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Closed Loop Step test used for Process Identification and PID tuning
controller by Genetic Algorithms
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PALABRAS CLAVE: RESUMEN
FFT, modelado, optimizacion, Los métodos de identificacion y disefio de controladores PID a partir de multiples puntos de la
controlador PID, algoritmo gentico. respuestaenfrecuencia,presentanmejoresresultados,encomparacionconlosqueconsideran un

solo punto de la respuesta en frecuencia. Los puntos identificados, los cuales se obtienen
mediante el método del escalon en lazo cerrado, se utilizan para el disefio de controladores PID,
y paramodelar sistemas lineales mediante funcion de transferencia, proponiendo la estructura
de un sistema de segundo orden mas un retardo. Ambos problemas son planteados como un
problema de optimizacion no lineal de minimos cuadrados sin restricciones. El problema de
optimizacion se resuelve mediante un algoritmo genético simple.

KEYWORDS: ABSTRACT
FFT, modeling, optimization, PID The Identification problem and PID controllers design by means of multiple points of the
controller, genetic algorithm. frequency response are more convenient than only one point of the frequency response. In

this article a proposal to solve two control problems from multiple point identification process
frequencyresponseoflinearmodels,usingaclosedloopstep,ispresented. Theidentifiedpoints
are used, in one case a PID controller tuning is pointed out, and the other application deals
with transfer function modeling problem, by means of a second order system plus time delay.
Both problems arestated asanonlinear least squares unconstrained optimization problem.The
optimization problem is solved with a simple genetic algorithm.
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1 INTRODUCCION

Proportional-Integral-Derivative (PID) controllers are
widely used in many control systems. In process control,
more than ninety-five percent of the control loops are
of Pl or PID type [1, 2]. Since Ziegler and Nichols [3],
proposedtheirempiricalmethodtotunePIDcontrollers,to
date, manyrelevant methodstoimprovethe tuning of PID
controllershasbeenreportedatthecontrolliterature,oneof
them is a tutorial given by Hang et al. [4].As is well known,
thedynamicsofaprocesscanbeknownfromthetransient
response, so when it gets the step response is possible to
determineboththeprocessgainandtheprocessdynamics.
Duetothisstatement,inthiswork,thefrequencyresponse
is obtained from the step response in a close loop system.
The size of the step can be as small as it has desired, this
isagreatadvantage becauseitcanapply asmall step near
theoperationpoint,withoutsignificantlyaffectingprocess
safety.Stepresponsetesthave beenwidely usedformodel
identificationinthe processindustry[5],and hasremained
attractive owing to its simplicity. Several researchers
have made important contributions on Control-oriented
model identification methods [6, 7-8, 9-10]. A significant
tutorial review on processidentification from step or relay
feedback was presented by Liu et al, [5], where the most
important identification methods developed in the past
three decades are surveyed. In the first proposals on auto-
tuning methods, one estimated point over Nyquist curve
is enough to tune a PID controller. In recently studies, it
has been shown that the multiple identified points allow
better PID tuning controller [4-5]. This work presents two
applicationsofthemultiple-pointidentificationmethod,in
order to tune PID controllers and, on the other hand, to
obtain transfer function coefficients. The control problem
is posed as a nonlinear least squares unconstrained
problem. A genetic algorithm is proposed to solve the
optimizationproblem.Thesamemethodologycanbeused
forboth cases: PID tuning and transferfunction modeling.
Nonlinear least squares methods involve an iterative
improvement of parameter values in order to reduce the
sum of the squares of the errors between the functionand
the measured data points. Problems of this type occur
when fitting model functions to experimental data. The
Levenberg-Marquardt algorithm [11-12], is the most
commonmethodfornonlinearleast-squaresminimization,
nevertheless it can suffer from a slow convergence,
and it is possible to finds only a local minimum [12].

The PID’s designed with this method takes into account
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the effect of the sensitivity function values of the closed-
loop system as a measure of robustness against possible
variations in the parameters of the plant [1-2, 13-14]. The
proposed plantsin this article cover a wide range of cases:
stable,withshortandlongdeadtimes,whitrealandcomplex
poles, integrating process and with positive and negative
zeros, which are representative of the automatic control
literature [4, 13]. The contents of the paper are described
as follows: In section 2 the basic definitions of a nonlinear
leastsquaresunconstrainedminimizationproblem,andthe
use of close loop step transient test, are shown. Section 3,
presents applications of the multiple point identification
method to a PID controller tuning and to transfer function
modeling. Conclusions are contained in section 4.

