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ABSTRACT

BACKGROUND: Handling and safety requirements to high-speed tracked vehicles (HSTV) rise in tandem with the
growth of average motion velocities. The issue of ensuring continuously variable turn radius at curvilinear motion is
relevant for HSTVs. Current layouts of steering mechanisms are able to meet this requirement, however they have certain
disadvantages and are not compatible with electronic systems improving motion safety and lowering demands to mechanic-
drivers’ skills.

AIMS: The synthesis of control laws for dual-flow transmission with a hydrostatic steering mechanism (HSSM) controlled
by an electromechanical actuator which exclude “hard” links between steering handwheel and working volume adjustment
mechanism of the HSSM.

METHODS: The study methods are based on using numerical simulation and ensuring real-time operation
of the developed models. In addition, the study methods include synthesis of control algorithms for vehicle’s mechanical
systems, used in on-board controllers, with adequacy assessment at virtual and laboratory experiments.

RESULTS: The method of development of control systems (CS) making possible to develop and to debug CSs without
a HSTV prototype has been put into force. With using the described method, the total time of CS development and debugging
reduces. Workability of the method is proved with the example of development of the CS for curvilinear motion of the HSTV
with dual-flow transmission.

CONCLUSIONS: The study aim has been achieved, the accomplished work shows validity of the given methof of CS
development.

Keywords: high-speed tracked vehicle; curvilinear motion; control system; dual-flow transmission; hydrostatic steering
mechanism.
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OpMFMHaﬂbHOE ncenenosaHme

MeTtoz pa3paboTKu 3NE€KTPOHHOM CUCTEMbI
ynpaBNeHUA KPUBOJIMHEUHBIM ABUKEHUEM
6bICTPOXOAHON MYCEHMYHON MaLLUMHDI

C ABYXNOTOYHOW TpaHCMUCCUEH

H.B. by3yHos, B.B. VisaHeHkos, P.[l. npoxkos, b.b. KocuubiH, I.0. KoTnes

MocKoBCKMI rocyfapcTBeHHbIN TeXHUYeCKMi yHuBepcuTeT uMenn H.3. baymaHa, Mocksa, Poccuiickan Oepepauua

AHHOTALMA

06ocHoBaHue. COBMECTHO C POCTOM CpeHUX CKOPOCTEN OBUMEHUA ObICTPOXOAHbLIX MYCeHWYHbIX MawuH (BI'M) pa-
CTYT 1 TpeboBaHWA K ynpaBnAeMocT U 6e30nacHoCTU OBUMHKeHWSA. AKTyanbHbIM ana BI'M aensetca Bonpoc obecneveHns
beccTyneHYaToro M3MeHeHWs paaMyca NoBopoTa MPY KPMBOSIMHEMHOM [BUMKeHWUM. CylecTBylOLLME CXEMbl MeXaHWU3MOB
noBopoTa MoryT obecneunTb AaHHoe TpeboBaHue, HO NpKM 3TOM 06/1afaloT oNpeaeNieHHbIMU HeJOCTaTKaMU U He NO3BOAAIOT
MPVMEHATD 3NIEKTPOHHbIE CUCTEMBI, NOBLILLIAKOLLME 6E30MACHOCTb OBUMHEHNA U CHUMKAIOLLME TPeBOBaHMA K KBanuGUKaLmm
MeXaHWKOB-BOAMTENEN.

Lenb paboTbl — CUHTE3 3aKOHOB YMpaBNieHWUs ABYXMOTO4HOM TPAHCMMCCMEN C FTMAPO0OBEMHBIM MEXaHU3MOM MOBO-
pota (TOMIT), ynpaBnsieMbiM 3MEKTPOMEXaHUHECKMM aKTYaTOPOM, MCKIIYAIOWMM «HECTKYIO» CBA3b MEM[y LUTYpBanioM
1 MEXaHW3MOM perynupoBaHua paboyero obbemMa FOMI.

MeTopbl: MccnefoBaHWA OCHOBLIBAIOTCA HA NMPUMEHEHUM UMWUTALIMOHHOMO MOAENMPOBaHUA U 0becnevyeHnn QYHKLMO-
HUPOBaHWA pa3pabaTbiBaeMblX MOENEN B PEXKMME PeanbHOro BPEMEHM, a TaKMKe BKIIUAOT B CebA CUHTE3 anropuTMoB
YNpaBieHNA MeXaHUYeCKUMM CMCTEMaMM TPAHCMOPTHOrO CpefAcTBa AN HOPTOBbLIX KOHTPONNIEPOB yNpaBneHns C npoBege-
HUEM OLLEHKMN WX a[leKBaTHOCTW B BUPTYaNbHOM M MOYHATYPHOM 3KCNEPUMEHTAX.

PesynbTathbl: peannsoBaH MeTof pa3paboTku cucteM ynpaenenua (CY), nosBonsiowmi NpoBoanTL pa3paboTky M 0T-
napky CY npu otcyTcTBMM onbiTHoro obpasua bI'M. MMpu ucnonb3oBaHWK onMcaHHOTO MeTofa COKpaLLaeTca obLiee Bpema
pa3paboTkuM 1 oTnagkm anroputmoB CY. MpUMeHMMOCTL AaHHOro0 MeTOfa [OKasaHa Ha npuMepe pa3paboTku CY KpuBonu-
HeWHbIM ABueHneM bI'M ¢ AByxnoTouYHOM TpaHCMUCCHEN.

