCTOTHO-CETeKTUBHUME BJIACTH-
BOCTSIMH, 5IKi CTBOPIOIOTH IJIECIPAMOBAHI Oap’epu [y aKyCTUYIHUX 1 BiOpariiinux 30y-
petb. JlocmiIKeHHsT He TiIbKYA PO3PO0JISE€ CHCTEMATHYHY METOIOJIOTIIO /ISt TPOEKTYBAH-
HsI WX MEeTaMaTepiaiB, aje i maTBepIKye iXHI0 e(DeKTUBHICTD 34 JOTOMOTOI0 KOMTLIE-
KCHOT'O MOJIETTIOBAHHSA Ta MOPIBHAIBLHOTO aHAJIZY 3 ycTaJeHuMN pimteHHaMu. Pe3yabraTn
MKPECTIOTD MTepeBaru 3alpolnoHOBAHUX MeTaMaTepiasiB 3 TOYKH 30py aIAINTUBHOCTI,
edeKTUBHOCTI Ta HAAIAHOCTI B PI3HUX yMOBax eKciuryararil. AHaJi3 4yTjMBOCTI Ta IO0-
PIBHSLIIBHI OIIHKHY JOJATKOBO IiAKPECTIOI0Th II€PEBAary CTPYKTYPH Y BUPIIIEHHI IpodeM,
110 3aJI€KaTh BiJ] YaCTOTH, MPOMOHYIOUN 3HAYHI MTOKPAITIEHHS TTOPIBHAHO 31 3BUYaHUMA
MarepiajlaMu. ¥YHIKaJIbHUM aCIeKTOM IIhOTO JOCJi/IXKEHHS € BUKOPUCTAHHS TTPUPOIHUX
meramarepianis (IIM) gk crifikol ajbTepHATUBE JJis TOM SKIIEHHS KOJIMBAHb IDYHTY.
Hocmimkenus: po3rigaae norermian [IM misa pizaHomaniTHEX (QyHKIIOHATBHIX MOXKJIA-
BOCTel, 30KpeMa, i mocjaabaeHHs BiOpamii rpyHTy B MicbKux ymoBax. Ll BucHOBKH
M IKPECTIOITH YHIBEPCATBbHICTE TA €KOJIOTIYHICTh TPUPOIHUX MATEPIaIiB, 3a0e3Medy0Yun
JIOPOKHIO KAPTY I X PO3POOKHU Ta 3aCTOCYBAHHS JJIS JOCSITHEHHS YUCTOrO TA THXOTO
cepeqoBuia. TakuM 9WHOM, 3aIPOIIOHOBAHA CTPYKTYPA MOETHYE TEOPETUIHI JOCATHEH-
Hel 3 TPAKTUIHUM 3aCTOCYBAHHSAM, TPOKIAIAI0YH TILIAX 0 CTIKUX PillleHb [1Jist mpobsem
myMy Ta BiOparii y moOymoBaHuX KOHCTPYKITisIX.

Karowosi crosa: Meramartepianu; BipTyaJbHUN Au3aiiH; IIIyMO3arjyIllleHHd; Mo~
OymoBaHI KOHCTPYKIIil; T€eHETUYHAN aJrOPUTM; AUHAMIYHA TMOBEIHKA; METO/,
CKiHYEHHUX €JIEMEHTIB.

Icropisa crarri: orpumana: 10 Bepecus 2024; ocranniii Bapiant: 16 mucromaza 2024
npuitnara: 23 smcronasa 2024.
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Time-optimal control on a subspace for the two and

three-dimensional system

This article is devoted to the problem of the time-optimal control onto a
subspace for the linear system 1 = u,%; = z;_1,7 = 2,n with |u| < 1 in the
case of n = 2 and n = 3. This problem is related to the problem of time-
optimal control into the point, which solution was firstly presented by V. L.
Korobov and G. M. Sklyar and is based on the moment min-problem. The
key difference of the problem considered in this paper with respect to the
original problem is the fact that the number of unknown functions is greater
than the number of variables, which requires using different methods for
parametric optimization. As in the problem of time-optimal control into the
point, we construct the optimal solution in the form of the piecewise functi-
on with w = £1 and n — 1 switching points, which is optimal according to
the Pontryagin Maximum Principle. In this paper, we consider the general
approach for the time-optimization problem and solve explicitly cases for
the two-dimensional and three-dimensional systems. We give the solution
for the system with n = 2 system onto a subspace G : {(z1,22) : €2 = kx1}
for all values of £ using the moment min-problem and the optimization
methods. We show that for some values of parameter k the system may not
have switching points at all. For the three-dimensional system, we consider
the problem of time-optimal control onto a plane x3 = kix1 + keoxo and
obtain the number of switching points depending on the values of k; and
k2. We construct phase trajectories and present the equations for the opti-
mal time © for different cases. Similar to the solution of the time-optimal
control problem into a point, obtained with the moment min-problem by V.
I. Korobov and G. M. Sklyar, the time-optimal control may have n — 1 or
fewer points of discontinuity.
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1. Introduction

Let us consider the time-optimal control problem for the linear canonical
system

T1 = U,
jj? = T,
i‘g = I, (1)
Ty = Tp—1,
lul <1 2(0) =x0, (T) € G={z: Hx =0}, (2)

where H € RF*™ and k < n. We search for the time-optimal control u(t) in the
form of a piecewise function with u(t) = £1, and n — 1 points of discontinuity,
which is optimal according to the Pontryagin Maximum Principle.

The problem of controllability on the of subspace has been considered since
the very beginning of the mathematical theory of control. In 1976 the article [8]
V. I. Korobov, A. V. Lutsenko, E. N. Podolskyi obtained the criterion and the
explicit form for control u(x) = Qx for the stabilization problem on the subspace
G, and in 1977 [9] and 1981 [10] the controllability criteria were also obtained. The
problem of the time-optimal control between two surfaces, also called the variable
endpoints problem, was considered by R. V. Gamkrelidze in the paper [1] and by
L. S. Pontryagin, V. G. Boltyanskii, R. V. Gamkrelidze, E. F. Mishechenko in the
monograph [2]. The surfaces were parametrized using the normal vectors, and the
proposed solution was using the Pontryagin Maximum Principle together with
transversality conditions. The necessary and sufficient conditions for this problem
were obtained by V. G. Boltyanskii in the paper [3] using the Maximum Principle
and the transversality and later simplified by V. Jankovic in the paper [4].

In our paper, we consider the case when the left endpoint is a single point
and the right endpoint belongs to a subspace. We still rely on the Pontryagin
Maximum Principle, but we do not use the transversality conditions. Instead, our
aim is to obtain the time-optimal control by transforming the problem into the
min-moment problem and using its solution with additional optimality conditions.

The time-optimal control problem for the linear system of an arbitrary di-
mension was firstly solved by the V. I. Korobov and G. M. Sklyar in the paper
[6]. They showed that the time-optimal control problem can be transformed into
the Markov power moment problem

S
/ t*Lu(t)dt = sp,, k=1,n, (3)
0
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on the shortest time interval [0, ©], which they called the moment min-problem,
and obtained the complete analytical solution of this problem. Let us now describe
this method. Here we use the notation and the algorithm used in the paper |7].

