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Abstract: Model-Free Control (MFC) approach is a novel technique to handle nonlinearities
and uncertainties in control systems in order to provide enhanced performance level. The design
of MFC is based on an ultra-local model, which is an approximation of the dynamics of the
controlled system for a short period of time. This structure also involves a model-based robust
control, which guarantees the accurate tracking performance of the closed-loop system. In this
paper, a novel technique is proposed for designing the robust control for taking into account
the varying characteristics of the ultra-local model. A novel modeling method is presented,
which combines the original plant of the controlled system and the ultra-local model. Then,
a robust control design is proposed, by which the tracking performance and the robustness of
the closed-loop system can be guaranteed. The design steps and effectiveness of the proposed
control strategy is demonstrated through a vehicle-oriented control problem using the high-

fidelity simulation software, CarMaker.
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1. INTRODUCTION AND MOTIVATION

In general, the controller design process is carried out
based on a mathematical model, by which the behavior
of the given system can be described. However, a number
of difficulties need to be solved during the modeling phase
e.g. nonlinearities, uncertain parameters. Moreover, model
inaccuracies may cause performance degradation of the
controlled system. These effects can be handled using
the Model-Free Control (MFC) structure, in which the
control input consists of two parts: the ultra-local model
and the baseline controller Fliess and Join (2009). The
ultra-local model, which is computed using the measured
signals, includes the effect of the uncertainties and the
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nonlinearities of the system. The main role of the baseline
controller is to reach zero tracking error.

Several papers address vehicle-oriented problems using
an MFC structure. For example, in Polack et al. (2019)
an MFC-based solution is proposed for the longitudinal
control of the vehicle. Moreover, MFC is also suitable
for the lateral control design of a vehicle Menhour et al.
(2019). MFC method can also be used to control the
subsystems of the vehicle Plumejeau et al. (2019).

In this paper, an MFC-based solution is proposed for
the coordinated control design of torque-vectoring and
steering interventions. The combination of the classical
steering method and the torque vectoring technique has
also been considered in literature. For example, Németh
et al. (2019) presents a coordination strategy for an
independent steering system and the torque vectoring
technique, which aims to maintain the maneuverability of
the vehicle in case of actuator failure. A torque vectoring-
based backup strategy is proposed by Kirli et al. (2019)
for autonomous vehicles equipped with a fully functional
steer-by-wire system. A similar method is developed by Mi
et al. (2015) using a Ho-based robust control approach
considering the complete failure of the active front-wheel
steering system. The novelty of the proposed MFC-based
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approach is hidden in the structure of the control. Since
control-loop in MFC contains two controllers, i.e., baseline
and ultra-local, it can be used for the separation of the
two interventions. Consequently, through the ultra-local
control, the performance level of the controlled system can
be improved, which provides an enhanced safety level for
the vehicle.

The contribution of this paper is twofold. In the first
step, the original control structure is augmented with the
prior knowledge of the system, which is called the nominal
model. Using the nominal model, a nominal ultra-local
model can be determined. Moreover, another ultra-local
model is computed using the measurable signals of the
system. By which, in contrast to the original structure,
an error-based ultra-local model is computed using the
determined ultra-local models.

Second, a novel robust baseline controller design method
is presented, which takes into account the effect of the
ultra-local model. The control design is based on an
extended modeling process, which represents both, the
nominal model of the controlled system, and the effect
of the error-based ultra-local model. Then, this model
serves as a basis for the robust control design. The control
design is based on the H ., technique, while in most of the
recent papers PID or LQR methods are used Younes et al.
(2016). In this way, the advantages of both methods can be
exploited: using the error-based ultra-local, nonlinearities
and uncertainties can be taken into account, while the
robust control design technique guarantees the tracking
performance of the closed-loop system. The modeling and
control design phases are presented through a vehicle-
oriented control problem, such as trajectory tracking of
automated vehicles. In this example, the vehicle has two
input signals: steering angle, which is computed by the
Hoo controller while the differential torque is provided by
the error-based ultra-local model. The contribution from
the viewpoint of vehicle control is an improved trajectory
tracking functionality under critical tire-road conditions.

The paper is divided into 6 sections. In Section 2 the
original MFC structure and the calculation of the error-
based ultra-local model is presented. Then, in Section 3
combined modeling of the considered system and the error-
based ultra-local model is proposed. Section 4 presents
the robust control design based on the proposed mod-
eling approach. In order to show the effectiveness and
the operation of the proposed method, in Section 5 a
simulation example can be found. Finally, in Section 6 the
contribution of the paper is summarized.

