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Abstract— Virtual reference feedback tuning (VRFT) is a data-driven method employed to tune the con-
troller’s parameters and does not need a detailed knowledge of the process model. This work presents an
Android application which employs this method and a newly described recursive version to tune a PI, PD, or
PID controller based upon the data collected from an experiment conducted on the process. The experiment
can be set up, started, monitored, and stopped from inside the mobile application. The communication with the
controller is achieved through a Modbus gateway and an application layer protocol, designed over the Bluetooth
serial communication service, both needed to be developed. The entire solution is verified, by using it to tune a

commercial controller employed in a thermal process.
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1 Introduction

The task of calculating a controller’s parameters
can be carried out either by using model-driven
methods or data-driven methods. The former
are based on knowledge of the process model one
wishes to control. The latter, which includes
the virtual reference feedback tuning (VRFT)
method, are based on data gathered during the
normal operation or during an specific experi-
ment. Furthermore, since the controller can be
tuned from the process input and output signals,
these methods present the advantage of not need-
ing a deep knowledge of the process model. Be-
sides, the VRFT is a non-iterative method, that is,
in the ideal case the data of a single experiment
suffices to calculate the controller’s parameters,
according to Campi et al. (2000).

Because of those advantages, this method
has been considered to tune controllers in sys-
tems across several areas. Previdi et al. (2010)
used this method to tune the controller of a
self-balancing manual manipulator employed in
low weights transportation. Within the work of
Hedrea et al. (2016), the VRFT was employed in
the control design of a twin rotor aerodynamic
system (TRAS), specifically to control the pitch
and azimuth angles. In this case, the method was
used for the SISO (single-input single-output) case
as well as for the MIMO (multiple-input multiple-
output) case. In the work proposed by Rojas et al.
(2010) the VRFT method was used to design a
2DoF controller for a pH neutralization plant, that
is a non-linear process. This way avoiding the bur-
den involved in identifying its model.

Regardless of the method employed to find the
controller’s parameters, it would be very useful
to have a tool at hand to calculate the resulting
parameters, or even to transmit them to config-
ure the controller automatically. Mobile devices
such as phones or tablets are a widely available
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tool, but otherwise underused to that purpose.
Nevertheless, Arrieta et al. (2015) developed an
Android application aimed to aid in the PID con-
trollers design task. To use that tool, one must
enter the process model and choose the controller
class between PI or PID, with 1DoF or 2DoF.
However that tool was conceived as educational
only. The work of Pratumsuwan and Chanaisawan
(2016) describes an Android application that can
be employed to set the controller’s parameters of a
servo-pneumatic system. That application allows
the designer to visualize the data collected dur-
ing the operation and to set the parameters, all
through a Wi-Fi connection. However their appli-
cation is not capable of calculating the parameters
by itself, making the designer enter them manu-
ally.

With all that in mind, in the present work,
the VRFT method and a less costly recursive ap-
proach are implemented as a mobile application
running on an Android device. The communi-
cation happens through the Bluetooth protocol,
since it was readily available on the device, and a
Bluetooth to Modbus gateway to interact with the
controller. Because the Bluetooth protocol can
emulate a serial port, a very simple communica-
tion protocol is also developed over it at the appli-
cation level to be used in the connection between
the device and the gateway.

This is a very interesting approach because it
eliminates the need of another device, such as a
computer, to analyze the data and to perform the
parameters calculations. Besides, unlike the tra-
ditional algorithm, the recursive VRFT does not
need to keep the whole set of data in memory. Fur-
thermore, the gateway allows the application to be
used in any plant employing the same Modbus as
the communication protocol.

This work is organized as follows: section 2
presents the traditional VRFT and its recursive
approach. Implementation details are given in sec-
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tion 3, and then, the tests and their results are
discussed in section 4. Finally, in section 5, the
conclusions and future work are presented.