3aKnioveHune: nocTaBfeHHaA Lefb OOCTUIHYTa, NpoBefeHHaA paboTa NoKasbiBaeT COCTOATENbHOCTb MPUBEAEHHOrO
MeToaa paspabotku CY.

Knwoyesswie cnosa: 6bICI'npOXOaH0ﬂ 2yCeHU4HaAa MawuHa; KpUGOﬂUHeﬁHOB dsuxceHuUe; cucmema ynpaeJieHus; 6eyxnomquaﬂ
MpaHcMuccus; euap006beMHblﬁ MEXaHU3M nosopoma.

Kak uutuposatb:

BysyHo H.B., ViBaHeHkoB B.B., Mupoxkos P.[., KocuubH B.B., Kotves 1.0. MeTon pa3paboTku 3neKTPOHHOW CUCTEMbI YNpaBneHWA KpUBOIMHEN-
HbIM [IBUMKEHMEM BBICTDOXOAHOM MYCEHUYHOM MalLMHBI C [BYXMOTOYHOW TpaHeMuccuel // TpakTopsl W cenbxo3Malumtbl. 2023. T. 90, Ne 2. C. 133-147.
DOI: https://doi.org/10.17816/0321-4443-312191

Pykonuck nonyyena: 27.02.2023 Pykonucb opobpena: 01.04.2023 Ony6nukoBaHa: 15.05.2023

Py moscow © Eco-Vector, 2023 4
polytech Article can be used under the CC BY-NC-ND 40 International License ECOJVECTOR



TEOPVH, KOHCTPYNPOBAHWE, CTIBITAHMA

BACKGROUND

The development of highly mobile wheeled and tracked
vehicles is implemented under increasing requirements
related to improving their operational properties.
In particular, increased speed must be accompanied
by improved methods to ensure safe traffic control.

For high-speed tracked vehicles (HSTV), with an
increase in the average and maximum speeds, the
issue of stepless change in the radius (curvature) of
rotation remains relevant. A solution to this problem
can be achieved through the use of traditional dual-
flow transmissions with hydrostatic steering mechanism
(HSSM), as well as through the use of traction
electric motors to drive the traction wheels to control
the curvilinear movement of a tracked vehicle like a car.
In addition, this type of transmission is largely suitable
for the implementation of remote control and robotization
(1, 2.

For a dual-flow transmission scheme with an
HSSM in the presence of a “hard” connection between
the steering wheel and a mechanism for regulating
the working volume of the HSSM pump, the actual
turning radius with a constant steering wheel position
will depend on the selected transmission gear and
driving conditions [3]. To eliminate this dependence,
the steering wheel should not be mechanically connected
to the pump. This communication must be implemented
through a curvilinear motion control system (CS) using
information to estimate the actual curvature of the turn.

In the absence of a mechanical connection between
the steering wheel and the mechanism for regulating
the displacement of the pump, the CS for the curvilinear
movement of the HSTV is implemented based on an
electronic control unit (ECU) with operating algorithms
that are determined by laws that establish a connection
between the influence on the controls for the curvilinear
movement of the HSTV, the dynamics of the machine, and
the operation of a dual-flow transmission with HSSM.

When developing laws and algorithms, the most
important aspect is ensuring that the car responds
predictably to the actions of the driver. The control
of the curvilinear movement of the HSTV occurs
because of the difference in the rotation of speeds
of the tracks on opposite sides [4]. The predictable
response of the machine to the control action is ensured
by the correct choice of function that connects the
control action with changes in the rotation of speeds of
the tracks on the lagging and leading sides, considering
the assessment of the actual curvature of the trajectory.

The use of mathematical simulation models of the
HSTV motion [1, 2, 5-7] to test algorithms for a curvilinear
motion CS at the early stages of design will significantly
speed up the process of implementing a prototype CS
at the physical level.
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METHOD FOR DEVELOPING
ONBOARD CS

The development of onboard CS by mechanisms and
assemblies of ground vehicles, which is an operation
determined not only by quantitative criteria but also
by qualitative criteria (based largely on feedback from test
drivers on the behavior of objects), involves the use of special
design and research methods that will ensure compliance
with the requirements in the absence of a prototype
HSTV. One of these methods for designing onboard CS is
the use, at the early stages of development work, of real-
time mathematical simulation models in conjunction
with the developed electronic CS [8], which can be used
to describe the interaction of the driver with the CS and
evaluate the reaction of the object to various control inputs.

Fig. 1 presents the process of transition from the use
of real-time mathematical simulation models to working
with a physical CS for curvilinear motion and an HSTV
sample. The CS development process includes three stages.

In Stage 1, it is assumed to work only with mathematical
simulation models of the developed CS and the biomass
model. Data exchange uses virtual channels available
in the software used for mathematical simulation.

At this stage, a synthesis of the basic control laws
underlying the CS operation with curvilinear motion is
performed. Because the CS is developed with curvilinear
movement, it is necessary to provide an interface
for the interaction of the mathematical simulation model
with the driver. This interface must include the following:

« graphical interface for displaying the current position
of the virtual control object;

Stage 1
Virtual bus
PC1
—

“Virtual control [ ys NP2
system” Virtual HSTV
Stage 2

Multiplex bus
Real = PC2
control system K —4 D “Virtual HSTV"
Stage 3
Multiplex bus
Real — HSTV sample
control system < _// > P

Fig. 1. Sequence of transition from numerical simulation models
of the developed CS and the HSTV to real prototypes of the CS and
the HSTV.