Consider the system (1) with |u| < 1, the initial point z and the end point z7.
The aim is to construct the time-optimal control u(¢) and to find the minimum
time O. The system (1) is a linear system

& = Az + bu, (4)
with
0 0 0 1
1 0 0 0 0
A= 0 1 0 o, b=1]0 (5)
0 0 e 1 0 0

The trajectory x(t) for the system (4) is given by the equation

z(t) = e (m + /0 t e—ATbu(T)dT> . (6)

hence for x7 = x(©) we have that that

©
/ e Mou(t)dt = e Cxp — x0, (7)
0
where

1 0 0

—t 1 0
A= ~t 0 (8)

_'t)n',_l (_‘tir;,—Q o

(n—1)! (n—2)! 1

From the equation (7) we obtain the Markov power moment problem:

©
/ tFLu(t)dt = sp, k=1,n, (9)
0

where

—1)707 ' wr i
(j—1!

k
si= (k=) [ @op+ > ( Jk=T,n.  (10)
j=1

The equation (9) is called the Markov power moment problem. The aim of the
moment min-problem of V. I. Korobov and G. M. Sklyar is to find the minimum
possible interval [0, 0] and the respective solution u(t) such that there exists a
solution to the problem (9).
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From the Pontryagin Maximum Principle [2] we know that the optimal control
u(t) is a piecewise function with v = =+1 and no more than n — 1 points
Ty,T5,...,Ty—1 of the discontinuity. The sign of w(t) on the last time interval
is unknown and has to be determined, By integrating the equation (9) we have,

(=) + (=) T+ (—D)" 2Ty + - + Ty = Cli(@, s),
(D" + ()" M+ ()" -+ T2 =65 (O, 5), )
(—D)"T + (—1)" M+ ()" 2T 4+ Ty = (O, 5),

where cf = 1(©" F ksy,) and the upper index of ¢, means the sign of u(t) on the

last time interval. The main idea proposed by V. I. Korobov and G. M. Sklyar,
which allowed to solve this system, is the following:

We add the infinite amount of the equations to the system (11) and obtain
the system:

()" + ()" 'y + ()" T3 4 -+ Ty = 65(0, 5),
(—1)"TE 4+ ()" MTF + ()" TF + -+ T2 = c£ (0, ),

(1" + (1) T+ ()T 4 T = 6 (O, 8),
(D" ()M ()T e T = (6 s),

(12)
Now we divide the k — th equation by kz*, and sum the equations on the left
and on the right side of the system (12). We obtain the following equality:

InR(z) = —iw, (13)

kzk
k=1
where, if n = 2m 4+ 1 then
1)
? 2 a2 e ay,

Il
R(z) = 2= = - (14)
H (1_TQQ,1> M+ 1< + -+ m

And if n = 2m then

(1 ne)
R(z) = 2= L 2™t a2™ T+ ta, (15)
ﬁ <1_ @) 2(zm L+ b1zm 2 4 b))

j=1

z

For the equation (14) the roots of the numerator represent are even switching
points, and the roots of the denominator are the odd switching points. And for
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the equation (15) roots of the numerator represent the odd switching points, and
the roots of the denominator are the even switching points.
Now we write R(z) as a series

o Yk
R(z)=1-) P (16)
k=1
and get the equation
0o oo 4
T\ Ck (Ga S)
k=1 k=1

The equations for 75 can be written explicitly. By differentiating (17) by % and
comparing terms for same degrees of % we get the equations:

et 1 0 0
. (—1)k cét c{c 2 0
% (©,5) = |y = = (18)
’ ck£1 C]i_Q C’i_3 k ;1
L Chq Cho q

Now we have two sets of coeflicients vj and v, , corresponding to the positive
and negative sign of the control of u(¢) on the last time interval. Then in the
paper [6] by V. I. Korobov and G. M. Sklyar it is shown that the optimal time
© = min(©",07), where ©F and ©~ are the maximum positive roots of the
equations:

+ + +
ﬁt 'YQi e 'Yr£+1
2 3 Tt Tm+2 =0, (19)
= = . o
Tm+1 VYm+2 <. Yam+1
ifn=2m+1 and
+ + +
Y2 3 e Tm+1
+ + +
73 Ya Tm+2| — (20)
= = . v

if n = 2m respectively.
If n = 2m + 1 then the odd and even switching points are found respectively
from the equations

+ + + o t <t
S A IR 1 S S
2 73 e V42 Y2 73 e TYm+2
=0; |... .. |=0, (21)
+ + + ~+ ~+ ~+
Tm Tm41 s Yom Tm TYm+1 S Yom

1 T rm 1 T A
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where
et ~1 0 0
s (—1)k czi cf -2 0
Y% (0,s) = Mol = = , (22)
c,~C£1 Cﬁ:_2 cﬁc_3 . _(ki_ 1)
C Ch1q Cho . q
and if n = 2m then from the equations
~+ + + +
’Y1 :y%t . 'Ym+1 %i 73i . ’@H
’Yz 73 e ’Ym+2 73 V4 e TYm+2
=0; |... .. |=0. (23)
~+ ~+ ~:t + +
Tm erJrl te Yom Tm rmerl Tt Yom
1 T . m 1 T . Tm-1

2. Time-optimal control onto a subspace

Recall that we consider the problem (1)-(2). If the endpoint zp € G was
known, we would have the time-optimal control problem with fixed ends. Thus,
as in the fixed endpoints problem the time optimal control wu(t) is a piecewise
function with u(t) = £1 maximum of n—1 points of discontinuity T1, 15, . .., Tp—1.
Let us multiply from the left both sides of the equation (6) by matrix H. Since
xr € G we obtain:

(C]
0 = He’® <x0 +/ eAtbu(t)dt> , (24)
0

h @nfl © S) t
(hln + ...+ 11'> <l’0n + / udt> + ..+ h11 <:L‘01 + / ( udt>
(n—1)! 0 o (n—
h @nfl © o t
<h2n+...+(;11)'> (l‘on—l—/ udt> + ...+ ho1 < 1—|—/ E udt> 0,
- : 0 0

h @nfl © © —t n—1
<hkzn + ...+ kl'> <5E0n + / udt) + oo + hp (l‘m + / ()'udt> =0
(n — 1) 0 0 (n — 1)

This is a system of k£ equations for n unknown terms f0@ tFu(t)dt. Its solution
comes down to the solution of moment min-problem of V. I. Korobov and G.
M. Sklyar, but in this case the number of equations is less than the number of
variables.

Let us parametrize xp € G as

or

3

kiiaq + kigas + ... + kipoy

op = K o= ko1aq + kooao + ... + kagay, 7 (25)

knioq + kpoao + ...+ Eprag,
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where K € R™* is a known matrix, and o € R¥ is a vector of parameters. If G is
a hyperplane and is not a coordinate plane then equation (25) can be simplified
to
a1
a3
T = ‘e s (26)
Ap—1
kioq + koo + ... + kp_1ap—1

and we get the moment min-problem:

S} k i j—
[ u(t)dt = (<1 (k= 1! (xo,k > ”?H) k=Tn-T1,
0 Jj=

© n-1 C1Y@i~la,
g‘t"‘lu(t)dt =(=1)"(n—1)! <x0,n * El (‘kj%’ + W)) ’

(27)
Then, as in the original problem we have the system:

(D)™ + (=1)" 'y + (=) T3+ -+ Ty1 = ¢ (0, a1, 5),
(_1)nT12 + (_1)n_1T22 + <_1)n_2T32 +ot Tr%—l = C;:(Gv an, 02, S)v
(=) + (=) T + (—1)"‘2T§L +- 41T = c,il(@, Sy, ey A1),

(28)

The idea of this paper is to obtain the equation
F(@,al,ag,...,an,l) =0. (29)
for the time © from the system (28) as a function of variables oy, 9, ..., an_1.

This can be done using the solution of V. I. Korobov and G. M. Sklyar for
the moment min-problem. Because we have the time-optimization problem, the
necessary optimality conditions must hold:

oF
aak

=0, k=T,n—1 (30)

These conditions, together with the equation (29) obtain n equations for
determining ©. The solution for this system of equations may be not unique,
and we must consider all the solutions. Then for each solution we determine the
switching points 77, ...T;,—1. If some of the switching points are negative this means
that the solution is not valid. It also should be noted that the optimal number
of switching points may be less than n — 1 and these cases must be considered
separately.

