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Control of the Rotary Inverted Pendulum through

Threshold-Based Communication

Abstract

This paper deals with the real implementation of an event-based control structure for the classical rotary
inverted pendulum. The communication between controller and plant is performed through Ethernet
(TCP/IP) which leads to a Networked Control System. The bandwidth used by the control loop is reduced,
compared with the one that needs a conventional control, by using a threshold-based communication. The
values of the thresholds have been determined by means of simulation techniques. The results over the
real plant show how this technique can reach a significant reduction of the bandwidth consumed with a

negligible worsening of the performance.
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1. - Introduction

When dealing with a Networked Control System (NCS) the most valuable resource is the bandwidth. In
this kind of control systems, the necessary communication between the control device and the controlled
plant is carried out through a shared communication medium ([1]-[7]). A potentially large number of
devices are using the same medium to transmit information for different purposes: control loops,
monitoring, supervising, alarms, maintenance and even transmission of information not related with
control tasks (real and non-real time data).

Depending on the physical medium used to transmit the information (electrical, optical, wireless,
infrared ...) and on the distance between emitter and receiver devices, a certain bandwidth is available
([8]-[11]). This must be understood as the amount of information that can be transmitted per time unit.
The bandwidth must be shared out between all the information generators (writer devices) attached to the
medium. When the number of sharing devices increases, the real bandwidth available to each writer
decreases.

In a typical control loop there are two devices able to generate information to be sent through the shared
medium: sensor and controller. There are also two information consumers (reader devices): controller and
actuator. The information generated by the sensor (output samples) is consumed by the controller. The
information generated by the controller (control actions) is consumed by the actuator. Two links must be
implemented: sensor-to-controller (SC) and controller-to-actuator (CA). In a conventional control system
each link is implemented through its own physical medium but in a NCS they are virtual links implemented
through the same medium. If a physical medium offers a bandwidth B bps (bits-per-second) and L control
loops are going to be closed through it, each wrifer has a real bandwidth of B/(2*L) bps. Of course this
happens when all the writers have the same priority and the bandwidth is assigned no matter if it is needed

or not. This is the policy when all the control loops are using the same sample time and the same number



of samples/actions per second is transmitted. It is also possible that different writers have different needs
and they get a different bandwidth. Loops with smaller sample time get a larger portion of the shared
bandwidth. In this case the bandwidth is assigned to each writer depending on the control frequency and
is constant during its operating life. This pre-assigned bandwidth policy is often used in industrial
communication media as, for example, Profibus-DP ([12]-[14]).

But as any control engineer knows, the need for information transmission depends on the state of the
controlled plant. There are periods of time in which the system is quite stable. There are neither reference
changes nor perturbations and the controlled signal (i.e. the plant output) remains (almost) in the same
value. Along these periods the assigned bandwidth is wasted transmitting (almost) the same sample and
(almost) the same control action. To optimize the use of the precious resource an ‘on-demand’ policy
appears to be appropriated. The main idea is to send only those sample/actions which are significant
enough according to the control system behavior. The information not sent (because it has been considered
negligible) leave the resource free to be used by other device. Obviously, this strategy needs a
communication medium in which the bandwidth is not pre-assigned but is requested by the writer device.
The goal is to use the minimum bandwidth to get the desired behavior for the controlled plant. TCP-IP
follows this ‘on-demand’ policy and it is the communication protocol to be used in this work ([15]-[18]).

This event-triggered control strategy ([19]-[27]) differs from conventional control in the fact that the
sample period is not determined only by the plant dynamics and the design specifications. The effective
sample time (which determines the consumed bandwidth) is variable depending on the state of the
controlled plant. When the plant is in a stable situation (the reference to be followed is not changing and
there are no significant disturbances to cancel) the sample period increases (consuming less bandwidth)
and when the plant is moving, the sample period decreases (consuming more bandwidth) towards the one

used in conventional (constant sample time) control.



