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ABSTRACT

The designs of commercial Anti-Lock Braking Systems
often rely on assumptions of a torsionally rigid tire-wheel
system. However, variations in tire/wheel technologies have
resulted in lower torsional stiffnesses that cannot be captured
well using these rigid wheel assumptions. This paper presents
an adaptive nonlinear controller based on a model that
incorporates sidewall flexibility, and transient & hysteretic
tread-ground friction effects. The sidewall stiffness and
damping and as well as tread parameters are assumed to be
unknown and subsequently estimated through a set of gradient-
based adaptation laws. A virtual damper is introduced via a
backstepping controller design to address difficulties associated
with tires with low torsional damping.

NOMENCLATURE
6,, w,  — Rotational Deflection & Velocity of the Ring

6,,, w, — Rotational Deflection & Velocity of the Wheel
K, — Torsional Stiffness of the Wheel/Ring
C; — Torsional Damping of the Wheel/Ring
Jw — Wheel Inertia
I — Ring Inertia
m, — Vehicle Mass
R, — Ring Radius
R, — Wheel Radius
T, — Braking Torque on the Wheel
F; — Frictional Ground Force at the Ring
F, — Vertical Load on Tire
%4 — Vehicle Velocity
V. — Relative Sliding Velocity
Vi — Stribeck Relative Velocity

z — Tread Deflection
g(,.)  —Friction Coefficient Curve
U — Coulomb Friction
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Us — Sliding Friction
a — Friction Curve Shaping Factor

1. INTRODUCTION

Anti-lock braking (ABS) control algorithms are commonly
constructed based on simplified rigid wheel assumptions and
primarily focus on accommodating various tire/ground friction
surfaces. Advances in tire/wheel technology have produced
some tires with significantly lower torsional stiffnesses. This
includes airless tires and run-flat tires. In the presence of tire
torsional flexibility, there is a distinction between the behavior
of the wheel/hub and tread-belt during a hard braking event.
Since most, if not all, traction/ABS controllers are based on
rigid wheel assumptions and use wheel/hub speed sensors as
the main means of feedback, one can expect sub-optimal
performance of such controllers when used with torsionally
flexible tires.

Various tire models have been developed in order to better
approximate the transient dynamics of a tire [1-4]. And multiple
authors [5-8] have modeled and simulated commercial ABS
control structures that are combined with these various flexible
tire models in order to see their effect on braking performance.
These works recognize that there is an interaction between the
ABS controller and the tire’s torsional dynamics. In our
previous work [9], an investigation was conducted on the
interactions of tire/wheel designs with the workings of a typical
commercial ABS control system. This research showed that a
decrease in the tire torsional stiffness can have a drastic impact
on the vehicle’s stopping distance.

In recent years, there has been an increased interest in
adaptive traction control systems that use dynamic friction
models in order to estimate the flexible tread parameters and
subsequently calculate a desired slip ratio [10-13]. One of the
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original papers to take this approach was by Canudas-de-
Wit, et al [10] in which they utilized the LuGre friction model
and assumed that all of the tire tread parameters were known
except for the friction curve. Variation of the friction curve with
road surfaces was taken into account by introducing a gain 6 on
the friction function that was interpreted as the coefficient of
road adhesion. A gradient-type adaptation law was then
introduced to estimate this gain during the maneuver. The
authors designed a controller to track a desired slip ratio based
on an estimation of the maximum friction coefficient at the
current vehicle velocity.

The above paper, along with Yi, et al [14], also
implemented an observer to estimate velocity and the internal
states using only the wheel angular velocity measurement. In
[14], the work of Canudas-De-Wit et al was expanded to show
that the state estimations guaranteed underestimation of the
maximum friction coefficient when the correct initial
conditions were chosen. However, the utilization of only wheel
angular velocity resulted in an estimator that was slow to
converge due to a lack of persistent excitation, a problem
common with most adaptive traction controllers. In order to
improve the convergence rate, Alvarez, et al [12] proposed an
adaptive control law that used both wheel angular velocity and
vehicle longitudinal acceleration to estimate the states and tread
parameters.

