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Abstract

The usage of "motor-wheel” systems requires the electric vehicle control system improvement by using the characteristics of the
wheel adhesion to the road surface. One of the aspects of such improvement is the enhancement of the algorithms for the functioning
of the antilock braking system (ABS). In developing the ABS control algorithms, various approaches and methods of modern control
theory are used, including methods based on the estimation of wheel slip, traction force, wheel friction coefficient using linear and
nonlinear estimation methods, linear and nonlinear regulators. This work illustrates the application of the principle of high order
integral adaptation (PIA) of Synergetic Control Theory (SCT) for constructing a robust control law for an electric vehicle wheel slip.
The main features of the SCT contain: firstly, a fundamental change in the goals of the behavior of the synthesized systems; secondly,
direct consideration of the natural properties of nonlinear objects; thirdly, the formation of an analytical mechanism for generating
feedbacks, i.e. control laws. PIA consists in introducing nonlinear integrators into the control law that compensate for disturbances
without their immediate estimation. The obtained in this work control law has a fairly simple structure, is focused on using physically
accessible state variables of the braking system, and its implementation does not require immediate estimation of disturbances or
building a complex neural network to calculate disturbances. The results of computer simulations of the synthesized robust control law
Jfor ABS indicate its effectiveness in functioning under conditions of external environment uncertainty.
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HOxHBbIN hbeaepanbHbI YHUBEPCUTET, I. TaraHpor

Wcnonb3oBaHMe NnpuHUMNA UHTerpasribHOW aganTauun onsi NocTpoeHus
po6acTHOro ynpaeneHus npockanb3bIBaHUEM Korneca 3nekTpomo6uns’

Hcnoavzoeanue cucmem "Momop-koneco” mpebyem co6epuleHCmMEO8aAHUS CUCEMbl YAPABGACHUS IACKMPOMPAHCHOPMHbIM
cpedcmeom, UCHOAb3YSA XAPAKMePUCMUKU CyenieHus Koaeca ¢ nogepxHocmoio dopoeu. OOHUM U3 ACNEKMO8 MakKkozo cosep-
WEeHCMB08AHUS A6AAEMCA YAYYUEeHUEe AN20PUMMOE (DYHKUUOHUPOBAHUS AHMUOAOKUPOGOUHOU mopmo3nou cucmemvt (ABC).

' PaGoTa BBITIONTHEHA npu noaaepxke Poccuiickoro ¢onga pyHaaMeHTaIbHbIX UCCaenoBaHui — mpoekT Ne 18-08-00924.
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Ilpu paspabomke areopummos ynpaeaenus AbC ucnoav3yromes pasauuHsix n00xXo0sl U Memodsbl COBPeMeHHOU meopuu ynpas-
AeHUs, BKAI04As Memodbl, 6a3upyroujuecs Ha OUEeHUBAHUU CKOAbICEHUs KOoAeca, CUbl CUenaeHus, Kodpduyuenma mpenus
Koaeca nocpe0cmeom AUHEUHbIX U HeAUHEUHbIX Memo008 OUeHUBAHUS, NUHEIIHbIX U HeAUHelHbIX peeyiamopos. [Jannas pabo-
ma uascmpupyem npumeHenue npunyuna unmeepaivrot adanmayuu (ITHA) evicokoeo nopsdka cunepeemuyeckoi meopuu
ynpasaenus (CTY) 0aa nocmpoenus pobacmuoeo 3aK0HA ynpasieHus NPOCKAAb3bl6AHUEM Koaeca 34eKmpomoouis. OchosHbie
ocooennocmu CTY cocmosm: 6o-nepevix, 6 NPUHUUNUAALHOM U3MEHEHUU ueaeli N0GeOeHUs CUHME3UPYeMblX CUCmeM; 80-
8MOPbLIX, 8 HENOCPeICMBEHHOM YHeme eCMeCmMBeHHbIX CEOLCME HeAUHeUHbIX 005eKmoe; ¢-mpemvux, 6 opmMuposanuu ana-
AUMUHECK020 MEXAHU3MA 2eHepayuu 00pamublx cesaseil, m.e. 3aKk0H08 ynpasaenus. ITHA 3akaouaemes 60 6éedenuu 6 3aK0H
YRPABACHUS HeAUHCIHbIX UHMe2PAMOpo8, KOMIEHCUPYIOUWUX 603MYyueHUs 0e3 UX OnepamugHol OyeHKU.

