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Abstract

In this research paper, digital and analog adaptive phase lead control schemes for model
uncertainties problem are proposed to Autonomous Land Vehicles (ALV) in highly irregular
environments. The developed compensators are used to improve control performances and maintain
robustness against uncertainties and external disturbances. To consider real soil changes and
irregularities, 2 approaches are addressed: The 1% approach is a digital phase lead controller synthesized
to keep closed loop performances in spite of analog system uncertainties. The 2" control strategy rests on
adaptive analog compensator to reduce model uncertainties impact using programmable resistors. Both
control approaches are theoretically detailed, and then implemented on a test bed to compare real time
results in terms of accuracy and rapidity in the model uncertainties case.
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Introduction

ALV stand for vehicles that operate while in continuous contact with the ground and without
onboard human attendance. The ALV serve for several applications where it may be inconvenient,
dangerous, or impossible to have a human operator attendance [1]. An ALV is essentially an autonomous
robot that operates on the basis of artificial intelligence technologies without the need for a human
controller. The vehicle invests its sensors to develop some limited understanding of the environment,
which is subsequently used by control algorithms to determine the next action to take in the context of a
human provided mission goal. This eliminates thoroughly the need for any human to maintain the servile
tasks that the ALV is performing [2].

An ALV needs to be capable of gathering information about the environment, to detect objects of
interest in order to avoid situations that are harmful to people, etc. In fact, autonomous learning of land
robots includes the ability to learn or gain new capacities without external assistance, to adjust strategies
based on surroundings, to adapt to these environments without outside assistance and to develop a sense
of ethics regarding mission goals [3].

In natural environments, ground is highly non-homogenous, hazardous and permanently changing,
which makes ALV subject to multiple phenomena consisting a main reason of performance degradation
because of wheel-ground contact change. The continuous contact between wheels and ground can affect
directly internal parameters of the ALV system [4]. To settle this awkward problem, 2 control approaches
were elaborated in the literature review. The 1% one relies upon robust control, and the 2" solution rests
on the adaptive techniques of control [5].

A discrete time sliding mode approach was set forward by [6] to control mobile robots with
uncertainties in the dynamic model. This work was corroborated by experimental results. Dong and
Kuhnert [7] presented a robust adaptive control of nonholonomic mobile robot with parameter and
nonparameter uncertainties. A backstepping case study was developed by [8] for the tracking control of
mobile robots. Park et al. [9] introduced an adaptive neural sliding mode control of nonholonomic
wheeled mobile robots with model uncertainties. Kim et al. [10] designed a robust adaptive dynamic
controller applied to nonholonomic mobile robots under model uncertainties and disturbances. Khalaji
[11] addressed the trajectory tracking problem of nonholonomic vehicles in the presence of uncertainties.

In this research paper, 2 adaptive phase lead controllers are synthesized in analog-analog and
analog-digital concepts so as to compensate the ground change effect on internal parameters of the ALV
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systems. This paper is structured as follows. Section 2 identifies the problem of uncertainties of ALV
model for different types of soils. The principle of the classical phase lead compensator is displayed in
Section 3. The analog-digital adaptive phase lead controller is exhibited in Section 4. In Section 5, the
analog-analog form of an adaptive phase lead compensator is tackled with real time tests for different
uncertainty cases to compare results and demonstrate control performances. Eventually, the last section
wraps up the conclusion and displays pertinent concluding remarks.

Model uncertainties

To examine wheel-ground contact, a test bed is performed in the MACS Laboratory at the
University of Gabes with a wheel fixed to a DC motor shaft and mounted on a metal stem. At the end of
the latter, we incorporated an electronic system, namely an Arduino card, an IMU inertial sensor and a
power board for the motor control, Figure 1.

Calculateur

Figure 1 Open-loop test bed.

The types of soils chosen for experiments are wood, sand and laboratory tiling. The same voltage is
supplied to the DC motor input to produce a wheel rotation around the fixed measurement system, and
extract the corresponding angular velocity response. The different step responses of the angular velocity
for the 3 soils are handled with MATLAB and illustrated in Figure 2. The identified model deduced from
the various outputs do not have the same parameters, which indicates that the system needs to be
performed with an adaptive controller.
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Figure 2 Open-loop responses for different soils.
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Phase lead control

The phase lead controller or compensator is an approximate form of the Proportional-Derivative
(PD) corrector, that is physically impractical because of the unverified causality hypothesis. Indeed, the
phase lead controller allows a phase margin increase at 0 dB by introducing a positive phase owing to
derivative impact to improve stability. This form of controller allows likewise a bandwidth enlargement
to enhance rapidity in closed-loop [13]. The transfer function of the phase lead controller is expressed as:

C(p) =K, TF8TP - ooq )
1+Tp

It can give a maximum phase advance corresponding to:
D rax = arcsina—_l, @ max > 0 2
’ a+l '
and an equivalent pulsation as:
1
O max = T = @)
C,max T'\/g

To carry out concretely a phase lead controller, an electronic circuit composed of operational
amplifiers, resistors and capacitors is incorporated in Figure 3.