This can be compared with the variable simulation step in simulation theory ([28]-[29]). When
implementing an integration method it can be done in fixed or variable step. In fixed step the simulation
step is constant during the life of the simulation. Variable step (frequently used as default in general
purpose simulation tools) means that the simulation step increases or decreases depending on the
computation needs to reach good quality results, according to a certain tolerance. In fixed step the number
of simulation steps (and so, the computational cost) is constant and known and it is independent on the
simulated system behavior. In variable step computational cost depends on the system dynamics. When
simulating a system with long stable periods of time (in which the state does not change significantly)
some simulation steps can be skipped (i.e. saved) to reduce the computational cost and to finish the
simulation earlier. These variable step simulation based techniques are going to be applied in this work to
a classical control problem. They will reduce, in a significant way, the need of bandwidth without
degrading the system performance. Instead of saving computational cost the technique is used here to save
bandwidth.

In variable step simulation the decision of changing the simulation step (i.e. computing or not each step)
is based on an estimation of the simulation error. Two different integration methods are used and the
results are compared. If the difference is below a certain tolerance it is assumed that the simulation is
performing well and the step is increased, saving computational cost. In the control strategy proposed in
this paper the condition to change the effective sampling period (i.e. transmitting or not each
sample/action) is slightly different. If the difference between one sample/action and the previous one is
below a certain threshold, the sample is not transmitted, saving bandwidth for other devices. This threshold
must be chosen not too small to get a significant reduction on the used bandwidth and not too large to
avoid a significant worsening of the system performance. And this is the main challenge: to choose the

appropriated threshold to get a good bandwidth/performance ratio.



The threshold is the parameter to decide if the difference between one sample/action and the previously
transmitted one is negligible or not. This parameter must be pre-arranged to an appropriated value. It can
be done experimentally working with the real plant to be controlled or with a reliable enough mathematical
model. Only constant thresholds are used in this work, that is intended to be continued using variable
thresholds. In variable threshold it will be dynamically adapted during the life of the control system in a
similar way as it is modified the size of the step in variable step simulation.

The fact that not all the samples/actions are going to be transmitted, according to its difference with the
previous one, leads to an event sampling control system. The transmission of one sample/action is not
caused by an external event but by an event which depends on the plant state which is, in fact, modified
by the event itself.

The aim of this work is to prove that the previously described threshold-based control strategy can be
applied to a real plant with a significant gain on the bandwidth consumption. In conventional control the
easy way to save bandwidth is to increase the sampling period (i.e. to decrease the control frequency).
This is simple and efficient but only useful when the sampling time requirements of the controlled plant
are low. When controlling a plant with small time constants, the lower bound of the control frequency is
easily achieved. In this case, decreasing the control frequency will lead to performance degradation and
instability. The proposed strategy only makes sense if it is better than the conventional solution so, it must
be tested in rough conditions, in the limits of the control frequency. The plant to be controlled will be the
rotary inverted pendulum (RIP) for several reasons:

» RIPisaclassical control problem frequently used as a benchmark to measure the goodness of control

structures.
* RIP is an unstable and non-minimum phase plant, with a small time constant, which becomes easily

unstable when the control frequency is decreased.



* RIP is a multivariable plant with (at least) three signals to transmit (two output signals and one
control action). The bandwidth gain will be larger when more information is transmitted between
controller and plant.

« RIP is available at our laboratory and the proposed control strategy can be implemented in real
conditions not only over the simulation model.

The paper is organized as follows. Section 2 shows the behavior of the control in ideal conditions;
conventional control and small enough control frequency to reach the desired behavior. Section 3 is shows
the bandwidth saving when using threshold-based communications. Section 4 presents conclusions of this

paper and future work.

2. - Conventional control of the rotary inverted pendulum

The well-known rotational inverted pendulum (RIP), also named Furuta pendulum, has a DC motor that
moves an arm attached to its shaft. At the end of this arm there is a joint in which it is attached the
pendulum ([30]-[35]). The goal is to keep the pendulum in its unstable equilibrium upwards position,
while a certain reference signal is followed by the motor arm. In this work, the RIP developed by Quanser
Consulting Inc. is going to be used. Figure 1 shows the plant, in the upwards position.

The results in this section have been obtained with the real RIP when using a conventional control,
without bandwidth limitations. This will be the nominal behavior to compare with the one that will be
achieved when reducing the amount of information transmitted between the plant and the control structure.

RIP is a continuous underactuated plant with one input, the control action applied to the DC motor
carrying the pendulum (u(2), measured in volts) and two outputs:

* 0(t): Angular position of the motor shaft around the vertical axis.

* ot): Angular position of the pendulum rod around the motor shaft axis.



