ISSN 2518-170X (Online)
ISSN 2224-5278 (Print)

NEWS OF THE NATIONAL ACADEMY
OF SCIENCES OF THE REPUBLIC
OF KAZAKHSTAN, SERIES OF
GEOLOGY AND TECHNICAL SCIENCES

Nel
2026



ISSN 2518-170X (Online)
ISSN 2224-5278 (Print)

D>
AA\& A
—
il

CENTRAL ASIAN ACADEMIC
RESEARCH CENTER

@;’g? %’@%
v

NEWS
OF THE NATIONAL ACADEMY OF SCIENCES
OF THE REPUBLIC OF KAZAKHSTAN,
SERIES OF GEOLOGY AND TECHNICAL
SCIENCES

1 (475)

JANUARY - FEBRUARY 2026

THE JOURNAL WAS FOUNDED IN 1940

PUBLISHED 6 TIMES A YEAR

ALMATY, 2026



2 Clarivate
Analytics

The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. The development of a new class of construction and road
machinery—bitumen and chippings synchronous spreaders (BCSS)-has introduced
new engineering challenges. As performance requirements and surface treatment
technologies evolve, existing equipment increasingly fails to meet modern quality
standards. Operational experience has revealed significant design limitations in
key functional units of BCSS, particularly in bitumen and chippings distribution
systems. Objective. To improve the efficiency of BCSS through control of the
synchronous distribution process of binder and aggregate on road surfaces. Methods.
The study analyzed BCSS operational conditions and assessed the utilization of
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its components. Mathematical modeling and experimental testing were used to
evaluate the performance of critical system elements. Results and Conclusions. A
novel dual-loop automatic control system for BCSS is proposed. It consists of a
dimensional adjustment loop for the bitumen distributor and a chassis stabilization
loop. A functional diagram was developed based on the transfer functions of
each component. Stability criteria for both control loops were mathematically
defined, and the elastic deformation sensor's ring element in the stabilization
loop was analytically evaluated. Experimental results confirmed the feasibility
and effectiveness of the proposed system, demonstrating strong performance of
the prototype control elements. The findings support the potential of automatic
control systems to enhance the precision and reliability of synchronous bitumen
and chippings distribution.
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adjustment loop, chassis position stabilization, Measurement transducer, Actuator
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AnHOTauus. Oszexminiei. YKaHa CHIHBINTAFbl KYPBUIBIC-KOJI MallWHAIAPHI
— OalJIaHBICTRIPYIIBI KOHE KHBIPIIBIK TACTHl CHHXPOHJBI TapaTarblH OUTYyM-
KUBIPIIBIK TacThl TaparkbiuTapablH (BKT) maiina OomysiMeH Kartap kaHa
MiHAETTep A€ TyblHAaAbl. JKONM IKaMBUIFBICHIHBIH O€TKi ©HJeNy camachlHa
KOMBUIATBIH TaJlalTaplblH apTyblHA »oHE OeTKi eHJEYdiH TEXHOIOTHUSIIBIK
TYpJepi MEH 9JIICTepiHIH KCHEI1He 0ailyIaHBICThI KOJIJAHBICTAFbI XKaOABIKTaP IbIH
Oy1 TamantapAasl OpbIHIAH anMaybl aiikeiH Oongsl. BKT-wbl maiimanany
TOKipuOeci omapiaplH  KypamblHAAFbl OalIaHBICTBIPYIIBI  JKOHE  KUBIPIIBIK
TacTbl TapaTry arperarTapbl CHSAKTHI Heri3ri (pyHKIMOHANIABIK TOpanTapbIHBIH
KYPBUIBIMBIH/Ia KEMIILTIKTEp Oap ekeHiH kopceTTi. Makcamoi. JKom )KaMBbIIFbICBIHA
0alIaHBICTHIPYIIBI MEH KUBIPLIBIK TACThl CHHXPOH/BI TapaTy MpoleciH Oackapy
ApKbUTBI OMTYM-KUBIPIIBIK TAacThl TaPAaTKBIIITAPBIH KYMBICBIHBIH THIMALTITIH
apTTHIPY JKOJAAPBIH 3epTTey. Odicmepi. 3eprrey Oapbichinaa BKT-HBIH KyMbIC
KaFaainapsl MEH OJaplblH TOpanTapbl MEH MEXaHM3MCPiH TOJBIK NaiganaHy
JICHI' el TangaH/pl, COHNai-aK KaOAbIK TOPaNTapbIHBIH JKYMBICHIH CUIIATTaWThIH
MaTeMaTHKaIbIK eCenTeylep MEH OKCIEePUMEHTTIK 3epTTeyiep JKYprizijii.
Homuorcenepi men xopvimuvinoviniapul. Makanaga anram peT OaiaHbICTBIPYILIBI
MEH KHUBIPUIBIK TaCThl TapaTy MPOLECIH €Ki KOHTYPJIbl aBTOMATThl OacKapy kyieci
CHUINATTaJbII OTBIP: Oipi — OalIaHBICTHIPYIIBI TAPATKBILII arperarThl OJIIIEMIIK
OanTtay KOoHTYpbl, ekinmici — BKT maccuciniH KyHiH TypakTaHAbIpy KOHTYPBHI.
OpOip OybIHHBIH Oepisic (GYHKUUACH HETi3iHAEe OMTYM-KHUBIPIIBIK TacThl TapaTy
MPOLECiH €Ki KOHTYPJbl aBTOMAaTThl Oackapy JKYHeCiHiH (QYHKIHOHAIIBIK
cyi10achl KYpacThIPBUIIBI, KOHTYP >KYMBICBIHBIH OPHBIKTBUIBIFBIH aHBIKTaWTBHIH
MaTeMaTUKaIBIK TOYCIIUTIKTEp YCBIHBUIABI, INACCHIIH KYHIH TYpaKTaHABIPY
KOHTYPBIHBIH ~ cepmiMai  Aedopmanus JaTYWriHIH — CaKMHANBl  3JCMEHTiHEe
ecentey Kyprizingi. JKyprisiireH OSKCIEpPUMEHTTIK 3epTTeyjiep CHHXPOHIbBI
Tapaty KyHenepiHaeri aBTOMarThl OacKapy KOHTYpPJIapbIHBIH (YHKIHOHAIBIK
ANIEMEHTTEPIHIH TOKIPHOENiK YATIIepiHiH KYMBICKA KaOIIETTIIriH jKOHE JKaKChl
TEXHUKAJIBIK CUTIaTTaMaIapblH PacTaibl.