Even though in the past few years there has been an
increase in the amount of research on traction/ABS controllers
and dynamic friction models, there still appears to be no
investigation on including the tire’s torsional dynamics into the
controller design. The objective of this paper is to expand upon
the work of Alvarez, et al. [12] to include and adapt to the tire’s
sidewall parameters. This paper will focus on the case where
both the tire sidewall and tread parameters are unknown. It has
been assumed that the vehicle velocity and the friction function
are known based on extensive work completed in this area [11-
16]. In addition, this paper systematically constructs a virtual
damper via backstepping techniques [17] to devise a nonlinear
adaptive controller that accommodate tires with low torsional
damping.

The rest of the paper is organized as follows. Section 2
describes the system model which incorporates a torsionally
flexible tire model and the Average Lumped Parameter LuGre
dynamic friction model. Section 3 introduces the parameter
estimators and state observers that feed the estimated states into
the controller. In Section 4, a nonlinear traction controller will
be introduced that tracks an estimated desired slip ratio. In
Section 5, the stability analysis of the closed-loop system will
be presented. Simulation results of the closed-loop system will
be presented in Section 6. The results and conclusions, along
with areas for future work, are then summarized in Section 7.

2. TORSIONALLY FLEXIBLE TIRE MODEL
The tire/wheel model that is used throughout this paper
only includes the torsional deflection of the sidewall, as this is
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FIGURE 2: SCHEMATIC FOR THE LUGRE FRICTION
MODEL

considered to be the dominant effect of the tire/wheel system to
braking inputs. The two-inertia model representing the ring and
hub is shown in Figure 1. The sidewall’s torsional stiffness and
damping coefficient are denoted by K and Cr, respectively.

Since this paper sets out to account for the dynamic
behavior of the tire/wheel system, conventional steady-state
Pacejka type (u-slip) curves are no longer considered sufficient.
Instead, a dynamic tread-deflection friction model is
incorporated through the Average Lumped Parameter LuGre
friction model detailed in [18] and also discussed in [2, 10, 11,
19-21]. In this model, instead of the Pacejka friction curves,
the input to the model represents the actual friction coefficient
as a function of sliding velocity between the tread material and
the road surface. The schematic for this model is shown in
Figure 2, where Kiypqq and Cipeqq are stiffness and damping
coefficients appearing in the LuGre model [22]. Considering a
quarter vehicle model along with the above tire/wheel and
tread/ground friction model, the system equations reduce to the
following:

dw,,
]W*7=Kt(97«—9w) +Ct(wr_ww)_Tb (1)
dw
Jrx dtr = F.R, — K, (6, — 6,,) — C.(w, — w,,) 2)
m, dV
v — 3
4 " dt Fe )
Fy = F;(KtreaaZ + CereqaZ) 4)
V=V -=R, *w, (%)
. Ktreadlvrl
z=V, ——z—k|lw,|R,z (6)
g T
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Ve |®
gV = u. + (us — /,tc)e_’ A (7)

where, J,, and J, designate the hub/wheel and ring inertias,
T, designates the braking torque, and F; designates the ground
force. Equation (3) gives the longitudinal braking dynamics of
the quarter vehicle, where aerodynamic and rolling resistance
contributions have been neglected. Equations (4)-(7) represent
the LuGre friction model. A ‘Stribeck’ friction curve has been
extrapolated from experimental data where the static (ug) and
kinetic (u.) coefficients of friction are 0.75 and 0.4,
respectively, and the shaping factor (o) has been determined as
0.75. The torsional stiffness of the tire used in the simulations
has been determined based on experimental measurements to
be Kr =7616 [Nm/rad.] and is representative of a low
torsional stiffness tire (For comparison, K; = 15000 —
25000 [Nm/rad.] for a standard “rigid” tire). The rest of
system and vehicle parameters used for analysis are listed in the
Appendix.

3. PARAMETER AND STATE ESTIMATION

In this section, the parameter adaptation laws are
formulated. The following parameters are assumed
unknown: Kiread, Creads Kev Cpand Jy,.' Rearranging
Equation (3) and combining with Equations (1), (2), and (5), we
have:

dv,

R, .
G- @+ F T O+ Th) ®

where, g is acceleration due to gravity, u = F./F, is the
coefficient of friction, and a = (R2myg)/(4 * J,.). Then, using
Equation (6) in Equation (4) and rearranging to isolate the
unknown parameters Kiyeaq and Cipeaq gives:

U = KireadZ t Cread (Vi — k|, |R2) — 03f(V;) z 9

where, f(V;) = [V¢|/g(V;) , and 63 = Kiread * Ciread- This
last additional parameter is introduced to put equation (9) in
regressor form (linear in unknown parameters). Assuming that
T4 2, and w,, can be measured, the following gradient-based
adaptive law can be constructed:

H= [Z (Vr - klwrerZ) - f(vr) Z]

(10)
* [Ktread Ciread GS]T =U; %4

ﬁ:ﬁlil_Ulzl = Ulz\l_u (1])

! A limitation of this scheme is the assumption that J, is known. Further
work needs to be completed to include this parameter in the adaptation laws.

