Robotics and Computer-Integrated Manufacturing 26 (2010) 344-353

journal homepage: www.elsevier.com/locate/rcim

Contents lists available at ScienceDirect

Robotics and Computer-Integrated Manufacturing

Application of position and inertial-rate control to a 2-DOF

gyroscopic platform

Francisco R. Rubio *, Manuel G. Ortega, Francisco Gordillo, Manuel Vargas

Depto. Ingenieria de Sistemas y Automdtica, Escuela Superior de Ingenieros, Universidad de Sevilla, Camino de los Descubrimientos s/n, 41092 Sevilla, Spain

ARTICLE INFO ABSTRACT

Article history:
Received 12 October 2008
Accepted 23 November 2009

Keywords:

Inertial platform
Adaptive control

Gain scheduling
Friction compensation

This paper presents a control application for the inertial stabilization of a gyroscopic platform with two
degrees of freedom (2-DOF). The purposes of this application are, first, to control the angular positions
of the platform in the absence of inertial disturbances and second, to control velocities measured in an
inertial frame, while rejecting the disturbances associated with moving components. With regard to the
first objective, a switching-control strategy is proposed in order to reduce the effects of friction as the
main source of undesirable non-linear behaviors. Regarding the inertial-rate control, a master-slave
control structure is suggested to achieve the desired specifications. Simulation and experimental results
are presented, showing the performance attained on a real platform.
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1. Introduction

In this paper, we discuss the design and implementation of a
control strategy for a gyroscopic platform whose position and
inertial velocity in the presence of perturbations need to be
regulated. There are some applications that require accurate
positioning and low velocity tracking. In these cases, friction
phenomena usually have significant effects, leading to follow-up
errors and the appearance of limit cycles. These errors need to be
compensated for or reduced to fulfill the specifications in each
case.

Some related applications can be found in the literature. In
Guesalada [7], a controller for a positioning servo that takes into
account friction phenomena is presented. A gain-scheduled
control of systems with dynamic friction is proposed in Vivas
et al. [16]. Switching controllers for tracking systems is proposed
in [13,9]. Also, with respect to control systems we can find in
other applications such as control of hard disk drive servo systems
[15], control of an orbital Earth observing system [11], control of a
two-axis sun following device [12,14], etc.

The problem of inertial stabilization is also an important issue
in the field of aeronautical and navigational systems, among
others. There are many applications in which a variable orienta-
tion relative to an inertial frame needs to be controlled. Some
examples are automatic aircraft control, torpedo steering me-
chanisms [4], gaze stabilization for visual servoing [10], planetary
gear transmission systems [6], humanoid robot control [17] and
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amusement devices. In all of these cases, inertial stabilization
requires measurement feedback from a gyroscopic sensor located
on the mobile platform, which usually provides the velocity of a
body with respect to the inertial frame.

This paper deals with the design and implementation of
control structures for an industrial two-degree-of-freedom
(2-DOF) platform, which rests on a base plate whose orientation
can be arbitrarily modified. This allows us to emulate the
disturbances in the intended final environment, such as the
platform on board a ship, for instance. Cameras that need to
be stabilized in the presence of different kind of perturbations are
mounted on this type of platforms.

This control application was implemented in two different
operation modes:

o A non-inertial position control mode in which the angular
positions are the controlled variables. For this mode, a
switching control strategy is proposed in order to reduce the
undesirable consequences of the non-linear friction effects.
One of the most noticeable effects on the controlled system
due to friction is the presence of a limit cycle around the
steady-state position values. The switching strategy consists of
using a particular control law suitable for large displacements
and switching to another control law when the platform angles
are close to their reference values. This second controller is
intended to reduce the steady-state error, that is, the
amplitude of the mentioned limit cycle.

e An inertial rate control mode, where the inertial velocities of the
platform are to be controlled. In this mode, we propose a
master-slave control structure, combined with a gain-sche-
duling strategy. The inner control loop attempts to reject
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friction disturbances, while the outer control loop is designed
for appropriate tracking performance of velocity references.