Tyiiin ce3mep: OWTYM-KMBIPIIBIK Tac TapaTKBII, aBTOMATThl OacKapy
XKyHeci, enmeMaik OanTay KOHTYpBI, IIACCH OPHBIH TYPaKTaHABIPYLIBI, ©JIIIeM
TYPJICHAIPTilI, aTKApyIIbl MEXaHU3M
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AHHoOTamms. Axmyanvrocms. C TOSBIEHHEM HOBOTO Kilacca CTPOUTEIBHO-
JOPOXKHBIX MalmH — OutymonieOHnepactpenenureneid (BIIP) ¢ cuHXpoHHBIM
pacrmpeneneHueM BsDKYIIETo M MIeOHsT — BO3HUKIIM HOBBIE HayYHO-TEXHUYECKHE
3ajaud. B ycnoBusx moBbIeHWS TpeOOBaHMH K KadecTBY YCTpOMcCTBa
MTOBEPXHOCTHOW 00pa0OTKM MOKPBHITUH W PACHIMPEHHS] TEXHOJOTHYECKHX BHJIOB
U METOAOB IOBEPXHOCTHOM OOPaOOTKM CTal0 OUYEBHIHO, YTO CYIIECTBYIOIIEE
00OpyIOBaHHE YK€ HE O0ecleuMBacT BBINOJIHEHHE 3TUX TpeOoBaHMH. ONBIT
skcrutyaranun  BII[P moxa3anm HeECOBEpIIEHCTBO KOHCTPYKIUH OCHOBHBIX
(YHKIIMOHABHBIX Y37I0B MAIlIMH, B YaCTHOCTH arperaToB pacipeeeHuUs BXKYIIETO
u mebHs. [Jerv. UccnenoBanue myteidl moblmeHus 3PQEKTUBHOCTH pPadOTHI
outymorieOHepacpeenuTeNiel 3a CUET yNpaBICHUS MPOIECCOM CHHXPOHHOTO
pacrpeneneHus BsDKyIIEro M LIeOHS Ha JOPOKHOE HOKphiTHE. Memoowi. B
HCCIICIOBAaHUM BBINOJIHEH aHauu3 ycinoBui paborsl BIIP u omeHka momHOTHI
HCIOJBb30BAHUSA €T0 y3JI0B M MEXaHNU3MOB; NPOBEAEHBI MATEMaTHYECKUE PACUETHI
U SKCTIEPUMEHTAJIbHbBIC HCCIIeA0BaHNs (PyHKIIMOHUPOBAHUS y3JI0B 000PYIOBaHHSI.
Pesynomamsl u 6v1600bi. B crarthe BHEpBbIE MpPEACTAaBIEHA IBYXKOHTYpHAas
CHCTEeMa aBTOMATHYEeCKOTO yIPaBICHHUS ITPOIIECCOM OUTyMoIIeOHepacpeieIeH s,
BKJTIOYAIOINAsl KOHTYP Pa3MEpHON HACTPOMKH arperara pactpeAeseHHs BSOKYIIETO
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U KOHTYp CTAaOWJIM3alluM TIOJIOXKEHHUS IIacCh OUTyMOIIeOHEpaCIIpeIeTUTEINS.
Ha ocHoBe mepemarodnbix (yHKIHIA 3BEHBEB COCTaBlIcHA (YHKITMOHATbHAS
cXeMa JBYXKOHTYPHOH CUCTEMBI, MPEICTABICHb MAaTEMaTHUYECKUE 3aBUCHUMOCTHU
JUTS OIIEHKW YCTOMYMBOCTH pPabOTHI KOHTYpOB, a TaKXe BBHITIONHEH pacdér
KOJIBIICBOI'O 3JIEMEHTA JaTdvKa ynpyrux JedopMariuii, HUCIONb3yeMOro B
KOHType CTaOWIH3aIiX MOJIOKEHUS IIacCh. DKCIIEPUMEHTAIBHbBIE UCCIIeIOBaHUS
MIOATBEPAWIN PAOOTOCTIOCOOHOCTh W BBICOKHME TEXHHUUECKHUE XapaKTCPUCTUKU
OTBITHBIX 00pa3IoB (PYHKIIMOHAIBHBIX AJIEMEHTOB KOHTYPOB aBTOMATHYECKOIO
YIpaBIeHHUS CUCTEMON CHHXPOHHOTO pacipeaeNeHIsI KOMITOHEHTOB.

