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Self-balancing manual manipulators are devices that countervail the weight of a load that must be man-
ually handled and moved by a human operator. Standard manipulators are made of a framework with an
electric motor on the top and a spool connected to the motor shaft through a transmission gear. The load
is hung by a handling device connected to a metallic rope wound on the spool. The device considered in
this paper, in its current layout, is endowed with a load cell that measures the load weight and is con-
trolled in an open loop. A new layout has been designed, which is not including the weighting load cell
and is feedback controlled. The load’s counterbalance and movement are obtained by a velocity closed
loop control algorithm designed using a direct design method, the Virtual Reference Feedback Tuning
(VRFT). VRFT provides controller parameters tuning in a completely automatic way based on a single I/
O batch measurement on the plant. Moreover, the elimination of the load weight transducer causes issues
to some handling devices that need weight measurements to attach and detach the load. So, a load mass
observer has been designed using a gravitational torque estimator, which is an enhanced version of stan-
dard disturbance torque observer for electric motors.
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1. Introduction and problem statement

Self-balancing manual manipulators are devices devoted to help
human operators in manually handling heavy loads. Such systems
are composed by a mechanical structure, that can be different
depending on the application, and a controlled DC electric motor at-
tached to it. The motor shaft is connected to a spool by means of a
transmission gear. The load is hooked to a handling device posi-
tioned at the end of a metallic rope wound on the spool. The electric
motor produces the torque necessary to balance the weight of a
load, so that a human operator can manually handle and move it
as if it were virtually weightless. These devices have both the flex-
ibility of a human operator and the power of a machine and are
used in many different industrial sectors, where the complexity of
the positioning, the difficulty of movements in a work area or the
peculiarity of the load to be moved need human direct operations.

Before this research project, the functioning of the manipulator
considered in this work was based on a very simple principle. The
device used to be endowed with two load cells: the first one
measuring the load weight, so that the motor, based on such infor-
mation, could generate the mechanical torque needed to balance
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the weight; the second, positioned on the handle grasped by the
operator, measuring the force impressed to the system, so that
the motor could generate an additional torque to make the load
movement easier. This operation scheme has been chosen in the
past since the load weight could strongly vary during normal oper-
ations; but it presents various drawbacks, the main of which is low
robustness to the load weight cell measurement errors which occa-
sionally result in spontaneous undesired drift motion of the load.

In this paper we present the development of a new prototype
device without the balancing load cell and provided with a
closed-loop velocity controller for the electric motor. The idea is
to generate a velocity reference signal using the handle load cell
and to feed it into the closed loop system, which will certainly
present robustness to load weight variations. The elimination of
one load cell has a non-negligible effect on the device cost and
eliminate some undesired behaviors of the manipulator, reducing
the maintenance needs. Moreover, it offers the chance of a soft-
ware personalization of the operator feelings during the load
movements, with a strong impact also on the safety of the worker.

The design of the new control system presents two main issues:

(1) On the first hand, each manipulator controller is normally
fine-tuned at the end of the production line for best perfor-
mance. So, a completely automatic auto-tuning procedure
for the velocity control loop is strongly advisable.
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(2) Secondly, some handling devices need the load weight mea-
sure to be correctly operated. Since the new manipulator lay-
out no longer has a physical transducer for load weight
measurement, a load weight observer has to be designed, in
order to obtain mass estimates instead of weight measures.

The first problem has been solved resorting to a direct control
design approach: the Virtual Reference Feedback Tuning (VRFT)
strategy, which allows the tuning of a feedback controller without
having a model of the plant [1,2]. The VRFT method gives a solution
to the problem of designing a controller for a system on the basis of
a single set of 1/O data. So, this algorithm is strongly appealing in
view of the design of an end-of-line auto-tuning procedure of the
self-balancing control algorithms and, in general, in any industrial
application. The idea on which VRFT is based was originally pro-
posed in [1-3] and developed in [4-7]. Then, it has been realized
in its final form, used in this paper in [6,7], as a complete and ready
to use method for data-driven control design in a noisy environ-
ment. Also, VRFT has successfully found a number of applications,
from automotive [8] to biomedical [9,10] and electro-hydraulic
actuators control problems [11]. Also Iterative Feedback Tuning
(IFT) could be a promising data-driven model-free control tech-
nique for this application. The control design is based on the min-
imization of a control criterion with respect to the controller
parameters using an iterative gradient technique. In [12] an inter-
esting solution for nonlinear system is proposed. In [13] a similar
method is applied to robotic manipulators and in [14] a solution
is presented for a case study very similar to the one tackled in
the present paper. What we experienced in practice is a critical
dependence on the reference signal features and a computational
load problem, but the use of IFT techniques will certainly be the
object of further studies.