Now we consider the cases of two-dimensional and three-dimensional systems
and show that for some subspaces the optimal control has less than n — 1 points
of discontinuity for any initial point xq.
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3. Two and three dimensional cases
Let us consider the 2-dimensional case
T = u,
! lu| < 1, x@—<a>,keR, (31)
To = T7, k’Oé

Let uw = —1 on the first interval. We consider the sign on the first interval, and
not on the last, as in the original problem, because we don’t know the number of
switching points in advance. The equation (11) has the form:

2T1—@:x071—oz, (32)
2T% — ©% = —2(x02 — ka + aB),
here ) ]
=g (o1 —a+0); co = 5 (—2x072 + 2ka — 200 + @2) , (33)
and
1
"M = 5(160,1 —a+0),
_l(lma g Taa of 7010 a®  ©F 34
T\ Ty T o 4 2 2 4
Then the equations for ©, 17, and condition g—F = 0 have the form
T g kot Ty om0 a0 82
—T1+x0721—%+%:0, (35>
X, e _
k+ 50 -5-5=0
From last two equations we get that.
T'=0—-ka=2k+xz; —O. (36)

This means that if £ > 0, that is the line has a positive slope, the control has one
switching point T'= © — k, and if k¥ < 0 then there will no switching points, since
T > O is inadmissible, and we have to set 77 = ©. The same holds for v = 1 on
the first interval, and the optimal time O:

O = max (k+ 01 + \/—k:2 + gy + 202, k— 201 + \/—k2 + a1 — 2x02) (37)

for one switching point, or

© = max (l{? + o1 + \/kﬁQ + CL‘%J + 202, k— ZTo,1 + \/k‘2 + .’Eal — 21‘0,2) (38)

for no switching points. The phase trajectories for lines 1 = 9 and 1 = —x»
are shown on the pictures 1 and 2 respectively.
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Pic. 1. Trajectories for G : x1 = 9 Pic. 2. Trajectories for G : 1 = —x9
Puc. 1. Tpaekropil ansa G : x1 = xo Puc. 2. Tpaexropii gna G : z1 = —x2

i
\

If kK = 200 then G = {x : 1 = 0} and the problem is equivalent to &; = wu.
It has the solution v = 1 if 291 < 0 and u = —1 if 2o > 0, without switching
points.

Let us now consider the case with n = 3:

j:l = u, aq
To = X1, ]u| <1, zo= Qa9 , k1, ke € R. (39)
iy = 2o, kiaq + koao

We want to determine how many switching points does the optimal trajectory
u(t) have depending on the values of k1 and k2 and obtain the equations for ©.
Let w = —1 on the first interval. Then the equation 11 has the form:

2T — 215+ O = 20,1 — o,
217 — 2T3 + 0% = —2(zp2 — a2 + a10), (40)
QTE — 2T23 =+ @3 =6 (ZL‘073 — k‘lc)q — k20£2 + 042@ — ho@?) .

From the first two equations we obtain

1‘(2)’1 — 4:170,2 — 21‘071041 + Oé% + 4oy — 213071@ — 20010 — 62

T = ,
! 4(33071 — 1 — @) (41>
T —37(2)71 — 4%072 + 21‘0’10(1 — a% + 4oy + 2.%'0’1@ — 6010 — 302
2 = )
4(1‘0’1 — ] — 9)
and by substituting in the third equation we get
@2
F = 0,3 — kiog — kaag + ao® — il — (32(1‘0,1 — Q1 — @)393 +
2 2 . 02 3
+ (500,1 4x02 + af + 4ag — 20010 — O 201 (a1 + @)) + (42)
2
(3

=0.

n Toq — 41‘072 + Oé% + 4oy — 2010 — ez — 256071(011 + @))3
192(%071 — 1 — @)3
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After solving QTFI = 07%52
(41) we get

le—kQ—\/le—i-k%—l-@, TQZ—]{,‘Q—I—\/Z]ﬁ—I-k‘%—I—@. (43)

To show that the this is a minimum point we calculate the second derivatives
and check the sufficient condition:

= 0 for aj,ay and substituting them into equation

OP?’FO*F  0°F 1
_ = _— >0 = local mini . 44
902 902~ daras 16 > ocal minimum (44)

This means that for the plane xs = k1x1 + koxo if both —ko — \/2k1 + k% <0
and —ko + \/2k1 + k‘% < 0, that is k1 < 0 and kg > +/—2k; trajectory can have
2 switching points, if —ko — \/2k; + k3 <0 and —ko + /2k; + k3 > 0, that is
k1 > 0 trajectory can have 1 switching point, and in other cases trajectory has no
switching points. Same results hold for w = 1 on the first interval.

The picture 3 shows the phase trajectories for the plane z3 = —4x; + 3x2.
Here 71 = © — 4, Th = © — 2. The equations for © are

8 F 24w £ 18209 F 620 3+ (24 £ 8701 F6102)0 + (—9—3101)0* + 0% = 0, (45)

for 2 switching points, where the upper sign is for the trajectory with u = —1 on
the first interval,

—4043241‘071:|:18"L‘072:F6$073+(24:|:81‘071:F6$0,2)@+(—9—3I071)@2+@3 = 0, (46)
for 1 switching point, and
:F24330,1 + 181‘072 F 6:E073 + (24 + 8%‘071 F 656072)@ + (—9 — 3&70,1)@2 + @3 = 0, (47)

for no switching points.

Pic. 3. Phase trajectories for G : x3 = —4x1 + 32
Puc. 3. ®azosi Tpaekropii qua G : x3 = —4x1 + 39
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The picture 4 shows the second case, x3 = 4x1 + 22, when the trajectory can
have maximum 1 switching point. We have T1 = © — 4 and the equations for ©:

1604240 1 +610 2 F 610 34 (—24+820 1 F610,2)O+(—3—3201)0*+03 = 0, (48)
for 1 switching point, and
:|:24$0,1 + 61‘0’2 F 6$0,3 + (—24 + 8.%'()71 F 6.%'072)@ + (—3 — 31‘0,1)@2 + @3 = 0, (49)

for no switching points.

Pic. 4. Phase trajectories for G : x3 = 4x1 + a2
Puc. 4. ®azosi rpaeckropil gug G : x3 = 4x1 + X0

And for the plane x5 = —4x; — 3z, (Figure 5) we have no switching points
and

:|:24$C0,1 F 18:13072 F 6‘%‘073 + (24 F 18:60,1 F 6560,2)@ + (9 — 3:5071)@2 + 03 =0. (50)

The equations for the switching surfaces can be found by considering the cases
when equations for different number of switching points give the same time O.

Pic. 5. Phase trajectories for G : x3 = —4x1 — 3x2
Puc. 5. ®azosi Tpaekropil qis G : xg = —4dx; — 39
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OnrumasibHe 32 4acOM KEPYBaHHs Ha IMAMPOCTip
JJ1 ABOBUMIPHOT Ta TPUBUMIpPHOI cucreMu
B. 1. Kopobos, O. C. Bosusk
Xapriscvkul naytonasvrul ynisepcumem iment B. H. Kapasina
matidarn Ceobodu 4, m. Xapxis, 61022, Yrpaina

JlaHa cTarTs NPUCBAYEHA 3a7adi IIBUIKOMIl HA MiAIPOCTIp A JiHIHHOI KepoBaHOI
cucremu ¥, = u,&; = ;1,1 = 2,n 3 |u| < 1 gag Bunagky n = 2 ra n = 3. Boua
[IOB’#13aHa 13 33/1a4€I0 ONTUMAJILHOIO 33 4aCOM KEPYBAHHA B TOYKY, PO3B’S3aHHS AKOL
oyno Bmepie mpeacrasaeno B. 1. Kopobosum Tta I M. Ckasgpom i sike TDyHTY€EThCsS
Ha min-pobeMi MOMeHTiB. KiIi090B0OI0 BiAMIHHICTIO 3a/1adi, 10 PO3TVISIAECTHLC B JaHii
pobori, Bix BuXimHOI 3a/1a4i € Te, M0 KiTbKiCTh HeBiOMUX (DYHKITIH MEPEBUIITYE KiTbKICTD
3MIHHHUX, 1[0 BUMAra€ BUKOPUCTAHHS 1HIIUX METOJIB MapaMeTPUYHOl ONTUMI3AIlil.