As a matter of fact, the proposed control techniques in this
paper was part of some work developed under contract for a
industrial company, that incorporate this controller in the control
of a radar platform. Due to the character of this work, this
application of the controller cannot be published, and only
simulation and application in a small platform are permitted for
publication.

The remainder of the paper is organized as follows: In Section
2, descriptions of the physical platform and the corresponding
model used for controller design are given. The strategies
followed for controller design in both operating modes are
presented in Section 3. Section 4 gives some simulation results
with the proposed control structures. Section 5 presents some
details about the hardware implementation of the control system
as well as some experimental results from the real platform.
Finally, in Section 6, the paper ends with some conclusions about
the study presented.

2. System description

The system considered in this paper is the industrial 2-DOF
platform shown in Fig. 1a. It consists of two main structural units:
the base, whose position is determined by the azimuth angle ,
and the main body, whose coordinate is the elevation angle 0.
These angles are both depicted in the platform scheme presented
in Fig. 1b. Each revolution axis is equipped with a current
controlled DC brushless motor with a brake and gear reduction.
Additional mass can be added in the elevation axis in order to
modify the system behavior.

Two optical fiber gyros are available for the inertial control.
The gyros are located in the elevation axis, so the inertial velocity
measure for the azimuthal axis is modified when the elevation
axis moves. This dependency can be overcome by a projection of
the measure in the orientation axis with
i l//ig
l//i = COS(Q) (1)

where zﬁig is the gyro measurement, 6 is the elevation angle and
¥; is the modified measurement.

Besides this, two pistons arranged in a quadrature fashion,
independently driven by two velocity-controlled electrical mo-
tors, were included in the system. This allows us to introduce
some disturbances with respect to the orientation of the base
plate holding the 2-DOF platform.

Fig. 2 shows a schematic diagram of the 2-DOF platform. The
platform orientation and elevation rates (yy and 6, respectively)
can be driven by means of two input torques: t, for the
orientation axis and 1, for the elevation axis. Nevertheless, the
available input signals being considered in this work are actually
voltage signals. Thus, henceforth 7, and 74 have to be understood
as such and measured in volts.

Some dynamic behavior is involved in the gyro measures.
The angular velocities of the non-inertial base plate, /., 0. and ¢,
(orientation, elevation and yaw, respectively), implicit in the gyro
measures, are considered as disturbances to be rejected in the
regulation of the inertial platform velocities (IL,- and 6;).

Prior to the controller synthesis stage, it is necessary to obtain
a model of the platform. The dynamic equations of the system can
be obtained from Lagrange’s equations of motion. In particular,
the Lagrangian of the system under consideration is given by

L=T—V = 300" (Lz, + I, SIN*(0) + Lz, cOS2(0)) + Ly, 0°) @)

where T and V are the kinetic and potential energy, respectively.
I,,, stands for the moment of inertia of the first joint along its own
axis (Z direction), I,, lyy,, I.;, are the moments of inertia of the
elevation axis, along directions X, Y and Z, respectively.

Taking into account that the load of the elevation axis is
concentrated along the shaft, the potential energy can be
considered invariant and hence may be discarded from the
equations. From the Lagrangian formulation, the following
dynamic model of the 2-DOF platform derived:

Ty =P Lz, +Sin* (), + €052 (O)]z,) + Y OSin20) (U, Loz, )+ Fy (1)
T = Oy, — 3 sin0) (e, —Lzz,) + Fo(0).
3)

Functions F.,,(:/}) and Fy(0) introduce friction torques in the
orientation and elevation axes, respectively. A static, asymmetric
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Fig. 1. Two degree-of-freedom platform. (a) Picture; (b) scheme.
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Fig. 2. Block diagram of the system model.

Table 1
Estimated values of the parameters of the platform model.