Toayuennsiii 6 dannou pabome 3aKOH YnpasaeHus umeem 00CmMamoyHo NPOCMY0 CMPYKMypy, OPUeHMUPO8AH HA UCNONb-
306aHue uautecku AOCMYNHbIX NePeMEHHbIX COCMOAHUSA MOPMOZHOU CUCMeMbl U 045 €20 pearusayuu He mpebyemcs onepa-
MUBHOU OYeHKU GO3MYUWCHUL UAU NOCMPOCHUS CAONCHOU Helipocemu 045 6bIHUCACHUS 03 MYUCHULL.

Pezyasomamur komnvromeprHoeo mMo0eaupo8aHus CUHmMe3upo8aHH020 pobacmHoezo 3akona ynpasienus ois AbC ceudemens-
cmeym o e2o 3¢hexmusHocmu npu GYHKYUOHUPOBAHUU 6 YCAOBUAX HeOnpedeseHHOCMU Jelicmeus 6HeulHell cpeodb.

Karoueevte caosa: s1ekmpomobuns, npocKaib3vléanue Koieca, HeAuHelnble cucmembl ynpasienus, pooacmuoe ynpagieHue,
CUHepeemuveckas meopus ynpaeéienus, uneapuanm, memoo AKAP, npunyun unmeepaivHoli adanmayuu 8biCOK020 NOPAOKA

Introduction. The current increase of environ-
mental problems and the gradual expansion of the
use of "green" energy have also affected the au-
tomobile industry — electric cars are being deve-
loped and put into operation, and the transition to
cars with a "motor-wheel" system is being carried
out everywhere. However, in practice, the usage of
"motor-wheel" systems requires the electric vehicle
control system improvement by using the characte-
ristics of the wheel adhesion to the road surface.
One of the aspects of such improvement is the en-
hancement of the algorithms for the functioning
of the dynamic stabilization system (road holding
ability), whose components are the antilock braking
system (ABS), the system of distribution of braking
forces, anti-slip control, etc. [1]. Thus, in order to
increase the driving safety of an ABS, an electric
vehicle should control the sliding of each wheel in
order to prevent its blocking and ensure the grea-
test degree of road adherence, i. €. ABS control law
should provide robustness in relation to the rapidly
changing properties of the roadbed and the charac-
teristics of the tire [1—3].

In developing the ABS control algorithms, va-
rious approaches and methods of modern control
theory are used, including methods based on the
estimation of wheel slip, traction force, wheel fric-
tion coefficient using linear methods (LQR, LQRC,
Kalman filter, advanced Kalman filter) and non-
linear estimation methods (estimation with sliding
mode, nonlinear observers, neural network obser-
vers), linear (PID-control) and nonlinear regulators
(Lyapunov function method, robust control methods,
fuzzy and neural network control), etc. [3—11].

Synergetic Control Theory (SCT), which has
found extensive application in various fields of
modern science and technology, is considered to be

a fundamentally different direction of nonlinear
control of technical systems [12—19]. The main
features of the SCT, related to the problem of syn-
thesizing the nonlinear technique of controlling
complex technical objects, consist of: firstly, a fun-
damental change in the goals of the behavior of
the synthesized systems; secondly, direct considera-
tion of the natural properties of nonlinear objects;
thirdly, the formation of an analytical mechanism
for generating feedbacks, i.e. control laws.

Earlier it was noted that in the SCT there are
two ways to ensure the adaptability of the nonlinear
system to external and parametric disturbances. The
first way is to use the principle of integral adaptation
of the SCT [15—17], which consists in introducing
nonlinear integrators into the control law that com-
pensate for disturbances without their immediate
estimation. At the same time, minimal informa-
tion about the disturbances is necessary — its class
(piecewise constant, polynomial, harmonic, etc.),
which can be represented by a dynamic model in
the form of a system of differential equations. The
second method is to construct nonlinear observers
of parametric and/or external disturbances [18, 19].
In this case, the synthesized nonlinear control laws
are complemented by the observation subsystem,
which dynamically estimates unmeasured distur-
bances and compensates them. Both methods are
fairly formalized and are based on the main SCT
method — method of analytical design of aggre-
gated regulators (ADAR) [12].