The second issue has been tackled starting from standard dis-
turbance torque observer algorithms for electric motors [15-18]
or robotic applications [19,20]. Usually, the torque disturbance is
estimated in view of its compensation, or the reaction torque is
computed to perform sensorless force control. In this work, an
algorithm to estimate the varying gravitational disturbance torque
has been developed and implemented on the new manipulator.

The paper is organized as follows: in Section 2 the experimental
set up is outlined and the architecture of the new control system is
described and compared with the old one. Section 3 is devoted to a
short description of the VRFT approach, and the experimental re-
sults, showing the closed loop control system performance, are pre-
sented in Section 4. Similarly, Section 5 presents the design and
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Fig. 1. Schematic representation of the device used in this work.

Fig. 2. Example of operating condition of the device in food industry. Notice that
the manipulator in this picture is equipped with a suction-pad: vacuum is done
inside the pad by a pneumatic compressor, the load is attached to the handling
device and can be moved.

tuning of the load weight observer, and Section 6 shows the estima-
tor performance in comparison with load cell measurements.

2. Experimental setup

A schematic representation of the device considered in this pa-
per is shown in Fig. 1 (a picture is shown in Fig. 2). The manipulator
is made by five main parts:

(1) A mechanical structure, specifically designed for the operat-
ing needs of the end user. In the present paper, we per-
formed experiments on a free-standing column with a
folding arm (other different supports are available such as
ceiling support, overhead rails or jibs). The fully extended
arm is 2 m long and the column height is 2.43 m.

(2) A DC brushed electric motor (about 500 W power), placed at
the top of the column; the motor is endowed only with an
embedded closed loop current controller.

(3) A two-stage motion transmission system composed by a gear
wheel and a belt drive, with overall transmission ratio
n = 20. Rotation speed is measured by an encoder positioned
on the first spool rotation shaft. Motion is transmitted from
the motor shaft to a steel rope wound on a spool.

(4) A steel rope wound on the spool and supporting the handling
device. The rope will be supposed perfectly inextensible.

(5) A handle holding the load positioned at the end of the rope.
The handle is a complex mechanical device endowed with
two load cells, which measure, respectively, the forces deliv-
ered by a human operator and the load weight. The elimina-
tion of the weighting load cell is one of the goals of the
present paper. The handle can be equipped with many dif-
ferent handling tools. In this work, the experiments about
velocity control design have been performed using a hook
with total weight (handle + hook) of about 7 kg. The mass
estimator has been also tested in more critical conditions
using a pneumatic handling system of about 20 kg weight.
The manipulator considered in this paper is designed to lift
a maximum load of 80 kg.
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The development of all the algorithms described in the follow-
ing sections has been done by means of a rapid prototyping system
by National Instruments, including the software development tool
Labview and two hardware devices: the CompactDAQ system and
the Compact Real I/O system for real-time implementation of the
control and estimation algorithms. Final implementation has been
done on the device control board based on Freescale Motorola
56F8300. All the signals used in this paper have been sampled at
200 Hz.

Before the development of the research project described in this
paper, the electric motor was driven in an open loop (see Fig. 3). The
total current I, driving the motor was the sum of two
contributions:

(1) The first one, namely I, set proportional (through a design
coefficient C;) to the load measurement was actually a balancing
current: its effect was a torque, produced by the motor, which bal-
anced the load, whose effect on the motor shaft was a disturbance
torque T.

(2) The second one, namely I, set proportional (through a
design coefficient C,) to the handle load cell measurement, pro-
duced the additional torque needed to move the load. So, the oper-
ator applied force on the handle, which was measured by the
handle load cell and transformed into torque at the motor shaft.

