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ABSTRACT

BACKGROUND: Roll stability control is a relevant issue in transport platforms’ design in general. Well-known methads of roll
stability control are used in development of vehicles of various types. However, these methods can not always be applied
in design of small unmanned platforms, so development of special solutions is needed.

AIM: Justification of feasibility of application of anti-roll balancing mechanisms in small unmanned vehicles.

METHODS: The study is based on the analysis of technical solutions implemented in the design of platforms with extreme
off-road capabilities and space rovers. Well-known methods of fundamentals of vehicle dynamics are the main tools
of the study.

RESULTS: The options of roll stability control system for small unmanned platforms are described. The conclusions regarding
feasibility of different options of balancing mechanisms for addressing the issue of counteraction of stability losing and
overturning are made.

CONCLUSIONS: The discussed principles of roll stability control could be implemented in special small unmanned vehicles
with any type of propulsion system. The further research in this field considers building of mathematical models capable
of evaluating the required kinematics and power properties of the system of adaptive roll stability control, as well as testing
using the mockup of a moving platform.
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AHHOTALIMA

O6ocHoBaHue. [pobneMa ynpaBieHUst NOMEpPeYHoi YCTONYMBOCTLIO SIBMISIETCA aKTyaNnbHOM ANl TPAHCMOPTHLIX nnatdopm
B LenoM. [pn NpoeKTMpoBaHWM TPAHCMOPTHBLIX CPEACTB Pa3UYHbLIX TUMOB MPUMEHSIKOTCS W3BECTHbIE METOAbI YMPaBEHNS
yctonumBocTblo. OfHaKo, AaHHble MeToAbl He BCerfa MpUMEHUMBI MPU MPOEKTMPOBaHWM ManorabapuTHbLIX HeobuTaeMbix
nnaTdopM, 4To BbI3biBaeT HE0OX0AMMOCTL Pa3paboTKM cneLyanbHbIX PeLLeHUi.

Llenb paboTbl — 0bocHOBaHMe LienecoobpasHoOCTM NPUMEHEHUS YPABHOBELIMBAIOLLMX MEXaHW3MOB, YBEIMYMUBAIOLLMX YCTON-
YWMBOCTbL NPOTMB NMOMNEPEYHOr0 ONPOKULIBAHWSA ManorabapuTHbIX HE0bUTaeMbIX MOOMIbHBIX NnaThopMm.

Matepuanbl M Metogbl. MccnenoBaHWe MOCTPOEHO Ha aHanM3e TEXHUYECKUX PELLEHWM, Peann30BaHHbIX B KOHCTPYKLMM
nnaThopM KCTpeMasbHOM NPOXOAMMOCTH, a TaKKe NaHeTOX0A0B. B KayecTBe OCHOBHBIX MHCTPYMEHTOB BbICTYMalOT M3BECT-
Hble MeTo/ibl TEOPUM ABUMKEHWUS TPAHCMOPTHBIX MALLWH.

PesynbTatbl. PaccMoTpeHbl BapuaHTbl CUCTEM YNpaBNeHNs nonepeyHon YCTONYMBOCTbI0 MaslorabapuTHbIX aBTOHOMHBIX NyiaT-
dopM. CenaHbl BbIBOAbI 0 NPUMEHUMOCTH Pa3fINYHBIX KOHCTPYKLMIA YpaBHOBELUMBAIOLIMX MEXaHM3MOB ANA peLLeHns 3afaum
NPOTMBOJENCTBUA NOTEPU YCTOAYMBOCTM U ONPOKNLIBAHMIO.