2 Preliminaries

2.1 VRFT method

According to Bazanella et al. (2011), VRFT is a
data-driven method for parameter tuning. It is
most usually employed to find the parameters of
a linearly parametrized controller, that is,

Clz.p) = p7C(2),

where p is the parameters vector, C (z) is a vector
representing the controller class, and C(z, p) is the
controller transfer function.

The method’s goal is to solve the following
problem

win J, (),

where Jy,(p) is the cost function that one secks to
minimize, which is the reference tracking perfor-
mance criterion

Jy(p) & E[y(t, p) — ya(t)]*

where y(t, p) is the closed loop process output sig-
nal obtained with the controller C(z, p), and y4(%)
is the desired output. This cost function can also
be written as

Jy(p) = E[(T(z,p) = M(2)) r(t))*

where T'(z, p) is the closed loop transfer function
with the controller C(z, p), while M (z) is the de-
sired closed loop transfer function, also known as
reference model.

In other words, the method’s goal is to find
the right controller’s parameters vector p that
brings the process output y(t) as close as possi-
ble to the desired output y,(t).

The method itself consists of conducting an
experiment, in open or closed loop, where a known
or sampled input signal u(t) is injected into the
process and its output is sampled.

After the experiment, the virtual part hap-
pens as depicted in Fig. 1 by the dashed lines.
Possessing the sampled output y(¢), and pretend-
ing the desired controller C(z, p) is already in the
loop, one can calculate the virtual reference signal
7(t) that would produce the sampled output as

(t) = M~ (2)y(1).

The virtual reference tracking error e(t),
which is the controller input, is obtained from
e(t) = 7(t) — y(t). Also, because the controller
is linearly parametrized, one can define a regres-
sor vector

o(t) = C(2)e(t).
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Figure 1: VRFT experiment.

The VRFT method assumes the system is not
affected by noise (this assumption can be relaxed
for systems with great SNR) and that there is
an ideal controller C(z,p) such that J,(p) = 0,
or equivalently T'(z,p) = M(z), the minimum of
J,(p) coincides with the minimum of JVE(p) de-
fined as

Therefore, minimizing JV®(p) means finding
the vector of controller’s parameters p that brings
pTo(t) as close as possible to the input signal u(t).

In other words, the VRFT turns the prob-
lem of minimizing the cost function Jy(p) into
a prediction error identification of the controller
C(z, p), which consists in minimizing JVE(p).

Then one can estimate the controller’s param-
eters p by minimizing the squares of the difference
between pTp(t) and u(t) solving the following nor-
mal equation

N
ﬁN=p)mw@ﬂ S etult), (1)
t=1 t=1

where N is the number of samples collected dur-
ing the experiment, and py is the parameters es-
timated up to the N-th sample.

If the process has non-minimum phase (NMP)
zeros, they need to be included in the reference
model to prevent a controller with unstable poles.
If the exact positions of those zeros are unknown,
they can be identified along with the controller as
done by Campestrini et al. (2009).

To deal with NMP processes, some minor
changes need to be included such that the signals
used in the calculations are filtered through stable
filters. Therefore, one should pass the signal wu(¢)
through an unit gain all-pass filter defined as

AN
Lop =

where n,(z) contains only the NMP zeros from
the process, and n}(z) are the inverses of those
NPM zeros, which are stable poles.

Moreover, one should obtain 7(¢) by filtering
y(t) with a filter of the form



where n4(z) are the stable zeros and d(z) are the
poles of the reference model. From there, the con-
troller’s parameters are calculated as before.

The method described so far works properly
when the controller is of full order (i.e., when there
is a controller inside the controller class that pro-
vides the desired performance exactly). In the
mismatched case (where the controller is NOT
of full order) the minima of JV®(p) and J,(p) can
be very different, but this problem can be miti-
gated by proper filtering of the data.

In this approach, the input signal u(t) and
the regressor o(t) are filtered using a filter L(e/*)
given by

2 (%)
D, (e7w)’
Yw € [—m; 7]

|L(e™)* = | M(e™)*1 = M(e™)|

before solving (1), where ®,(e’*) is the spectrum
of a signal z(t).