As evident from Fig. 3, the control architecture was a standard
open loop compensation of a measurable load. Using this control
scheme we experienced low robustness to the load cell measure-
ment errors. This drawback was only partially compensated by
the large static friction of the motor-gear-spool system and occa-
sionally some device presented spontaneous undesired drift
motion.

So, a new closed loop control system has been designed accord-
ing to the scheme of Fig. 4. The load disturbance compensation is
provided by a closed-loop velocity 1-DOF controller, based on the
rotation speed measurement » provided by the electric motor en-
coder. This control architecture is intrinsically more robust to
any external disturbance, and in particular to load disturbances,
without any need of measuring it: in fact, the weight load cell
can be eliminated. The reference signal v of the velocity control
loop is generated by a suitable filtering of the handle load cell mea-
surement. The tuning of the velocity controller has been done
resorting to the VRFT approach, which is a completely automatic
tuning procedure based on a single batch I/O measurement per-
formed on the plant (see Sections 3 and 4). This way, the controller
tuning can be done at the end of the production line quickly and
without human direct intervention. It is worth noting that the
VRFT tuning can also be applied to maintenance during the manip-
ulator life-time, if some significant modification of its dynamical
behavior occurs (for instance, dynamic friction reduction, changes
in the motor efficiency, etc.).
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In some applications (mainly those involving pneumatic han-
dling devices), the value of the load weight must be known. Since
in the new version of the device the weight load cell has been elim-
inated, a “software load sensor” has been developed, i.e. an algo-
rithm which estimates the load weight value using the available
measurements: current and velocity (see Sections 5 and 6).

3. Velocity control loop: Virtual Reference Feedback Tuning
(VRFT)

The VRFT strategy [7] approximately solves a model-reference
problem in a discrete time. The control specifications are assigned
via a reference model, which describes the desired behavior of the
closed-loop system. The reference model is given in terms of a
transfer function M(q), being q~! the unit delay operator. This mod-
el is used to define, in a simple and effective way, the basic charac-
teristics of the closed-loop control system, such as its settling time
and the allowed overshoot. Typically, a first or second order model
allows a complete specification of the closed loop performances
[8-11].

The VRFT approach allows a “one-shot” tuning of a linear con-
troller, i.e. the controller parameters are directly derived from a
single batch of data without any specific action by the designer.
This feature is very useful in the present application. In fact, using
the VRFT algorithm, the end-of-line tuning of the controller can be
performed in a very short time with great benefits for productivity.

In the VRFT approach the following closed-loop system is
considered:

y(t) = P(q)u(t)
u(t) = C(q; 0)(r(t) — (1))

The plant is described by its (unknown) transfer function P(q), and
((q; 0) is the transfer function of a one-degree-of-freedom control-
ler belonging to a given family of linear transfer function controllers
{C(q; 0)}pern Parameterized by the n-dimensional real vector 6. The
signals u(t) and y(t) are respectively the input (the control action)
and the output of the considered plant (assumed to be scalar).
The signal r(t) is the reference signal of the control loop. The closed
loop system dynamic is characterized by the transfer function from
r(t) to y(t):

_ P(@)C(q;0)
) = Wr(t) (2)

(1.1)
(1.2)

Let us assume that a set of I/O data {u(t), y(t)},-1, ..~ has been
collected during an experiment on the plant and that a reference
model M(q) has been chosen on the basis of the desired closed-loop
behavior. If the plant model P(q) were known, the controller ((g; 0)
could be designed, i.e. a value for the parameter 0 could be esti-
mated, by solving the following model reference problem:

0 = argminJ,ye(0) (3.)
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Fig. 3. Representation of the “old” open-loop control architecture. The parameter K, represents the torque constant of the motor; the parameter Kg, is the transformation
coefficient of the load cell measured force into the torque at the motor shaft. The block “Motor” represents the mechanical part of the electric motor.
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Fig. 4. Representation of the “new” closed-loop control architecture. Notice that the weight load cell disappeared.

where

2

Pz)C(z;6)

Jur(0) = HW -M(2)

(3.b)

2

By means of VRFT, it is possible to approximately solve this
problem without knowledge of the plant transfer function. The
idea is to transform the Model Reference (MR) problem into a Vir-
tual Reference (VR) one, which can be proven to be approximately
equivalent to the first one under mild conditions.