The theoretical multivariable model includes the first derivative of these signals (velocity) but is not
going to be considered as the real plant does not have sensors to measure them. Figure 2 shows a schematic
representation (top and front view) of RIP.

The aim of this work is to prove, over a real plant, that threshold-based communication can reduce the
amount of information between controller and plant without a significant worsening of the system
behavior. No new controller is going to be designed to reduce the bandwidth. The controller will be the
one developed to operate in a conventional control structure without bandwidth limitations. Quanser
provides a LQR controller suitable to be used in ideal conditions. The controller uses as inputs 4(¢) and
a(t) (measured in the real plant), its derivatives (estimated by discrete-time derivators) and the integral of
d(t) (estimated by a discrete time integrator). The integral of 6(?) has been added to the original state vector
of the plant to improve the robustness and to allow that the motor shaft can follow step references with
zero error, even with the small dead zone present in the real plant. The augmented five-state vector of the

plant used to design the LQR is:

f(:{e(z) Cal) de(t) , d“(l) j@(z)dt}

From this five-state vector, Quanser provides the gain vector for the LQR and using these gains, the

control action to be applied to the plant can be calculated by the control structure as follows:

U=K-X=[k , k , k , k , k]-X=k-00)+k-a@)+k-: d‘)(’) d“(f)

da(z)j
dt

+k, -je(z)dz =
d e(z)

= (kl 0()+ k-2 4 ke [ 0(0) dt] (kz ca(t)+k, -

As it can be seen in the previous expression, the LQR controller has been divided in two independent
sub-controllers for a better manipulation of the feedback signals. These two sub-controllers become a PID
one for €(¢) and a PD controller for ¢(?). The parameters of these PID and PD controller, in the standard

industrial form are:



The discretized version of these controllers are the ones used to obtain the results presents in this work.
The addition of the two outputs of these sub-controllers becomes the control action to be applied to the
plant. The resulting control structure is shown in Figure 3. Details on this control structure can be found
in [9], referred to the double rotary inverted pendulum.

The control structure must use a small enough sample period (T) to reach a good behavior. Working
with the real plant it has been stated T=10 ms. as the most appropriated sample period to be used. Larger
periods are not able to keep the plant stable while following the reference in an appropriated way. Smaller
periods mean an unnecessary large need of bandwidth and computational cost. So, T=10 ms. has been
found as the period to use in conventional control to reach a satisfactory behavior with the minimum
amount of information transmitted between controller and plant. With this sample period, a bandwidth of
100 samples/second is consumed in each signal. As there are three transmitted signals, the control in ideal
conditions needs a total bandwidth of 300 samples/second (200 in SC link and 100 in the CA link). This
will be the nominal value of the consumed bandwidth (BW)) used for comparison with the one consumed
when the threshold-based communication will be implemented.

The results these conditions are shown in Figure 4. Both controllers have been implemented in one
computer (the remote side of the NCS). AD and DA converters have been placed in a different computer
(the local side of the NCS). Ethernet (TCP/IP) has been used as the communication medium to implement
SC and CA links. The distance between remote and local computer in the experiments is short enough to

consider negligible the transmission delays. No information is lost during the communication.

A square wave of £45° amplitude has been used as reference signal to be followed by 4(z). Upper graphic



shows @(t) versus reference and lower one shows «(?). As can be seen, conventional control makes the
motor shaft to follow the desired reference while keeps the angle of the pendulum rod around 0°,
compensating the unavoidable mechanical disturbances. This nominal behavior is not going to be
improved in this work. The goal is to keep the system as close as possible to this behavior while reducing
the bandwidth used to feedback the controlled signals.

Conventional solution to reduce bandwidth is to increase the sample period. Using T=15 ms. (33%
bandwidth reduction) the behavior is significantly worse, as shown in Figure 5. Using a T=20 ms, (50%
bandwidth reduction) the plant becomes completely unstable. As will be shown in the following section,
threshold-based communication will get a significant reduction of the bandwidth without a significant
worsening of the system behavior.

To measure the worsening of the system behavior a quality index is needed. The quality measure used
in this work involves the integral of the unsigned tracking error (i.e. the difference between reference and

angular shaft position) and the integral of the unsigned pendulum angle:
ER = j |r(z)-6(2)| dr+ j (1) dz
0 0

Using the results with conventional control the nominal value of this error measure has been calculated.
Comparing this nominal error (ERyp) with the one obtained with threshold-based communication the

system worsening can be quantitatively measured.