Parameter Azimuth Elevation Units

I 0.02 = V/(rd/s?)
LIz - ~0 V/(rd/sz)
I, - 0.018 V/(rd/s?)
F,f 0.11 0.26 V/(rad/s)
F, 0.12 0.20 V/(rad/s)
F;* 0.28 0.7 \%

F; 0.19 0.5 \%

Ft 0.48 0.57 \%

[ 0.42 0.88 \%

friction model, giving a nonlinear relationship between friction
torque and shaft velocity has been identified [5]. The expression
that computes the friction torque for each degree of freedom,

q=1.0,is
Fo(@) = [F; 1q1+FF +(F;F —FF)e™ 18" 1sgn* (q)
+[F, 1q1+F; +(Fy —F)e™ B 1sgn™(q) “4)

where F. is the Coulomb friction (as the friction model is
asymmetric, different values are expected for positive and
negative directions), F, the viscous friction, F; the static friction
and B is the exponent of the Stribeck effect. The sign functions are
defined as follows:

s+ (@) = 1 (@=0) G =0)
g W=10 @<0 <0

The parameters of the platform model were estimated from
some experiments on the real system, through an RLS algorithm
[5]. The values found for these parameters are given in Table 1.

In order to implement an inertial control of the platform, the
gyro kinematics and dynamics need to be modeled. With regard
to kinematics, it is known that the gyro measures a combination
of the platform velocity and the base plate velocity, according to
the following expressions:

. [0
sgn ()= { 1

Ui = (W +Q6,)c0s(0) + Qc, sin)sin(0) + 2, cos()sin(0)

07 =0+ Qc, cos(y) + Q. sin(y)

where ch[QcX,Qcy,QCZ]T is the angular velocity vector of the
base plate, measured from an inertial reference frame. The
components of this vector can be computed from the orientation,
elevation and yaw angles (., 0. and ¢.) as follows:

QCx = (i)c*l/./cSin(GC)

Qcy = 66C05(¢C) + l/./CCOS(aC)Sin(qu)

Qc, = —Ocsin(¢ )+ cos(Bc)cos(¢,)
The dynamic gyro model has been described by a second-order
transfer function, following the recommendations given in [8]
w3
Ge(9) = 242055+ w2 ®)
Consequently, the true gyro measurements are obtained from
the application of this transfer function to the values given by the
kinematic model, i.e.

Yi=GeWi,  0i=Ge(s)0;

3. Controller design

Two different control approaches were tried out on the 2-DOF
platform. The first one focuses on position control of the platform
in the absence of inertial disturbances. In this case, the aim is to
cancel the non-linear effects mainly due to friction forces, which
are more apparent during positioning experiments (at low or null
velocities). As mentioned before, one of the most noticeable
of these effects is the existence of a limit cycle, coming from the
dead zone produced by stick-slip effect.

The second control strategy is intended for inertial rate control,
where inertial velocities, 1]/,» and 0;, are controlled to converge to
their references, 1//,r and H,r in the presence of inertial disturbances
coming from orientation changes in the base plate. In addition,
disturbances due to friction effects must be appropriately
rejected. As an additional specification in this case, the maximum
error of the inertial position with a zero velocity setpoint must be
bounded.

Each of these control strategies is described in below.

3.1. Position control mode

The pair of equations given in (3) shows the system coupling
due to Coriolis and inertia terms. However, as a consequence of
the high gear reduction present in the system, this coupling effect
is greatly reduced. In particular, note the value of coefficient
(Ix-I;) in Table 1, which allows the non-linear terms in (3) to be
neglected, resulting in

Ty =YL, +Fy ()

Tg= élyyz +F(;(9)

Therefore, independent joint control would be appropriate for our
purposes. Furthermore, in order to get a simple linear model for
each platform axis, only viscous friction is being maintained in the
formulation, while the other terms are considered sources of
disturbances to be rejected.
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Hence, the controller will be designed according to the
following linearized plant model:

K q—y.o ®)

qu(s) = S(S+aq) s

with static gain K; =K, /I; and a stable pole corresponding to
aq=Fy,,/lq. Kz, is the torque constant of the corresponding axis
servomotor, and I; is equal to I, or I, for the orientation
or elevation axis, respectively. Finally, F,, 1is taken as
Fy,.,=min{F; F;} for the corresponding axis.