* A significant amount of research has been conducted on the estimation
of the friction coefficient and vehicle velocity. These variables are assumed
known in this work.

£, = -1, 0ffi where, I} = diag(yo,v1,v3) >0 (12)

~

where, the notation © represents an estimated state or
parameter; ['; is a positive diagonal matrix of adaptation gains
and U; = [2 (V. —kI®.|R,2) —f(V,)2] is the regressor
matrix evaluated at the estimated states.

Estimation of the sidewall torsional parameters can also be
made by following a similar procedure. We assume that Ty, is
measurable (can be inferred from bake pressure). By
rearranging Equation (1) into a regressor form and solving for
Tb:

Tb = [(er - ew) ((*)r - ww) - mw]
K, C TWIT =U,2, (13)

T = ﬁziz - Uzzz = 6222 - Tb (14)

where, U, = [(8;— 8y) (@r— wy) — dy] is
the regressor matrix evaluated at the estimated states.
The following gradient-based adaptation law can be
constructed:

Y, = —L, 0T where, T, = diag(vs Y5, ¥e) >0 (15

The gradient-based adaptation laws can be replaced with
least-squares estimators and techniques such as parameter
projection and dead-zones can be used add robustness to the
adaptation. However, for the investigations in this paper the
above formulation was found sufficient.

These parameter estimates are then used to construct an
estimated plant, of the same structure as Equations (1)-(7), from
which the unmeasured state estimates 0,, @,, and 2 are
obtained through an open-loop observer. See Figure 5 for a
schematic. Note that, due to the parameter adaptation scheme
and the inability to separate the estimated states from the
estimated parameters, it is not trivial to introduce a closed-loop
observer. Further work is currently being completed by the
authors to incorporate a closed-loop observer into the system.

4. NONLINEAR TRACTION CONTROLLER

The design of the controller is approached in two parts.
First, it is treated as a ring slip-tracking problem. Then,
additional virtual damping terms are systematically included to
overcome oscillations from low tire damping.

For a traction controller, it is desirable to track the ring slip
ratio that corresponds to the peak friction force in order to
minimize stopping distance. This desired slip ratio 4,, can be
estimated based upon a pseudo-static computation of the LuGre
friction model at a given velocity and assuming a uniformly
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distributed loading with a rectangular contact patch. Detailed
derivations of similar equations which are based on the rigid
sidewall model can be found in [10] and [11], where w, is
replaced with the rigid wheel rotational velocity. The
computation used in this paper proceeds as follows:

N \'A  Ripeaal Ml
Fss = Sgn(vr) F, g(Vr) <1 + Z?r\gL (e 2(Ve) 1)) (16)

Ktread'—' |T]|
c V;
? =1- tread | rl a7
s(")
4 A
M= r o =17 (18) FIGURE 3: HUB/TIRE MODEL EMULATED
o ' BY CONTROLLER
V-Rw, W : :
A= ——=— (19) — —(=0 |
v v 3|88 — =100
where, L is the contact patch length. An estimate of the .80 '. —( =500 |]
desired slip ratio 4,, can then be obtained by numerically 33
searching Equation (16) for its maximum by varying A, [11, 12, »75
141, g
3 70 & ~_
A = argmax {FSS AV, f)} (20) ED 65
Ar << 60
1 1.2 1.4
Time, [sec.]