3. - Threshold-based control of the rotary inverted pendulum

Threshold-based communication is implemented to reduce the amount of information transmitted
through the shared communication medium. In the RIP control loop there are three discrete signals that

must be transmitted between controller and plant. So, there are three data to be sent in every sample period:



the samples of the two controlled signals captured by the sensors (i.e. the shaft and pendulum angles) and
the control action generated by the controller and to be applied by the actuator. The three information
generators (sensors and controller) are time-based devices. The clock to determine the generation of
samples and control actions works with the period used in ideal conditions: T=10 ms. As it has been said,
with a conventional time-based control 300 samples per second must use the link between controller and
plant. Using an event-based control policy the exchange of information is not necessary to be equal spaced
in time. The main idea is to transmit only the significant information, leaving the shared medium idle to
be used for a different purpose when the information is negligible. To reach this goal, it must be determined
by some means which samples/actions are significant and which ones are negligible, according to the
system stability and performance.

The implementation in this work uses thresholds to determine the significance of every sample/action
to be sent through the shared medium. Each sample captured by the sensors and each action generated by
the controller is compared with the previously transmitted one. If the difference between one generated
data and the last significant one is below a certain pre-arranged threshold is considered negligible. In this
case the sample/action it is not transmitted to the other side of the shared communication medium. Note
that the comparison is between the new sample/action and the last non-negligible one, not the previous
captured/generated one. This must be done this way because if not, small differences between
samples/actions can become an important difference with the last transmitted sample/action. Being y« the
information captured/generated in a given sample instant and TRH the value of the threshold, the

transmitted information, i, will be:

V.,  Wwhen | Vi — f/k_1| <TRH (not transmitted)

>
Il

Vi when | Vi— .),}k—1| > TRH (transmitted)
Note that when 1= Ji-1 the new sample action is not transmitted. Data not transmitted leave the medium
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idle to be used by some other device, saving bandwidth for a different purpose. The main idea is not to
waste bandwidth when the new data does not provide significant information. The algorithm implemented
between the information generators and the shared medium is depicted in Figure 6.

The key point in this communication policy is the value of the threshold. A too small threshold will
cause that too many data will be sent and there will not be a significant bandwidth saving. If the threshold
is too large significant information will be lost, leading to performance degradation and even instability.
In addition, if the threshold is too large, the degradation of the system performance will cause larger
changes in the data to be sent. In this case the bandwidth is only not reduced but can be even increased.
There must be a compromise between the reduction of the consumed bandwidth and the increasing of the
error index.

The most appropriated value for the thresholds are going to be determined by means of simulation. The
values will be chosen to reach a good error/bandwidth ratio, measured by a certain index. In this work, the
procedure to determine the thresholds will be applied to the RIP control but can be applied to any other
control problem to reduce the consumed bandwidth. The only requirement to apply the procedure
described in this work is to have a good simulation model of the controlled plant. This model can include

any kind of non-linear behavior, disturbances and uncertainties for a better representation of the real plant.

3.1. - Optimal threshold values determination

There is not an easy way to determine the optimal values of the thresholds. These values depends on the
dynamics of the control system which depends itself on the thresholds. But if a good mathematical model
of the controlled plant is available they can be calculated by means of simulation. This will not lead to the
optimal thresholds but to the best among all the values tested in the simulation study. The procedure is as

follows:
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* The behavior of the control system using certain values for the thresholds is simulated.

 The quality of the response is measured calculating the error index (ER)

* The consumed bandwidth (BW) is measured counting the number of samples/actions transmitted
during the simulation.

Repeating the procedure for a large enough collection of possible values for the thresholds, the most
appropriated values for the three thresholds have been determined. To reach these values a large number
of trials have been done varying the thresholds and measuring the error index and the consumed
bandwidth.

The ratio between the error index and the one obtained with conventional control (ERy) provides the
relative error (ERR), always above one. The larger this relative error is, the worse behavior is caused.

ER, =ER/ ER,

The ratio between the number of data above the threshold and the consumed bandwidth with time-based
control (BWjy) is the relative bandwidth index (BWz), always below one. The smaller this relative
bandwidth is, the larger bandwidth saving is gained.

