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Abstract: In this paper an observer based on measured and estimated currents and a kinematic model is designed
to estimate the velocity and direction angle of an unmanned vehicle (UV). The Lyapunov stability theory is used to
establish the stability conditions for the observer. It is shown that the observer will converge in a finite time and the
observer gains satisfy the constraints of the stability conditions. The observed velocity and direction angle are used in
the closed loop instead of measured ones for sensorless control of the UV. The velocity and direction angle control of
the UV are carried out by a well-tuned PI controller. The experimental results show that the proposed observer can be
perfectly implemented for sensorless control without using a mechanical sensor, and satisfying results are obtained. In
the experiment, command voltages are used rather than measured ones, and therefore only current sensors are needed

for the proposed algorithm.
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1. Introduction
Unmanned vehicles (UVs) have recently been used in various applications such as transportation, planetary
exploration, mining, military operation, etc. The movements of UVs are performed using electrical motors.
Electrical motors consume a large percentage of the provided electrical energy in the UV’s system. Therefore,
the motion control of the electrical motors plays an important role in electrical energy consumption. The
motion control of the electrical motors requires not only an accurate knowledge of the rotor position, but also
information about the rotor speed for closed-loop control. Thus, position sensors such as an optical encoder
and a tachogenerator need to be mounted onto the motor shaft [1,2]. However, the installation of these position
sensors has some drawbacks related to increasing cost, size, weight, and wiring complexity of the motor drive
systems. From the viewpoint of system reliability, mounting position sensors on the rotors will reduce the
mechanical robustness of electric machines, particularly in hard work environments [3,4]. To overcome these
drawbacks, significant research in the last decades [5,6] has gone into the development of sensorless drives
that have a comparable or similar dynamic performance to sensor-based drives. The advantages of sensorless
control are not only the reductions in cost and size, but also in the simplification of the procedures of system
assembly and maintenance as well as improved reliability by eliminating the position sensor and related cabling
connections [7-10].

In the literature, many research efforts have been made for estimating the speed of electric motors in
sensorless speed control. The model reference adaptive system methods [11,12] are based on the comparison

between the outputs of 2 estimates. The output errors are then used to drive a suitable adaptation mechanism
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that generates the estimated speed. These schemes require integration and the system performance is limited
by parameter variations. The Kalman filter approaches [13-16] are known to be able to get accurate speed
information, but they have some inherent disadvantages, such as the influence of noise and a large computational
burden. Sliding mode observers [17-20], due to their order reduction, robustness to disturbances, good dynamic
performance, simple algorithms, and low sensitivity to parameter variations, are widely used in sensorless control
applications. Speed estimation algorithms based on neural networks have shown that they can achieve high
performance, but they are relatively complicated and require a long computational time [21-23].

In this paper, an observer based on measured and estimated currents and a kinematic model is designed
to estimate the velocity and direction angle of an UV. The observed velocity and direction angle are used in
the closed loop instead of the measured ones for sensorless control of an UV. The experimental results obtained

prove that the observer is robust to complex references and can also follow command trajectories very well.

2. Design of the UV

The deferentially driven UV considered in this paper is depicted in Figure 1. It consists of a mobile platform

with 2 differential driving wheels mounted on the same axis, and a free wheel to keep the platform stable.

Figure 1. Vehicle model and its coordinate system.

We can write the following kinematic equations from the motion equations of the vehicle [24,25]:

vp = R-whr, (1)

vr = R-wr, (2)
) 3)

L= fon—wn), )

O v =vocos (6)= 5 (wrtwi)eos (9) | (5)
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%:Uy:v-sin (¢):§ (wr+wr)sin (¢) , (6)

where L is the distance between the wheels and R is the radius of the wheel. vg and vy represent the linear
velocity of the right and left wheels, wr and wj, are the right and left wheels’ angular velocity, and v and ¢
are the vehicle linear velocity and the vehicle direction angle, respectively.v, is the velocity component in x
direction and v, is the velocity component iny direction.

The motion and the orientation of the vehicle are achieved by independent actuators of the left and right

wheels, and each wheel is independent and driven by a servo motor through a gearbox as shown in Figure 2.

Figure 2. Drive system for each wheel of the vehicle.