3aknioyeHue. PaccMOTpeHHble MPUHUMMBLI CTabUNM3aLMM NoMepeyHoi YCTOWYMBOCTM MOTYT MPUMEHSATBCA Ha creuuanb-
HbIX ManorabapuTHbIX MOBUIIBbHBIX HEOOUTAEMBIX MalUMHAX MpaKTUYECKM BHE 3aBUCMMOCTM OT Tuna aswxutens. [JanbHen-
LUMe WUCCIef0BaHWA B 3TOM HanpaB/eHWM NpeanosiaralT NocTPOeHWe MaTeMaTUYECKUX MOoenei, NO3BONSIOWMX OLEHUTb
MoTpebHble KMHEMAaTU4eCKUe, 3HEPreTMeCKMe U MOLLHOCTHbIE NapaMeTpbl CUCTEMbI afAanTUBHOW CTabunM3aumm nonepeyHoi
YCTOWYMBOCTH, @ TAKKE UCMbITaHMA Ha MaKeTe MOBUNBHON NNaTdOopMbl.

KnioueBble cnoBa: ynpassieHne nNoBOPOTOM; TPAHCMOPTHAA MallnHa; NPOXoAUMOCTb; NOABUXHOCTb; YCTOVILIMBOCTb.
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BACKGROUND

Controlling the lateral stability of movement is
relevant for many types of transport vehicles and
mobile platforms. Loss of lateral stability can manifest
as skidding and overturning. In the theory of movement
of transport vehicles, a distinction is made between
partial and complete skidding. In the case of complete
skidding, the chassis becomes uncontrollable. During
lateral sliding, the chassis may encounter an obstacle
(e.g., a curb in urban conditions), leading to a potential
tip-over.

To prevent skidding, a stabilizing torque is created by
redistributing traction forces between the driving wheels
on each side. For light motor vehicles, this torque is
implemented through a dynamic stabilization system
(as discussed in [1, 2]). For platforms with individual
electromechanical drives for each wheel unit, a similar
effect can be achieved by redistributing torque between
the traction electric engines.

When mathematically modeling overturning, two
critical cases are considered: the onset of overturning
and complete overturning. The former occurs when
the normal reaction force under one side’s wheels
becomes zero. Complete overturning is when the center
of gravity of the chassis passes through the critical
line, for example, for a wheeled monohull vehicle.
The line connects the contact points of the wheels
on one side without losing contact with the ground.
Once overturning begins, the vehicle becomes difficult
to control along its trajectory, although reducing speed
can sometimes prevent further development of the
overturning.

Certain chassis types have specific design potentials
to enhance stability. For example, a reconfigurable
chassis with a planetary wheel propulsion system
(PWP, as described in patent [3]) can increase lateral
overturning stability by rotating the wheel blocks
on one side (Fig. 1).

This stability margin allows for systematic movement
along a slope with a specific angle of inclination.
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B =arctg(Ah/B*).

The value of Ak depends on the distance between
the axles of the wheels in the PWP wheel block. For
a specific design, this angle can be estimated easily,
but utilizing this feature requires additional strength
calculations. The range of changes in the angle
of inclination, in the absence of suspension, mainly
depends on tire elasticity. In addition, the chassis must
be reconfigured before moving along a slope, which is
not always quickly achievable.

A related technical solution is described in [4], where
the chassis can adapt to the geometry of the supporting
surface to a limited extent by changing its configuration.

Modeling the loss of lateral stability for
a reconfigurable chassis with PWP can consider
the influence of external forces on lateral stability [5].
The action of these forces determines the critical speeds
of movement and angles of transverse inclination
of the supporting surface. For illustrative purposes,
considering the industry-standard special cases
of a mobile platform moving on a “pure slope” (i.e.,
moving across a slope) and on a “superelevation” is
useful ([6-8]).

STUDY AIM

This work aims to substantiate the feasibility of using
balancing mechanisms to increase the lateral stability
of small-sized unmanned mobile platforms against
overturning.

Problems to be solved:

« Provide a mathematical description of typical cases
of losing lateral stability because of overturning and
illustrate the influence of the balancing mechanism
on chassis stability.