KuaroueBsie ciioBa: butymornieOHepacpesiesieH|e, CUCTeMa aBTOMaTHYECKOTO
YIpaBiIeHHs, KOHTYp pa3MepHOW HACTPOWKH, CTaOWMIHM3aIHsa TOJI0KEHHUS IIACCH,
M3MEPUTEIIbHBIN IPpeo0pa30BaTelib, HCIIOJHUTEIIbHBIA MEXaHU3M

Introduction. The emerging trend in the development of automatic control
systems for various technological processes (Shishkin, 2019; Esnouf, 2017; Janisch
etal.,2019; Hicks et al., 2019) highlights the growing relevance of research focused
on designing technical components for key functional units of automatic control
systems (ACS) and constructing single-loop and multi-loop ACS architectures
based on them.

The authors have accumulated experience in designing single-loop automatic
control systems for the bitumen-chip spreading process (Yeserkegenova et al.,
2021; Yeserkegenova et al., 2022). Due to the complexity of the bitumen-chip
spreading process itself, it is necessary to incorporate multiple control loops, each
representing a closed-loop control system. In the context of bitumen-chip spreaders
(BCS), such control loops include the dimensional adjustment loop (DAL) for the
binder distribution unit along the road surface, and the chassis stabilization loop
(CSL) for the BCS. The former (DAL) ensures a triple overlap of binder spray
patterns in automatic mode, while the latter (CSL) maintains the required chassis
position (parallel to the road surface) regardless of the body tilt or the level of
aggregate in its compartments.