Then, recognizing that @, and @, are only estimated
states, Equation (2) can be rewritten as:

Ao,

FIGURE 4: RESPONSE OF HUB/TIRE
MODEL EMULATED BY CONTROLLER

Jrx dt FiRr = Ri(8, = 6) = Ce(@, — wy) b If we set the controller as:
Combining (14) & (21),
~ . dwy 5 (25)
Ao, 1 ~ . dw, Tpr = FeRy =T = Jwx—=—Ji¥a +/rcre
G = T PR =T = g = T (22) |
T where, c; is a positive controller gain, then, V = —c;e? , which

is negative semi-definite. This shall be used in the stability
analysis of the next section.
where T}, is the braking torque applied corresponding to
the ring slip-tracking problem. Defining the tracking
error dynamics as:

While this controller will track the desired slip ratio and
accounts for tire flexibilities, observations have shown that the
low torsional damping of the tire can result in large initial

PP . do, - (23) oscillations of brake torque Tp, in the presence of tire/tread
e=or =Yg = e= dr ¢ parameter estimation errors. In order to address this issue, it has
been found that a virtual torsional damper can be simulated

p
where, ¥, = V. (1 _ /im) is an estimated desired ring through the controlle.r. Thl'S virtual damper '(C"add) can be
rotational 1]‘? i o ndine to th imated thought of as added in series between the original torsional
0 % ona ) ve O.C] y co esp(? mng 1o e?’ es a. e spring and the tire ring, as shown in Figure 3. By including this
desired slip ratio A.m' Choosing the following (partial) virtual damper the controller can effectively emulate a highly
Lyapunov-like candidate: damped system. Note that this damper is not placed in series
1 with the physical damper C; as this would only result in a
V= Eez further decrease in overall damping. The virtual damper can be
. 1 _ . dw, . (24) systematically ~constructed into the controller using
V=e (]— [Fth -T- ]WF - Tbl] - Yd> backstepping techniques and the certainty equivalence

r

principle. Similar examples can be found in [23, 24]. Here,
choosing the Lyapunov function candidate:
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1 1
V= E]rwz + EKt(ew - 97’)2 (26)
. 1
Vi = Jror <_ [—K. (6, — 6,) — Ci(w, — ww)])
+ Kt(gw - gr)(ww - wr)
= wr(Ct(ww - (Ur)) + K (8 — 6wy, (28)
Let the virtual control w,, = —wp. Where, wp represents

the relative velocity of the virtual damper and follows the
relation wp, = ¢(Tp). Also, T, = K.(6,, — 6,.) is the torque in
the damper’ and ¢(*) is a function chosen by the designer to
have the same sign as its argument®, thus making the second
term in Equation (28) negative semi-definite. The derivative of
the relative velocity wp can be found through the following
analysis:

) __d¢Ub)_d¢Ub)*T
“o= T T ar, P
dp(Tp)
= dTDD * (Kt(ww - wr))
= (wy — wy)

(29)

de(T . ..
where, { = % * K, 1is chosen to be positive. Then,
D

continuing with the backstepping procedure, the following
change of variables can be applied:

Y= c‘-)w_(_(‘-)D): ww+wD

1 ) (30)
14 _]_(Kt(gr - gw) + Ct(wr - ww) - sz) + wp
w
Choosing the following Lyapunov candidate:
1,1 2.1,
Vo, =slrwr +5K.0, —60,)° +5)wy
2 2 2 31
E ( T, 1 ) , GD
2" \ag K. )"
VZ = Jror@r + K (6, — 0,)(y — wp — @) + ¥y (32)

+ Wp (Ct(ww - wr))
Combining Equations (30) and (32) and simplifying

Vz = —wp (Kt(ew - Qr)) - C(wy, — wr)z + Y (=T (33)
+]wd)D)

3 Since the spring and virtual damper are in series and massless, the torque
created in the virtual damper is equal to the torque in the physical spring.

4 1t is desirable to emulate a damper that dissipates energy from the
system.

Letting Ty, = J,wp, Equation (33) becomes

VZ = —wp (Kt(gw - gr)) - Ct(ww - wr)z <0 (34

Then, utilizing Equation (29) T,, can be placed in its final
form:

Tb2 = ( *]w(ww - wr) (35)

Figure 4 shows the response of the system for various
choices of ¢ for a step input in brake torque. It is clear that as {
is increased the system’s response is more representative of a
well-damped system. Utilizing Equations (25) and (35) the final
combined brake torque is represented as follows:

o dww A
Tb =Fth_T_]w*7_]rYd_]rcle (36)

+ ¢D(ww - &)\r)

When this controller is combined with the parameter and
state estimation of the previous section, the closed-loop system
can be represented as shown in Figure 5.