» Propose options for constructing balancing
mechanisms to improve the lateral stability of small-
sized unmanned vehicles and analyze their features
at the circuit level.

et
|

'
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Fig. 1. The diagram illustrating anti-roll capabilities of reconfigurable chassis.
Puc. 1. CxeMa K oLieHKe 3anaca nonepeyHom yCTOMYMBOCTU N0 ONPOKUALIBAHMIO A4S PEKOHQUIypMpyeMOro Laccy.
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MATERIALS AND METHODS

The approaches are based on the analysis of
technical solutions in the field of creating platforms
with extreme cross-country ability from companies such
as “Letourneau” and “Lockheed” (USA) [3] and “Meile”
(Switzerland), and on methods developed for creating
planetary research vehicles at the Russian Research
Institute of Transport Vechicles (VNIITransmash,
St. Petershurg). The study also uses methods based
on the theory of ground vehicles.

RESULTS AND DISCUSSION

Lateral stability when turning on a slope

When modeling lateral stability on a slope, a most
complex scenario is turning toward an uphill slope.

The following assumptions are made:

» Movement is uniform with a constant turning radius.

» The supporting surface has isotropic properties.

» The platform’s center of gravity is at its geometric
center.

» The wheels do not slip or skid.

« Tire elasticity and the influence of the spring
suspension system are not considered.

The absence of a spring suspension system and
the hypothesis about the symmetry of the side wheel
blocks for a chassis with a PWP simplifies the design
diagram (Fig. 2). No significant differences are observed
from the case considered for a two-axle vehicle
(as discussed in [6]).

In Fig. 2, the following designations are used C is
center of gravity of the platform; B is the track width;
h, is the height of the center of gravity; B is the angle
of transverse inclination of the supporting surface; G is
the platform weight; Z, , represents normal reactions
under the wheels of the inner (lagging) and outer
(advancing) sides; and Y is the total transverse reaction
balancing the transverse force because of the action
of inertia.

P, =MV’/R.

In this equation, M is the mass of the platform, V'is
the speed of the center of mass, and R is the turning
radius.

To estimate the critical values for the platform
movement speed and the angle of inclination of the
supporting surface for the onset of overturning,
the following equation is used:

P+ G(sinB—%cosB] =0.

c
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In particular, we solve for critical speed and

inclination:
B .
V = |gR| —cosf} —sin
\/g (2}% B B]
and
B V' 1
gh=o
2h, gR cosP

The introduction of a balancing mass m creates
a stabilizing moment proportional to its overhang arm
v,, relative to point C:
T'=mgy,

and

my B .
V= |gR| —=2+——cospB—sinf}|.

The critical speed at the onset of overturning
increases nonlinearly with the stabilizing moment,
enhanced by increasing the load mass ratio m/M and
the ratio y,,/h.. The greater the load mass and the lower
the platform’s center of gravity, the more effective
the stabilizer.

Fig. 2. The diagram for the analysis of roll stability in the case
of turning on the inclination towards the bottom side.

Puc. 2. PacyéTHas cxema Ans aHanM3a yCTOMYMBOCTW MPU MNOBO-
poTe Ha KOCorope B CTOPOHY CrycKa.
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The stabilizing moment similarly influences the
critical slope of the roadway. However, the evaluation
equation becomes more complex:

B (V' m 1
gh=— | -
2h, \gR M h, )cosP

In practical problems, iterative methods should be
used to solve such an equation.

For example, assuming V=2 m/s; M=80 kg;
m/M=0,2; B=0,4 m; y,=0,75B; h,=0,195 m, and
R=2B m, the critical angle for overturning increases
by AB=6,3° (approximately 25%).

Lateral stability when turning
on a superelevation

When modeling the loss of stability during a turn
on a superelevation, the same assumptions are made as
for a turn on a slope. The forces acting on the platform
are depicted in Fig. 3. Here, the center of rotation is
located at point 0, with the theoretical radius of rotation
given by R = |0C|.

To estimate the critical values for the onset of
overturning, such as the speed of movement and the angle
of inclination of the supporting surface, we can derive the
following equation under the accepted assumptions:

(Pjy cosB—GsinB)hc —(P/.y sinB+GcosB)§:O.