Puc. 1. MNocnepnoBatenbHOCTb Nepexofia 0T MMUTALMOHHBIX MaTe-
MaTu4eckmx Mogenewn npoexktupyeMon CY n BI'M K pencteytownm
obpasuam CY n BI'M.
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« controls for receiving command inputs from the test
driver.

As a result of a series of virtual races performed
by a group of test drivers using real-time motion
models with different control laws, the most suitable
law is selected based on expert assessments and
the requirements for CS with curvilinear movement.

In Stage 2, the operation of a prototype CS based on
an ECU is implemented. At the same time, the prototype
CS functions together with a mathematical simulation
model of the HSTV in real time.

One of the main tasks solved at this stage is confirming
the compliance of the performance and stability indicators
of the CS with the specified requirements. At this stage,
the CS is also debugged under conditions close to real
work.

In Stage 3, direct research into the developed CS
for curvilinear motion as part of a prototype HSTV is
conducted, with confirmation of the capability to perform
the required control tasks.

DESCRIPTION OF THE OPERATION

OF THE TRANSMISSION AND
HYDROSTATIC STEERING MECHANISM
OF THE MACHINE DESIGNED

The developed electronic system for controlling
the curvilinear movement of the HSTV is designed for joint
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operation with the HSSM elements of the dual-flow
transmission [9, 10], as shown in Fig. 2.

The implementation and control of the curvilinear
movement of the HSTV are performed by adjusting
the working volume of the axial piston pump of the
HSSM to change the speed and direction of the flow
of the working fluid.

When moving in a straight line, the delivery flow
of the HSSM pump is zero, the small central wheels
(SCW) of the summing planetary gears are stopped, and
the entire power of the internal combustion engine (ICE)
is supplied to the carriers of the summing planetary gears
through the gearbox (GB). Stopping the SCW ensures
the stability of straight-line movement.

Stepless changes in turning radii are implemented
by adjusting the HSSM pump working volume. The
presence of an idler gear in driven engagement
between the output shaft of the HSSM motor and one
of the summing planetary gears ensures the opposite
rotation of the corresponding SCW with equal angular
velocities.

An increase in the HSSM pump flow rate leads
to an increase in the speed of the SCW rotation in
opposite directions, which will be accompanied by first
an increase and then a decrease in the speed of rotation
of the drive wheels of the opposite sides. In the absence
of skidding and slipping of the supporting surfaces
of the tracks, the theoretical turning radius of the HSTV
is equal to

Driving wheel
N\ S S
Hydrostation e | N
/" Gear and rotation #_ Final reduction gear
F mechanism £ —
§ g - Stop brake
| i e  ——
| | Y :
o B omsemsiomnen s
: [ T| 1 i {
! . L_‘;F_J €3 |
H ! I —h I
| | " [
1k ssi I T !
ICE : : Transmission } {
i ! A !
i | Y | !
1 Summing : [
e planetary series 4 e J
Final reduction gear
E 5 —_ Stop brake
Driving wheel %

Fig. 2. Kinematic scheme of the dual-flow transmission of the HSTV.

Puc. 2. KnHeMatnyeckan cxeMa BYXNOTOYHOM TpaHcMmuccum BIM.
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where ®,,,, ®4,, are the angular velocities of the driving
wheels (DW) of the lagging and advancing sides, respectively;
o, =(04, —O4,) 7y / B is the theoretical angular
speed of rotation of the HSTV in the absence of skidding
and slipping; B is the HSTV track; 7, is the DW radius;
and v, is the theoretical speed of movement of the center
of mass of the HSTV.

Regulation of the working volume of the HSSM pump is
performed by turning the steering wheel. Based on Eq. (1)
and the transmission and turning mechanism diagram
presented in Fig. 2, the theoretical turning radius of the HSTV
will depend on the GB transmission based on the presented
dependence:

R, = (+ kgps )01 'E, )

IgplpOscw 2
where kg, is the parameter of the summing planetary
series;; ;. IS the angular velocity of the ICE crankshaft;
Oy IS the angular velocity of the SCW of the summing
planetary series; i, is the GB ratio; and Z;, is the final
drive (FD) gearing ratio.

The absolute values of the angular velocities of the
SCW of the summing planetary gears at a constant angular
velocity of the ICE are determined based on the current
value of the working volume of the HSSM pump. If there is
a “hard” connection in the CS for the curvilinear movement
of the HSTV, then the steering wheel position uniquely
determines the working volume of the HSSM pump.

To ensure the independence of the theoretical turning
radius from the GB transmission, it is necessary to
abandon the “hard” connection between the steering wheel
and the mechanism for regulating the working volume
of the HSSM pump through the implementation of an
electronic CS for the curvilinear movement of the HSTV.
The ECU will control the actuator for regulating the working
volume of the HSTV pump based on the reference action
(the current value of the steering wheel rotation angle)
and the current values of the angular velocities of the DW
(adjustable parameter).

The angular speed of the output shaft of the HSSM
motor is determined based on the following equation:

qmax €
O‘)ICE ’ T]volpnvol m (qppj
o, = —, 3)

Ip10

where ®,, is the angular velocity of the HSSM motor shaft;
O, is the angular velocity of the ICE crankshaft; n,,,
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is the volumetric efficiency of the HSSM pump; MNuoim is
the volumetric efficiency of the HSSM motor; ¢, , is the
maximum working volume of the HSSM pump; e, is the
parameter for regulating the working volume of the HSSM
pump; 4., is working volume of the HSSM motor (constant
value); and i, is the gear ratio of the power takeoff
(PTO) of the HSSM pump drive.