To this aim, given the measured y(t) (i.e. the actual signal mea-
sured at the output of the plant), consider a virtual reference r,(t)
such that M(q)r,(t) = y(t); r,(t) is called virtual because it does not
exist in reality (it is not used in the generation of y(t)). In this
framework, y(t) is the desired output of the closed-loop system
when the reference signal is r,(t) and the corresponding virtual
tracking error is e,(t) =r,(t) — y(t). In fact, even though the plant
transfer function P(q) is not known, when the plant is fed by u(t)
(the actually measured input), it generates y(t) (the corresponding
measured output). Therefore, a good controller must generate u(t)
when fed by e,(t) as an effect of the application of the virtual refer-
ence r,,(t). The idea is to search for such a controller.

Since both signals u(t) and e, (t) are known, this task reduces to
the “identification problem” of describing the dynamical relation-
ship between e,(t) and u(t) by using the family of linear models
{C(q; 0)}yepn, 1.€. €StiMating

f=arg minJ(0) (4.2)

by minimizing the following cost function

N
J0) = 3> (u(t) ~ C(g: 0, (1) (4b)
=1
Obviously, the minimization of the cost function (4) is not equiva-
lent to the minimization of the original MR cost function (3). How-
ever, it is proven in [7] that a filter L(z) can be designed so that the
MR criterion (3) can be matched through the criterion (4) applied to
filtered version of u(t) and e,(t) (specifically, the minimum argu-
ments of both criteria can be made as close as possible - even iden-
tical - in ideal conditions).

In the following, the algorithm implementing the above idea is
briefly outlined. In the algorithm, the identification of the control-
ler is addressed by applying the classical least-squares identifica-
tion criterion [21-23].

Given the reference model M(q), the family of controllers
{C(q; )}, and the set of data {u(t), y(t)},-1.. .~ apply the following
procedure:

1. Calculate:
- avirtual reference r,(t) such that

y(t) = M(q)r,(t),and

- the corresponding virtual tracking error
ey(t) =ry(t) = y(t)

2. Filter the signals e,(t) and u(t) with a suitable filter L(q),
obtaining:

eu(t) = L(q)e, (5.a)

u(t) = L(qu(t) (5.b)
3. Estimate the controller parameter vector

0 = arg minjy, (0) (6.2)
where

1 N
Jur(0) = NZ(UL(U — C(q; )ew (1)) (6.b)
t=1
Notice that Eq. (6.b) is quadratic in the parameter vector 0 and
all the computations are directly performed on the measurement
data, assumed that the filter L(q) is given. The optimal filter (see
[6]) to be used in the design is

where U(z) is a model of the input signal such that u(t) = U(q)«(t)
where #(t) is a white noise with unit variance, so that the power
density spectrum of the input can be modeled as ¢,(w) = |U(e’®)|%
The model used in this case is an AR(16). The system order has been
estimated using MDL criterion [23].

Specifically, in this work, we consider the class of PI controllers,
which are known to be effective in velocity control of DC electric
motors [24]. The PI controller transfer function (in continuous
time) depends only on two parameters

R(S) _ K11 + sT;

(8.a)

where K; = ';—P being K, the proportional gain and T; the integral
time constant. The transfer function (8.a), opportunely discretized
by backward integration, ends in a discrete time controller again

depending on two parameters that must be tuned

(8.b)

Notice that, as already evidenced, since the controller is linear
in the parameters 0 = [0; 0.] = [K; K;T;], the performance index
Jvr(0) is quadratic in the parameters and an estimate 0 can be easily
found.

4. Velocity control loop: experimental results

In this section, experimental results about the velocity control
loop performances are presented. Specifically, in order to apply
the VRFT algorithm, the first step is the design of an open loop
experiment for the acquisition of the I/O data set. Experiments
have been performed using a load weight of 47 kg, a medium
weight with respect to the operating range of the manipulator
(maximum load about 80 kg). The test input current is a band lim-
ited white noise sequence with frequency limit at 5 Hz. The mean
value of the current has been set to 5.8 A, which is the value
needed to balance the load. The experiment duration is 30 s. The
output velocity is the vertical load speed computed using the mea-
sured spool rotation speed. The measured signals have been sam-
pled with sampling frequency f; = 200 Hz (see Fig. 5).
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Fig. 5. 1/O data set used for controller tuning.

