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Abstract-A Stewart platform, in its most general form, is a
parallel manipulator with six linear actuators, connected
to the base and the end-effector, with spherical joints. The
concept of massively parallel binary system (MPBS) is
realized by using legs consisting of a very large number of
binary actuators. Current focus is on the design of the one-
dimensional MPBS where a set of actuators is connected
in parallel to a body along jc-axis only. This paper presents
the robustness of control algorithm for 1-D MPBS under
the fault condition. It was possible to track a specified
trajectory with acceptable performance when some
actuators stop functioning in mid-process.

1. INTRODUCTION

Prior work on micro-actuator arrays have
considered actuators' acting on the system to be
continuous i.e. the system was controlled by selecting
partially excited actuators. Luntz et al used a Proportional
Integral controller for each actuator to settle at the set
value of actuator. This approach is inconvenient when the
size of actuators shifts from milli to micro and then to
nano. We introduce the concept of binary actuators that
have only two stable states. Irrespective of the internal
structure of the actuators used, we deal only with only two
possible outcomes of the actuators throughout the task.
This makes the control task simple and efficient.

Primary advantage of large number of actuators
in parallel is fault tolerance. In addition to trajectory
control, the supervisory controller must enable procedures
to affect redundancy actuation under different operating
conditions.

One-Dimensional MPBS dynamic equations and
design issues have been established in our prior work.
Using these for simulation purpose, a thorough
investigation had been done on the choice of activation of
the binary actuators. In this paper we present a firing
sequence algorithm (FSA) to achieve redundancy. In this
scheme the binary actuators are operated in such a way
that the activation duty is evenly distributed among them.

Even when specific actuator fails, the algorithm was
found to be robust enough to recover, making the need of
sensors for checking the operation of actuators redundant.

Magnetically latching solenoids were taken as
"binary" actuators in the prototype. The stroke length
(movement of the plunger inside/outside during
deenergizing/energizing) was maintained constant are
2mm. At any sampling instant all the actuators were either
in completely pulled-in or completely released position.
These have been represented as logical 0/ls for
convenience.

The one-dimensional position control of a 15kg
rectangular mass, connected with eight binary actuators
with inline springs each on it's either side has been
considered for our investigation. For different cases the
FSA was found successful. The entire work has been
illustrated by presenting the case of failure of 3 and 4
actuators for which the system does effective trajectory
tracking.

2. CONTROL OF 1-D MPBS

Consider a mass constrained to move linearly. Classically,
we would have used a single actuator to control its
motion. Consider instead, the case of a body with eight
binary actuators connected in parallel to it, with inline
springs, as shown in Figure 1 below. The rectangular
block of mass m is connected to a fixed frame by binary
actuators with inline springs on either side (here it is
shown to be connected with four springs on each side).
We will assume that the mass m is large compared to that
of actuator spring system and that the mass centre of the
body is taken to be coinciding with it's geometric center.
All actuators are in same plane and this plane is passing
through the mass center. The mass is restricted from
moving in any plane other than that of the actuators.
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Figure 1 One Dimensional MPBS

From [4] Dynamic equation of one Dimensional MPBS is
taken as

mx + nkx-ku=Q (1)
Where m=mass of the body

jc-linear displacement of body along x axis.
n • number of springs.
k- stiffness of each spring, taken to be same

for all springs

«= 2^ (<SJ S, ) input to the plant

5; - stroke of i1 'h actuator, positive in positive
x direction.

Sj = binary stale of i th actuator.(0 or 1)
It must be noted here that the input to the plant is the total
number of stroke lengths required while the output of the
plant is the displacement of mass.