According to Egs. (2) and (3), in an electronic curvilinear
motion CS, in the absence of a “hard” connection between
the steering wheel and the actuator for regulating
the working volume of the HSSM pump, the dependence
of the theoretical turning radius on the GB transmission
can be reduced, as follows:

R — (1 + kSPS )iPTOiadd . E (l[)
o q,) 2
lGBlFDnvolpnvolm T

m

where i, is the gear ratio between the motor shaft of

the HSSM and the SCW of the summing planetary gear

(Ogewy = Oy /iygq)-

The working volume of the pump ¢, in Eq. (4)
is a variable value, which is regulated by the ECU.
Thus, the implementation of the independence of the
theoretical turning radius, which is set by the steering
wheel position, from the GB transmission is possible by a
corresponding change in the working volume of the HSSM
pump.

The considered dual-flow transmission scheme with
HSSM and an automated CS also enables to implementation
of the following capabilities:

+ maintaining the speed of straight-line motion while
turning by the center of mass (Type 1 turning mechanism
reported in Ref. [3]);

« the capability to rotate around the center of mass
(when the drive wheels rotate only from the HSSM and
neutral gear in the GB).

MATHEMATICAL SIMULATION MODEL
OF CURVILINEAR MOTION

When describing the dynamics of the curvilinear motion
of the HSTV, the following coordinate systems (i.e., CS) are
used (Fig. 3):

« fixed CS connected to the supporting surface;
» movable CS connected to the HSTV center of mass;
 movable CS connected to the HSTV support rollers (X).

The mathematical simulation model was developed
considering the following assumptions:

« the HSTV moves on a nondeformable support base
of the “dense soil” type;
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« the dynamics of the track contour are not considered, in angular momentum on the Z axis (direction perpendicular
and the speed of rewinding the track is equal to the plane shown in Fig. 3). The last three equations are
to the peripheral speed of the DW; necessary for the transition from the moving coordinate

« transmission links are considered rigid; system XOY to the fixed coordinate system X'0Y’ and

« transient processes when shifting GB are not considered;  obtaining the trajectory of the HSTV motion.

« the directions of tangential reactions from the side

of the supporting sur_face unde_r th(_e active .sectllolns a = dv, P ZL(ZR - j
of the tracks are opposite to the direction of their sliding T dt A=
speeds; J .
« the properties of the hydraulic system working fluid a =l+@ v :izR A
do not depend on its temperature; Yoodt Y ome
» modeling of hydrostatic transmission occurs without do " " .
considering local resistance. J —== ZMPCI. +ZM(RZ. ),
The dynamics of the curvilinear motion of the HSTV a3 i=1 (5)
on a flat, nondeformable support base are described based dx' .
on the system of equations expressed in Eg. (5) [11], —t=vx cose—vy sin 0,
which includes six equations. The first three equations .
describe the movement of the machine and represent @ _, sin®+v_ cos0,
a projection of the vector expression of the theorem t * g
on the change in momentum on the X and Y axes and do
a projection of the vector expression on the change ©, :Z’
Y'A

e
T

0 X'

Fig. 3. Coordinate frames used for definition the dynamics of curvilinear motion of the HSTV: C — the HSTV's center of gravity; XY —
the coordinate frame related to the HSTV's center of gravity; XY’ — the coordinate frame related to ground; X;"Y;” - the coordinate frame
related to the i-th track roller; L — the HSTV's base; B — the HSTV's track; x,; — the X-axis coordinate of the i-th track roller in the XY
coordinate frame; y,; — the Y-axis coordinate of the i-th track roller in the XY coordinate frame.

Puc. 3. CucTeMbl KoopauHaT, UCNoNb3yeMble ANA ONUCAHUA OUHAMUKKU KPUBONIMHEWHOMO aBuKeHuA BI'M: C — ueHTp Macc BI'M; XY -
CMCTeMa KOOpAMHAT, CBA3aHHaA ¢ LieHTpoM Macc BI'M; X'Y’ — cucTeMa KoopamHarT, cBA3aHHaA ¢ OMopHbIM 0CHoBaHueM; X,"Y,” — cuctema
KOOpAMHAT, CBA3aHHaA C j-bIM OMOPHBIM KaTkoM; L — 6asa BI'M; B — konea BI'M; x,; — KoopamnHaTa j-ro katka no ocu X B cucteme

KoopauHar XY; y,, — KoopfiuHara i-ro Katka no ocu Y B cucteMe KoopamHar XY.
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where a, is the longitudinal acceleration of the HSTV
center of mass; v, is longitudinal velocity of the HSTV
center of mass; v, is transverse velocity of the HSTV
center of mass; R, is the longitudinal reaction from
the interaction of the i-th active section of the track with
the supporting surface; m is the HSTV weight; a, is
the lateral acceleration of the HSTV center of mass; R,
is the transverse reaction from the interaction of the i-th
active section of the track with the supporting surface; J,
is the HSTV moment of inertia relative to the vertical axis
passing through the center of mass; M, is the moment
of resistance to the rotation of the /-th active section
of the track; M (R, ) is the moment of the tangential
reaction of the interaction of the i-th active section of the
track with the support base relative to the center of mass
of the HSTV; x', y' are the coordinates of the center of
mass of the HSTV in the X’Y’ coordinate system; and ©
is the rotation angle of the XY coordinate system relative
to the X'Y’ coordinate system.