The dual-loop ACS architecture for the bitumen-chip spreading process,
proposed here for the first time, significantly extends the functional capabilities of
BCS machines and improves the quality of surface treatment.

Automatic control systems have also been developed for other road surface
treatment processes, such as asphalt pavement milling (Tabylov, 2007, Shishkin,
2019, Zhu et al., 2024), and for component processing on CNC lathes (Kadyrov,
1991; Balovnev, 1981).

The aim and central idea of this research are to develop new technical solutions
and functional units that can be integrated into existing BCS equipment to implement
single- and dual-loop control systems for bitumen-chip spreading, and to validate
their performance through theoretical and experimental investigations.

To achieve this goal, the authors conducted an in-depth review of existing
research on automatic control systems for bitumen-chip spreading, designed novel

366



ISSN 2224-5278 1.2026

technical components and modules, and built several single-loop systems as well
as a dual-loop ACS. Theoretical modeling and experimental testing confirmed their
functionality and clarified their technical and functional characteristics.

Design and Operating Principle of the Dual-Loop Automatic Control
System for the Bitumen-Chip Spreading Process. A control loop is defined
herein as a closed-loop automatic system comprising a measurement transducer
(MT) (Cypkin, 1977; Kadyrov, 1991; Balovnev, 2006) for registering a selected
parameter of the bitumen-chip spreading process — either binder or aggregate
distribution — and an actuator (AC) that compensates for deviations between the
measured and the reference values of the regulated parameter. The control loop
operates in accordance with a predefined control algorithm.

The dual-loop automatic control system for the bitumen-chip spreading process
(Figure 1), (Kadyrov et al., 2024) includes the following main components mounted
sequentially on the chassis (1): a multi-section hopper (2), a drive unit (3) for
angular adjustment of the hopper relative to the cantilever-mounted non-rotatable
support (4), a binder tank (5) containing binder material (6), and a binder distributor
(7) mounted in the form of a transverse spray bar (8) with a row of nozzles (9)
oriented perpendicular to the chassis.

2 5 A FI‘","

IQU ILY\' r;j_ o

w6 M

17 6 9 8 51 : N\
a) b) !

Figure 1 — Bitumen-chip spreader equipped with a dual-loop control system

The system also includes a microprocessor control unit (10), a GPS navigator
(11), a distance sensor to measure the gap between the nozzles and the road surface,
and a mixing device (13) for aggregate. The outputs of all sensors are connected to
the microprocessor unit, which in turn controls the drive (3) for angular adjustment
of the hopper, the drive (14) for opening and emptying the hopper sections, and the
drive (15) for rotating the mixing blades of the aggregate mixer.

According to the proposed technical solution, the distance sensor between the
nozzle tips and the road surface is implemented as a composite unit consisting of an
interacting contact sensor (17) with a retractable rod (18) and a linear displacement
sensor (19) to measure vertical movements of the spray bar with nozzles. The linear
displacement sensor is implemented using a linear inductosyn. Measurement begins
when the retractable rod contacts the road surface, triggering the contact sensor.

The BCS chassis is constructed in two halves separated by a three-sided open
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horizontal slot (20): an upper half (21) with embedded strain gauges (22), and a
lower half (23) housing a controllable linear actuator (24) located between the two
chassis sections (Figure 2a).
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Figure 2 — BCS chassis with integrated strain gauges and linear actuator

Each strain gauge sensor, as shown in Figure 2b, is formed by a thin-walled ring
element (26) housed in a rectangular open-frame casing. The ring interacts locally
with transverse crossbars — bottom and top — of the casing. Primary electrical
transducers (28), such as foil strain gauges, are placed at locations of maximum
elastic deformation on the ring element.

The linear actuator is implemented, for instance, using a set of flat piezoelectric
elements.

The strain gauges are located on the upper chassis half, opposite the fixed
support (29) and the support of the hopper tilt drive. The linear actuator is located
in the cantilevered part of the lower chassis half.