The torque transferred from the motor to the gearbox can be written as follows:

d?6,, db,,
Tm :JMW+BmW +TLoad7 (7)
d?6,, b, 0
TLoad :n2J2 12 +nzBQW+HF(:7.7 (8)

0

where J,,, is the inertia moment, B,, is the friction coefficient, 8,, is the angle of rotation, n is the reduction
ratio of the gearbox, and F, is the coulomb torque constant. From Egs. (7) and (8):

5 A%, 5, do L
T = (Jm +n°J2) a2 +(Bm+n BQ)E +nF.sign(0,,), 9)
_ Bn + n2Bs B nk, B 1 (10)
= Jm+n2J2’ 2= Jm—|—n2.]2’ = Jm—|—’leJ27
Py B _ i (0m) + 13Tm) (11)
T3 =~ — esign(Om) + 1sT).

To represent the vehicle equation in the state space, we select the state vector as:
r1=v, xz3=0, x3=0, (12)
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and then the above equations, which describe the dynamics of the vehicle, can be written in a more convenient
matrix form as:

i —ma1 — 2% (sign(g1(2)) + sign(g2(2))) 12 172 .
. . . R
by | = | —mwz — g (sign(gi(w)) + sign(gz(x))) | +Rns | /L —1/L [ T ] ; (13)
s 0 0 g
T2
where
1 L 1 L
91 (x) = ol + SRY? 92(x) = R T g% (14)
Thus, our system can be shown in nonlinear matrix form as:
dx
o = J(@)+ Bu), (15)

where u = [TRT.])", f(z), and B are the matrices in Eq. (13).

3. Observer model

A closed-loop observer model is proposed to estimate the velocity and direction angle of the UV, and its
equations are driven from the current errors of each motor and the kinematic model of vehicle. When the
observer minimizes the error between the estimated and measured currents, the estimated states approach the
real ones, and then the velocity and direction angle can be calculated correctly. The motor current equations

and related observer equations for each wheel driving motor are given as follows:

Un — |\ Up — koig — E,
| (16)
BL = kUL, — kaip — By

din — |\ Up — kyip — U,

A (17)
B =k Up — koir, — Uy
where Ur and Uy, are the input voltage for the left and right motors, iz and i, are the left and right motors’
measured currents, i r and i 1, are the estimated currents, and k3 = 1/L and ke = R/L are constants. IZ and
U, are the observer inputs and can be expressed as follows:

U, = K,sign(sgr),

Uy = Kysign(sy), (18)
where sp and s;, are defined as:

SR = iR — IR,

SL:%LfiL. (19)
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sr and sy, are current estimation errors, and K, and K are gains. To provide the Lyapunov stability criteria,
the candidate Lyapunov function is selected as:

V=_(sh+s1) (20)

N | =

which is positive definite, but for stability its derivative needs to be negative definite. Taking the time derivative
of the Lyapunov function gives:

U = srirtsis —sn | PE Rip  Kusign(sr) Ur _Rir _ Ea
T SRSRTSLSL SR\ TP T L L L L
UL R%L Kbsign(sL) UL RiL Eb
=L L ZRRIWSL)  ZL UL b 21
oL < L L L [ (1)
. 1 1 1 1
V= f%sRsR—%sLsL — ZKasRsign(sR) — ZKbsLsign(sL) + ZEasR + ZEbSL (22)

As seen from Eq. (22), the first two terms are negative definite, and if gains K, and K} are selected to be

large enough, then stability condition V < 0 can be satisfied and the error dynamic will converge in finite time.

If the current estimation errors are Sp — 0 and.Sp — 0, then the observer control inputs can be expressed as

ﬁa ~ F, and Ub = Fp,. The back EMF equations of each motor are:

E, = Mwp and E, = \wy,. (23)
The observer control inputs can then be written as follows:

U, = Mg and Uy = M. (24)

From the kinematic equations of the UV, estimation equations for the velocity and direction angle are expressed
as:

ﬁ:M:E(ﬁ}R+wL) (25)
2 2
;R .
QDZL(wawL)ﬂ (26)

where the following equations can be written from Eq. (21):

W+ g, = % (ﬁa + Ub) (27)
Wp — Wy, = % (Ua - (7b) (28)

Low-pass filters are used to get continuous rotational speeds (wWgrwy,) from discontinuous U, and U, signals.The
block diagram of the sensorless control of the UV is given in Figure 3. PI controllers, which have well-tuned
parameters, are used to control the velocity and direction angle of the UV. The controllers produce w, and ug
by using comparator errors to calculate each motor reference torque command, which are then used to control
each motor’s angular velocity.
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Figure 3. Block diagram of the vehicle control system.