2. STRUCTURE OF CONTROL IN MFC STRATEGY

The main purpose of this section is to give a brief introduc-
tion to the MFC structure, more detailed description can
be found in Fliess and Join (2009). In the rest of the paper,
this structure is called as original structure. Moreover, the
modification of the original structure, in which the error-
based ultra-local model is computed, is also presented.

The main goal of the ultra-local model of the system, is to
approximate the system at the given operation point. This
model must be recomputed at every sampling time step.
The so-called phenomenological model can be formulated

as d’Andrea Novel et al. (2010):

y®) = F + au, (1)
where F' € R is updated at every time step, and involves
the unknown dynamics of the system. Moreover, y €
R gives the measured output and a € R is a design
parameter. The v'* derivative of the system output is

denoted by y*). Using (1) the ultra-local model of the
system can be computed as:

F=y™ —au. (2)
The main goal during the control design is to reach
the accurate reference signal (y,.s) tracking. Using the

measured output and the reference signal, the error can
be computed as:

e =y —yly = F o+ au -y, 3)
Since the minimization of the error () = 0) is essential,
in steady-state, the control input is calculated as:
—F +y)

=l )
where v gives the v derivative. It is important to note,
that using in (3) the v" derivative of the error is mini-
mized. In order to reach the zero tracking error, the control
structure is augmented by a feedback controller (K(e, )).
Using the ultra-local model and the feedback controller,
the control input of the system can be calculated as:

—F +y)

- el 1 K(e, 1), (5)

where e gives the tracking error, and the states of the
system are denoted by Z.

u =

Improvement of MFC structure with model-based control

Nevertheless, the given system can be controlled by the
original MFC structure, several difficulties come up during
the implementation process of the controller (e.g. delays,
estimation errors see: Polack (2018)). Moreover, the de-
termination of the feedback gains ( K(e, Z)) is challenging
without a prior knowledge of the given system. In this
subsection, using a prior knowledge of the system (nominal
model), an error-based ultra-local model is computed, by
which several effects can be taken into account ( e.g. the
unmodeled dynamics, uncertain parameters of the sys-
tem).

In the modified structure, two different ultra-local models
are computed. The first one can be determined using the
nominal model and the reference signal, while the second
one is calculated using the measured signals of the system.
Using the ultra local models, the error based ultra-local
model can be determined as:

y¥) = F + au, (6a)
y,(j;} = Fnom + QUnom,ref (Gb)
y(u) - yﬁz; =F- Fnom +au — QUnom,ref (GC)
N——
) A at
e = A + ai, (6d)

where Fj,m, is the computed nominal ultra-local model
and Upom,ref gives reference input, which can be deter-
mined by the nominal model. The control input (u) of the
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system can be computed using (6), by which ) — 0 can
be guaranteed:

A

Note that in the modified structure of the MFC, some
information is used about the system, during the compu-
tation of the control signal. The nominal part of the ultra-
local model is computed using the nominal model, while
the ultra-local model of the system is computed using the
measured signals. The deviation between the two model
gives the error-based ultra-local model (A). Furthermore,
using the nominal model, a feedback controller (K(e, Z))
is also designed in order to guarantee zero tracking error.
Using (7) and an arbitrary chosen controller, the control
input of the system can be calculated as:

u:féfﬁ(e,i). (8)
« \7;_/

U1

u1 denotes the control input computed by the error-based
ultra-local model, usy is the control input provided by the
baseline controller. Note that in the original concept, the
sum of the control inputs is applied to the system. In
this paper, the goal is to ensure the stable motion of the
vehicle under different circumstances. Therefore, based on
the computed error-based ultra-local model a differential
torque is calculated, by which the stability of the vehicle
can be ensured even on road segments with lower adhesion
coeflicients.

3. COMBINED MODELING OF THE SYSTEM AND
THE ULTRA-LOCAL MODEL

In this section, the applied lateral vehicle model is pre-
sented. Then, the derived model is augmented with the
ultra-local model, which results in an extended state-space
representation. This representation serves as the basis of
the robust control design.