The reference model used to compute the virtual reference and
to design the filter L(z) is

1+271
1+0.111z1

This transfer function has been obtained by discretization of a
first-order continuous time model with a unitary gain and a pole
in =500 rad/s. This is a quite fast model reference, in particular
with respect to the sampling frequency, and the discrete time
model has a pole in the left half plane. However, this is not signif-
icantly affecting the performance of the controller obtained (see
Figs. 6 and 7), but for quite large control action values to counteract
the poorly damped load oscillating disturbance. The minimization
of the virtual reference cost function ends in the following param-
eter values (see Eq. (8.b)): T; = 0.92.

To evaluate the control performances, the tuned controller has
been validated through two different experiments.

In the first experiment, a velocity reference signal has been com-
puter-generated with the aim of rigorous testing the tracking abil-
ity of the control system. This experiment has been performed in
two different conditions: with a light weight (7 kg, see Fig. 6)

M(z) = 0.556

[ reference velocity (blue)
meusurf(l velocitly (red)

load speed [cm/s]
o

40 1 1 1 1
0 10 20 30 40 50 60 70
time [s]
Z 10| control action (current) Load 7kg |
= light weight = low current
o
5 5F ]
o
e
o
1}
€ 0
1 ! 1 1 1 1 !
0 10 20 30 40 50 60 70
time [s]

Fig. 6. Tracking experiment with a light weight (notice the current mean value in
the range 0-1 A).
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Fig. 7. Tracking experiment with heavy weight (notice the current mean value
close to 8-10 A).

and a heavy weight (74 kg, Fig. 7). Remember that the controller
has been designed with a medium weight (47 kg).
The reference signal is chosen as follows (see Figs. 6 and 7):
- square waves of different amplitude;
- ramp signals, both with positive and negative slope;
- parabolic signals, both with positive and negative concavity.

Both Figs. 6 and 7 present in the upper part the reference veloc-
ity and the measured velocity; in the lower part the electric motor
current (control action). These experiments show that the control-
ler, designed at a medium weight value, is able to provide very
good tracking performances in the full operating range of the
manipulator (0-80 kg). It is worth pointing out that the chosen ref-
erence signal severely tests the machine, with acceleration re-
quests close to the motor power limit. As a result, during the
movement, the mass is subject to poorly damped large oscillations,
in particular in the case of large mass values, causing large varia-
tions in the torque load disturbance signal (see Fig. 4). The control-
ler is fast enough to compensate for such oscillations, at the price
of using oscillating large control action values, as expected.

The use of a slower controller, achievable by defining a slower
model reference, has been also considered. However, it did not ob-
tain the approval of the operators devoted to the test of the device.
In fact, with a slower controller, the operators experienced a bad
“feeling” in using the manipulator: they feel that the load was
not following quickly enough their commands.

An example of the second experiment is shown in Fig. 8. In this
case, a human operator is manually driving the manipulator in nor-
mal operating conditions with a heavy weight (74 kg). Specifically,
referring to Fig. 8:

- in the upper figure, the handle load cell measurement is shown:
this is a measure of the force impressed by the operator on the
handle, i.e. the desired motion direction and acceleration.

— the velocity reference signal (blue! line - middle figure), which
is carefully tracked by the control system (red line - middle fig-
ure), is generated by suitably filtering the handle force measure

- the bottom figure shows the current supplied to the electric
motor.

! For interpretation of color in Figs. 8, 11, 13, and 14, the reader is referred to the
web version of this article.
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Fig. 8. Tracking experiment in normal operating conditions; the manipulator is
driven by a human operator with a 74 kg load.

Notice that, after about 25 s, the tracking is not perfect, since
the motor power limit is reached, which is evident from the satu-
ration of the current signal. This kind of test has been performed by
many different operators, and all of them report great satisfaction
about the manipulator handling.