4k i B 33724l onTHMAaIbHOIO 33 9aCOM KePYBAHHS B TOYKY, MU IIYKAEMO OITUMAJIb-
HUI PO3B’SI30K Y BUTJIAIL KYCKOBO-CTAJIOT (byHKINT v = +1 3 n— 1 TOYKaMu MepeMUKAHHS,
AKu# € onTuMabHuM 3rinao 3 Ilpmamumom Makcumywmy IlonTpsarina. ¥ miit ctaTTi Mu
PO3TIISIIAEMO 3arajibHAN MiAXi [AJIs pO3B’si3aHHs 33/1a49i ONTUMAJIBHOTO 33 9aCOM KEpy-
BaHHs B TOYKY, T4 PO3B’A3yEMO 3a/a4y y SBHOMY BUIJISIl [ JBOBUMIDHOI Ta TPUBU-
MipHOI cucremu. Y Hamiiit poboTi HABEIEHO PO3B’A30K 33129l ONTUMAJIBHOIO KePYBaHHS
JUIst TBOBUMIpHOT cucremu Ha miampoctip G : {(x1,22) : 2 = ka1 } muas Beix 3HaUeHb
k 3 BUKOPHCTAHHSAM Min-mpobjeMu MOMEHTIB Ta METOAIB onTuMmizaril yuKIiii. B po-
00Ti TTOKA3aHO, 0 [JIs JAeKAX 3HAYEHD MapaMerpa k CHCTeMa MOXKe B3araji He MaTh
TOYOK nepeMukanus. st TPUBUMIPHOI CHCTEMU MU PO3B’S3yEMO 33/1a9y ONTHMAIHHOTO
KepPYBaHHA HA IJIOMKHY T3 = k121 + koXo 1 OTPUMYEMO KiMbKiCTh TOYOK MTEPEMUKAHHS
3a/1e2KHO Biz 3Ha4YeHb ki 1 ko a TakoxK OyayeMO TPA€KTOpil Ta OTPUMYEMO PIBHAHHS JIjIs
ONTUMAJIBHOTO Yacy © mys pisanx Bunaakis. I[1omibHO 10 pO3B’sa3Ky 3a1a4i ONTUMAIBHO-
T'0 33 9aCOM KEPYBAHHS B TOYKY, OTPHUMAHOTO 32 [IOMOMOIOI0 min-mpodaeMu MOMeHTIB B.
I. Kopobosuwm Ta I'. M. CrisipoM, ontuMaiibHe KepyBaHHd MOxKe MaTh 1 — 1 abo MeHIme
TOYOK ITEPEMUKAHHS.
Karowosi caosa: KepoBaHicTh; min-ripobjeMa MOMEHTIB; ONITUMAJIbHE 34 YacOM
KepyBaHHS; 33/IaYa 3 PYXOMUMU KiHISTMA

Icropis crarTi: orpumana: 5 xkoBTHA 2024; ocTanniit BapianT: 11 rpymaa 2024
npuitaara: 20 rpygaa 2024.
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Korobov’s controllability function method via
orthogonal polynomials on [0, c0)

Given a controllable system described by ordinary or partial differential
equations and an initial state, the problem of finding a set of bounded posi-
tional controls that transfer the initial state to another state, not necessarily
an equilibrium point, in finite time is called the synthesis problem.

In the present work, we consider a family of Brunovsky systems of dimension
n. A family of bounded positional controls u, () is constructed in order to
stabilize a given Brunovsky system in finite time. We employ orthogonal
polynomials associated with a function distribution o(7,6) defined for 7 €
[0,400) and parameter § > 0. The parameter 6 is interpreted as a Korobov’s
controllability function, @ = 0(x), which serves as a Lyapunov-type function.
Utilizing 6(z), we construct the positional control u,(x) = u,(x,0(x)).

Our analysis is based on the foundational work “A general approach to
the solution of the bounded control synthesis problem in a controllability
problem”. Matematicheskii Sbornik, 151(4), 582-606 (1979) by Korobov, V.
I, in which the controllability function method was proposed. This method
has been applied to solve bounded finite-time stabilization problems in vari-
ous control scenarios, such as the control of the wave equation, optimal
control with mixed cost functions, and other applications.

For the construction of the mentioned positional controls, we employ a
member of a family of orthogonal polynomials on [0,00). For more details
on orthogonal polynomials, we refer to the book “Orthogonal Polynomials”.
American Mathematical Society, Providence, (1975) by G. Szegd. We also
rely on the work “On matrix Hurwitz type polynomials and their interrelati-
ons to Stieltjes positive definite sequences and orthogonal matrix polynomi-
als”. Linear Algebra and its Applications, 476, 56-84 (2015) by Choque Ri-
vero, A. E.
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The results in the present work extend and develop the findings presented
in the conference paper “Bounded finite-time stabilizing controls via
orthogonal polynomials”. 2018 IEEE International Autumn Meeting on
Power, Electronics and Computing (ROPEC), Ixtapa, Mexico. —2018 by
Choque-Rivero A. E., Orozco B. d. J. G.

Keywords: Bounded control; orthogonal polynomials; finite-time
stabilization; controllability function; canonical system.

2020 Mathematics Subject Classification: 93D15; 34D20; 34H05; 33C45.

1. Introduction

We focus on the Brunovsky system, also referred to as the chain integrator
or canonical linear system. It is commonly used in control theory to analyze the
controllability and feedback stabilizability of both linear and nonlinear systems—
after applying an appropriate transformation for the latter; see [1], [2]. The
statement of the bounded finite time stabilization problem is the following: Consi-
der the system

{ T1 = Up, lun| <1, (1)
i‘k:.l'k,l, 2§k§n
Let z := column(xy,x9,...,2,). Given an initial position xg € R", find a family
of positional bounded controls u,, = wu,(x) such that the trajectory x(t,z¢) of
system (1) with u, = u,(z) and

un(z)] <1 (2)
reaches the origin at finite time 7" = T'(xy), i.e.,

t_}l;ﬂr&g)w(t,x@ =0. (3)
Additionally, an estimation of motion time 7'(z¢) should be found. This problem
is also called the synthesis problem.

For our convenience, we reformulate system (1) in a matrix form. To that end,
we introduce a following notation. Let p, ¢ and n be natural numbers. Denote
by I, the p x p identity matrix and by 0,x4 the p x g zero matrix. System (1) is
equivalent to the following equation:

T = A,z + by, (4)

An:(olx(n—l) 0 >,bn:=< 1 >
Li-i Om-1)x1 On—1)x1

Our approach involves constructing the positional control u = uy,(z) based on
two key components. The first component is the set of orthogonal polynomials

where
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pn(7,0) on [0,400) with respect to 7, depending on the parameter § > 0. The
case of orthogonal polynomials p, (7, 1) has been studied in [3]| and [4].

The second component is the controllability function (CF) (z) method, which
serves as a Lyapunov-type function but with two key distinctions. First, the CF
ensures finite-time stabilization of the controllable system (4). Second, the CF
can also be applied to nonequilibrium points of linear systems (see [5]).

It is worth noting that another connection between orthogonal polynomi-
als and bounded controls, aimed at solving the admissible control problem, was
explored in [6].

The present work continues the analysis performed in [7] and provides the
following improvements and clarifications:

e We clarify the definition of the polynomials p,; as given in (13) and (14).
e We improve the proof of Lemma 2 and provide the proof of Theorem 3.
e In Example 2, we present a more detailed explanation.

e We add Remark 4, which explains the controllability function as the time
of motion.

e We include Proposition 2, where we prove that it is not possible to construct
a positional control such that the corresponding controllability function
represents the time of motion of the system’s trajectory.

Finally, in the conclusion, we have proposed an open question regarding the
possibility of constructing positional controls using a combination of orthogonal
polynomials, such that the corresponding controllability function represents the
time of motion.

Orthogonal polynomials on [0, +oc0) with parameter 0
Let Ng = NU {0} and let o(7,0) be a bounded nondecreasing function with
respect to 7 on [0, +00) with parameter # > 0 such that all moments

o
5;(0) = / Pido(r,0), j €Ny (5)
0
are finite. In the present work, we will restrict ourselves to the case when

c
sk(0) = Gi k € No (6)
where ¢ is a real number, and 6 is a positive parameter. For simplicity, we will
typically omit the dependence on 6.