The binary actuators [8] dynamics equation is taken as

l (2)

where F(6)=ft+fa ,
ft = electrical force
fm = magnetic force

Mukherjee [4] had already derived the
limitations in frequencies and amplitude of the desired
trajectory. Though they have proposed a crude way of
control- the state search method, it is quite laborious and
lime consuming. Moreover the tracking is not guaranteed.
We investigated the system in more detail and propose the
usage of classical controller (P1D) with slight
modifications. The control scheme is as shown in Figure
4. The controller generates a necessary input based on the
error obtained from the desired trajectory and the present
position. Firing Sequence Algorithm (FSA) implements
this controller output by deciding which actuator should
be activated.
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Figure (2) Schematic diagram of the Control system.

The design of FSA is a separate problem in itself. It
should be so efficient and robust in decision making that it
must able to achieve the control of MPBS even in the
absence of sensors to detect the failure of actuators. It is
clearly explained in the coming section

The mathematical representation of the most
common formulation of the PID algorithm is:

de.
u= HQ + kp(e-\

Ti J dl
(3)

where u is the controller output,
u0 is the bias (output),
e is the error, usually y^-y,
y^ is the desired output or required trajectory,
kp, is the proportional gain,
Tf is the integral time, and
Td is the derivative time.

The three right-hand side terms are proportional, integral
and derivative actions respectively. The purpose of these
three terms are summarized below

A) Increasing proportional gain gives faster, less
stable response and smaller offsets.
Decreasing integral times removes offset faster
but gives less stable responses.
Increasing derivative times gives faster initial

B)

C)

response and more stable response at first.

There are many empirical tuning techniques available in
the literature for PID. One such popular technique is the
one by Ziegler and Nichols.

3. FIRING SEQUENCE ALGORITHM

Before describing the algorithm, the notation
followed is now described. As built in the prototype, we
have used 16 actuators in our simulation. These are
connected to the either side of the mass through inline
springs. So a 2 Byte (16 bits) Status register is assumed to
contain the status of the actuators i.e. each bit corresponds
to one actuator's status. The first 8 bits correspond to the
actuators connected on the left hand side of the mass
starting from top to bottom and next 8 bits correspond to
the right hand side actuators starting from bottom to top. 0
indicates that the actuator is in released position, while 1
indicates that the actuator is in pulled-in position. For
example, initially when all the actuators are in released
position (free condition), the 2 Byte register is represented
as containing all Is i.e. [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0],
Now, based on the obtained controller output w =

2\^isi > as defined in (1), the order of operation of the

actuators is implemented by the Firing Sequence
Algorithm (FSA) i.e. the 0/1 s in the Status register are
changed to l/0s accordingly

At any instant the controller output «, is
obtained. The number of actuators, n, to be operated is
obtained by dividing this «, by the stroke length 6 and
rounding it off to the nearest integer. Based on the present



TENCON 2003/302
status register, the additional pull-in or release of actuators
can be determined for each side. For a positive H,, all the
actuators on the right hand side are to be operated. Hence
all the left hand side actuators are released. Based on the
difference x=n,-n,,,, the right hand side actuators are either
pulled-in or released accordingly. Similar is the case when
u, is negative. All the right hand side actuators are releases
first Based on the difference x=n,-n,^, the left hand side
actuators are either pulled-in or released accordingly. In
some cases, n, mayn't be achieved by either side operation
of the actuators. In such cases, the system may still follow
the desired trajectory or may fail to track depending on
desired trajectory amplitude and frequency. More details
of these necessary conditions are described in [4].
Implementation:

The above-described algorithm is briefly
described now with the some examples. Let, initially the
Status register be [0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]. For

a control input u, = 8mm, n, turns out to be -r- =4. As u is
o

positive, the algorithm now first releases all the LHS
actuators i.e. changes the status'of the first eight bits of the
status register to 0. Initially the last instant status register

t n,.i =0. Hence the difference x=4. It tries to implement x
by puiling-in 4 RHS actuators. For this case, the '9-12(4

. nos.) bits must be changed to 1. So the new status is now
' [0 0 0 0..0 II I I 1 0 . .r0]. Let the new'control input be
uH/=4mm, so that nH!=4/2=2, Since already '4 actuators
are in pulled -in state, releasing 2 actuators will suffice the
requirement. So the new status is [OOpO^.Oi'l 1 0 ...0]. In
This way the PID controller output is distributed among
the actuators by the firing sequence algorithm.