This paper illustrates the first method as applied
to the problem of adaptive control of an electric ve-
hicle wheel slip. A detailed description of the prin-
ciple of integral adaptation is omitted, because the
given problem can be found in the references works
[15—17].
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Fig. 1. Forces and torques of the braking system

1. Control problem. Fig. 1 shows a diagram of
the interaction forces of the braking system of a
wheel attached to a mass m. When the wheel rotates
in the direction of the longitudinal (horizontal) ve-
locity v, the traction force (resistance) of the tire F,
is created by friction between the tire surface and
the road surface. This force will create a moment
that generates a rotating movement of the wheel,
creating an angular velocity o. The braking torque
applied to the wheel will act against the rotation of
the wheel, creating a negative angular acceleration.

The equations of motion of the braking system
wheels in the braking mode have the form [2, 3, 10]

mv(t) = -F,; )
Jo(t) =rF, - Tysign(w),
where F, = Fu(Auy,a); F,= mg— vertical force;
u — friction coefficient, which is a nonlinear function
of the following arguments: A — longitudinal slip
of the tire; ny — coefficient of adhesion between
the tire and the road; a — wheel slip angle; 7, —
braking torque (control); » — wheel radius; J —
wheel inertia.
Longitudinal slip is determined by the equation:
V—reo

A= .
v

)

The coefficient A (2) describes the normalized
difference between the horizontal velocity of the
car v and the velocity of rotation of the wheel rw.
The value of this coefficient L = 0 corresponds to
the free movement of the wheel, when the adhesion
force F\ has no effect. If a slip reaches a value L = 1,
the wheel is blocked, which means it stops [3].

There are different approaches for calculating
the adhesion force, so in [2], [11] the following rela-
tions are considered:

s
F = Fu(h o) = Fsign(h)— ! % ;
=0 +g(o,1,0)
Ly1-x €)
Jred]

g(2,0)=0| p, + 1y —p,)e

bl

where p,., p, are the coefficients of static and
Coulomb friction; v, — Stribek velocity; o, —
normalized longitudinal stiffness; L, — the length
of the contact surface of the tire; 6 — parameter
characterizing the properties of the surface.

In the attached to references paper [3] it is noted
that the adhesion force can also be determined as

F

X

(A) = Dsin(C arctan(B). — E(B). —arctan(B3))))
or
Fx = Fz“(k, (D) = (Cl (1 — eicﬁh) — C3}L)e’c47‘v,

where B, C, D, E — empirical coefficients; C;, C,,
C; — constant tire adhesion coefficients depending
on the condition (circumstances) of the road;
C, = 0,2+0,04 — a constant coefficient reflecting
the relationship of the horizontal wheel speed and
tire grip to the road surface.

From equations (2), (3) it can be seen that, when
v — 0, the dynamics of an open-loop system be-
comes infinitely fast with an infinite boost factor.
This leads to a loss of controllability, and the slip
regulator at low v must be turned off.

According to [10], the control task is to control
the value of the longitudinal slip A in a given value.
The slip regulator must be robust with respect to
uncertainties in tire performance and changes in
road surface conditions.

So, the purpose of controlling the system (1) is
to brake the wheel at the required value of the slip
coefficient A = 2% = const. In this case, the value A"
is either a constant or is determined by a top-level
control system, for example, from a system of road-
holding ability.

Thus, according to (2) we have the synergetic

technological invariant
A=A =v-ro-wm'=0.

)

When constructing the law of robust control in
model (1) the uncertainty due to force F,, will be con-
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sidered as a parametric perturbation, for which, ac-
cording to the principle of integral adaptation of the
SCT, it is necessary to construct a dynamic model.
As such a model, we consider a dynamic model in the
form of three successively included integrators [15—17]:

41 = 25;
Zz(t) =13,
23(1) = (v - ro— "),

®)

where z; — dynamic variables of the perturbation
model; z; = Fr —a dynamic variable that performs
the role of evaluator of an external non-measurable
perturbation F,, acting on system (1); 1 — some
constant coefficient. In the right side of the last
equation of model (5) the input technological
invariant (4) is reflected.