All measuring transducers, including the additionally integrated touch sensor,
the linear displacement sensor for vertical movement of the nozzle comb, strain
sensors, and strain gauges, are connected to the input of the microprocessor-based
control unit via an amplification and conversion module. The output of the control
unit is, in turn, connected to a set of piezoelectric elements of the linear actuator
through another amplification and conversion module.

The touch sensors and the linear displacement sensors for vertical movement of
the nozzle comb, together with the controlled actuator, form the first control loop
of the system — the Dimensional Adjustment Loop (DAL) of the binder distribution
unit, which ensures automatic triple overlap of binder spray patterns.

The strain sensors and the linear actuator form the second control loop — the
Chassis Stabilization Loop (CSL) — which ensures the BCS chassis remains parallel
to the road surface, regardless of hopper tilt or aggregate fill level.

The dual-loop control system operates as follows:

Aggregate of various fractions is loaded into the hopper sections, and binder —
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such as bitumen or bitumen emulsion — is poured into the tank, which includes an
automatic heating device. The DAL is first adjusted: initial parameters (such as the
required distance H between nozzle tips and the road surface) are entered into the
control unit. Upon command, the actuator (33) lowers the entire binder distribution
assembly vertically until the retractable rod contacts the road surface, activating
sensor. The actuator then lifts the assembly by the specified height H (Figure 1),
thereby setting the required nozzle-to-surface distance.

After configuring the DAL, the binder is fed from the tank to the nozzles. As the
BCS moves in direction A, the binder is evenly distributed across the road surface.
The aggregate is applied 1-1.5 seconds after binder spraying, thus implementing
synchronous component distribution.

The hopper is tilted using drive (3), and upon activation of drives (14) and (15),
the aggregate is mixed and evenly spread over the binder layer, completing the
surface dressing cycle.

When the hopper tilts, the strain gauge located opposite the fixed support detects
the motion and sends a signal to the control unit, which commands the actuator (24)
to restore the horizontal chassis position relative to the road surface. The actuator
uses piezoceramic plates with a diameter of at least 16 mm and a thickness of 2
mm, assembled into sets of 48—60 plates. The linear dimension of the actuator
varies under applied voltage via the inverse piezoelectric effect.

As the BCS moves along steep or curved roads and the hopper sections gradually
empty, the system performs periodic adjustments to both the binder distribution
assembly and chassis position—fully automatically.

This dual-loop system has proven to be highly effective, enhancing the functional
performance of the BCS and significantly improving the quality of road surface
treatment.

Theoretical and Experimental Investigation of the Dual-Loop Automatic Control
System for Bitumen-Chip Spreading.

In the investigation of the control loops within the system, performance
indicators such as accuracy and stability were determined by analyzing the dynamic
properties of the constituent components (Khattak and Bhuyan, 2024; Makarov D.
et al., 2016, Cypkin, 1977). After identifying the transfer functions of each system
element, functional diagrams were developed for both the dimensional adjustment
loop (Figure 3a) and the chassis stabilization loop of the bitumen-chip spreader
(Figure 3b).
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Figure 3 — Functional diagram of the dimensional adjustment loop and the chassis stabilization
loop

The following notations are used in the diagram:

The numbers correspond to the positions shown in Figures 1-2;

CO — controlled object;

MT — measurement transducer;

H_and H_— the measured and set values of the distance from the nozzle tips to
the road surface.

The block diagram of the dimensional adjustment loop (DAL) is presented in
Figure 4.
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Figure 4 — Block diagram of the dimensional adjustment loop

The delay element (1) accounts for the physical positioning of the contact sensor
(17) and the displacement sensor (19) relative to each other and the road surface,
as illustrated in Figure 1b.
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The transfer function of element 1 is defined by the expression:
Wl [P) = E_T;.p ]

where 7, is the pure delay time in seconds.

Given the small value of 7, we can approximate W (p) =1.