It is worth it to note that when the input sig-
nal’s spectrum matches the reference’s spectrum

B()

that must be tracked, one will have e (%)

and the filter turns into

L(z) = M(2)(1 — M(z)). (2)

Therefore, the estimated controller’s parame-
ters p can be found by solving the following equa-
tion:

N
p= [Z Lo D etur(t), (3)

where ¢r(t) and ur(t) are respectively o(t) and
u(t) filtered by the filter L(e/*).

Further details on the mismatched case ap-
proach, as well as for the noisy case, where an in-
strumental variable approach should be employed,
can be found in Bazanella et al. (2011).

2.2  Recursive VRFT approach

This work introduces a recursive approach to the
VRFT method. This approach is based on the
fact that the least squares problem presented be-
fore can be solved in a recursive fashion. To ac-
complish that, the recursive least squares method
presented by Soderstrom and Stoica (1989) was
used with some adjustments.

Considering only the n first samples, one can
define the following equalities

P2 w(t)soT(t)]
n—1
Pt =om)e" () + > p(t)e" (t)
= p(n)¢"(n) + P,
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and rewrite (1) for the n-th sample as

> eltyult)

ﬁn =P, <§0(n)u(n) +
t=1

) , (4
which is the parameters vector estimated up to

the sample n.
Rewriting (1) to the instant n— 1, one obtains

pus = [2 so(t)sa%)] S lt)ult),

that, in turn, can be rewritten as

Pt = 3 g, ()

Now, replacing (5) in (4) and noting that
Pl =P —p(m)e’ (n),
one can develop, with little effort, (4) into:
pn = Pu [P ot + p(n)u(n)]

= pu—1 + Pap(n) (u(n) — " (n)
= ﬁn—l + Knn(n)a

Pn—1

)

where K,, = P,p(n) is a matrix of gains and n(n)
is called the innovation at the instant n. Now, it
is still possible to avoid the matrix inversion in
each iteration involved in the calculation of P,
which is a costly operation. To do so, one should
use the matrix inversion lemma (Séderstrom and
Stoica, 1989) to this problem:

Pa1p(n)" (1) P
L+ ¢ (n)Py—1p(n)
Finally, one is able to write K,,, P, and p,, as

Pn—lSD(n)
©T(n)Pr—1p(n) +1

Pn = In—-1— KnSOT(n)Pn—l

P, =

n—1 —

K, =

Pn = pn-1+ Ky, (u(n) - @T(n)[)n—l) .

These three equations are used to find the con-
troller’s parameters in the recursive approach.

Still, the parameters vector j, needs to be
initialized to a value which will influence the al-
gorithm capability to converge. The most obvi-
ous choice is to initialize it by running the non-
recursive VRFT approach on the first few sam-
ples. This guarantees that both approaches will
result on the same parameters.

This recursive algorithm is particularly con-
venient to be used in an embedded application
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because it eliminates the need of storing a large
dataset. Besides, it can also free the designer
from defining a priori the amount of data to be
collected during the experiment. However, to al-
low the algorithm to decide this quantity, another
stopping condition must be defined before start-
ing the experiment. This could be an absolute
or relative minimum variation in each parameter,
in a norm of the parameters vector, or a mini-
mum value for the mean squared deviation be-
tween pTo(t) and u(t), to cite a few.

3 Implementation

A simple communication protocol, a Bluetooth to
Modbus gateway, and an Android application, as
depicted in Fig. 2, was developed in order to ac-
complish the goal of this work.

Gateway

p el Controller

Figure 2: Network.

Some features were developed within the
Android application, among them are: data acqui-
sition, online data visualization, controller’s pa-
rameters calculation, and controller’s parameters
tuning. The Android application communicates
with the gateway through a simple protocol im-
plemented in both sides over the emulated Blue-
tooth serial port. An embedded application was
also implemented within the gateway that con-
verts the commands from the Android application
into sequences of Modbus commands sent to the
controller. The controller and the process were
left unaltered.