The moment of resistance to the rotation of the i-th
active section of the track is determined using the following
equation [12]:

\ SACT[

(—sign(w,)),
0,925+ 0,15

kﬁ 'bt

My, =0,0375- R, - 1 oy,

(6)

roe R is the vertical reaction acting on the active section
of the track; L, ,...; :(“sxmaxi + usym,.)/z is the average
value of the maximum interaction coefficients in the
longitudinal and transverse directions of the active section
of the track with the supporting surface; K, .o Homax
are the maximum values of the coefficients of interaction
between the active section of the track and the supporting
surface in the longitudinal and transverse directions,
respectively; b, is the track width; Sact is the area
of the active section of the track; and &, is the actual
curvature of the movement trajectory of the active section
of the track determined at each modeling step.

In Ref. [13], it was established that the diagram
of the distribution of normal reactions along the length
of the support branch of a track when moving along
a support base of the “dense soil” type is, in many cases,
discontinuous. The bulk of the normal load is transmitted
through the active sections of the track located under
the track rollers. In this case, the links of the track
chain located between the rollers do not participate
in the transmission of the vertical reaction.

Thus, according to the method of implementing
interaction with a support base of the “dense soil” type,
a tracked propulsion unit can be investigated by analogy
with a wheeled propulsion unit, in which the number
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of wheels is equal to the number of track rollers.
This feature enables the transfer from considering
the processes of interaction of the track contour with
the support base to considering the interaction with only
individual active sections of the tracks. The description of
the specified interaction of the track active sections with the
supporting base at the locations of the rollers is obtained
using a system of equations containing the empirical
equation of the friction ellipse to determine the coefficient
of the interaction of the track active section with the
supporting base following the direction of the sliding
speed, the equation of connection between normal and
tangential reactions of the interaction of the track sections
with the support base, and the equation for determining
the slip coefficient:

" __ _ _
Vel x i_(vx (’Ozyki) Opw pw >

no_
vsl y i vy + wz‘xki ’

"

. _ vsl y i
SIQP; = 2 LS 2w

vslx i vsl y i

"

V. .

cos (P,' — slx i

5
, 2 2 n
vsl X i+ vsl y i
| L— l’lxymax

Ski
N
Mg = > ) 2 2 J1-e™ ’
\/“s’xmax - s (pi + Mxymax - COS (pi

R,=-p; R, -cosq,

R,=-pn,-R,-sing,,

Vi i

2 2w
S _ vcx X i+ vcx( y i
ki >
2 2
maX(\/(‘}y - O)Zxki) + (Vx + sz’kf) > Opw/pw j
7
where v, ", and v, ", are the projections of the sliding

speed of the center of the i-th active section of the track
on the coordinate axes X" and Y, respectively; x,, and
y, are the longitudinal and transverse coordinates
of the center of the j-th active section of the track,
respectively; @, is the angle of rotation of the sliding speed
vector of the j-th active section of the track relative to the
X" coordinate axis; W, is the coefficient of the interaction
of the i-th active section of the track with the supporting
surface; S, is slip coefficient of the i-th active section
of the track; the S, is a constant that determines the type
of the interaction curve.

The system of equations expressed in Eq. (7) contains the
dependencies for determining the projections of the sliding
velocities of the corresponding active sections of the track
according to Fig. 4.

In the mathematical simulation model, the following
equations are used to describe the transmission:
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M oy + M gy + M cpiplepNapNip = 0
M, = Moy tgaMaga + MscwalaaaNaaa =05
My = M gewid ipNin»
M, = (kspsni + 1)]\/[scwl' ) ®)
M pew; = kspsM sewM; s

KspsOpcw — O, / lpgq = (ksps +1)C°

car?

ksps®pews + O /g = (ksps + l)wcar’
where M, and M., are the moments on the
carriers of the summing planetary gears; M, is the
moment of ICE; ngy is the GB efficiency; My, is the
FD efficiency; M, is the torque of the HSSM motor;
My, and M., are the moments on the SCW of
the summing planetary series; M, is the efficiency
of the cylindrical gear transmission of the SCW drive
from the HSSM motor shaft; My, and My, are the
moments on the HSTV DW; M.y, and My, are the
moments on the BCW of the summing planetary series;
ipp Is the FD gear ratio; ng, is the FD efficiency; m,
is the efficiency of the summing planetary gears when
the carrier is stopped, considering the direction of power
flows; ®pcw, and ®pey, are the angular velocities of
the BCW of the summing planetary series; and o, is the
angular velocity of the carrier of the summing planetary
series.

Based on the diagram presented in Fig. 5,
for the pressure and return hydraulic lines, the following
equations can be derived [14, 15]:
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qmax pep('op - Slgn(ppr - prel )qmax p NOH('Op - qM(’OM -

. N I/fpr dppr
_Slgn(ppr - pret)qmo‘)m NOM + anr :?7’
f
v

T pepwp + Slgn(ppr ~ Pt )qmaxp NOH('Op + qM('OM +

+sign( 14,0, Now + 0, =iz P

sign(p,, = P )4, 0, Now et £ d R
where p, and p,, are the pressures in the pressure
and return hydraulic lines, respectively; ®, is the angular
speed of the pump shaft; No., No. are the relative
volumetric losses in the pump and motor, respectively;
0,,.» Q... are the flow rates through the feed valves of
the pressure and return hydraulic lines, respectively; E;
is the reduced volume modulus of elasticity of the working
fluid; and V; is the volume of the working fluid in the
hydraulic line.