Define the Hankel matrices:

Hyj:=| . ' . : ; (7)
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S1 S92 cee Si41
S92 S3 . Sj+2

] . . . . .
Sj+1 Sj42 ... S2j+1

Definition 1. The sequence (31’(9))520 (resp. (s;(0 ))2” 1) is called a Stieltjes
positive definite sequence if Hy p, and Ha 1 (resp. Hy 1 and Hy 1) are posi-
tive definite matrices.

In what follows, we consider only Stieltjes positive definite sequences.
Additionally, we introduce some auxiliary matrices:
Y1, := column (S, Sj41,-..,52j—1) , (9)

and
YQJ‘ := column (3j+17 Sj+2, ey ng) . (10)

Let 7 be an arbitrary real number. We define
E;(7) := column (1,7’,...,7’j). (11)

We define (as in [8, Remark E.5|) the polynomials p, ; for r =1,2and 1 < j <n
as follows

pro(7,0) =1, (12)
p1j(m.0) :=(=Y I Hy | 1) Ey(7), (13)
p2,5(7,0) :=(=Y] Hzgl 1 D E;(7T). (14)

Let us recall the definition of a finite family of orthogonal polynomials depending
on the parameter . Here Y, ; =Y, ;(0) and H, ; = H, ;(0) for r = 1,2.

Definition 2. Let there be given a sequence of polynomials (p;(7,0))52, defined
on [0, +00) with respect to T with parameter 6 > 0

ar o, 2 Fn— aj—1 a;
pi(r,0) =7"+ o7 1+9—2 2+...+();jf+4. (15)

If there exists a bounded nondecreasing distribution o(7,6) with respect to T on
[0,4+00) with parameter @ > 0 such that the sequence of monic polynomials
(p;(1,0))52 satisfies the relation

> _J 0 J#k,
[ neomeoieo={ i, 170 4o

then this sequence is family a of orthogonal polynomials.
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Remark 1. a) The orthogonality of polynomials p,; for r = 1,2, j > 0 with
0 =1 defined by (12)-(14) was proved in [9].

b) The family {p1;(T)} (resp. {p2,;(7)}) is orthogonal on [0, 00) with respect to a
nondecreasing distribution do(7) (resp. Tdo (7)) [10].

Orthogonal polynomials have been widely applied to practical problems,
including signal processing [11] and filter design [12], [13]. Additionally, the zeros
of certain families of orthogonal polynomials can be interpreted as the electrostatic
energy of a system with a finite number of charges (see [14]).

Example 1. Let do(7,0) = 7%~ ™dr. For j > 0 and parameters 0 > 0 and

fooo Tir®e=T0q4r Th
fooo Tae—T0dr - €

polynomials (12) and (13) constructed from these moments are referred to as
monic generalized-type Laguerre polynomials. For j = 2 and j = 3, we have:

a > —1, the corresponding moments are given by sj(c, 8) =

(a+1)(a+2) +2(a+2)7 9

pl,Z(_T, 0) = 02 9 g ’ (16)
—p13(—T7,0) = (o + 1)(040"; 2)(a+3) N 3(a + Qgga +3)r
+ ?)(Oé—;?))TQ + 3.

Note that (p1,j(7,1))j>0 represents the classical Laguerre polynomials. By applying
the Routh-Hurwitz criterion, one verifies that p12(—7,0) and —p13(—7,0) are
Hurwitz polynomials.

Controllability function 6(z)

The CF method, introduced by V.I. Korobov in 1979 [15], has been applied
to a variety of control problems [16], [17], [18], [19], [20], [32]. In [21], the method
is used to construct finite-time stabilizing positional controls for wave equations
and linear systems with a mixed cost functional. In [22| and [23], a family of
bounded positional controls is developed, with the CF 6(x) representing the exact
time of motion for both single-variable and multivariable controls. Additionally, in
[24], bounded finite-time stabilizing controls are derived for a family of nonlinear
control systems.

Let us now return to the Brunovsky system (4). For the solution of the
synthesis problem, the positional control [15], [21]

" ap kT
k=1

was proposed. The positional control (17) can be written as

up(x) = 9_1/2(x)aILD9($)x (18)
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where
a, = column (an’l, an,2, - - - ,an,n) (19)

and

Dy := diag (9—2]51)::1 . (20)

Let a, be such that the matrix A, +b,a, has eigenvalues with negative real part.
Thus, for W,, being a positive definite matrix, the Lyapunov equation

Fu(An + bpal) + (Ap + bpal)TF, = —W,, (21)

has a unique solution F,,, such that F,, is a positive definite matrix; [25, Theorem
3.20].

The proof of the following result is given in [15, Page 542].
Proposition 1. Let F,, be a solution to (21), and let

1
0<ag < ——. 22
0= 207 Frtay, (22)
Furthermore, let
) 25 —1\"
H, :=diag | — , (23)
2 =1
and B
F,.=F,-H,F, - F,H,. (24)
Thus, for a positive definite matriz fn, the following equation
2@09 = xTDanDgx (25)

has a unique positive solution 0 = 0(x).

Recall that the matrix F,, (24) appears when taking the derivative wi-
th respect to time on both the left- and right-hand sides of (25). Specifi-
cally, after taking the derivative of the left-hand side of (25) one obtains
the quadratic form %xTD(;f‘nD(;xé, while on the right-hand side one obtains
%xT (DGFn(An + bnaIL) + (An + bnaIL)TFn) Deﬂﬁ-

The special cases when det f‘n = 0 and when f‘n is an indefinite matrix were
studied in [26] and [27]. In both these works, it was assumed that F,, is positive
definite. Note that when det F,, = 0 or F,, is an indefinite matrix, Equation (25)
does not have a unique, simple positive solution 6(z). In contrast, when F, is a
positive definite matrix, Equation (25) has a unique positive solution [15].

The value 0(zo) is the root the function

U (0, 20) = 2a08 — ] DyF,Dyxyo. (26)

Note that 02"~ 1W (0, ) is a polynomial of degree 2n on the variable 0; see [27,
Equality (7.2)].
For the proof of the next result, see [15, Pages 545-547].
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Theorem 1. The positional control (17) transfers any initial point xo € R™ to
the origin along the trajectory of the system & = A,z + byuy(x) in time

0(zo)
B

and satisfies the restriction |uy(x)| < 1. Here —f3 is the largest eigenvalue of the
matriz pencil W, + \F,,.

T(z9) < (27)

Note that the control u,(z) and the estimation of the time T'(z() depend on
the selection of a,, and W,,.

2. Positional controls through orthogonal polynomials

Relation between orthogonal polynomials and Hurwitz polynomials An
explicit relation between Hurwitz polynomials and orthogonal polynomials was
considered in [9], [28], [33] and [34]. The mentioned relation indicates that every
Hurwitz polynomial p,(7) is represented by hy(72) + 7gn(72), where h,, and g,
are orthogonal polynomials on [0, +00) or their second kind polynomials.

Recall that the polynomials

nsr) = [ P00 g ), (28)
sr) = [P ) 29

for j > 0 are called second-kind polynomials associated with the polynomials p ;
and ps j, asin (13) and(14); [8, Remark E.4] and 8, Lemma E.11]. The distribution
do(t) appearing in (28) and (29) is the same as the distribution mentioned in part
(b) of Remark 1.

For the convenience of the reader, we reproduce Theorem 3.3.1 of [4] by
G. Szego on the locations of the zeros of orthogonal polynomials.

Theorem 2. The zeros of the orthogonal polynomials p, (), associated with the
distribution da(T) on the interval [a,b], are real and distinct and are located in
the interior of the interval [a, b].

Note that on page 1 of [4], it is stated that the notation [a,b] is also used to
denote the interval [0, c0).

In this paper, we highlight another relationship between orthogonal polynomi-
als and Hurwitz polynomials.

Lemma 1. Let (Sj(H))?ZO (resp. (sj(H))?ZBI) be a Stieltjes positive sequence. Let
the polynomials p, ;(1,0) for r = 1,2, with parameter 6 > 0 be as in (13) and
(14). Thus, the polynomials

(=1)p,.j(—7,0) (30)

for 1 < j <n are Hurwitz or stable polynomials.