3.1 Formulation of two-wheels bicycle model

The lateral motion of the vehicle is modeled by the two-
wheeled dynamical bicycle model, see Rajamani (2005).
The model consists of two main dynamical and one addi-
tional kinematic equations:

Ly = (5 - B - 1/;11)0111 — <B + 1/52)0212 + Mg,
(9a)
myp=<5—ﬁ—1§h)01+<—5+zf}l2>02, (9b)
Up = U:c(¢ + /8) (9c)

where I, represents the yaw-inertia, 8 = z—p is the side-

slip of the vehicle, ) denotes the yaw-rate, v, is the
longitudinal velocity of the vehicle, m is the mass, C; are
the cornering stiffnesses of the front and rear axles, I; are
geometric parameters of the car, 3, is the lateral velocity
of the vehicle. The system has two control signals: § is
the steering angle while My is the differential torque. The
presented lateral vehicle model can be transformed into

the following state-space representation, which is formed
as:

Ty = Avxv + Byuy, (10)
_BCiHB0  _150-bCy (]
T v )
A, = | ZhCitlCr _ Uy _Ci+&y ol, (11a)
’ 17 0
LC, 17
. 1.
0 o]

The state vector x, consists of the signals x,, = W Up yp) T
The control inputs of the system are u, = [§, My]T.

3.2 FEaxtended state-space representation

The presented state-space representation of the lateral
dynamics of the vehicle (11) is extended with the error-
based ultra-local model. The following assumptions on the
extension are considered.

e The error-based ultra-local model requires a mea-
sured output of the controlled system, which is, in
this case, the yaw-rate of the vehicle: y = .

e Moreover, the derivative term (v) is set to 1, which

is the yaw acceleration y = 1. Since the yaw-
acceleration is not a directly measurable signal, a
derivative algorithm is needed, in this case the ALIEN
filter is applied for this purpose, see Polack (2018).

e the tuning parameter of the error-based ultra-local
model («) is set to a fixed value.

® U..r is computed as using the ALIEN filter algorithm
and the model-based control input (wnem,res) can be
found in Hegedts et al. (2021).

o The baseline controller is omitted (KC(e, 2)=0) during
the modeling phase.

e In this specific case, the error-based ultra-local con-
trols the differential torque of the vehicle My, how-
ever it uses the steering angle during the computa-
tion. Therefore, the provided control signal must be
recalculated to the other control signal. It can be
computed from the presented model (11) as My =
(llcl)ul.

The goal of the extension of the state-space representation
is to include the effect of the error-based ultra-local model
in the robust control design. The components of the error-
based ultra-local model are handled in the following way:
Uref = Yref, and Upomyref = Oref are considered to
be external, measurable disturbances of the controlled
system. The inclusion of the signals ¢ and u are more
challenging, because v is the derivative of one of the states
(), and w = ¢ is the control input. In order to solve this
issue a filtered derivative term is applied, which can be
built into the state space representation. The derivative
term can be of a high order, e.g. Pade Approximation see
Brezinski (2002). For the sake of simplicity, in this paper
a first-order transfer function is used for this purpose. In
case of the signal 9, the following transfer function is used:

S
Gf,l(s) = m: (12)
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where T3 is a design parameter. This transfer function
can be transformed into a one dimensional state-space

representation, whose matrices are: Ay1 = [;—11], By, =
[T%], Cyo2 = [1]. The filtering term of the signal § is
of the form, which means: Aj, = [}—21], B, = [T%],

Cf2 = [1]. Note that the robust controller uses only
the input signal 9, the other intervention is handled by
the error-based ultra-local model, by using the mentioned

signals: [1/)’ 'Lz}refa Uu, unom,ref]~

ZTe = Aee + Bete + Be yyWe, (13a)

[ A, By2|—By2/a]
Ac= | Oix3 [Ap1|=Bsi/o|, (13b)

| B2 A 00| Ape |

[B,1] [B,2/a|—B, 2]
Be = Bf,l s Be,w = nyl/a —Bf’l y (13(3)

[ O1x1 | | Oix1 | O1x1

(13d)
where u, = [d], T = W, Uy Yy u, P, wl =

[Wref, Unom,ref] and A3 = eT A, e = [1,0,0]. By1 =
[%, %, 07, By = [lfl, 0, 0]7. The extended state-
space representation serves as the basis of the robust
control design, which is detailed in the following section.

4. CONTROL DESIGN BASED ON THE EXTENDED
PLANT

In this section, the robust control design of the extended
plant is presented. The main goal of the control design
is to guarantee the accurate trajectory tracking of the
vehicle while guaranteeing the stable motion of the vehicle.
Thus, the performances of the control system are defined
as follows:

e Firstly, the main goal of the control system is to
guarantee the trajectory tracking of the vehicle, which
means that the deviation between the reference and
measured lateral position must be minimized:

21 = Ypref — Yp, |21 — min! (14)

e Secondly, the tracking of of the reference signal must
be achieved by using minimal control input, which
can be expressed as:

(15)
The presented performance requirements can be achieved

by using appropriately chosen weighting functions. The
augmented plant is shown in Figure 1.

z9 =0, |z2| — min!