The transition from the pressure difference
in the hydraulic lines to the torque implemented
on the shaft of the pump and the HSSM motor is made
according to the following equation:

My =G0, ( Py = P )+ Gy (P = P ) Nt
MM :qM (ppr _pret)_qM (ppr _pret)NM“’
(mn

where NMp,NMM are the relative mechanical losses
in the pump and motor, respectively.
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Fig. 4. The analytical model for defining of slip rate of the active part
of a track: XY — the coordinate frame related to the HSTV's center of
gravity; X"Y” — the coordinate frame related to the center of the active
part of a track; v — velocity of the HSTV's center of gravity; », — radius
vector of the center of the active part of a track in the XY coordinate
frame; o, — the HSTV's yaw rate relative to the center of gravity;
gy — rotational velocity of the driving wheel; 15, — the driving wheel's
radius; v, — slip rate of the active part of a track; ¢ — rotation angle
of vector of slip rate of the active part of a track relative to X"-axis;
R,, — tangential reaction force of interaction between the active part
of a track and ground; R, Ry — X- and Y-components of ny in the X"Y”
coordinate frame.

Puc. 4. CxeMa onpeaeneHus CKOPOCTU CKOJbHEHMA aKTUBHOMO y4acTKa
ryceHuubl: XY — cucteMa KoopauHart, CBA3aHHaA ¢ LieHTpoM Macc bI'M;
X"Y" — cucTeMa KoopaMHaT, CBA3aHHAA C LIEHTPOM aKTMBHOIO y4acTKa
TYCEHWLIBI; v — CKOPOCTb LieHTpa Macc bI'M; r — papuyc-BeKTOp LieHTpa
aKTUBHOIO Y4acTKa ryceHuUbl B CUCTeMe KoopawmHat XY; o, — yrno-
BaA cKopocTb bI'M oTHOCMTENbHO BEPTMKANbHOM OCK, NPOXOAALLEN
yepes3 LEHTP Macc; Oy, — yrnosaa ckopocTb BK; ry — pagmnyc BK;
V. — CKOPOCTb CKONbKEHWA aKTUBHOTO Y4acTKa ryCeHuLbl; @ — yron
MOBOPOTa BEKTOPA CKOPOCTM CKOJbHEHUA aKTUBHOMO Y4acTKa ryceHuLbl
OTHOCUTeNbHO 0cY KoopauHaT X R, — KacaTenbHaA peakuna B3auMo-
AEeNCTBMA aKTUBHOTO Y4acTKa ryceHMLbl C OMOPHOA NOBEPXHOCTBIO; R,
R, — npoekuun R, Ha ocn X"’ 1 Y”' cooTBeTCTBEHHO.
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Fig. 5. Hydrostatic drive scheme.
Puc. 5. Cxema rmugpocratnyeckoro npusoga.

OPERATING ALGORITHM
OF THE CURVILINEAR MOTION CS

The hydraulic pump washer tilt is controlled based on
the steering wheel rotation angle (Fig. 6). For this purpose,
the ECU recalculates the angle of rotation of the steering
wheel into the required curvature of the HSTV trajectory
and, further, into the required difference in the speed
of the DW. Thus, a given position of the steering wheel
is associated with a certain theoretical curvature of the
trajectory, regardless of the engaged GB and the rotational
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speed of the ICE shaft, and the curvilinear movement is
controlled like a car [16].

For a car, the characteristic relationship between
the steering wheel angle and the theoretical steering
curvature can be described using the steering gear ratio
relationship (Fig. 7) [17].

To ensure control of the curvilinear movement
of the HSTV as a car, a similar dependence of the
calculated curvature of the trajectory on the angle
of rotation of the steering wheel must be implemented,
considering the permissible angles of the steering wheel
rotation (approximately +60°) with a dead zone relative
to the central position. Given the limitation of the angle
of rotation of the steering wheel by the dead zone relative
to the central position, the required value of the trajectory
curvature can be determined as follows:

oa—o
_ dz
krcq - kmax’

amax - (x’dz

by a>a,,, 12

ke =0, by a<a,,,
where &, is the required curvature of rotation of the HSTV;

o is the current position of the HSTV steering wheel; o,
is the size of the steering wheel rotation dead zone; o,

Electronic control unit
Mechanism
Calculation of the required AOqyi1req 5 - P _h_ {ﬁg ﬁglrjﬁ?#{g
DW speed difference _ ﬁl"slgﬂepﬂfn tp ea »
transmission
03
Ay,

Current speed difference of DW

&)

Steering wheel

Fig. 6. Structural diagram of control of working volume of the HSSM pump: o — steering handwheel angle; Aw,,, ., — demanded
difference of driving wheels’ rotation velocities; Aw,, — current difference of driving wheels’ rotation velocities; # — control input
by the HSSM pump swashplate.

Puc. 6. CTpykTypHaa cxeMa ynpasnenus pabounm obbemom Hacoca FOMIT: o — yron nosopota wrypBana; Aw,,,., — Tpebyeman
pa3HoCTb YrnoBbix ckopocTen BK; Aw,, — TeKywas pasHocTb yrnoBbix ckopocTer BK; 4 — ynpaBnsioliee BO3AENCTBUAE HAKIIOHOM
wawbbl Hacoca MOMI.

Upyy l

Fig. 7. Steering ratio depending on steering handwheel angle.
Puc. 7. 3aBMcMMOCTb NepeaToyHOro YMcna pyneBoro MexaHus-
Ma 0T yrnia NoBopoTa PyNeBoro Kojieca aBToMobuMA.
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DOl https://doiorg/1017816/0321-4443-312191

141



142

THEORY, DESIGN, TESTING

is the maximum angle of rotation of the steering wheel; and
k.. is the maximum curvature of rotation of the HSTV.