Finally, it is worth making some remarks about the use of the
VRFT algorithm in this specific application:

(1) The VRFT tuning procedure is robust in the use of different
instances of the I/O data (but using the same reference
model and load weight): basically, it provides the same
parameter tuning (within about 2% about the mean values).

(2) Obviously, the application of the algorithm with different
load values provides different values of the controller
parameters. For instance, if a heavy weight is used to collect
the I/O data for the VRFT, the tracking performance will be
slightly lower than at a light weight, because the controller

F. Previdi et al. / Mechatronics 22 (2012) 1177-1186

gain will be larger than needed. Similarly, if a light weight
is used for tuning, the control system will be slower because
of a smaller controller gain.

(3) The controller characteristics, in terms of closed loop
response, can be easily driven by a wise choice of the model
reference system and can be changed according to any
designer specification.

5. Load weight estimator: design and tuning

As pointed out in Section 1, the new self-balancing manipulator
endowed with the velocity control loop no longer needs the load
weight measurement to perform movement control. However,
the manipulator can be equipped with different handling tools,
some of which need the weight load information to be operated.
So, a load mass observer has been developed to estimate the load
weight M based on the other available measures, i.e. the current
I and the motor speed velocity .

The mass can be calculated by estimating the gravitational com-
ponent of the disturbance torque acting on the DC motor. Distur-
bance torque estimation is a well known issue in literature (see
[15-20] as examples). Two main issues are usually considered:
the estimation of the total disturbance torque for its compensation
(see [15-18] as examples) and the estimation of the reaction tor-
que for sensorless control (see [19,20] as examples). In the first
case it is not necessary to distinguish the various contributions
to the disturbance torque. In the second case, it is necessary to dis-
tinguish between the reaction torque by gravity and friction, which
are usually jointly estimated offline, since they are constant in
most applications. On the contrary, in this application, the gravity
torque must be estimated separately, and it can be highly variable,
since the load weight can vary during normal operations.

Specifically, the system can be modeled as follows:

Joxt) = T(t) = Ty (t) — Te = Ty(t) 9)

On the left hand side of Eq. (9), ] is the total inertia moment. On
the right hand side, T(t) = K/I(t) is the DC motor torque, being K, the
motor torque constant; T,(t) = Dw(t) is the viscous friction torque;
T. is the Coulomb friction torque, and the last term T(t) is the grav-
itational torque that we want to compute. Notice that there is no
reaction torque in this application.

T.—

Taise(t)
1 k. 1TO 4 T® — 0®
e "
Q(s) . T.sign(-)
K; » Q) Q) Ga'(s) |

l @

Fig. 9. General scheme of the load mass observer.
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Fig. 10. Example of one of the experiments (39 kg load) used to estimate Coulomb
friction effects.

Table 1
Estimated Coulomb friction torque at different load values.
Load weight (kg) Tc (Nm)
14 0.0807
39 0.1189
74 0.1982
0 “\
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©
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W
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Fig. 11. Frequency response of the FO Q-filter (blue dots) and its approximation
(red line).

From Eq. (9) we obtain:
Tg(t) = T(t) - Tm(t) —T. (10)

where T (t) = Jo(t) + Do (t).

In Eq. (10), T(t) can be directly and easily computed by current
measurements; T, can be estimated by offline experiments and
T.n(t) can be computed through velocity measurements by motor
model inversion. Notice that friction (viscous and Coulomb) tor-
ques are usually jointly estimated offline using constant speed
experiments. Here we included the viscous friction effects into
the motor model, and we separately measured the Coulomb fric-

40

30

2 /

e .

load speed [cm/s]
o o
:
E
E
=

-20 M N

10 20 30 40 50 60 70
time [s]

Fig. 12. Velocity reference signal used for observer performance evaluation.

tion torque using constant low speed experiments (in which vis-
cous friction effects can be considered negligible).

In this way, the relation between T,,(t) and (t) is given by the
following transfer function

6= ip

The load mass observer is depicted in Fig. 9, where G, (s) is the
inverse (nominal) model of the motor; Q(s) is a fractional order lin-
ear filter with unitary gain designed according to [25]. This filter
must have relative degree at least 1, in order to guarantee that
the observer is described by proper transfer functions; Kgeqr is the
transmission ratio; Tgs{t)=T.+ Tg(t) is the total disturbance
torque.