As it can be seen, the augmented plant contains several
weighting functions, which serve different purposes. For
example, W, 1 and W, 5 are to guarantee the presented
performances. Moreover, the weighting functions Wy, 1,
Ww,2 and W, 3 scale the noises on the measured signals.
The goal of W,y 1 is to weight reference signal in order to
facilitate smooth trajectory tracking. Functions W,

Unom,ref
and W"L"ref scale the external signals from the error-based
ultra-local model.

The state-space representation of the augmented plant can
be written as:

—> Wi
Extended plant

My
Original
e plant v ‘

=T J| |]
|

Error-based
ultra-local model

)

Unom,re, ‘
L Wiy

Controller

Wi > u;
Wz €——

Fig. 1. Scheme of augmented plant

Te = Aee + Bete + Be yWe, (16a)
Ze = Ue1Te + De,1u+7 (16b)
Ye = Ce2%e + De,Qwe,Qa (16C)

We,2 contains the noises of the measured signals.

The control design is based on the robust H., approach.
The main goal of the control design is to find a controller
K., which can guarantee that the closed-loop system is
asymptotically stable and satisfies the following inequality:

oo < (17)
where I' is the co-sensitivity function from the distur-
bances we 3 to the performances z., and v is a predefined
positive real value. This optimization problem can be
solved by using Linear Matrix Inequalities (LMI)-based
approaches, see Scherer and Weiland (2000).

||Fz,e7 we,3

The whole control system is depicted in Figure 2. The
error-based ultra-local model creates an inner loop, which
provides an additional steering angle. This additional
steering angle aims to adjust the dynamics of the con-
trolled system to the nominal model. The robust H.o-
based controller makes up the outer loop, whose goal is
to guarantee the trajectory tracking of the vehicle, and, in
parallel, to ensure the stability of the closed-loop system.

Inner loop

X,y coordinates
Vehicle
ack reference
racking :
F) My . rror trajectory
@ comp

Error-based ¥
T ref
ultra-local model i | I

-

Unom,ref

Hy,
controller

Fig. 2. Architecture of the control system

5. SIMULATION RESULTS

In this section, the proposed control algorithm is eval-
uated through complex simulation scenarios, which are
performed using the vehicle dynamics simulation software,
CarMaker. The goal of the simulation examples is to show,
that performance of trajectory tracking through the pro-
posed method, under various friction coefficients can be
guaranteed. The results are compared to the operation
of an H,, controller, in which the nonlinear tyre-road
characteristics as an uncertainty is taken into account. The
uncertainty of this H., controller through the frequency
domain analysis of various simulation scenarios is formu-
lated Géspdr et al. (2017).
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This simulation section presents two different test scenar-
ios. In the first scenario, the algorithm is tested for an
emergency situation, in which the controlled vehicle starts
to slip suddenly, while the straight motion of the vehicle
must be guaranteed. This scenario represents a skid-pad
test, which means that a lateral force is applied at the
rear tyres of the vehicle as a disturbance to destabilize
its motion. In the second simulation, the vehicle must
perform the tracking of reference trajectory, i.e., the path
of Silverstone Racing Track. The longitudinal velocity of
the vehicle is selected using the built-in driver model of
CarMaker. During the test scenarios the maximum value
of the longitudinal velocity is set to 25m/s.

5.1 Skid-pad test

In this subsection, the results of the skid-pad test are
presented. At the beginning of the test, the vehicle starts
from Om/s and accelerates to 14m/s. After the vehicle
reaches the predefined velocity value, the longitudinal
forces are set to zero. During the tracking, i.e., stabilization
process of the motion, only the lateral controller of the
vehicle is used. In the test scenarios, the lateral forces are
set to Fs = {3500, 4000, 4250, 4500} N. The lateral error
is computed from the yaw-angle and the lateral position
of the vehicle using a predictive approach, by which the
reaction time can be increased. In Figure 3, the measured
velocity and the characteristics of the applied lateral force
can be seen.

Longitudinal velocity (m/s)

E—

0 15 20 25 a0 o 5 10 15
Time () Time (s)

(b) Velocity of the vehicle

20 25 30

(a) Applied lateral force

Fig. 3. The lateral force and velocity of the vehicle

The lateral displacement during the test scenarios is pre-
sented in Figure 4. The friction coefficient is set to 0.4 in
this test scenario.