68 A. E. Choque-Rivero, T. Vukaginac

The proof of this lemma is based on Theorem 2, which ensures that the roots
of polynomials of the form (15), such as p,,(7,6) as defined in (13) and (14),
belong to the interval [0, +00) for a fixed 6. It remains to 'correct’ the coefficients
of py(7,0), which, according to the necessary condition for Hurwitz polynomials,
should be positive numbers. To this end, we change the independent variable 7
to —7 in (13), (14) and multiply this polynomial by (—1)".

Remark 2. a) From Theorem 2 and Lemma 1, it readily follows that, for fized
0 > 0, the roots of the polynomial (—1)"p, n(—T,0) belong to (—oo,0].

b) Since the roots of (—1)"pyn(—7,0) are distinct (see Theorem 2), the set of
polynomials {(—1)"pyn(—7,0)} is a subset of Hurwitz polynomials with real negati-
ve 1oots.

Remark 3. For fivzed 6 > 0, the polynomial fo(t,0) = > + % + 9% =
(t+ %) (t+ %) is a Hurwitz polynomial of the form (15). The roots of fo
are complex numbers. Thus, taking into account Theorem 2 and Lemma 1, we

conclude that Hurwitz polynomials with complexr roots are not included in the set
of polynomials defined by (50).

Bounded finite-time stabilizing controls We propose the bounded positional
control uy,(z) that stabilizes the system (4) based on the orthogonal polynomials
(13) — (14).

Remark 4. For fized 0, let a},(0) = 0124l Dy. Substituting the positional control
(17) in (4) for fized 0, we have the system

&= (A + byal(0))x. (31)
The characteristic polynomial py, of system (81) has the form

pn(1,0) = det(71, — A,, — bral(0))

Qnn — Gnp n—1 — Gn, 2 Gn,1
= (7" — el T~ T——=
on on—1 62 0
T
7_nfl

— (1 Gnn OGnn—1 Gn,2 Qn,1
- y 071707171"”7927 9

T
1
1
Gn,1 Qn,2 Gnn—1 Onn e
=7 < 0 g2 gn-1 o > T”_Q (32)
n—1

T

The following lemma enables us to determine the control coefficients with the
help of orthogonal polynomials.
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Lemma 2. Let (sj(é?))?zo (resp. (sj(e))iggl) be a Stieltjes positive definite
sequence. For r = 1,2, let Y, ,,, H, ,_1 and p,, be as in (7), (8), (9), (10),
(13) and (14), respectively. Define ay; by

an1 @ a _
(55 5) = COMLE g, )
where a, ; are negative numbers and
0 0 0 1
0 0 -1 0
Jn = o
0 (=1t 0 0
(=1 0 0 0

Then, the characteristic polynomial p,(T,0) of the matriz A, + bna},(0) is given
by ﬁn(7_7 9) - (_l)npr,n(_Ta 0)

Proof. Let r = 1. Using (13) and (11), we have:
(=1)"pra(=7,0) =(=1)" (=Y, H, 1, 1) En(~7)
1

SCOMEYLH ) |t

(-1
1
="+ (D)"Y HD I | | (34)
Tnfl
From (32) and (34), we obtain (33). The proof for r = 2 is similar. O

Now, we formulate one of the main results of the present work.

Theorem 3. Forr = 1,2, let p,,,(7,0) be a polynomial defined on [0,+00) with
respect to T with parameter § > 0 as in (13) and (14). Let an ; be defined as in
(33), and let F,, be a solution of (21). Furthermore, let 6(x) be the solution of
equation (25) with ag as in (22). Thus, the positional control of the form (17)
solves the synthesis problem for system (4).

Proof. Taking into account Lemma 2, the definition of p,; for r = 1,2 as in (13)
and (14) and Equality (33), we see that positional control as in (17) satisfies all
assumptions of Theorem 1. O

Due to the representation of the characteristic polynomial of A,, + byal,(8) for
fixed 6 as in (32) and the representation of the orthogonal polynomial as in (34),
in combination with Lemma 1, we see that a,, chosen via (33), guarantees that
the matrix A,, + byah(6) is Hurwitz.
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From Theorem 1, we know that every member of the family of orthogonal
polynomials, as defined in (13) and (14), generates a positional control that solves
the synthesis problem for the canonical system.

Remark 5. [21] To construct the graphic of the trajectory x(t), as well as the CF
0(x) and the bounded control u,(x) both on the trajectory x = x(t) one proceeds
to solve the following Cauchy problem:

:'Uk:xk,l, ]CZQ,...TL,
TDygW, Dy x
.I‘TDgf‘an x ’

z(0) = xo, 0(0) = 0o,

0 =

where xg is the given initial position and Oy is the solution of (25) for x = xg.

Example 2. Consider the polynomial (16). By using (33), (21) and (22), we
compute Fo, Fo and 2ag with Wo =1y, For a > —1, we have

a?+3a+3 ; 1
4(a+1)(a+2 2(a+1)(a+2
Fy = ( (ot )1( ) a3+(4;_2l(102+)11 ) ) (35)
2(a+1)(a+2) 4(a+1)(a+2)
a?4+3a+3 5 3
- 2(a+1)(a+2 2(a+1)(a+2
Fy= ( ot )3( i a3-"(-4;r23-(102+)11 ) ’ (36)
2(o+1)(a+2) (a+1)(a+2)

at + 602 + 1902 + 34 + 25
4(a+2)3 (5at 4 2903 + 7402 + 109 + 75)

2a0 =

For the value of 2ag (37), we have selected the equality in (22).
For a = —1/2, polynomial (16) has the form piao(—7,0) = 7% + %7’ + % and

T2 ~ T 9
Fy — ( s 3 >,F2 = < 9 i ), 2a¢ = 386/15417.
5 21 2%

The equation (25) has the form
386 Tx} | 4wgmy | 5573

15417 ' 180 | 362 ' 2463

—0. (38)

Let xo = (1,1) be the initial position. The unique positive solution of (38) for
xo = (1,1) is equal to 0y = 5.35449. The largest eigenvalue of matriz Iy + AF,
is equal to —0.10396. By employing (27), we obtain that the time of movement
from xo = (1,1) to origin salisfies the following inequality T'(zo) < 51.5053. The
corresponding positional control has the form

3561 3:E2

wle12) = g o) P
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where 0(x1,x2) is the unique positive solution of (38).
The following figure represents the phase portrait for the initial position xo =

(1,1).

X1
0.2 0.4 0.6 0.8 1.0

Pic. 1. Phase portrait for the initial position o = (1,1).
Puc. 1. @asosuti nopmpem 0aa nowamxosoi nosuyii xo = (1,1)

The graphic for the CF on the trajectory 0(x(t)) has the following form.

0(x(t))

10 20 30 40

Pic. 2. The graphic for the CF on the trajectory 0(x(t)).
Puc. 2. I'pagpix dasn CF na mpaexmopii 0(x(t)).

Finally, the graphic of the position control on the trajectory us(xz(t)) is the followi-
ng.
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uz (x())

I 20 30 40
—0.1°¢

—0.21
—0.3"-
—0.4F

—0.5]]

—-0.6

Pic. 3. The graphic of the position control on the trajectory ua(z(t)).
Puc. 8. I'padpix nosuuitinoeo kepysanmns na mpackmopii ug(x(t)).

2. The CF as motion time is unobtainable via orthogonal polynomials

In this section, for n = 2 and for n = 3, we demonstrate that it is not
possible to construct positional controls u(x,f(x)) as in (17) through orthogonal
polynomials py j (resp p2 ;) asin (13) (resp. (14)). To this end, in the next remarks,
we reproduce important results concerning the derivative of the CF with respect
to time # and the estimation of time of motion T'(zg).

Remark 6. In [29, Theorem 1] and [30, Theorem 1] while studying finite-
time stability or finite-time output feedback control, a slight modification of the
fundamental inequality

f(z) < —BO" = (z) (39)

and the time estimation

T(z0) < %91/a($0) (40)

were used. Here o and [ are positive numbers. Inequalities (39) and (40) appear
as part of [15, Theorem 1], which gives sufficient conditions for a bounded
multidimensional control u(z,0(x)) to stabilize at finite time the control system
& = f(x,u), where [ satisfies a Lipschitz condition in a subset of the space (x,u).