5. STABILITY ANALYSIS

The stability of the closed-loop system, comprising of the
parameter and state estimators and the controller tracking error,
can be analyzed by choosing the following Lyapunov function
candidate:

W=-2+-w,
1. -
+522T1"2-122 >
W= 2+ @,6, +eé + 35, I718, +5, 15,
ZZL + ajra):r + eé - ilTﬁl[ﬁlil + Ulzl]
~ T 1~ = ~
- %, 0,[0,%, + U,3,] (37)

Where, Ul = Ullajr + UlZZ and UZ = UZlgr + Uzzar. ThiS
leads to:

Op=[1 —klo R, ~f)]

U12 = [(97' - Qw) (0)7- - ww) - ww] (38)
Up=11 0 0]
Up=100 1 0] (39)

# is computed as follows:

Z=V- Ktreg.\df(Vr)Z — klw,|R,z
- [Vr - Ktreadf(Vr)ZA - klarerZA]

yields . - , . , .
— Z= —=&,R.[1— Kireaaf (V)2 + kh'(0,)2]
— Z[Kireaa f (V) + kR h(w,)] (40)
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= —&,A— 2B

where,

LU B e

1w = —gp== g =] = - 17 - £(7)] (41)
And

dh 1
((x)r) = (E—[h((x)r) - h(ar)] (42)

hap) = lor| = 1) =

r

And &, is computed as follows:

&, = ]l[FtRT — K, (8, = 8y) = C(wr — wy)]
"1 o X
—]— [FtRT' - Kt(er - ew) - Ct(a)r - (DW)]

.
yields 1 ~ ~ o~ o~
— Wy = [_Kt(er - ew) - Ct((*)r - (Dw) — K6,
o @3)
- Cta)r]
Utilizing Equations (38) through (43), Equation (37) can
be rewritten in quadratic form as follows:

%
2y
w=-[% £, 2z 6, &, e][M]éz = —¢p"M¢p
T
Wy
e (44)
where,¢p =[5, £, 2z 6, @&, el,and
(7o, o UlU,.x, 0 UTu;,2, 07
0o UIo, 0 UlU,2, OfU,,Z, 0
0 0 B 0 A 0
M=( 0 0 0 1 0 0 (45)
R ¢
0 c 0 = = 0
Jr Jr
0 0 0 0 0 ¢,
where,

1 1
C= ]_(er_ew) (0, —w,) 0

Jr

M can be decomposed into a symmetric matrix M, = (M +
MT)/2, and a skew-symmetric matrix M, = (M — MT)/2. For
areal matrix M, we have: —¢pTM,¢ = 0 due to the properties
of a skew-symmetric matrix. And it can be shown, for the
matrix M given by Equation (45), that the principle minors of
M, are all non-negative, and therefore, M, is positive semi-
definite [25]. Thus,

W=-¢"M¢p <0 (46)

(£1,&7)
Th
System Plant
= (Tire & Friction =
Model) ay
@,
Desired Shp
Ratio Estimation
(L Ez)
FIGURE 5: SCHEMATIC OF PROPOSED ADAPTIVE

CONTROLLER SCHEME

Thus the equilibrium point [£;, £, 2z 6, &, el=0 is
stable and the corresponding estimation and tracking errors are
bounded. Using Barbalat’s Lemma it can be shown that
lim,,, e = 0. However, for guaranteed parameter and state
convergence the states are required to be persistently excited.

6. RESULTS AND DISCUSSIONS

This section tests the closed-loop system presented in this
paper through simulations. Emergency braking tests are
simulated for a quarter-car model of a small passenger vehicle
(1068 Kg) with an initial velocity of 80kph, and a low torsional
stiffness tire. The vehicle begins the braking event at t = 0.5sec.

In order to establish a baseline, it is sought to evaluate the
performance of the traction controller when the controller
assumes that the tire sidewall is rigid. This is completed by
adopting the controller proposed in [12] and coupling it with
the low torsional stiffness tire. The results of these simulation
tests are shown in Figures 6 & 7 and highlight the difficulty the
controller has in preventing initial oscillations in the ring
velocity. Note that the black dotted line V /R represents the
vehicle’s equivalent rotational velocity. While the adaptation
laws still perform very well in the presence of the un-modeled
dynamics, the brake torque and subsequently the ring angular
velocity are very oscillatory upon initial brake application.
These un-modeled dynamics also cause large oscillations in the
brake torque and angular velocities later in the event due to the
challenges of maintaining a desired slip ratio at low velocities.
It should also be noted that there is an increase in the optimal
slip ratio as velocity decreases. This trend is consistent with the
LuGre model as the peak friction coefficient will actually occur
at a fixed sliding velocity (V;) and not a fixed slip ratio (4,).