The design of the filter Q(s) will be explained in detail in Section 6.

In order to implement the scheme of Fig. 9, Coulomb friction va-
lue must be estimated by performing experiments with the veloc-
ity closed loop controller active and using a small amplitude (about
0.5 cm/s vertical speed) square wave velocity reference signal, so
that the viscous friction effect can be considered negligible.

Tc depends on the load weight applied to the manipulator. So,
the experiments have been performed with three different load
values (14 kg, 39 kg, 74 kg). As an example, in Fig. 10, the experi-
ment with 39 kg is shown. Notice that the current is switching be-
tween two values I and I, according to the velocity changes from
a positive value to a negative one. The current mean value gener-
ates the static load balancing torque. This way, for each different
load value, the Coulomb friction coefficient can be estimated as
follows:

(11)

Te= K1 -1) (12)

The estimated values for different load weights are shown in
Table 1.

Finally, by linear interpolation of the measured values depend-
ing on the current mass estimate value, a function T{(M) is ob-
tained to be used in the load weight estimator, where the load
estimate M is utilized.

The linear part of the model depends on two parameters,
namely the total inertia J and the viscous friction coefficient D.
The tuning procedure has been carried out in a closed loop (direct
method) using different load values. The model parameter estima-
tion followed two steps:

(1) The closed loop system has been excited by band limited
white noise reference velocity signal with bandwidth limit
at 5 Hz (see Fig. 5 as an example).
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Fig. 13. Comparison between the software sensor error in the mass estimate (red)
and the load cell measurement error (gray) in four different operating conditions:
(a) 7 kg; (b) 27 kg; (c) 47 kg; and (d) 67 kg.

Table 2
Performance indexes for the load cell and the software sensor.

Load (kg) Load cell error Load estimator error
MSE (kg?) ME (kg) MSE (kg?) ME (kg)
7 0.079 1.35 0.109 1.36
27 0.60 7.48 0.170 1.59
47 2.46 11.55 0.194 1.99
67 6.30 16.6 0.282 2.81

(2) The parameters have been estimated using the measured
speed and current by minimization of the following cost
function:

| end-effector + load |
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»
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Fig. 14. Example of mass estimation during movement with a varying load. Upper
figure: mass values (red-estimated mass; black-measured mass); lower figure: load
speed.

N
V(J,D) ZM M(t;].D))’ (13)

2 I

where M is the known load and M(t;J,D) is the estimated load
weight for given values of the parameters J and D.

6. Load weight estimator: experimental results

The load mass observer designed and tuned in the previous sec-
tion has been tested with four different load weights (7 kg, 27 kg,
47 kg, 67 kg) in two different kinds of experiments. During all
the tests the resulting estimate is compared with the measurement
provided by the load cell usually available on this manipulator.

The first sort of experiment has been performed with the veloc-
ity controller active using the same reference signal yet used to
validate the controller performances and here depicted in Fig. 12.
This reference trajectory is really demanding for the plant, and
the load is subject to very different operating conditions including
very high acceleration values that are beyond the motor power
limit.

The performance has been quantitatively evaluated by means of
the following two performance indexes:

(1) The Mean Squared Error (MSE), i.e. the L, norm of the differ-

ence between the weight estimate (or the load cell measure)
M(t) and the true load weight, in order to evaluate the mean
performance:

1& P
MSE = N;(M — M(t))?

(2) The Maximum Error (ME), i.e. the ¢,, norm of the difference
between the estimate (or the measure) and the true weight,
in order to evaluate the worst case performance:
ME = sup (M — M(t))

te[1,N]

(14.a)

(14.b)

being N the number of samples of the reference signal.
The performance indexes MSE and ME have been calculated for
both the load cell mass measure and the nonlinear mass observed.
The filter Q(s) plays a key role in the performance of the load
estimator. Specifically, using filters with high relative degree will
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provide more accurate estimates, according to Eq. (14) but will
introduce large delays in the load estimate.
So, according to [25], we used the Fractional Order (FO) Q-filter

A= (15)

(1+)"

letting ng to assume fractional values. In this way, we can obtain a
desired attenuation with the smallest phase shift. We choose the
value wq = 1.15 rad/s for the cut-off frequency of the Q-filter and
we used the relative degree nq as a tuning knob. As expected, the
error values decrease as nq increases, since the response of the filter
become smoother. But also the filter transient time become larger
and the phase shift introduces further delay. So, we exploit the
trade-off between the estimation error and the filter transient time
obtaining an optimal value ng=1.78.