The design specifications require that the system reaches, a
position inside a region close to the reference as quickly as
possible. Moreover, the amplitude of the limit cycle due to stick-
slip phenomenon must be bounded as another specification.
These requirements are achieved by means of a switching
strategy with two different linear control laws. The first one is
called large-displacement controller (henceforth called Cy4(s)),
which brings the states near their setpoints. The second law is
the short-displacement controller (henceforth called Cy(s)), which
is in charge of state regulation around the references.

The large-displacement controller can be obtained by imposing
a particular closed-loop dynamic behavior. If a proportional-
derivative structure is employed, the controller Cy(s) follows the
expression:

uia(t) = Kpe(t)—Kpq (t) )

where e(t) = q"(t)—q(t) (with g = {i, 0}), is the tracking error and
q(t) is the velocity of the corresponding axis. Thus, a closed loop
transfer function can be obtained in the form:

KKp

Cre =3 T+ (a+KKp)s+KKp
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Fig. 3. Commutation boundary for the switching strategy (q = ).

As has already been mentioned, the goal of this controller is to
bring the system to a state near the reference. It is clear that the
controller parameter Kp should be chosen large enough to
overcome the dead zone that results from static friction, so the
steady-state error remains inside an acceptable band. In parti-
cular, this steady-state error, es, can be reduced through the
proportional gain according to

F
K» (C)]

where F. is the Coulomb friction. This condition may be even
more restrictive than the one imposed by the rise time of the
closed-loop response.

The controller parameter Kp, can be computed by forcing a
critically damped, second-order, closed-loop response. This con-
dition gives the following expression for Kp:

2JKKp—a
K
Since the goal of the preceding controller is to bring
the platform angles near to their references, and then switch
the control law to the short-displacement controller, an elliptic
commutation boundary was defined to perform the controller
switching action. This boundary is given by the equation:

€55

Kp = (10)

5 .
AN ay
€im  iim
where ej;,, and ¢y, are the radii of the ellipse. This concept is
illustrated in Fig. 3.

As shown in the figure, when the system reaches the
commutation ellipse, the control law is switched to the Cy(s),
which is designed as a proportional-integral-derivative structure:

ot
Ugg(6) = Kpe(t)—Kpd (t)+K; /0 e(v) dv 12)

The PID gains of this controller are adjusted in order to control
the amplitude of the limit cycle that results from the stick-slip
phenomenon. The amplitude, A, and the period, T, of this limit
cycle can be estimated theoretically through the following
expressions [5]:

A~ FFe _A4KpFs+Fc
€7 2Kp 0 T K F—Fe

Consequently, after the specification of this amplitude and
period, a combination of controller gains may be obtained
constrained to the previous relationships.

(13)

3.2. Velocity control mode

As has been noted, the purpose in this control mode is to cause
the inertial platform velocities to converge to their references, in
the presence of inertial disturbances coming from orientation
changes in the base plate, and disturbances of a different nature,
those due to friction effects.

l l l "
2 DOF > Gyro >
Mechanical Dyn;lmics
Platform —>
0 0;

Fig. 4. Master-slave control structure.
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Given the required specifications and the dynamics of the gyro
sensor, the controller cannot be successfully implemented in a
single loop form. This is due to the high controller gain required to
reject friction disturbances, which produces an unstable closed
loop when the gyro dynamics are introduced.

In order to solve this problem, we propose a master-slave
control structure (see Fig. 4). An inner velocity loop is built with
the estimation of the velocity, while an outer loop is closed with
the gyro measurements. Following this structure, the inner
controllers, Cl‘/}(s) and Cj-(s), are designed in such a way that the
nonlinear effects present in the system are rejected by the inner

1.6 T T T T T T T

14 "o 1

12

__Stability limit

80

Fig. 5. Phase margin of the system as a function of the outer-controller gains, K,?qL
and K,?‘-.

loop, while the outer controllers, C$L(s) and CJ(s), are synthesized
in order to reject the disturbances produced by the base-plate
motion.

Also a structure with a friction compensator [1] was tested in
simulation and similar results were obtained. Taking into account
the practical aspects of the controller implementation, we opted
for the master-slave structure of the Fig. 4.

For this control structure to perform appropriately, the inner
loop should have a faster dynamic behavior than the external
loop. By the way, this same principle will allow the controllers to
be independently designed.