The following remark recalls the case when 0(zg) is exactly the time of motion
from z¢ to the origin. For the canonical system (4), this occurs if

W, =F,. (41)

Remark 7. a) If inequality (39) becomes an equality with o = 1 and 5 =1, we
have

0=—1. (42)

This case was studied in [31], [22], [25], [26], [27]. Integrating (42) with respect
to time t from O to t, we obtain

0(z(0)) — 6(z(t)) = t. (43)
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Let T'(zo) be motion time as in (40) and (3). Due condition 1) of [15, Theorem
1/, we have
0(2(T'(x0))) = 0. (44)

For t = T(xzg) in (42), taking into account (44), we have that
0(x(0)) = T (xo)- (45)
b) The importance of (45) is evident, namely,
0o = 0(x(0)) (46)

represents exactly the time of motion from the initial state xg to the origin.

Let n =2 in (4). From |26, Equality (1.10)], for a2 < —4, we know that

311 (2,279
=_ ’ 4
U2($) 9(1’1,1‘2) + 92($1,$2) ( 7>

is the positional control which solves the synthesis problem for the canonical
system when the controllability function is the motion time. The control (47) is
constructed for the case when Fo is a positive definite matrix, while f‘g can be a
positive definite matrix, or an indefinite matrix, or satisfy det Fy = 0.

Proposition 2. Forn = 2 and n = 3, the controllability function as motion time
is not obtainable via orthogonal polynomials on [0, 00).

Proof. Let n = 2. Inserting the control (47) in (4) and computing the characteristic
polynomial of matrix
~ _3 22
— 0 02
A, < r ) (48)

for fixed positive 6 with ag2 < —4, we obtain

po(—7,0) =7+ — — == (49)

1
The roots of polynomial (49) have the form 50 (—3 +24/azo + 9/4>. Thus, for

a2 < —4, we have that the roots of polynomial (49) are complex numbers. On
the other hand, the roots of polynomial p,2(—7,6) for § > 0 and r = 1,2 are real;
see [4]. Consequently, one cannot construct a controllability function as a motion
time with the help of the orthogonal polynomial p,o(—7,6) for r =1, 2.

For n = 3, the positional control for the case when the controllability function
0(z) is the time of motion when F3 is a positive definite matrix, has the form [27]

6x az3 —30)x as.3x
_71+(3,3 )2+3,33

) 302 R az 3 < —30. (50)

us(z) =
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Substituting control (50) in (4), the corresponding characteristic polynomial for
fixed positive 4 is the following
67’2 (CL373 — 30) T 43,33

Cpa(— — 32 _
p3(—T1,0) =1° + 7 302 ER (51)

Taking the derivative of —ps(—,6) with respect to 7, we have

127 a3 —30
—py(—7,0) =302 4 - — B

0 302 (52)

1
The roots of —ph(—7,0) are eV (—6 + \/az 3 + 6), for ag 3 < —30. Both of them

are complex numbers. Hence, for every fixed 6, the polynomial —ps(—7,6) has
no critical points. Thus, —ps(—7,0) is monotone nondecreasing function. Due to
Bolzano’s theorem, —p3(—, 8) has one real root. The remaining roots are complex
numbers. On the other hand, polynomials —p, 3(—7, #) have only negative roots
for fixed 0. Consequently, we have a similar result as for n = 2. O

Conclusion

We have proved that every orthogonal polynomial on [0, +00) described by
(13) and (14) is a Hurwitz polynomial after performing two simple algebraic
operations: a) replacing the independent variable 7 by —7 and b) multiplying
the polynomial by (—1)"™. This result follows from the properties of the roots of
orthogonal polynomials and the definition of a Hurwitz polynomial. Using these
orthogonal polynomials, we constructed bounded finite-time stabilizing controls.

We also demonstrated that no orthogonal polynomial can generate a positional
control such that the controllability function represents the system’s motion time.

An interesting open question remains: Is it possible to construct positional
controls for system (1) using a combination of orthogonal polynomials on [0, c0),
such that the controllability function represents the motion time or satisfies the
equality 6 = —C, where C is a positive constant? Further investigation of this
problem would be worthwhile.
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Meron dyukuii kepopanocri Kopobosa 3a 40110MOroio oproroHajibHUX
noJstinomiB Ha [0, 00)

A. E. Yoke-Pisepo!, T. Bykarmmunai?
L Inemumym gisuxu ma mamemamuru
Vuisepcumem Mivoaxana-de- Can-Hixonrac-de-1darveo
bydiean C-83, Henmparvrut xamnyc, 58060, Mopenis, Mivoaxan, Mexcura
2 Daxyavmem yueisvHozo 6ydieHUYMEE
Ynuisepcumem Mivoaxana-de- Can-Hixonac-de-10anveo

Bydisas A, [enmpasvruti xamnyc, 58060, Mopenis, Mivoarxan, Mexcuxa

JlaHO KepoBaHy CHCTEMY, OMUCAHY 3BUYAHUMU JTudepeHIialbHIMI PIBHAHHAMEI ab0
JuepeHIaTbHUMU PIBHAHHSAMY 13 YACTUHHUMU TOXITHUMH, Ta MOYATKOBUI CTaH. 3a/a-
43 3HAXO/PKEHHS MHOKHUHU OOMEKEHUX [MO3UIIAHIX KePYBaHb, K1 IEPEBOJATH [IO9ATKO-
Buil cTan y mesdkwii iHmmii crad (He 000B’A3KOBO TOYKY PIBHOBAru) 3a CKIHYEHHWI dYac,
Ha3MBAETHCS 3a/1a9€I0 CUHTE3Y.

VY naniit poboti po3rismaeTbed cimeiicTBo cucteM y dopmi BpyrOBChKOro posmip-
Hocti n. Jaa crabimizarii 3amanol cucremu y ¢popmi BpyHOBCHKOrO 3a CKiHUeHHMI dac
106yA0BaHO CiMelcTBO 0OMeKeHUX HO3ULIAHUX KepyBaHb Uy, (x). Mu BUKOpUCTOBYEMO
OPTOTOHAJIBHI MOJIHOMH, 10 acoriioBani 3 dbyHKIOHAIRHUM po3noiaoM o (T, §), Bu3Ha-
gennM s 7 € [0, +00) i mapamerpa 6 > 0. ITapamerp 6 inTepnperyerbest K QyHKISA
keposanocti KopoGosa, § = 0(x), aka ciyrye dynkuieo tuny Jlsnyrosa. Bukopucrosy-
1oun 6(z), Mu Gyayemo no3uniitne KepyBaHus: u, () = u,(x, 0(z)).

Ham anmaniz 6Gasyerbcs Ha dynmamentasnbhiii pobori: ”A general approach to
the solution of the bounded control synthesis problem in a controllability problem”,
Matematicheskii Sbornik, 151(4), 582-606 (1979) asropcrsa B. I. Kopo6osa, y sxiii
Oys10 3amporoHoBaHO MeTon (yHKINl kepoBanocti. Ileit merTom Oymo 3acTOCOBAHO it
po3B’s3amHa 3amad crabimizarii oOMeKeHNM KepyBaHHSM 3a CKIHYEeHHHH dac y PI3HUX
CIeHAPIsAX KEPYBAHHS, TAKUX sIK KEPYBAHHS XBUJIbOBUM DiBHSHHSIM, OITUMAJbHE KEpy-
BaHHY 31 3MiIIAHUMU KPUTEPIEM #AKOCTI Ta 1HIIL 3aCTOCYBAHHS.