3

Figure 3 Electronic circuit of a phase lead controller.

The parameters of the controller are determined from resistors and capacitors values in terms of:

a=tG kR 1ogge, @)
RZCZ Rl

Analog-digital adaptive lead control

An adaptive controller is basically synthesized in a time domain either with some criteria
minimization for parameters adjustment or a time identification to update system parameters with a
desired reference model. However, the lead control synthesis is mostly harmonic using Bode or Black
diagrams to improve stability with phase margin increase. To obtain an adaptive version of the phase lead
controller that can hold its main properties of stability and is capable of maintaining efficiency during
process re-parametrization around a nominal value, a pole placement approach is applied to control the
system position. The desired model behaves as a 2" order system with a damping factor & = 0.707 and a
proper pulsation w, = 3 rad/s. The transfer function of the system has the following expression:

K
G(p)=m 7=0.35, K=3 (5)
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The gain K can vary from 1 to 5. The lead controller has the transfer function stated in Eq. (1). The
closed-loop of the system position is illustrated in Figure 4.
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Figure 4 Closed-loop control of the position.

The transfer function of the closed-loop is expressed as:

o(p) __C(P)G(p)

Hge (p)= = (6)
0.(p) 1+C(p)G(p)
To compensate the dominant pole, an adequate choice needs to be imposed as t = aT, to obtain:
KK, =@, /2& and T =KK_ /& @
The values of different parameters of the controller are provided by:
T =0.2357, a=1.2726, K, =0.7013 ®)
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Figure 5 Closed-loop responses for various gains.
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Figure 5 displays different step responses of angular position and velocity of the closed-loop
system concerning K = 1, 3 and 5 cases. If the controller parameters are maintained constant, the slightest
variation of the gain K can degrade rapidly the closed-loop performances in stability for a high value of
K, and in rapidity for a low value of K as well. Furthermore, the time constant t can be a subject of
variation and induces effects on dynamics, and accordingly on parameters’ change in the closed-loop. To
resolve these problems, an indirect adaptive approach is used as plotted in Figure 6.
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Figure 6 Structure of the proposed controller.

Parametric identification with Model Reference Control (MRC) scheme allows to determine process
parameters in each sample period following with an update of parameters [12,13]. In digital
configuration, the transfer function of the phase lead controller can be determined as:

1+aT rLz+r
)8y (P) = K, 2 ©)

C(z)=2Z(K
@) (°1+Tp Z+r,

Bo(p) is a 0-order hold depicting the DAC. To isolate the integration presented in the system transfer
function, 2 methods can be adopted: The 1% method consists in transferring integration to the system
output as:

B(g™)
y(k) A(q,l)(l_q,l)u() (10)
4 B(g™)
k)= (1- k) = k 11
Y, (K)=(1-q7)y(k) A(q,l)U() (11)

The 1% terms, namely output derivatives, are invested to specify a;, and b; parameters.
The 2" method relies on carrying forward the integration in the input. A new input arises in the 2"
member of Eq. (10) as:

B@) uk) _B(@?)

K) = -
M= aan e A

u, (k) (12)

The 1% method amplifies the noise and maintains the fullness of the input whereas the 2" one is
quite the opposite. Since the position signal is not noisy, the 1% method is adopted to develop the adaptive
phase lead controller in an analog-digital scheme. The passage from the discrete model to the continuous
equivalent is based on the 2 following assumptions:

K= b and 7= il (13)
1+a In(-a,)

The discrete form of the controller is synthesized with the next expression:
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C(z)=K, P2*h (14)
Z+r,

where r,=a, r,=-a+(l-e"'") and r, =— T, The control signal can be indicated by the recurrent

equation:

u(k) =ru(k -1 +re(k) + re(k -1 (15)

To validate the proposed controller, closed-loop output responses are highlighted in Figure 7, which
demonstrates ability of the adaptive phase lead control to maintain closed-loop performances considering
the system parameters' variation.

Response with adaptation
Response without adaptation

Output (rad)

20 4 60 80 100 120 140 160 180 200
time (n*Ts)

Figure 7 Closed-loop responses with and without adaptation.