, , .An interesting, issue to be considered here is
regarding the choice of actuators for operation. Suppose
we want to pull-in 2 RHS actuators. Which 2 actuators

1 should we pull-in among the available ones? Does this
choice affect any criterion? To solve this problem, we
have decided to activate the actuators in a cyclical fashion
i.e if an actuator is pulled-in and released, then again it's
pull-in and release turn comes only after all the other
actuators on the same side have undergone this pull-in and
release once. In this way, even if one/two actuators fail to
actuate there is no need to sense this failure. Due to
cyclical distribution, this failure can be treated as some
modelling error and hence the controller can take care of.
For example, if at a particular instant on a particular side
(RHS or LHS side) if some of the actuators has to be
released, then releasing of actuators will start from the top
side of the existing pulled-in actuators and if we need
some more actuators to be pulled-in then pulling-in of
new actuators will just start from the bottom of the
existing pulled-in actuators, which are in relaxed state For
example if we need two more actuators to be pulled-in
then the new status of the status register will be [0 0 0 0
...01 0 0 1 1 1 10 0]. Similarly if «,+, = -S.which is
negative then it releases all the actuators in right hand
side. Then the required numbers of actuators-are pulled-in
on the left side. In this numerical case, our Status register
changes to [1 1 1 1 0 0 0 Oi 0 0 0 0 0 0 0 0].

4. SIMULATIONS

Simulations were done for I-D MPBS using (I) ,
(2). The following values were used for various
parameters. m=15kg, n=16, k=I00 N/m, 3=2 mm. The
natural frequency of the system

• =10 32 rad/sec.
\ m V 15

Magnetically latching solenoids of RS components, 352-
907, 12Vdc have been used.

A PID controller was tuned for an ideal MPBS
sampled at f, =0.05 sec using Ziegier Nichols tuning
method. The tracking results for w^Il rad/sec and
A,,=1.5mm are shown in the Figure (3) for non-ideal case.
If some of the actuators fait during the operation then how
the motion of the mass behaves has been compared which
is shown in the Figure (4)-(6). '

05 1 1.5 2 2.5 . 3

Figure (3) Tracking of MPBS without any actuator failure
for wd=ll rad/sec.

Figure (4) Tracking of MPBS with one actuator
failure for wd=ll rad/sec

The tracking was' found to be fine as we are close to
the natural frequency and also the number of failing
actuators are also small, indicating the robustness of the
PID controller and the FSA combination.As told earlier, if
the desired trajectory frequency is not close to the natural
frequency, then failing of actuators can produce
considerable effects. So to prove this, tracking is carried
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out for wd=!2rad/sec when actuators are failed. The operation redundant. Moreover the control signal being
related Figure (7) is shown below,. only in terms of 0 or 1, it can be transmitted from the

computer to plant without any quantization effects.

15 20 25 30 35 40 45 SO

Figure (5) Tracking of MPBS with three-actuator failure
. for wj — // rad/sec.

0 S 10 15 2 0 2 5 ' 3 0 3 5 « 4 5 5 0

Figure (6) Tracking of MPBS with four-actuator failure
for Wj =12 rad/sec.

A prototype has already been built and trials are
being done to implement this controller and view the
results.
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Figure (7) Tracking of MPBS with two-actuator failure
for wj =12 rad/sec.

5. CONCLUSIONS

Binary actuators were modelled by non-linear
equations. Using this model of actuator, the MPBS
position control was done. A classic PID controller was
tuned for the ideal MPBS using Ziegler Nicholos method.
Tracking has been investigatad for failure of 1-4 actuators
individually in two specific cases different frequencies.
There is a little effect on the tracking showing the
robustness of the controller. These results were quite
encouraging as this makes the sensors for actuator
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Figure (8) Test bed of 1-D MPBS