4. Experimental results

In this section, the proposed observer is executed on an UV (shown in Figure 4) to apply the algorithm
experimentally. Experimental results show the effectiveness of the proposed observer. The dimensions of the
UV are 0.80 m x 0.45 m x 0.70 m, and its weight is 17 kg with load. The UV is equipped with 2 fast
response servo motors with incremental encoders counting 500 pulses/turn, speed reduction gearboxes, an
encoder interface card, a PC-DAQ, and analog motor driver circuits. The software is run on a 3.0 GHz Pentium

VI, using the Windows real-time operation system.

Figure 4. Laboratory experimental vehicle.

The vehicle’s real velocity and direction angle are obtained using motor rotor position sensors attached
to each motor shaft, and the motor currents are measured with current sensors. The validation of the observer
is achieved by comparing the estimated velocity, direction angle, and current of each motor against the real

ones and the experimental results of the vehicle system are shown.
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In the first experiment, the performance of the proposed observer is tested in the closed-loop control of the
UV for square wave velocity and sinusoidal direction angle references. The square wave reference is important
to test the performance of the observer for step changes. The references, measured and estimated values of the
velocity and direction angle along with errors of velocity and direction angle, estimated and measured motor
currents, motor commands, and trajectories are presented in Figure 5. It can be seen that the estimated currents
have very good agreement with the measured currents and that the observer provides accurate tracking of the
measured velocity, direction angle, and the calculated trajectory by using the estimated velocity and direction
angle matching the reference trajectory with small error, which verified the effectiveness of the observer.
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Figure 5. Experimental results for the square wave velocity and sinusoidal direction angle references.

In the second case, a sawtooth wave velocity and triangle direction angle references are chosen. The real
and estimated velocity and direction angle along with the estimation errors are presented in Figure 6. As shown
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in the figure, the estimated currents of each motor could keep up with the measured ones well and the vehicle
follows the reference trajectory with small error.

~ 04 | : " — Reference ] g 15 [ — Reference * i |
é —— Measured < 7| — Measured
3. 02 Estimated 1 s 1F Estimated
g £
E 0 § 0.5} 1
§ -02 g 0 ]
= A
— =0. - L ~0.5 3 C
040 5 10 15 0 0 5 10 15
Time (s) Time (s)
~0.15 =l - .
E =0.04
= 0.1 o
E 5 0.02
20.05 e
2 £
X n
b . . & . .
0'050 5 10 15 0'020 5 10 15
Time (s) . Time (s)
2 0.4 T T § 0.4 T T
= —— Measured = —— Measured
< Estimated IS Estimated
g 02 3
8 5
K a
& 5
02 : : 2
0 0 5 10 15
Time (s) Time (s)

g
=}
&

0.05 T T

— Error — Error

Estimation error (A)
[=}
T
Estimation error (A)
[=}
T
|

-0.05} 1 -0.05[- 1
0 5 10 15 0 10 15
Time (s) Time (s)
30 T 0.1 T T T T T T
= 20 b — Left motor |
2 — Right motor
g 10 1 0 1
s 0 % g
o
o -10F 1 7 -0} . 1
& — Reference trajectory
= -20p 1 —— Measured trajectory
§ -30 L I ~0.2 c c I c c I
0 5 10 15 0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s) X (m)

Figure 6. Experimental results for the sawtooth velocity and triangle direction angle references.

The estimation errors are defined as the errors between the estimated and actual values of the velocity and
direction angle of the UV. As shown in Figures 5 and 6, if we disregard the errors occurring at step changes in
the reference velocity, the maximum estimation percentage of errors of the square wave and sawtooth velocity is
2.31% and 1.13%, respectively. In a similar way, the maximum estimation percentage of errors of the sinusoidal

and triangle direction angle is 4.23% and 3.86%, respectively.
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5. Conclusion

A sensorless control algorithm is applied to the velocity and direction angle of an UV. Velocity and direction

angle estimation are based on measured and estimated currents of the driving motor and a kinematic model of

the vehicle. Complex references are chosen for the velocity and direction angle control of the UV to validate the

performance of the proposed observer algorithm, and experimental results show that the vehicle’s real velocity

and direction angle are perfectly tracked and the estimation errors are very small.
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