Hence, the parameters can be determined using the
following equations:

v \/Rg (2h,teB+ B)

1- Btgp
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2V:h, — gRB
B =arctg ‘—g2 .
2gRh. +V°B

Taking the stabilizer into account, the equation for
the critical speed becomes

Vz\/gR

This equation applies for values of § < 45°. For larger
inclination angles, the design scheme must be adjusted.
The change in the critical angle can be estimated by

(2h,tgB+ B)+2y, (1+1tg’B)m/M
1- Btgp '

my 2
29R— 7" +(2V°h, — gRB
& M cospP ( <8 )

2gRh, +V’B

tgp =

In practical applications this equation should be
solved using iterative method. However, experience
shows that chassis with a low center of gravity are
less sensitive to loss of lateral stability because
of overturning on a superelevation.

Principles of lateral stability control

Active lateral stability control can be achieved
by creating a stabilizing moment using a certain
weight. For small electric-powered platforms, an on-
board energy storage device can serve as an effective
counterweight because of its significant mass. Three
main options are proposed:

« Pendulum stabilizer
+ Rotating stabilizer
 Transverse linear stabilizer

Fig. 3. The diagram for the analysis of roll stability in the case of cornering on inclined surface.
Puc. 3. PacuyétHas cxemMa ans aHanusa ycToinuMBOCTW NPY NOBOPOTE Ha BUPaXe.
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Each method creates a stabilizing moment by
altering the position of the on-board storage, which
can complicate the design and reduce the efficiency
of internal volume usage.

The pendulum stabilizer works similarly to the
pendulum drive used on spherical robots [9], but
design limitations make it less suitable for chassis
with PWP. The rotating and transverse linear stabilizers
are more practical, with the choice depending on the
design features of the mobile platform and the tasks
at hand.

Figure &4 presents the schematic options for a dual-
mass (left) and single-mass (right) rotating stabilizer.
The numbers indicate the vehicle body (1), weights (2),
ball racer (3), and rotary base junction (4) (RBJ).

The design of the ball racer is similar to the solutions
used to rotate the turret of a tank or the commander’s

AN
SIS

Vol 91 (1) 2024
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cupola of a military tracked vehicle. Examples of designs
and calculation methods are given in [10]. Proven
designs of the electromechanical drive for rotation and
locking of the racer are also discussed there. The RBJ
ensures the maintenance of electrical contact between
the rotating part resting on the racer and the body
of the mobile platform.

The dual-mass design allows for a smoother
redistribution of the load between the sides and axles.
This scheme is more complex and is advisable if a racer
is installed on an unmanned platform to accommodate
special equipment.

Figure 5 presents a simplified diagram of a stabilizer
with transverse movement of the load, featuring single-
mass (left) and dual-mass (right) configurations.
The numbers indicate a vehicle body (1), weights (2),
rack on the guide frame (3), and drive unit (4). Unlike

Fig. 4. The principle of roll stability control with balancing mass rotation.
Puc. &. Mp1HLMN ynpaBreHus yCTOYMBOCTBIO BpaLLEHUEM YpaBHOBELUMBAIOLLEN MacChl.

Fig. 5. The principle of roll stability control with lateral moving of balancing mass.
Puc. 5. Mp1HLMN ynpaBneHus yCToituMBOCTBI0 NONEpeYHBIM NepeMeLLeHNeM YPaBHOBELLMBaIOLLEN Macchl.
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a stabilizer with a rotating mass, this design does not
require an RBJ, significantly simplifying the unit and
increasing reliability. Although this stabilizer does not
allow controlling the redistribution of masses along
the axes, it is simpler in design and more compact
in the single-mass version.

For any of the considered designs, creating a closed-
loop tracking control system with feedback on the roll
angle of the mobile platform body and the position
of the weight(s) is necessary.

Estimating performance and selecting drive
parameters for moving the balancing mass represents
a separate task and is not considered here.

However, the positioning accuracy for both options
will be determined by the lateral clearance in the gear
engagement of the drive, which primarily depends
on the manufacturing accuracy of the gears. Additionally,
when assessing speed the backlash in the gear
engagement must be taken into account (e.g., [11, 12]).