2. Synthesis of the control law and modeling of
closed-loop system. Then, in accordance with this
goal and the principle of high-order integral adapta-
tion [15—17], from (1) we can compile an extended
model of synergistic synthesis with o > 0:

v(?) =—lz1;
m
) T, r
a(f) = —7b+711;
21(2) = 255 (6)
Zz(t) =13,

23(1) = —ro-m").

For the extended synthesis model (6) we intro-
duce the synergetic macrovariable

(7

Following the procedure of synthesis of the
method of ADAR [12—19], from the joint solution
(7), the functional equation of SCT

v =v-ro-vA' + 7,2 + 722, + 7323

y(f)+By =0 ®)

and the extended model (6) we find the expression
for the control law:

rm
J J J .
oL -y —ro-n0-  ©
PRICE Rl P24 er(V Fo—VvL') )]
J
—TB(V—”CO—VKOﬂLYlZl+Y222+“/313)-

The control law (9) is dynamic, since its struc-
ture includes dynamic variables of the system (5).

We also note that the condition for asymptotic sta-
bility (8) is the condition B > 0. When diversity
v = 0 is achieved, the dynamics of system (6) is de-
scribed by the following linear decomposed system:

Zl(t) =12,
Zz(t) =13,
() =n(-1121 — 7222 — ¥323)-

(10)

To find the unknown coefficients that ensure the
stability of system (10), we use the modal control
method. We write the state matrix of the system
(10) and find its characteristic equation:

A(s) = det (SE — A) = 5° + ny3s? +ny,s +1y, = 0.

The desired characteristic equation with a given
location of the roots is represented as

Ay(s) = (5—59)° = 5% = 35057 + 3535 =53 =0,

in which s, <0 is the desired root. Equating the co-
efficients of these equations with equal powers of s,
we find

Y1 =-P3 /M ¥2 =3P /My =3Py /. (1)

Thus, the choice of the coefficient p > 0 and
the definition y; according to (11) will ensure the
asymptotic stability of the system (6) with the syn-
thesized control law (9).

Let’s perform simulation of the system (1), in
which the force F, is given by expression (3), with
the synthesized control law (9). The following ob-
ject parameters are set [11]: oy = 200; L, = 0,25;
pe = 0,5 pu, = 0,9; v, = 12,5; r = 0,3; m = 200;
J = 0,23; and regulator parameters A0 = 0,1;
n = 100; p = 100; p, = —500. The simulation results
are presented in Fig. 2—5. In the simulation, it was
assumed that the coefficient of adhesion with the

Fig. 2. Linear velocity variance
graph

Fig. 3. Angular velocity variance
graph
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Fig. 4. Slip variance graph Fig. 5. Control variance graph

surface 0 varies with time in accordance with the
dependence:
0.7 for t<0.5;
0(r)=<1.3 for 0.5<t<];
0.2 for t>1.

(12)

It is seen from Fig. 4 that at different values of
the coefficient of adhesion with the surface 0, the
technological invariant (4) is satisfied. Thus, the
results of computer simulations of the synthesized
robust control law for ABS indicate its effectiveness
in functioning under conditions of external envi-
ronment uncertainty.

Conclusion. In [11] an adaptive ABS control law
was proposed, including in its structure a function
F.(F,,v,»,0), defined according to (3). It is as-
sumed that on the basis of this function it is pos-
sible with the help of an observer to evaluate the
characteristics of the roadway, in particular the
parameter 6. Such an assumption seems practically
ineffective, since in real conditions, the charac-
teristics of the roadbed can vary significantly. Of
course, in specialized ideal conditions, when much
is known in advance about a function F,(F,,v,®,0)
and its parameters, and almost no current physical
measurements are required, this approach may be
quite justified. Such conditions arise, for example,
when conducting computer experiments, etc.

The robust control law (9), synthesized by the
ADAR method, providing the required properties of
an ABS in conditions of considerable uncertainty,
is much simpler than the adaptive control law syn-
thesized in [11]: indeed, the control law (9) is linear
in structure to the state variables of the system (6),
and its implementation does not require both an
immediate estimation of the parameters of a func-
tion F,(F,,v,®,0), and a complex neural network
for its calculation.

The results obtained in this paper will be distrib-
uted to all-wheel drive electric vehicle and electric
vehicle with two-wheel drive.
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