Lateral error (m)

20 25 30
Time (s)

(a) With differential torque

(b) Without differential torque

Fig. 4. Lateral displacement of the vehicle

It can be seen in Figure 4 that the displacement of the
vehicle increases with the increase of the lateral force.
Without the differential torque, the vehicle nearly loses its
stability for 4250N lateral force. Moreover, the algorithm

cannot stabilize the motion of the car for 4500N lateral
force. Using the proposed method, the vehicle remains
stable for 4250N lateral force and its motion can be
stabilized for 4500N. In Figure 5 the measured yaw-rate
is presented.

(a) With differential torque (b) Without differential torque

Fig. 5. The measured yaw-rates of the vehicle

Figure 5(a) shows that using the proposed method, the
motion of the vehicle can be stabilized even at high yaw-
rate values, which is generated by the lateral force. Finally,
the differential torque values are presented in Figure 6.

Fig. 6. Differential torque of the vehicle

It can be seen that the computed differential torque values
remain in an acceptable range. Moreover, the computed
torque values increase together with the lateral force. In
this subsection, the effectiveness of the proposed method
was presented for skid-pad test scenarios. In the following
subsection, the vehicle is driven along a predefined trajec-
tory and the results are compared to a nominal controller.

5.2 Trajectory tracking for various friction coefficients

In this subsection, the tracking performances of both
control methods are compared to each other. During the
test scenarios, the friction coefficient of the given track
decreases until the control algorithm loses its stability. The
goal is to show that using the proposed method, the stable
motion can be guaranteed even at low friction coefficient
values. The lateral error values can be seen in Figure 7.

It can be seen in Figure 7, the vehicle controlled by
the baseline Ho, controller, loses its stability when the
friction coefficient is set to 0.6. However, using the pro-
posed error-based ultra-local control method, the tracking
performances are maintained. The lateral error values are
nearly the same during the test scenarios. This can be
explained by the fact that the goal of the differential torque
is to guarantee the stable motion of the vehicle. However,
the accurate trajectory tracking is performed using the
Hoo controller. The maximum value of the lateral error is
under 0.5m in the most of the simulation time using the
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Lateral error (m)
T
=

o 50 200 250 0 0 200 250

100 150
Time (s)

(b) Without differential torque

100 150
Time (s)

(a) With differential torque

Fig. 7. Lateral error values during test scenarios

proposed method, which is a reasonable value considering
that the vehicle is close to its physical limits. In Figure 8,
the yaw-rate of the vehicle can be seen for the case, when
the differential torque is applied to the vehicle.

(] 50 100 150 200 250 60 65 70 7 80
Time (s) Time (s)

(a) Differential torque (b) Highlighted segment

Fig. 8. Measured yaw-rate value of the vehicle

The maximum value of the yaw-rate reaches 0.7rad/s,
which is also near to the possible peak value of a road
vehicle. Using the proposed method, this value can be
reached in the case when the friction coefficient is set
to 0.6. It is important to note that during normal traffic
situations a road vehicle does not reach these acceleration
and yaw-rate values. However, the goal is to demonstrate
the effectiveness of the proposed control method even in
the highly nonlinear operation range of a car. Moreover,
the computed differential torque is presented in Figure 9.

500 200

400

CoG torque (Nm)
CoG torque (Nm)

o 50 100 150 200 250 176 178 180 182 184 186
Time (s) Time (s)

(a) Whole track (b) Highlighted segment

Fig. 9. Differential torque during the test scenario

Figure 9 shows the computed differential torque for the
different friction coeflficients. It can be seen that the
computed torque increases with the decrease of the friction
coefficient. Furthermore, the same yaw-rate value can be
reached even for low friction coefficients.

6. CONCLUSIONS

In this paper, a novel control approach has been presented,
which combines ultra-local and robust control methods.

The original plant of the controlled system has been ex-
tended with the effect of the ultra-local model, which was
used to enhance the peformances of the closed-loop system.
Then, H.-based robust controller has been designed using
the extended plant. The main goal of the robust control
design was to guarantee the accurate tracking perfor-
mances. The proposed control algorithm has been applied
to a vehicle-oriented control problem. In this example,
the system had two control inputs: steering angle and the
differential torque. The steering angle has been computed
by the robust controller while the differential torque has
been provided by the error-based ultra-local model. The ef-
ficiency of the presented algorithm has been demonstrated
through two simulation example, which were performed in
the high-fidelity simulation software, CarMaker.
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