2. BASIC CONCEPTS
2.1 Unconstrained minimization problem

In a large number of practical problems, the objective
function f (x) is a sum of squares of nonlinear functions

(D

fO) = 38, (5 (0)2 = S lIr(x)l13
that needs to be minimized. We consider the following
problem
min, £ () = min T, (15 ()2 ©)

This is an unconstrained nonlinear least squares
minimization problem. It is called least squares because
the sum of squares of these functions is the quantity to be
minimized.Problemsofthistype occurwhenfittingmodel
functions to data: if @(x; t) represents the model function
with t as an independent variable, then each r x) = o(x;
tj) -y, where @ (tj, yJ.) is the given set of data points [11-12].

2.2 Use of close loop step transient

It was shown by Wang et al. [15-16] who propose a
method that can identify multiple points simultaneously
under one relay test. For a close loop step transient
system in Figure 1, the process input u(t) and output
y(t) are recorded from the initial time until, the system
reaches a steady value, after the transient step response.
U(t) and y(t) are not integrable since they do not die
down in finite time (at T, time). They cannot be directly
transformed to frequency response meaningfully using
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FFT. A decay exponential e is then introduced to form
ti(t) = u(t)e >t
and

J(t) =y(t)e ™

such that u() and y(t) will decay to zero
exponentially as t approaches infinity. Applying
the Fourier transform to (3) and (4) vyields
U(t) =f (e Wt dt = U(jw+x)
0
Y(t) :f (e Wt dt = Y(jw+x)
0
For a process G(s)=Y(s)/U(s), at s=jw+a, one has
GUWJFO():M_M )

u(jw+e) — T(jw)

(Y ) and (jw) and U and(jw) can be computed at discrete
frequencies with the standard FFT technique [15-17].
Therefore, the shifted process frequency response
G(jw+a) can be obtained from (5). To find G(jw) from
G(jw+a), we firts take the inverse FFT of G(jw+a) as

GT) = FFTY(G(jw+x)) = g(kt)e Kt

It then follows that the process impulse response g(kT) is

g(kT) = g(kT)e*"T

Applying the FFT again to g(kT) leads to the process
frequency response:

G(w)=FFT(g(ky) ©)

Since the identification process is based on sampled
values, itis convenient to think that the sequences under
study are simply a period of infinite periodic succession.
This fact justifies the application of the Discrete Fourier
Transform (FFT).
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Figure 1. Schematic of feedback system

In this identification problem is very important the
adequate selection of a value, in [18] a rule to compute
the a value in terms of the Tss time (see Figure 2) is
proposed, where the system reaches a steady value, after
the transient step response. The value of g, it can be
computed by means of:

o< — I 2T

Tss 1)

Where Ay(Tss)=y(Tss)-y(0), denotes the dynamic output
response in terms of the settling time (Tss) to the step
change, in which y(0) indicates initial steady output value
before the step test. 6 is acomputational threshold which
may be practically taken smaller than Ay(Tss)x10-6

. Damped
+_fesponse

10 12 14
Time (sec)

b 2 % € 8

Themethod canaccuratelyidentify asmany asdesired
frequencyresponsepointswithonestepexperiment.They
may be very useful forimproving the performance of PID
and other model-based controllers. In both applications:
PID tuning and transfer function modeling, the shifted
frequency response may be used without the needing to
computer G(jw). To illustrate the method, a model with
oscillatory dynamics is considered in simulation.

1.25

e—.234s
0.2552+.7s+1

G(s) = (7

Figure 3 shows the identified frequency responses for
these processes using this method, for G(jw).
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Figure 3. Nyquist plot for GOW)
And G(jw+a) plot, where a=0.85, is given by Figure 4
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Figure 4. Nyquist plot for G(jw+a).