Figures 8 & 9 show the system response for the adaptive
controller proposed in this paper. The system parameters &
estimated states are assumed to be unknown prior to the event.
In reality it is likely that the adaptation laws have been enabled
prior to the hard braking event, thus allowing for a more precise
estimate of the system parameters and states. However, by
assuming that the parameters and states are unknown prior to
the event, a dramatic variation in the system parameters can be
represented. Initial estimates of the tire’s torsional properties
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are assumed to be on the order of a standard tire. These initial
parameters are chosen to highlight the most challenging case
when an initial estimated tire is significantly stiffer than the
actual tire. An example of this scenario may be when there is a
sudden loss in tire pressure or immediately following the
installation of a new set of tires.

Figure 9 shows the parameter and state estimations for the
braking event. The estimated states errors Z and @, as well as
the estimated tread parameter Ki,.,q quickly converge to zero.
The remainder of the parameter estimates also begins to
converge towards their actual values. However, due to the lack
of persistent excitation these parameter estimates are unable to
completely converge. This issue is a common problem in
adaptive control as the persistence of excitation decreases with
an increase in controller performance when the reference
trajectory itself is unable to sufficiently excite the states. It
should also be realized that, as the oscillations die out, the
actual ring velocity will approach that of the measured wheel
velocity. This highlights that the tire torsional parameters do not
need to completely converge to the true parameters in order to
have good performance.

Figure 8 shows the angular velocity trajectories and
braking torque for this maneuver. It is important to note that the
wheel slip ratio will initially overshoot the optimal ring slip
ratio. This is a desirable response as wheel slip ratio does not
appear in the tracking error dynamics (Equation (23)) and the
controller is taking advantage of the sidewall flexibility in order
to build up the ring slip ratio as quickly as possible.

Figures 10 & 11 illustrate the system response when the
sidewall parameters are known but the tread parameters remain
unknown. During this event the tread parameters are able to
very quickly converge to their true values. The angular velocity

responses, shown in Figure 10, also show a very smooth
response with almost no oscillations in the ring angular
velocity.

Finally, Figures 12 & 13 show the response of the system
when the added virtual damper C,44 is not emulated through
the controller. Although the controller is still very successful at
tracking the desired ring slip ratio, the braking torque, shown in
Figure 12, is very oscillatory and reaches very large positive
and negative values. These dramatic oscillations cause the
wheel angular velocity w,, to be oscillatory and even reach
negative values. These responses are not realistic, due to limits
on the brake hydraulics, and are not desirable. Therefore, to
better account for the tire’s low torsional damping, it is useful
to include a virtual damper through the controller in order to
emulate a well-damped system.

CONCLUSION

This paper proposed an adaptive controller that estimates
both the tire sidewall and tread parameters & states using a
dynamic friction/tread model and a torsionally flexible tire
model. The scheme assumes that the vehicle longitudinal
velocity, traction force at the ground, wheel speed, and brake
torque are measureable. The controller was designed to account
for the tire’s sidewall flexibility, to track the optimal slip ratio,
and included a virtual damper in order to emulate a highly
damped system. Closed-loop stability analysis was performed
using Lyapunov functions to prove boundedness of the
parameter and state errors as well as the convergence of the
controller tracking error. Simulation results showed that the
controller was able to successfully track the desired slip ratio
even when the initial parameters are assumed to be unknown.
When the sidewall parameters are known but the tread
parameters are not, the adaptive controller scheme showed very

3
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70 \‘ / 0
N 0 1 2 3
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b= \\ | —
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ERRORS FOR "RIGID TIRE" BASED
CONTROLLER
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quick convergence of the tread parameters and states and was be included to eliminate the requirements of longitudinal
able to track the optimal slip ratio with minimal control effort. velocity measurement and prior knowledge of the friction

Future work will introduce the physical brake hydraulics function.

dynamics. Additional observers and adaptation techniques can
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