Analog-analog adaptive lead control

Controllers in digital form offer various benefits compared to completely analog controllers. The
main merit of numerical commands is the versatility of adjustment of control parameters. The electric
consumption, the weight and the congestion are all reduced with a noticeable insensitivity against
temperature change. Likewise, digital controllers exhibit a dynamic deterioration in view of the delays of
analog-digital conversion and control algorithm execution, and they can be more important with the
decrease of sample frequency, Figure 8.
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Figure 8 Analog-digital comparison.
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A small non-linearity can appear owing to analog-digital conversion where the output y(t), that will
not be the exact value at the time kTe, can generate few oscillations increasing mostly with low resolution
conversion. In digital control, the measure acquisition and the control update are performed each period.
From this perspective, between kTe and (k + 1)Te, the system remains in open loop. Even though this
interval maintains frequently small values compared to process dynamic, disturbances can only be
detected at the interval end triggering a serious risk in some cases.

The analog architecture of the adaptive phase lead controller is illustrated in Figure 9. In this
structure, digital potentiometers are used to adjust transfer function parameters with a right
approximation:

2 - RKS,
R, (k)C,
_R(k)
Kc (k) - R4 (k)
T(k) =R, (k)C, (16)

Another analog architecture based on operational amplifiers is also established to design the system
as reported in Figure 9.
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u(k) y1(k)
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L

Calculateur

Figure 9 Adaptive analog control loop.

The transfer function deduced from the electronic circuit is equivalent to a 1% order system
multiplied by an integral similar to the robot transfer function (Eq. (5)), where 7z =R,(k)C, and

k . .
K= Re(k) . Therefore, the analog adaptive control loop is composed of the controller and the process
5
designed with operational amplifiers and programmable resistors, Figure 9. Continuous parameters are
generated from discrete parameter estimation. The gain and the constant time display the following
expressions:

29 and g a7
13,9 In(-2, (k)

K(K) =
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Figure 10 Control algorithm.

To return to the continuous form, an update of the controller parameters is required to elaborate the
controller form in terms of:

1+a(k)T(k)p

qm=&w)1”&m (18)

The compensation of 7(k) by a(k)T (k) yields the following expressions:
a)n

K00 =3 (19)

T( -0 20)
On the other side, the equality a(k)T (k) = R,(k)C, allows to obtain:

JOREULL @y
_TK)

R =" (22)

To validate the proposed approach in real time tests, a control algorithm is developed depending on
the sampling period. It is depicted in Figure 10.
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Figure 11 Adaptive test bed control.

The entire real prototype carried out in our Laboratory is portrayed in Figure 11, where the start-up
controller is synthesized for a nominal gain K, and a nominal time constant 7, to obtain a closed-loop
order system with £ =1 and @, =rad/s. The consign “1V step signal” is chosen. In Figure 12, for a

stationary system, the output response indicated by a blue line guarantees a good performance and the
control signal in yellow expresses an acceptable variation.
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Figure 12 Stationary system output.

Different experiments are conducted with uncertainties onto gain, time constant and both for
different ways of variation. In the 1 case, the analog simulator presents uncertainty on gain as:

5K
G,(p)=—— 23
(p) p+7,p) @3

Figure 13 presents an output with an adequate pursuit and an overshooting attenuation. To perform
a pertinent evaluation of the adaptive controller, an uncertainty on time constant of the analog simulator is
determined as follows:

G,(p)=— 0 (24)

p(1+%” p)
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Figure 13 System outputs with uncertainty on gain.

The output evolution of the adaptive controlled system provided in Figure 14 presents a rapidity
improvement with a closed-loop performances holding.
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Figure 14 System outputs with uncertainty on time constant.

Two cases of adaptive controller offering uncertainties in gain and time constant with different
directions of variation are reported in Figure 15, with transfer functions specified as:

Gy(p) = —ul2 (25)
pd+-P)

G.(p) =t (29)
P+ p)

Despite various uncertainties applied to model parameters, the adaptive controller ensures closed-
loop performances and improves efficiency in both accuracy and dynamics.
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Figure 15 System outputs with uncertainty on gain and time constant.

Conclusions

This work tackles 2 approaches of adaptive phase lead control applied to ALV systems presenting

uncertainties owing to soil nature change. The 1% control law, completely digital, can ensure closed-loop
performances in the case of model parameters variation. The 2" approach is an analog adaptive control
based on programmable resistances. Both methods are elaborated and assessed in real time to corroborate
efficiency in different cases of model uncertainties in order to resolve uncertain parameters of ALV
models.
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