Ko
Iy

Fig. 6. Correction for the K,E"L parameter of the external control loop
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Fig. 7. Time response in position control mode.
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Fig. 9. Inertial velocity response for 11)r =0 = 0, including external disturbances.

A proportional-integral structure is chosen for inner controllers
CiH(s) (q=1.0). Their gains are computed from

250}_ 1
L_ Y IL_ w?
Koo=—k— Mi=kaq a4

where @ and § are now the natural frequency and the damping
factor, respectively, corresponding to the desired response of the
inner loop. Parameters K; and aq are the gain and the pole of the
linear part of the system given in (6).

Due to the nonlinear influence of the actuator saturation, the
system has an undesirable overshoot when large reference
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Fig. 11. Hardware implementation of the controllers.

changes are given. Hence an anti-windup strategy [3] was added computed as a function of the outer controller gains. This limit is
to the control scheme in order to allow the control signal to leave defined by the following equation:
its saturation state as soon as possible.

With regard to the inertial velocity outer loop, a gain-
scheduling control was implemented [2]. In particular, a propor-
tional-integral control structure has also been chosen for the outer where d; and y; are
controllers (Cg’L(s), q={y,0}), whose gains may vary depending
on the operating point. This way, it is possible to fulfill the desired

0= Yoo +711KpoKio +721 Ko Kio +730K3, +720K7 +710Kpo + 701 Kio + V02K (15)
000+ 020K3, +910Kpo + 901 Ko

2 2,2
Voo = O] 0o — 300001 0lg + 050

. . . . . . 2 2 2 2
specifications in different working regions. Y11 = —0300 81 —02 100 +2 1001 — 20305 + 200300 B4
In order to give a practical criterion for tuning the outer- -
controller gains, the theoretical stability of the controlled system - 5%010

was analytically studied. The phase margin provided by the _ 5 2 22
external controllers associated with their proportional and /20~ _2a3a2ﬁ 1%0+2p 1oc1oc%+ﬁ 1%0+%3%

integral parameters (to be referred as K9, KP") is shown in Fig. Y10 = 0300 —0t3002 81 0lp + 2 015 0lo 0o -0t3 Gla 0t Olo + 2 fB1 041 Ot

5. The limit of the closed-loop stabilitqy can be symbolically Vo1 = —0a0 0o — 03002001 By + 0o 0l3 05 — 203005 + 2 03 1 oo + 03
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Fig. 12. Position control mode: step response for azimuthal axis.
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do1 = —a3f; +oz00

(16)

The values of «; and f; can be calculated as a function of the

internal-loop parameters as follows:
%o = KgKjtarg
o1 = KoKp: 3 +aq0o; + 2KgKj 05 0o

0y = 2K K} 5g0g + KoKi- + F + 20465005

1.5 T T T T T T
M/S

-15 ! ! ! ! ! |
3 3.5 4 4.5 5 5.5

time (seconds)

Fig. 14. Inertial velocity step responses.

o3 = KgKp: +20,0g+aq
B = KoKy (17)

This stability limit was computed using the models
given by (5) and (6), and the internal controller gains obtained
from (14).

The operation region of the controller was divided according to
the magnitudes of setpoints and shaft velocities. The gain-
scheduling strategy is introduced at this point. Basically, the
system needs to operate in two regions: a high rate mode and a
low or zero rate mode, according to the reference magnitude. In the
second mode, the platform should move slowly in order to
compensate for the base plate motion. In this mode, the integral
gain is modified according to the axis velocity. This results in an
improvement in the system stabilization. The operation regions of
the outer loop are shown in Fig. 6 (again, g = {i, 6}).



352 F.R. Rubio et al. / Robotics and Computer-Integrated Manufacturing 26 (2010) 344-353

4. Simulation results

In the following experiments, the preceding controllers were
tested on the nonlinear system model (3), together with the
dynamic model of the gyro. A static and asymmetric friction
model, whose values were given in Table 1, is used for position-
mode and velocity-mode simulations.