2.3 Simple Genetic Algorithms

Thegeneticalgorithmisausefultooltosolveboth
constrainedandunconstrainedoptimizationproblemsthat
takes principles of biological evolution [14, 8, 19, 20-22,].
At present work, each of the individuals in the population
(chromosomes), contain the parameters included in the
fitness function, as an example, in the process to tune
the PID controller, each chromosome contains the coded
parameters of the controller [Kp, Ki, Kd].

3. Applications
3.1 Tuning via frequency response fitting (PID)

Tuning via frequency response fitting is a simple
but efficient solution to this kind of processes, that was
developed in [4, 15-16]. It shapes the loop frequency
response to optimally match the desired dynamics
over large range of frequencies. Thus the closed-loop
performanceis more firmly guaranteed thanin the case of
only one or two points PID or Pl tuning laws. Suppose
that multiple process frequency response points G(jwi),
1=1,2,...,m, are available. The control specifications can
be formulated as a desirable closed loop transfer function

el ()

s2+2{wptw?

Hy(s) =

where L is the apparent dead-time of the process, wn
and ( dominate the behavior of the desired closed-loop
response, [9]. Specifications are given as the phase margin
®m, and gain margin Am. The default settings for { and
wnl values are =0.707 and wnL=2, which imply that the
overshootoftheobjectiveset-pointstepresponseisabout
5%, the phase margin is 60° and the gain marginis 2.2 [4].
The open-loop transfer function corresponding to Gd is

Ga =18 ©)

The controller C(jw) is designed such that the actual
GC(jw) is fitted to the desired transfer function Gd(jw), as
well as possible. Thus the resultant system will have the
desired performance. The PID controller desired can be
obtained by minimizing the objective function givenfrom
the sum of squared differences between computed and
recorded frequency response points

co(jw,) = Ff;lr'w:+ﬂl.=-i.-Kd{J'r-'::': G(w,) (10)

ahl

6 (jw,) =

Rea!liﬂf{jwljjl ]
tmagl6C(jw,))

o Real(G,(jw,]})
Gy [Jw;)= [fmag'l.'ag [;r""l}:l]

The objective function
¥ = EPIC6' (jw,) — G4 (iw)IP (11}
If the PID controller is designed from G(jw+a), then

e E R e

Co(jw, + a) = T2

i fw, + &) P

{jw, )

o [Real{Gc(iw, + &)
CoQw ta)= [f?qagl:ﬂf'[;w: +a))

o Real{Gy(jw,+a))
Gq Uw, +a) = [J'rriﬂgliﬁ:; (fwe, + uj}]

The objective function The objective function
y = XTICG (w; + @) — Gg (jw; + @)|? (13)

The solution of the problem is obtained by minimizing
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Inthis work the identified points were obtained froma
schematic Simulink® system where the system feedback
is simulated. To solve the optimization problem, the
MATLAB® Genetic Algorithm Optimizations Using the
Optimization Tool GUI is used.

Example 1.Consideramodelwith oscillatory dynamics
G(S) = 0.25512.ié7s+1 (14)
The identified points for this model are showed in Fig.

(3)-(4). In this example the apparent dead-time L=0.23, is
proposed.

€_'234S

ThedesignedPIDis solved by minimizing theequation
11 by means of a simple genetic algorithm. The PID
parameters are coded and arranged into each individual
(chromosome), of population in the genetic process.
Multiple points are from G(jw)

C(s) = [1.453 +2 + 0.5615] (15)
And from G(jw+a), the tuned PID is
C(s) = [1.45 +=+05615] (16)

Equations (15)-(16) show that both PID’s controllers
have very close values as might be expected.

Performance of the PID designed is shown in the
Figure5.Thetimeresponseshowsthattheovershootvalue
is close of 5%, as it was proposed.
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Figure 5. Control performance for an oscillatory
process
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Example 2. Considerer a high order model

1
(s+1)10

G(s) = (17)

For this model the value of apparent dead-time of the
process L=4.5 was proposed. The modeling error for this
example was 0.0097%
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Estimated model From G(jw) the design PID is

C(s) = (0.808 + =22 + 1.995)

(18)
Performance of the PID designed is shown in the
Figure 6

14

set-point

2 output variable

- P
Ll / """" i otk

08

output

06

04

02

]

' ' L L
30 40 50 60
Time (sec)

Figure 6. Control performance for high order model
process.
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3.2 The sensitivity to modeling errors