Following the rationale described in [25] the frequency re-
sponse has been identified using N=1000 data points generated
by:

1

QU = 08600 ™

(16)
with w[1072,10%] rad/s.

In order to approximate the frequency response of Q(jw), the
following model family has been chosen

Ai [Teet (1 +jooty)

Q(jw) = ===~ 17
U =T (T jwn) a7
The filter identification procedure included also a structural

identification stage, performed by cross-validation, which provided
a sixth order model

~ 35910 (s + 10000)(s + 6509)(s + 5435)(s + 257.5)(s + 60.99)(s + 20.1)

Q(s)

cle driven by a human operator: the pneumatic handling
equipment (whose weight is about 20 kg) without any load is lifted
up and moved up and down for about 30 s. Then, the suction pad is
applied to the load (about 17 kg), which gets attached and lifted to
place. This operation, which requires the activation of the com-
pressor to obtain vacuum in the suction pad, lasts about 20 s. After
a few movements up and down, the load is dropped off on the floor
and detached. Finally, the free equipment is raised again and
moved up and down. Fig. 14 (lower figure) shows the velocity pro-
file measured during the test.

The performances provided by the mass estimator and the load
cell are similar; in particular the mass observer shows a slight de-
lay (especially during the hooking and unhooking phase) due to the
presence of the filter Q(s) in the estimation algorithm. On the other
side though, in dynamic conditions, it presents lower oscillations in
comparison with the load cell mass measure.

7. Concluding remarks

The application of VRFT to the tuning problem of the velocity
controller of a DC brushed motor has been successfully completed.
The controller shows very good tracking performances and robust-
ness to modifications of the operating and load conditions. The
proposed tuning procedure fits the requirements of an end-of-line
tuning: it is completely automatic and it is not time consuming,
since it can be performed and validated in a very short time, basi-
cally the time needed to the acquisition of a single batch of I/O
data.

The designed control system, based on the velocity measure-
ment, does not need load weight information for motion control.
However, mass information is still necessary for some operating

In Fig. 11 the frequency responses (magnitude and phase) for
the filter Q(s) (Eq. (16) — blue) and of its approximation Q(s) (Eq.
(18) - red) are shown.

Fig. 13a-d shows the comparison between the weight measure-
ment errors, provided by the load cell transducer, and the weight
estimate errors given by the mass observer. In Table 2 the perfor-
mance indexes of Eqs. (14.a) and (14.b) are reported. It can be no-
ticed that the performances of the estimator are similar to those of
the load cell with small load and even better at large load values.
This phenomenon is due to the large sensitivity of the load cell
to large inertial components, since heavy loads show large oscilla-
tions during their movement. The vertical component of the accel-
eration is measured by the load cell, whose measurement is not
compensated for this effect. On the contrary, the inertial compo-
nent is partially compensated by the software estimator since it in-
cludes a model of the load dynamics.

A second experiment has been performed to evaluate the per-
formance on a standard working cycle, with varying load condi-
tions. Specifically, the test has been done using the pneumatic
equipment for load handling; this is managed by a supervisor en-
abling the load attach or detach on the basis of the load weight
information provided by the estimator instead of the load cell as
in the standard manipulator. Correct operation of the pneumatic
end-effector is guaranteed if the maximum error is within about
4 kg of the load weight range 0-40 kg.

Fig. 14 (upper figure) shows the comparison between the mea-
sured and the estimated load weight during a standard working cy-

(s + 45.49)(s + 43.93)(s + 2.457)(s + 0.8164)(s + 1000)?

(18)

tasks. In order to obtain a real-time load weight estimate, a soft-
ware sensor has been designed involving a friction compensator
for the torque disturbance observer. The weight estimate provided
by the observer is precise enough in comparison to load cell
measurements.
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