BW,=BW | BW,

The results of this study are presented in Figure 7 (relative error and relative bandwidth versus theta
threshold), Figure 8 (relative error index and relative bandwidth versus alpha threshold) and Figure 9
(relative error index and relative bandwidth versus control action threshold).

The results from this experiment show that, even if threshold-based communication is used in only one
of the three signals, a significant reduction of the consumed bandwidth can be achieved without a
significant worsening of the behavior. But if the threshold is increased beyond a certain point the
bandwidth gain is much smaller than the performance worsening. An index combining these two

experimental measures must be used to decide the optimal value of the threshold. The error/bandwidth
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index can be calculated giving the appropriated weigh to each one. It is not an easy problem to choose this
weigh because it depends on when the bandwidth improvement is less significant than the behavior
worsening. After some experiments with the real plant and the simulation model, it has been decided that
the performance index to be used in this work will be:

IX=02-ER, + 0.8-BW,

The values of the threshold that minimize this index will be the ones to use in the real implementation.
Figure 10 shows this performance index versus the three thresholds, considered one by one. The minimum
value (marked with a circle) gives the optimal (according to the selected index) value of the thresholds.

Using only one threshold an index of around 0.8 can be achieved. It is obvious that better results can be
achieved if two thresholds are used together. Figures 11, 12 and 13 show the index IX when varying a pair
of thresholds. The color in these figures indicates the value of the index to be minimized. The white dot
marks the minimum of the index and the values chosen for the thresholds. These results, obtained using
the simulation model of the RIP, show that when using a pair of thresholds the performance index can be
improved up to around 0.6 as the bandwidth is saved in two of the transmitted signals instead of only one
as in the first experiment.

Finally, it is easy to think that the results can be improved by using event-based communication for the
three signals. After a (large) simulation study with three nested loops the optimal (again, according to the
chosen index) values of the thresholds have been stated as follows:

* Theta threshold: 0.36
* Alpha threshold: 0.29
* Control threshold: 0.26
As there are four variables involved (the index and the three thresholds) there is no possible graphic

representation of the results in this experiment but the simulation shows that using these values for the
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thresholds, the performance index can be reduced below 0.5. In these conditions the error index is only
4.5% larger than the one with conventional control but the consumed bandwidth is only the 34% than the
one needed with time-based communication. If these results are confirmed in the real plant, a reduction of
the bandwidth around 60-70% will be achieved with a behavior that will be almost the same than the one
with conventional control. Using the conventional control structure it is not possible to stabilize the RIP

using such a small bandwidth.

3.2. - Experimental results with threshold-based control

Using the values determined in the previous section for the thresholds, the results in the real plant are
shown in Figure 14. Again, Ethernet (TCP/IP) has been used to send the information between controller
and plant. As can be seen the behavior is slightly worse than in ideal conditions (relative error is 1.06) but
the consumed bandwidth is much better (relative bandwidth is 0.31). This means that constant threshold
has been achieved a bandwidth saving of 69%, regarding to the consumed in nominal conditions.

Figure 15 shows a detail of a small piece of the theta angle. Upper plot is the signal captured by the
sensor and lower one is the signal effectively transmitted to the controller. Samples marked with a circle
are the ones which passes the threshold condition and are sent through the shared medium (consuming
bandwidth). Samples marked with a solid circle are the ones not transmitted (saving bandwidth). Similar
results could be shown in alpha and control action signals.

To understand how this saving is achieved Figure 16 shows the transmission flag for the theta angle.
This flag indicates when a sample is effectively transmitted through the shared medium (marked as ones)
or skipped as being considered negligible (marked as zeros). The upper plot show data belonging to the
transient and the lower show data belonging to the steady state. As can be seen, during the transient as the

state of the plant is changing, most of the samples are transmitted. When the plant reaches the steady state,
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much more samples are discarded, increasing the bandwidth saving. This different need of bandwidth
suggest that the values of the thresholds can be dynamically changed for a better use of the available
bandwidth. Variable thresholds are proposed as an extension to this work.

The experiment has been repeated (over the real plant) using only one and two thresholds to see how
different relative errors and bandwidths can be achieved. The results are summarized in Table 1. As

expected, the more thresholds are used the best bandwidth saving and performance index are achieved.