To ensure curvilinear motion with the required
curvature, the assessment of the reference values of
the rotational speeds of the drive wheels needs to be
performed considering the L/B ratio [18], which determines
the reduction in the trajectory curvature due to sliding
of the tracks. For the required value of the rotation curvature
k.. the theoretical rotation curvature &, is determined

req

to be L/B times greater:

L
k[ :Ekreq'
In this case, the actual rotation curvature of the HSTV
k, z(B/L)k, will correspond to the required rotation
curvature k., . In this case, the difference in the angular
speeds of rotation of the tracks of the leading and lagging
sides, which must be ensured for turning with curvature £,

req

, considering the Egs. (1) and (13), is determined as follows:

(13)

Opw; T Opw,
AO) = kreq fll.

where A is the required difference in the angular speeds
of rewinding the side tracks.

The working volume of the HSSM pump, which is
necessary to achieve the required curvature of movement
and, accordingly, the required difference in the angular
speeds of rewinding the tracks (determined considering
slipping and skidding, as well as the advancing and lagging
sides), can be determined using the following equation:

(14)

(1 + ks )iPTOiadd g L

Ny (1)

Qp = req . .
168D Mvol p vl m

To ensure the specified working volume of the HSSM
pump, the ECU implements the control action 4 on the
mechanism for regulating the working volume of the HSSM
pump:
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p=—1

qp max

(16)

where ¢, .., is the maximum working volume of the HSSM

pump.

Fig. 8 presents the “state machine” of the CS algorithm
developed in the MATLAB Simulink environment without
considering the processes of gear shifting in the GB.

The four states in the finite state machine of the CS are
as follows:

« ‘“straight,” a state corresponding to the HSTV straight-
line movement while the steering wheel is in the neutral
position;

o “trn_default,” HSTV rotation with a certain radius;

e “trn_b2,” HSTV rotation around the center of mass
with the GB shaft braked;

« “trn_emergency,” emergency rotation mode used in
case of sensor equipment failures, in which the pump
flow is directly regulated by the degree of deviation
of the steering control from the neutral position while
an unambiguous relationship between the steering wheel
rotation angles and the turning radius of the machine is
not ensured.

At the initial moment of algorithm operation, the finite
state machine is in the “straight” state. The condition for
transition to the “trn_default” state is the deviation of the
steering wheel from the neutral position. The condition
for transition to the “trn_b2" state from the “straight” or
“trn_default” state is the fulfillment of the speed limit
for the HSTV movement, the activated neutral gear in
the GB, and pressing the turn button in place. The return
to the “straight” state from the “trn_b2" state occurs
when the steering wheel is in the neutral position and one
of the conditions for performing a turn in place is not met.
The return to the “straight” state from the “trn_default”
state occurs when the steering wheel is in the neutral
position. A transition from the “trn_default” state to the
“trn_b2" state also occurs; the transition condition is

straight
Straight-line movement

callCancelCtri();

en:
LocalTurnData.turn_mode = ...
TumModeTypes.TURN_STRAIGHT; ; O

[trToB2]

[trStraightToDef] 1
Emergency mode

[trDefToStraight] [trB2ToStraight]

3 3

trn_emergency [trToEmerg()] [tm_default
en: LocalTurnData.tum_mode = ... ; 21
TurnModeTypes. TURN_EMERGENCY;

du:

(trEmergToDef()] | calictriLimiter(ctri);

en: LocalTurnData.turn_mode = ...
TurnModeTypes. TURN_DEFAULT;

ctrl = callDefPumpCtriCalc();

[trToB2()] (tm_b2
- en: LocalTurnData.turn_mode = ...
TumModeTypes. TURN_B2;
du:
1 etrl = callB2PumpCtricale();
callCtriLimiter(ctrl);

[trB2ToDef()]

Turning while driving in gear

O=

Spot turn operation 2

[trToEmerg]

Fig. 8. The finite state machine of the CS in the MATLAB/Simulink software.

Puc. 8. KoHeuHblin aBToMat CY B cpege «MATLAB Simulink».
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similar to the condition for exiting from the “trn_b2" state
to the “straight” state; however, in this case, the steering
wheel must deviate from the neutral position.

The implementation of the algorithm for the operation
of the CS with curvilinear motion using the theory of finite
state machines enables us to describe the structures of all
possible states of the control object (which fully correspond
to the HSTV physical states), determine for each state the
driving influences and operating modes of the CS, and set
the order of switching between the states. Only one state can
be active at a time. To change the current operating mode
of the control object, the state of the finite state machine
needs to be changed. This order of the implementation
of the control algorithm enables us to describe visually
the control object for the CS and determine the CS reaction
to the actions of the operator, which is not possible to do
using traditional conditional operators. The implementation
of the control algorithm also enables us to check and
debug all operating modes and logical transitions of the CS
on a virtual model, followed by generating code for the
control program in an automated mode and avoiding errors
in the ECU control program.

STAGE 1 COMPUTATIONAL
EXPERIMENTS

Stage 1 of the method for developing an onboard
system for controlling the curvilinear movement of an HSTV
aims to verify and confirm the adequacy of the real-time
mathematical simulation model of the HSTV curvilinear
movement by comparing the results of real-time modeling
with the results of modeling a reference model (with a
small integration step) under identical control actions. To
satisfy the requirement for the model to operate in real
time, an integration method and a fixed integration step
need to be selected. The integration step must ensure the
necessary accuracy of calculations, as well as the speed
necessary for working in real time. The computational

>
)

=
y

J

Transverse speed of the HSTV, m/s

Integration step 0,005 s —_—
Integration step 0,01s  -----

Longitudinal speed of the HSTV, m/s

t f f :
15 20 25 30 35
Time, s

<
"t
=4

Fig. 9. Time-domain lateral velocity of the HSTV.
Puc. 9. lNpogonbHas ckopocTb bI'M B 3aBUCMMOCTM OT BpeMeHW.