The measurement transducer (MT) of this loop consists of the contact sensor
(17) and the linear displacement sensor (19) that measures vertical movement of
the spray bar with nozzles (a linear inductosyn). Both can be modeled as non-
inertial elements with gain coefficients £, and &, respectively:

W; [P] = kr_':
Wa [F‘] = kD.‘.‘

The transfer function of the constant pitch motor (DPM) used in the actuator is
expressed (Janisch, 2019) as:

w,(P) = - Kppu
T Ty p
The operation of the direct current motor in the actuator is controlled by pulse-
width modulation (PWM) of the control signal using a pulse-width converter
(PWC). The PWM controller is modeled as a combination of a non-inertial element
(Kadyrov, 1991) and a pure delay:

W, (p) = kppyyy - & TEWME,

k oy — gain coeflicient of the pulse-width modulation converter
T,wy — pure time delay of the control signal in the pulse-width modulation
converter

Empirical results showed that Tewar is small, hence the PWM unit is considered
non-inertial:

W (p) = Kpwe

The open-loop transfer function is given by:

W (p) = Wi (p) - Wr(p),

where W (p) and Wx (p) are the transfer functions of the single-loop system
and the feedback, respectively.

371



ISSN 2224-5278 1.2026

The closed-loop transfer function is:

Ws(p)
14+ We(p) We(p)

By substituting actual values into this expression, the real parts of the complex
roots of the characteristic equation were found to be negative, indicating that the
system (DAL) is stable (Balovnev, 1981).

A separate theoretical calculation was conducted for the ring element of the strain
gauge in the chassis stabilization loop (CSL). The analysis focused on determining
the elastic deformation along the length of the primary electrical transducer (PET),
i.e., a foil strain gauge (28), under applied loading (Kadyrov, 1991).

Assuming a symmetric thin-walled ring geometry with initial parameters:
R=25,00 mMm, a=10,0 MM, ~A=1,0 MM, ¢=360°, and an applied force P=5,0 =,
canonical equations were used to derive bending moments across any ring section
as a function of angle ¢:

M=P-R.-(0,5-singp —0,318),

We (p) =

where R — radius of the center of gravity of the section

To determine the radial deflections (displacements) of an arbitrary point on the
elastic element, a differential equation was formulated:

d*w M- R;

dy? Tw EJ

The solution to this equation for calculating radial deflections (displacements)
takes the following form:

-

R—
= fr: (0,467 - cos @ + 0,25 -sing — 0,25 - @ - cos @ — 0,318)

w=—

Let us determine the strain (elongation or shortening) of the fiber passing
through the centroid of the cross-section of the ring-shaped elastic element.
The deformation of the considered fiber is given by:

AL=L—1 L= [*\1+ (o)l

where / and L are the lengths of the fiber before and after the application of the
load, respectively, and /; and > are the limits of integration defined by the area of
foil strain gauge application.
After transformations, we obtain:
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L=f |l+ — '—0,46?'3+G,ZSSE dl

EJ

This formula allows for calculating the deformation value AL of the considered
fiber based on the initial parameters.

For example, using a foil strain gauge with a base length of 20.0 mm affixed to
the inner surface of a ring with identical parameters, we obtain the deformation of
the analyzed fiber as:

AL = 4,0915067 -107° - P? 4 2,5232546 - 1071 - p#

Thus, the deformation of the inner surface of the ring-shaped elastic element
beneath the foil strain gauge is € =—0.5073499 um. In other words, when a force of
1.0N is applied to the ring-shaped elastic element, the surface beneath the foil strain
gauge shortens by 0.5073499 um.

As part of this study, experimental investigations were conducted on the
elements of automatic control systems used in the bitumen-chip spreading process.

Experimental tests were conducted to evaluate the metrological characteristics
of the strain gauge (Figure 2b) under different loading conditions. The test bench
layout is shown in Figure 5.

11

15

Figure 5 — Experimental test bench layout

On a flat platform, supports (2) and (3) for the hydraulic cylinder (4) were fixed.
Opposite these supports, strain gauges (5) with ring elements (6) and foil strain
gauges (7) were mounted. Control of the hydraulic system was implemented via
control block (8). The cylinder stroke altered the hopper tilt angle o, affecting four
sections (10—13) of the hopper. The ring elements were made from 65G spring
steel.
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Experimental variables included:

1. Geometric parameters of PMT;

2. Aggregate weight in hopper sections (10-13);

3. Hopper tilt angle a;

4.  Stroke amplitude AA of hydraulic cylinder.

Aggregate was simultaneously loaded into sections 12 and 13 as a varied
between 15° and 30°.