Jlj151 OOy IOBY 3raJaHuX MO3UIIHHUX KEPYBAHb MU BUKOPUCTOBYEMO UJIEHHU CiMeicTBA
opToroHasnbHuUX Ha [0, 00) noninomis. JerasbHinty iHdbopmario mpo opToroHanbHi mMoJIi-
HOMM MOXKHA 3HadTn y Kau3i: “Orthogonal Polynomials”, American Mathematical Society,
Providence, (1975) asropcrsa G. Szegd. Mu rakoxk cumpaemocs na pobory: “On matrix
Hurwitz type polynomials and their interrelations to Stieltjes positive definite sequences
and orthogonal matrix polynomials”, Linear Algebra and its Applications, 476, 56-84
(2015) aBropcrea A. E. Choque Rivero.

Pesynbraru, npeacrasieni y it poboTi, po3MIUPIOIOTH 1 PO3BUBAIOTH HAIPAIIOBAH-
Hsl, BUKJIaJieHl y Koudepenniitaiit qonosiai: “Bounded finite-time stabilizing controls via
orthogonal polynomials”, 2018 IEEE International Autumn Meeting on Power, Electroni-
cs and Computing (ROPEC), Ixtapa, Mexico, 2018, asropcrea A. E. Choque Rivero, B.
d. J. G. Orozco.

Karwuosi caosa: obMerxxkeHe KepyBaHHS; OPTOTOHAJIBHI IMoJIiHOMu; crabiiizamnisa 3a
CKiHYeHHHIT Yac; PYHKIli KEPOBAHOCTI; KAHOHIYHA CHCTeMa.

Icropia crarri: orpumana: 5 xxosras 2024; ocranuiii Bapiant: 18 rpymas 2024
npwuitaara: 20 rpyaus 2024.
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Penakuiist mpocurh aBTOpiB 1IpK HAIPABJIEHH] CTaTEll KEPYBATHUCI HACTYITHUMUA
MTPABUJIAMA.

1. B xypHami nybJaiKyoOThCS CTATTI, M0 MAOTh PE3YIBTATH MATEMATHIHUX
JOCTIKEHD (AaHTTIHCHKOI0 200 YKPATHCHKOI0 MOBAMMY).

2. IlomanHsiM cTaTTi BBasKAETHCsI OTPUMAHHsS peAakiiero daiip crarTi
odopmenux y pemakropi LaTeX, anmorariit, BimoMocTeil mpo aBTOPiB Ta apxiBa,
mo Bryiouae LaTeX paimm crarti Ta daitnin masronkis. Paiin-3pazox odopmire-
HHA CTATTi MOXKHA 3HAWTK HA OdirmiiiHili BeO-cTOpiHII KypHATY
(http://periodicals.karazin.ua/mech _math ). ABropam HeoOxinHO 3apeecTpyBa-
TUCH TA 3aBAHTA>KUTU TIOJAHHSA HA I1ili CTOPiHIl. Byabre yBaXKHUME, 3AIIOBHIO-
10un (hbOpMy TONAHHS JIBOMa MOBaMU (YKPalHCHKOIO Ta aHTJICHKOIO).

3. Crarrs nOBUHHA NOYMHATUCS 3 PO3MMPEHOT aHoTanii (06csaroMm HE MEHII
Hi>k 1800 3HakiB), B dkiii moBunHI OyTnm wiTKO ChopMyaHLOBAHI MeTa Ta pe-
3ysbTaTH poboTH. AHOTAIS MOBUHHA GYTH TIEH0 MOBOIO (AHIVIHICEKOI ab0 yKpa-
THCBKOIO), AKOI € OCHOBHHUII TEKCT CTaTTi. 3aKOPAOHHI aBTOPU MOXKYTh 3BEp-
HYTHCS JIO PEIaKIfl 3a JIOTIOMOTO 3 MEPEKJIaJI0M aHOTAIllll Ha YKPATHCHKY MO-
By. lHoBumni 6yTn HaBemeni npizsuiia, iHiniaan aBropis, Ha3Ba POOOTHU, KIOUOBI
CJIOBa Ta HOMEp 3a MiKHApOJHOI MareMaTHdHOK Kiacudikarieo (Mathemati-
cs Subject Classification 2020). Anorarnis He TOBUHHA MATH TTOCUIAHb HA JITEPaA-
Typy un Mmasrouku. Ha meprriit cropinmi Bkazyerbest Homep YK kimacudikariii.
B xinni crarTi Tpeba mogaru nepekaas anorarii (o6carom He MeHIn Hixk 1800
3HAKIB) Ha ApyTy MOBY (AHIJIHCHKY 9U yKPATHCHKY ).

4. Cuucox JjiTeparypu 1MOBUHEH OyTyu OMOPMJIEHUI JIATUHCHKAM MIPUGTOM.
[Mpukaagn odopMIEHHST CIIUCKA JTITEPATY PH:

1. A.M. Lyapunov. A new case of integrability of differential equations of motion

of a solid body in liquid, Rep. Kharkov Math. Soc., — 1893. — 2. V.4. — P. 81-85.

2. AM. Lyapunov. The general problem of the stability of motion. Kharkov
Mathematical Society, Kharkov. - 1892. - 251 p.

5. Koxnwnit mManoHOK moBHMHEH OyTH NPOHYMEPOBAHWI Ta MTPEACTABICHUN
okpemuM aitiom B ogroMy 3 hopmaris: EPS, BMP, JPG. B daiiri crarti mastio-
HOK MOBWHEH OyTw BCTaBaeHuit apropom. Ilig mMamoHKOM moBUHEH OyTH ITimmc.
Hazu haitniB MaloHKIB TOBUHHI IOYHHATHUCE 3 IPI3BUINA IEPIIOrO aBTOPA.

6. BimomocTi npo apTopiB moBwHHI MicTHTH: Mpi3BHIITA, iMeHA, IO HATHKOBI,
cayk00Bi ajipecu Ta HOMepHu TesiedOHIB, HAYKOBUI CTYIIIHD, TOCA/LY, aJ[PECU eJie-
KTPOHHUX CKPMHBOK Ta iH(opMario npo Haykosi npodaitim asropis (orcid.org,
www.researcherid.com, www.scopus.com) 3 Biamosinunvu nocunansgmu. IIpoxan-
Hsl TAKOXK TOBIJOMUTH TPI3BUINE aBTOPA, 3 IKUM Tpeba BECTH JUCTYBAHHSI.

7. PexkomenayemMo BUKOPHUCTOBYBATH B TKOCTI 3pa3ka OPOPMIEHHS OCTAHHI
sunyckn )ypHaiy (http://periodicals.karazin.ua/mech _math ).

8. VY Buma Ky mopyIneHHs mpaBus ohOPMICHHS PeaaKilia He Oyae posrasaaTu
CTaTTIO.

Enextponna ckpunbka: vestnik-khnu@ukr.net


http://periodicals.karazin.ua/mech_math
https://msc2020.org/
https://msc2020.org/
http://www.udcsummary.info/php/index.php?lang=en
https://orcid.org/
http://www.researcherid.com/Home.action
https://www.scopus.com/search/form.uri?display=basic
http://periodicals.karazin.ua/mech_math

Hayxose sudarms

Bicuuk XapkiBchbKOro HaIllOHAJIBHOTO VHiBepcuTeTy iMerni B. H. Kapaszina,
Cepia “Maremaruka, NpuKIa Ha MareMaruka i mexanika’, Tom 100, 2024 p.

36ipHUK HAYKOBUX IIPAIlb
AHDII#ICEKOI0 Ta YKPaiHCHKOK MOBAMHA

[ligmucano mo apyky 29.12.2024 p.

®opmar 70 x 108/16. Manip odcernuii. Ipyk nudposuii.
YM. ApyK. apk. 5,53

O6s1.— Bu. apk. 6,9

Hakran 100 mp. Bam. Ne 45/24

Beskormrrosno.

Bunasens i BuroroBaoBad XapKiBCbKUH HAIIOHAJIBHUHI YHIBEPCHTET
imeni B. H. Kapasina, 61022, m. Xapkis, maiijgan Ceoboju, 4

CeimonTBo cy6’ekta Bunasauuoi cupasu JIK Ne3367 sixg 13.01.09

BunasounTeo XapkiBchKoTo HalioHaabHOTo yHiBEpcuTeTy imeni B. H. Kapasina
Ten. 705-24-32