A more detailed description of each of the de-
veloped components is given bellow.

3.1  Communication protocol

Bluetooth is a short range wireless communica-
tion protocol created to replace the cables con-
necting electronic devices and their peripherals.
It was conceived to have characteristics such as
robustness, low power consumption, and low cost.
Bluetooth is also capable to emulate a serial port,
therefore, in this work, a simple protocol is devel-
oped using the emulated port as a virtual physical
layer (PHY). This developed protocol is divided
into two layers: the application layer and the data
link layer (DLL).

The application layer treats the incoming and
outgoing messages, should they be commands or
responses, and the DLL validates the incoming
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Figure 3: Packet format.

messages, keeps track of the message id and imple-
ments the automatic repeat request (ARQ) strat-
egy. Packets with the format shown in Fig. 3 are
employed in the communication. Each packet con-
sists of the source address (SRC), the destination
address (DST), the message type (TYPE), the
packet index (ID), the payload length (LEN), the
data (DATA), and a parity checking field (CHK).
All but the data field are always one byte long,
adding up to 256 bytes.

3.2  Modbus gateway

The gateway consists of an Arduino Mega board,
a Bluetooth to serial and a Modbus to TTL con-
verter. Only four Modbus functions were imple-
mented, these functions allow the gateway to read
from and write into specific registers within the
controller, therefore configuring it to perform the
experiments and acquiring the data needed for the
calculation of the correct controller’s parameters.
These can then replace the old ones, if desired,
using the very same functions.

Regarding the communication model, the
gateway is a server and the mobile application is
its client. Therefore, the gateway never starts the
communication, it only answers when it receives
a request. The gateway application is responsible
for managing the experiment execution, collect-
ing, and sending the data back to the Android
application.

3.8 Android application

The mobile application is developed using the
Java programming language and runs on an
Android device. Fig. 4 shows the mobile applica-
tion’s VRFT screen. Other screens are available
from the navigation bar on top of the screen.
From the VRFT screen, one can manually
connect to and disconnect from the gateway, con-

¢ B 3 Al B 15:34
‘.\[j Data Driven Control - VRFT VRFT CONFIGURATION CHART
Experiment Controller class Reference model Parameters
@ Froportions! Gain: g q + Stopping condition
Disconnect Absolute parameter
@ ol Zeoss  varston fess than 0.001
 Derivative
Start @)z Poles: gg Kp: 0.510250
experiment 4
" Ki: 0.031914
Kv: 0574220
Configure
plant Calculate parameters
Send

Figure 4: Initial screen of the Android application.
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figure, start and stop the experiment. One can
also define the controller class components, com-
bining the three basic control actions: propor-
tional, integral, and derivative. Therefore a full
(PID) controller belongs to the following class:

2—11"

z

z—1

The VRFT reference model desired for the
closed loop system must be informed through its
gain, its zeros, and poles. The parameters cal-
culation is done automatically and recursively,
as shown in section 2, while running the exper-
iment, considering the controller class and refer-
ence model entered previously. During the exper-
iment one can choose to save the data in a file
within the Android device and, if there is such
a file, the parameters can be recalculated by the
traditional VRF'T approach, even after changing
the controller class or the reference model. While
running the experiment, the parameters are con-
stantly updated on the screen and the stopping
condition may automatically stop the experiment,
if enabled. This condition is implemented as a
minimum absolute variation in any of the param-
eters. After the experiment is stopped, the calcu-
lated parameters become available to be sent to
reconfigure the controller connected to the gate-
way.