CONCLUSIONS

1. For a lightweight unmanned mobile platform,
a mechanism for lateral movement of the balancing
mass can be recommended to ensure adaptive control
of lateral stability.

2. An adaptive stability control system with rotational
movement of two balancing masses will provide
additional control of the longitudinal distribution of
normal loads and can be necessary if the platform
has a racer for special equipment.

3. The principles of stabilizing lateral stability
considered can be applied to special small-sized
mobile unmanned vehicles, regardless of the type
of propulsion.

Further research in this direction involves
constructing mathematical models to estimate the
necessary kinematic, energy, and power parameters
of the adaptive stabilization system of lateral stability
as well as testing on a mock-up of a mobile platform.
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A0NOSIHATENIbHAS UHOOPMALUA

Bknap aBTopoB. Bce aBTOpbl BHECAWM CyLLeCTBEHHbIH
BKNaf4 B pa3paboTKy KOHLenuuu, NpoBeAeHUe ucche-
A0BaHMA 1 noarotoBky ctaten. PH0. Jobpeuos — co-
CTaBfeHWe nnaHa CTaTbW, pacnpegeneHne ponen
B aBTOPCKOM KOJNIEKTBE, GOpPMYIMPOBKA MOEN MOCTPO-
eHMA BapWaHTOB CXeM YPaBHOBELUMBAHWA W NPUHLMMOB
ynpaBfieHUI0 cucTeMoM, pabota Haf TeKCToM (cBefeHue
yacTel pykonucu), obliee pyKOBOACTBO, a TaKXe pe-
LeHne MEeTOA0N0MMUYECKUX U MPaKTUYeCKMX BOMNPOCOB;
A.0. KaHWHCKMIA — npopaboTKa BapWaHTOB CXeM, pa-
6oTa Haf MANKCTPaLUAMM, ONUCaHUEM CXEM, NpoBefe-
HWe pacyéToB, paboTa Haj TEKCTOM COBMECTHO C COaB-
Topamu; [.C. Monos n W.B. MpamuusiH — npopaboTka
BOMPOCOB, CBA3aHHLIX C KMHEMATMKOW M MPUHLMNAMWU
NOCTPOEHMSA, KOHCTPYKLMKU pEKOHGUrypupyemoro wac-
CW, MOCTPOEHME COOTBETCTBYIOLLEN YacTU PYKOMUCHK.
ABTOpbI MOATBEPX AT COOTBETCTBME CBOEr0 aBTOP-
CTBa Mex[yHapoaHbiM kputepuaM ICMJE (Bce aBTopbl
BHEC/M CYLLECTBEHHLIN BKNag B pa3paboTKy KoHLen-
UMK, NpoBeAeHWe WCCNefoBaHWsS U MOAFOTOBKY CTa-
TbUW, NPOYAM W 0806pmnn dGUHanNbHYKD Bepcuio nepep
nybnukaumnen).

KoHdnukT nHTepecoB. ABTOpbI JeKNapupyKT OTCYTCTBME
ABHBIX M NOTEHLUMANbHBIX KOHQIMKTOB MHTEPECOB, CBA3aH-
HbIX C NybAVKaLmen HacTosLLen CTaTbu.

UcTouyHuk duHaHcupoBaHus. Pesynbtathl  nony-
YeHbl B paMKax BbIMOSHEHWs TOCYAAPCTBEHHOMO 3a-
naHvs  MuHobpHaykm Poccum 2023 ropa  FNRG-
2022-0026 1022031700007-3-2.2.2 «WMccnepoBaHue
nyTen peanu3aumn afanTvBHOW YCTOMYMBOCTM Ha3eM-
HOrO MOJY/bHOTO PEKOHOWIypMpyeMoro poboToTexHM-
YECKOro LIaccK NErKOro Knacca npu OBUXEHWM B He-
LEeTEPMUHUPOBAHHOM Cpefe C pas3finyHbIMKU MOMe3HbIMU
Harpy3xkammy.
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