Regarding the position control mode, Fig. 7 shows the step
responses in the orientation and elevation axes, as well as the
control signals supplied by the controllers. It can be seen that
when large setpoint changes are required, the large-displacement
controllers produce a saturated control signal, accelerating and
decelerating the system quickly.

The effects produced by the short-displacement controllers,
which cannot be perceived in Fig. 7, are presented in Fig. 8. When
the system is close to the reference, these controllers improve
the steady-state error and take the system to a limit cycle, the
amplitude of which is in accordance with the required precision.

With respect to the velocity control mode, Figs. 9 and 10 show
how the inertial velocity controller performs when a null
reference is given. In order to include the motion of the non-
inertial base plate, the following disturbance signals were added
in this simulation:

. T
Ye=¢.=0.= 0.08305m<0.08t— j)

e = b =0c = 0.00664c0s(0.08t— ) (18)

Small disturbances were chosen, causing the platform to move
at low velocities, where friction is more relevant. Fig. 9 shows that
the inertial velocities, lﬁi and 0;, actually remain close to zero, and
just a few velocity peaks can be observed when the corresponding
motor velocity (i.e., non-inertial measures s and 0) reaches zero.
At these instants, although the motor shaft is stopped due to the
friction torque, the disturbances can be rejected.

Fig. 10 shows the inertial position of the platform when the
reference is a zero velocity. It can be seen that the positions
oscillate due to the non-perfect cancelation of the disturbances.

5. Experiments on the real platform

The control structures described throughout the paper were
also implemented in the hardware equipment devoted to the
control of the physical platform. Fig. 11 shows the hardware used
in order to implement the controllers. Two controller boards were
used for the implementation of these controllers. The boards
have a real-time kernel running in a TMS320C31 DSP from
Texas Instruments and several 1/O interfaces. The elevation and
orientation control algorithms run separately on each board, so a
connection between the processors was established and the
dynamic variables can be interchanged. This connection is
implemented as a high-speed serial port. A host computer is
used for monitoring and data acquisition purposes.

The system behavior in position control mode is presented in
Figs. 12 and 13. The azimuthal response, while tracking large
step-like changes in the reference is presented in Fig. 12. The
saturation effects can be appreciated in the upper plot of this
figure. The lower plot enables us to appreciate the amplitude and
period of the limit cycle around the steady-state values. The
switching controller allows for the achievement of very good
performance in reference tracking, despite the unmodeled
platform dynamics. Fig. 13 shows the switching from the large-
displacement controller to the short-displacement controller for the
azimuthal axis in the real system.

The velocity control mode, described in Section 3.2, was tested
in the real platform as well. Fig. 14 shows the velocity step
response in the azimuthal axis with two different control
strategies. The response labeled as M/S corresponds to the
master-slave structure proposed in this paper, while the one
marked as SL (i.e. single loop) corresponds to a single controller
with no inner loop. The proposed controller demonstrates better
performance as long as the internal loop allows the rejection of
the system disturbances. These disturbances are mainly created
by the stick-slip phenomenon when there are velocity reversals.

6. Conclusions

This paper presents the design and implementation of two
different control structures, corresponding to position and inertial
velocity regulation of a two-degree-of-freedom gyroscopic plat-
form, mounted on a base plate whose orientation can be modified
at will. Also, the controller structure propose in this paper has
actually been used in a real radar gyroscopic platform.

A switching control law proved to be appropriate for position
control mode, as it distinguished between large and short
displacements. A commutation ellipse in the phase plane was
defined as the switching boundary.

In the case of the velocity control mode, a master-slave
structure was proposed. In this structure, the aim of the inner
controller is the rejection of disturbances due to non-linearities of
the system, while the outer controller (a gain scheduling control
law) is in charge of the rejection of disturbances due to
movements of the base plate.

Simulation results, using a nonlinear model of the system,
including gyro dynamics and a static, asymmetric, non-linear
friction model, as well as experimental results, have been
presented. These experiments show that the system perform
well; the controllers are capable of dealing with changes in the
system dynamics caused by the different operating points.

The contents of the paper reveal how the control of position
and inertial velocities of the 2-DOF platform can be solved by
simple control structures, despite the existence of important
nonlinear effects in the system.
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