4. - Conclusions and future work

The work in this paper shows the implementation of an event-sampling control, over a real plant and
using a real shared communication medium to close the loop. The goal has been to reduce the amount of
information exchanged between controller and plant, without a significant loss of control performance.
This band width reduction has been achieved by means of using a threshold-based communication. Rotary
inverted pendulum has been used for this implementation due to its bandwidth needs and sensitivity to the
sampling period. TCP/IP has been used as communication protocol because it follows an ‘on-demand’
policy and in this kind of sharing policy is where the bandwidth saving is effective.

The results show how the threshold-based communication can be easily used to reduce significantly the
consumed bandwidth and the behavior of the system is almost the same than the one with conventional
control. Simulation model of the controlled plant has been used to select the most appropriated values for
the thresholds to minimize an index, involving bandwidth and performance.

The procedure to determine the best values for the thresholds have been determined using the simulation
model of the controlled plant. This procedure, applied in this work to the particular case of controlling the
rotary inverted pendulum, can be exported to the control of any other plant no matter if it is linear or not,

stable or not, as far as a good enough model is available.
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A detailed analysis of the results when using threshold-based communication shows that the need for
bandwidth is not constant during the life of the system. It depends on the state of the controlled plant
which depends on the reference signal and on the presence of significant disturbances. The pre-arranged
values for the thresholds has been obtained in certain environment conditions (reference signal to be
followed, communication delays, signals noise, performance index ...). If these conditions change, maybe
the pre-arranged values are not the most appropriated. This suggest an adaptive, variable threshold-based
communication in which the values for the thresholds are dynamically modified depending on the plant
state. This adaptive policy is expected to improve the results in this paper.

In addition, when using constant thresholds the system does not reach an equilibrium position. A certain
ripple around the desired value appears when the motor shaft reference is constant. The presence of this
undesired characteristic it is difficult to be seen in this particular plant because the upwards position is an
unstable equilibrium point and same ripple is always present, even when conventional control is applied.
Using an stable plant the ripple caused by the threshold can be considered in the performance index as a
new factor to measure the system behavior. Variable thresholds are expected to help in solving this
problem without increasing the consumed bandwidth.

Another improvement to be considered is to use a different sample period in the threshold comparison,
leading to a dual-rate structure that could improve the performance without increasing the consumed

bandwidth..
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Performance Index vs Theta and Alpha threshold

0.35 i Theta: 0.282

Alpha: 0.163
0.3 ¢ 1X: 0.163

0.25

02

Theta threshold

015
0.1

0.058

o o005 o1 o045 02 0 02 03
Alpha threghald

Figure 11. Theta and alpha thresholds

03
025
0z

IRL

Alpha threshald

0.1

0.0s

0 0os 01 n1s 02

Performance Index vs Theta and Control threshold
05 5

0.45 |
0.4

0.35
03

02a

02

Theta threshold

015 i Contro ..I].ZI]‘J
1%: 0.609

0.1

0.0a

1} 0.05 D.W- 5 @2 =026 F3 - 085 04
Contral threshold

Figure 12. Theta and control thresholds

Performance Index vs Alpha and Control threshold

0z 03 035 04

Control threshald

Figure 13. Alpha and control thresholds

Theta angle

theta ()

-

time (sec)

Alpha angle

A Andands ~ A Py
d o Vil Aty A

time (sec)

alpha ()
3

Figure 14. Theta and alpha: Threshold control

“Theta angle: Captured signal

554
3
c
g5
5.1
5
102 10201 020 020 0208 0205 10206 10207 10208 70208 021
time (sec)
Theta angle: Transitted signal
554
3
€
g5
Tt
&
102 T0201 10202 10208 0204 10205 10206 10207 T02.08 10208 021

time (sec)

Figure 15. Theta angle: Captured and transmitted

21



Figure 16. Theta transmission flag

Thresholds ERR BWr IX
Theta 1.0290 0.7273 0.7876
Alpha 1.0103 0.7468 0.7995
Control 1.0171 0.7803 0.8277
Theta & Alpha 1.0108 0.4787 0.5851
Theta & Control 1.0408 0.6270 0.7097
Alpha & Control 1.0279 0.6188 0.7006
Theta, Alpha & Control 1.0614 0.3136 0.4632

Table 1. Alpha and control action thresholds
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