Tom 90, N2 2, 2023

DOl https://doiorg/1017816/0321-4443-312191

TpaHTODb\ 1 CENTbXO3MalLMHBbI

experiment evaluates the performance of CS algorithms
during an S-type maneuver.

Figs. 9 and 10 present the graphs of the changes in
transverse and longitudinal speeds when simulating the
HSTV motion based on the results of two calculations.
The dotted line denotes the calculation with an integration
step of 0.005 s, and the solid line denotes the calculation
with an integration step of 0.01 s. In these calculations,
an integration method based on Newton’s method and an
extrapolation method based on the current value of the
variable and the value of its derivative in the current state
were used to calculate the value of the variable at the next
integration step.

In this case, a simulation model is considered
a reference model, in which the calculation is performed
in steps of 0.005 s (at the same time, real-time operation is
not performed). By increasing the simulation step to 0.01 s,
the requirement for real-time operation is met and the
simulation model with the specified integration step needs
to be verified.

Figs. 9 and 10 illustrate that the relative calculation
error when working in real time (with an integration
step of 0.01 s) compared with the reference model
(with an integration step of 0.005 s) is insignificant
(no more than 5%). The achieved accuracy is acceptable
if calculations in real time are required.

STAGE 2 COMPUTATIONAL
EXPERIMENTS

Stage 2 of the onboard system development method
involves the implementation of control algorithms as part
of a physical controller. In this case, the algorithm for
controlling the HSTV curvilinear movement was transferred
to the HYDAC TTC 580 control unit (ECU). Communication
between the ECU and the real-time model operating in the
MATLAB Simulink environment was implemented via a CAN
2.0 B interface using CAN-USB adapters.

b e Integration step 0,005 s
Integration step 0,01s -

f |
p/\\/\ |

—

B \ _

-5 t t t 1
0 5 10 15 20 25 30 35
Time, s

Fig. 10. Time-domain lateral velocity of the HSTV.
Puc. 10. MonepeyHan ckopoctb bI'M B 3aBUCMMOCTM OT BpEMEHM.
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The workstation where the prototype CS and the
communication between the mathematical simulation
models of the dynamics of the curvilinear motion of the
HSTV and ECU are implemented is presented in Fig. 11.

The experiment conducted evaluates the performance
of CS algorithms on the ECU during the S-type maneuver.
The results of the algorithm on the ECU with a mathematical
simulation model of the dynamics of the HSTV curvilinear
motion in the MATLAB Simulink environment are compared
with the results of the algorithm and model in the MATLAB
Simulink environment. The results of the experiment are
presented in Figs. 12 and 13.

From the analysis of the calculations, we can determine
the correlation of the results of the mathematical simulation
modeling of the HSTV curvilinear motion when operating
the CS algorithms in the MATLAB Simulink environment
and directly in the controller.

Thus, based on the results of this work, two stages of the
proposed method for developing a CS, which correspond to
the operation of CS algorithms in a virtual environment and as
part of a physical controller, were demonstrated. In Stage 3,
the CS on a prototype HSTV needs to be tested and debugged.

low for monitoring

essages in CAN buses  |. iz

Fig. 11. The setup for working with the CS prototype.
Puc. 11. YcraHoBKa anA paboTbl ¢ onbiTHEIM 06pa3uomM CY.
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Fig. 12. Time-domain longitudinal velocity of the HSTV.
Puc. 12, MpogonbHasa ckopoctb BI'M B 3aBMCHMOCTH OT BpEMEHM.
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CONCLUSIONS

A method for developing a CS, which enables the
development and debugging of a CS in the absence
of a prototype HSTV, has been implemented. When using
the proposed method, the overall time for developing
and debugging CS algorithms is reduced. The applicability
of this method is proven by an example of CS development
for the curvilinear movement of an HSTV with a dual-flow
transmission.

Based on the results of the computational experiments,
errors were obtained in determining the longitudinal and
transverse speeds of the HSTV when operating algorithms
in the controller relative to the operation of algorithms
in a virtual environment. The relative error does not exceed
5% in the longitudinal speed of the HSTV and does not
exceed 3% in the transverse speed of the HSTV, which is
satisfactory for this task.

During the modeling process, when determining
the HSTV coordinates, a calculation error accumulates
when working in real time. The accumulation of error
occurs because of the determination of the HSTV position

T Operation of the algorithm in a software environment ——
| Algorithm operation on the controller — ------

Al

0 5 10 15 20 -} 30 is
Time, s

& =
n o n -

Transverse velocity of the HSTV, m/s

Fig. 13. Time-domain lateral velocity of the HSTV.
Puc. 13. MonepeyHan ckopocTb bI'M B 3aBUCMMOCTYM OT BpeMeHH.
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by integrating the speed although the specified error is not
a criterion for the quality of operation when developing
a CS with curvilinear motion. Notably, the HSTV position
error, obtained as a result of the gradual accumulation
of minor calculation errors, cannot be noticed by the test
driver (operator) because the driver needs to make
the appropriate compensation during movement. When
assessing the HSTV controllability, the test driver
visually assesses the speed and direction of the HSTV
movement.
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