Comparative elastic deformation values for two rings are shown in Figure 6.
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Figure 6 — Comparative elastic deformation values for rings 1 and 2, D,=50 mm, S,=1 mm

To obtain the static characteristic of the strain-sensitive ring element (PET), a
reference force was incrementally applied to it (Khattak and Bhuyan, 2024, Kadyrov,
1991). The corresponding output values (proportional to the elastic deformations of
the ring) were read using a digital voltmeter. The measurement result was taken as
the arithmetic mean of five consecutive readings obtained under identical applied
reference force conditions. A straight line was fitted to the resulting data points
(Figure 7) using the least squares approximation method.

The proposed measurement method is justified by the fact that the measurement
errors follow a normal distribution and are independent of the measured value. The
random error is primarily caused by additive noise, due to the narrow measurement
range.
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Figure 7 — Static characteristic of the PMT (ring)

These studies enabled determination of the technical and metrological
characteristics of the custom-designed measuring tool.

Table 1 — Technical specifications of the strain gauge

No Parameter Value
1  |Measurement method Contact
2 | Conversion principle Electrical (foil strain gauge)
3 | Measuring force, N 1...4
4 | Measurement range, N 5 ... 10000
5 | Response time, ms 1...30
6 | Sensitivity, mV/N 0,1...0,5
7 | Max intrinsic error, N 1-3 ... 15-20
8 | Supply voltage, V +12
9 | PMT dimensions, mm 50,0 ... 60,0
10 | PET dimensions, mm Foil or semiconductor
11 | Weight, kg 0,25...0,3
12 Operating conditions
a) | Ambient temp, °C 20+5
6) | Temp variation, °C/h <2
B) |Humidity, % 60+20

Further static and dynamic tests were conducted on the actuator plate of the
system using controlled loads on both sides of the deformable plate (Figure 8a, 8b).
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Figure 8 — Modular actuators for controlled displacement within the lower chassis section

Experiments were repeated seven times for reliability. The relationship between
elastic deformation AX and load variation AP was assumed linear:

Al =k AP

Using the method of least squares, the parameters (k) of the linear dependence
were determined for various experimental configurations. The approximated values
of A = f(P) are presented in Figure 13. Based on the obtained dependencies of
A = f(P), a graph was constructed (Figure 9) showing the relationship between
the elastic deformation of the plate and its structural parameters that influence the
functional and technical characteristics of the actuator. One such parameter is the

bridge width B.
P
L1ty
\ 4= 41,05-4.858

20 —= 2 22 B,
aar

Figure 9 — Deformation of the actuator plate vs. bridge width B
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The conducted static tests of the actuator plate revealed the following:

1. The plate exhibits stable elastic characteristics under both loading and
unloading conditions.

2. The identified 4; dependencies for various loading schemes allow for the
formulation of a control algorithm for the actuator to compensate for the error signal
in the automatic control system (ACS) of the bitumen-chip spreading process.

3. Based on the obtained dependencies, it is also possible to solve the inverse
problem-namely, by setting a target value for the fine-tuning displacement as
specified in the technical requirements, the technical characteristics of the designed
actuator can be determined, including its overall dimensions and the force required
for adjustment.

4. By setting a specific bridge width B (chosen, for example, according to
manufacturing constraints), the magnitude of possible elastic deformations of the
actuator plate can be estimated.

The test bench for dynamic testing of the actuator plate was built on the basis of
the static test bench and also consists of a loading unit and a measurement unit. For
generating dynamic loads, the loading unit includes an electric motor mounted on
a stand, with an eccentric sleeve (with 1 mm eccentricity) fixed to the output shaft.
The load generated by the loading unit follows the law:

P =P, sinwt

where Po — load generated by the eccentric sleeve,

w = 21 f- — angular frequency,

J.— natural frequency of the sleeve oscillation.

Harmonic loading was created at values /.= 22.5 Hz and w = 131.3 Hz.