Further configurations can be accessed
through the configuration screen. These comprise
a filter for the mismatched case, the type of exper-
iment, the sampling period, and the input signal.
The filter for the mismatched case is implemented
as the one in (2) regardless what the input signal
is. It can be used for any of the VRFT approaches
or not used at all. The type of the experiment
can be open loop or closed loop. If open loop,
then the input signal will be u(t), else, it will be
r(t), but u(t) will also be sampled to be used in
the calculations. The sampling time is an integer
value given in seconds. A step, a square wave,
a pseudo-random binary sequence (PRBS), and a
sinusoidal signal are the available options for in-
put types. Since the first three types are periodic,
their periods can be entered as an integer number
of samples. All those configurations are sent to
the gateway via a Config packet.

Finally, a chart screen was included, as shown
in Fig. 5, to allow the experiment monitoring
through the visualization of the collected data
while they arrive. If no experiment is running,
but there is a data file, this chart shows its data.
The chart shows the last 100 samples of the three
signals of interest, u(t), y(t), and r(t).

4 Results

Some tests were executed in order to validate the
proposed solution. Therefore a thermal process
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Figure 5: Chart screen of the Android application.

composed by a heating element, a temperature
sensor, and a commercial PID controller is con-
nected to the gateway. The heating element is
a resistor that dissipates heat by the Joule effect,
and the sensor is a type K thermocouple that con-
verts the temperature into a voltage difference.

The voltage on the heater is controlled by a
pulse width modulated (PWM) signal with a 3s
period, and the process input is the signal pulse
width percentage. The process output is the volt-
age on the thermocouple converted into a temper-
ature in Celsius degrees.

Two experiments were conducted with a sam-
pling time of 3s. The first was an open loop ex-
periment using a sinusoidal input signal with the
wave form shown on top of Fig. 6. On bottom of
Fig. 6 is shown the respective sampled output.

The desired reference model is the same cho-
sen in (Bazanella et al., 2011) for this same pro-

cess,
0.1

M(z) = .

(&)= ""09

Using the recursive VRFT approach on the
120 samples shown above, to calculate the con-
troller’s parameters, resulted in the following PID

—_
[e=]

PWM width (%)

85

o
o

-
ot

Temperature (°C)

-3
=]

40 60

Samples

80 100 120

Figure 6: Input and output of the open loop ex-
periment.



controller
C(z,p) = [0.51025 0.03191 0.57422} C’(z)

This new set of parameters was used to config-
ure the PID controller attached to the process and
a new closed loop experiment was executed. Dur-
ing this new experiment the reference input signal
chosen was a step from 80°C to 100°C. Fig. 7
shows the input step r(¢) and the collected out-
put y(t) recovered from the data file, and the de-
sired output y4(t) (the simulated reference model
output).

105

—
o
(=]

95
90
85
80
75 | | | I

20 40 60
Samples

Temperature (°C)

100

Figure 7: Signals of the closed loop experiment.

To estimate how close the obtained output is
to the desired output, one can employ an estima-
tion of J,(p) given by

. 1
Jy(p) = N Z (y(t, p) — ya(t))* .

Calculating J,(p) from 100 samples of the
closed loop output signal and extracting the its
square root to obtain a value in the same unit
of the output signal itself, results in jy([))
0.53 °C/sample, which is a very low value for the
cost function, agreeing with the visual distance
between the curves in Fig. 7.

5 Conclusions

This paper presented an implementation of the
VRFT method in an Android application. The
traditional approach and a new recursive ap-
proach are presented as implemented in the ap-
plication. Moreover, this paper presents a simple
protocol implemented over the Bluetooth proto-
col to allow the application to communicate with
a Bluetooth to Modbus gateway, also newly imple-
mented. This is all done in order to simplify the
use of the VRFT method, during the controller
tuning task, by bringing the method closer to the
process to be controlled, and avoiding the needing
of a heavier device.

Some tests performed in a thermal process
are presented along with the closed loop response
showing that the results are satisfactory, even
though the noise was not taken into account. An-
other approach using an instrumental variable is
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known to result in even better responses. There-
fore the implementation of this approach is con-
sidered as a future work.
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