The measurement unit employed DN-3-type piezoelectric vibration sensors,
which were mounted using threaded studs on the outer surface of the actuator plate.

Figure 10 presents the amplitude-phase frequency characteristic (APFC)
obtained for this experiment at loading values of P = 300 kgf and bridge widths B
=22 mm and 19 mm, constructed based on the following formulas:

Wepe = Agpe * e'JEDE

Agpg =

'E':EDE
\,'HT:: . EJ.]: + {l - Tlf _m:}:

T5 -

= ‘t _,., =
YEDE ﬂ’-"fé?l_Tl__m_
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Figure 10 — Amplitude-Phase Frequency Characteristic (APFC) under impulse loading at P =
300 kgf, B=22 and 19 mm

To evaluate the degree of system stability based on the rate of decay in transient
processes (Kadyrov, 1991, Kadyrov et al., 2024), logarithmic decrements (1) were

calculated:
JqF!-

‘qn+1

A=In

AA
AF!-
where A4, and A4, — amplitudes of two successive oscillations;

AA — difference between these amplitudes.
The obtained results are summarized in Table 2:

A

Table 2 — Logarithmic Decrement Values of Damping

Sensor number A A A A
DN-1 16 7 9 0,563
DN -2 19 11 8 0,421
DN -3 13 6 7 0,538

Based on the obtained APFC, the following conclusions can be drawn:

1. The actuator plate, as the object under investigation, represents a stable
system according to the Nyquist stability criterion.

2. The segment of the real axis on the APFC (at @ = 0), which serves as the
static characteristic of the system, is sufficiently small, indicating the high rigidity
of the bitumen-chip spreader (BCS). In the experimental study, ® was varied from
0 to 30 kHz, fully simulating the operating frequency range of the BCS.
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3. The calculated values of the logarithmic decrement A; confirm the system's
good stability (i.e., the actuator plate), as well as the presence of a stability margin,
based on the distance of the APFC curve from the point —1.0 on the real axis of the
complex plane.

Conclusions. This paper has presented a detailed analysis of the design and
operating principles of a dual-loop automatic control system (ACS) for the bitumen-
chip spreading process, comprising a dimensional adjustment loop (DAL) for the
binder distribution unit and a chassis stabilization loop (CSL) for the bitumen-chip
spreader (BCS). By determining the transfer functions of each system component,
both structural and functional diagrams of the control loops were developed.
Mathematical relationships describing the behavior of all elements within the
system were derived, demonstrating the stability of the dimensional adjustment
loop.

To determine the metrological characteristics of the deformation sensor used in
the CSL, a theoretical analysis was performed for the ring-shaped elastic element,
focusing on the deformation of its inner surface under mechanical stress. This
analysis served as the foundation for evaluating the performance of the custom
strain gauge incorporated into the control loop.

Both theoretical and experimental studies of the control loops yielded acceptable
technical characteristics for their use within the automatic control system. The
research identified the most effective method for enhancing BCS efficiency—namely,
implementing control over the synchronous distribution of binder and aggregate
onto the road surface.

The successful implementation of such control systems requires the integration
of additional measurement transducers (MT) to monitor the distribution process and
actuators (AC) to compensate for deviations between target and actual parameters.
When equipped with feedback mechanisms, these systems can range from basic
single-loop configurations to more advanced dual-loop systems with expanded
functionality.

The implementation of such systems demands proper informational and
metrological support, as well as comprehensive theoretical and experimental
validation of the control loops.

All developments have been protected by patents of the Republic of Kazakhstan.
The results confirm the effectiveness and feasibility of implementing a dual-loop
ACS to improve the quality of road surface treatment.

List of Abbreviations

BCS Bitumen-Chip Spreader

ACS Automatic Control System
DAL Dimensional Adjustment Loop
CSL Chassis Stabilization Loop
MT Measurement Transducer
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AC Actuator

PET Primary Electrical Transducer

PMT Primary Mechanical Transducer

PWM Pulse-Width Modulation

PWC Pulse-Width Converter

DC Motor Direct Current Motor

EDE Elastic Deformable Element

APFC Amplitude-phase frequency characteristic
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