Since the controller is tuned for a particular
process, it is desirable that the closed loop system is not
very sensitive to variations of the process dynamics. A
convenientwaytoexpressthesensitivity oftheclosedloop
system is through the sensitivity function S(s), defined as:

S() = w1

where L(s) denotes the loop transfer function
[13,22,14,16, 23]. L (s) is given by:

L) = O 0305)
1
- E:;jl{l+rj—j+1?" 5]

The maximum sensitivity (frequency response) is then
given by . Therefore Ms is given
by Ms=I5(s)l .On the other hand, it is known that the
quantity Ms, istheinverse oftheshortestdistancefromthe
Nyquist curve of loop transfer function to the critical point
s=-1 [13]. Typical values of Ms are in the range from 1.2
to 2.0.

M, = m:x|5(z’ :11]|
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Table 1 shows the values of Ms, Am and ®m for both
presented examples,modelwith oscillatory dynamicsand
high order model.

Table 1. Values of Ms, A,, and @,

Model Ms Gain Phase
margin | margin
1.25 - 2385 1.685 | 3.13 594
0.25s2+.7s +1
1 1.89 2.15 62.3
G+D0

The operation of genetic algorithm was configured
with the following parameter values:

. Population size: 100.

. Stochastic uniform Selection
. Crossover function: Scattered
. Mutation function: Gaussian
. Number of generation: 500

. Crossover probability: 0.8

. Mutation Probability: 0.09

. Elite count: 2

3.3 Transfer Function modeling

A transfer function model is necessary in many
applications of automatic control. In this work a second
orderplusdead-timemodelisproposed.Theidentification
at models with dead-time is usually a non-linear problem
[4, 8, 23]. This characteristic presents a good opportunity
to apply a genetic algorithm to solve the problem.

(19)

G(s) = ———et

—e
as?+bs+c

Which can represent both monotonic and oscillatory
processes.

3.3.1 Transfer function modeling from G(jw)

Suppose the process frequency response G(jwi),
i=1,2,...,M is available, because they are required to be
fitted into G(s) in (19) such that

oL 1 Loy
Gn(wi) = a(jw;)?+bjw;+c N (20)
Where i=1,2,....M

then
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Real(Gm(le-))

Gm' (W) = [Imag(gm(jwi))

And the identified points of G(jw)

Real(G(jw,))
Imag(G(jWi))]

The objective function is
y = 216G, (jwy) = G' (jwy) 2

6 Gwo = |

2D

The solution of the problem is obtained by
min; X7'Gy, (wi) = G'(w) |2 (22)
3.3.2 Transfer function modeling from G(jw+a)

Suppose the shifted frequency response of the
process G(jwi+a), i=1,2,...,M is available, because they
are required to be fitted into G(s) in (19) such that

G (jowi+00) = L “LUeste) (23)

a(jwi+x)2+b(jw;+x)+c

Where i=1,2,...,M;
then

G Gw, + a) = [ReuE(G.m (IW; + u))
‘rmag(gmowi + G_‘))
And the identified points of G(jw+a.)

oo _ [ Real(G (jw; + a))
G Uwita)= Imag(G(jw; + a))
The objectrve function is

y = ZVIGn Gw; + @) — G'(jw; + a)|?

The objective function is

y = X0Gn (Wi + @) — G’ (wi + ) |? (24)
The solution of the problem is obtained by
min; X1'G, Gw; + @) — G'(w; + a)|? (25)

Example 3
Table 2 shows five model in order to apply
the proposed method. Table 3 shows the results of five
examples that were proposed to obtain the identified
models from multiple points from G(jw) and G(jw+a).
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The estimated models were solved by minimizing the
Equations (22) and (25) by means of a simple genetic
algorithm. The Identified model parameters [a, b, c], are
codedandarrangedintoeachindividual(chromosome),of
population in the genetic process.

Table 2. Proposed models for example 3

Model Proposed model
number
1 1
G(s) = —0.2s
() s24+02s+1
2 Gs) = —
TG D
3 —s+1
G(s) = ,—28
&)= Grs°
4 1
G(s) =———e™%
)= Tos+ 1"
5
G(s)=—— ¢
) sZts+1’

Table 3. Estimated models for example 3

Model | From G(jw) From G(jw+a)
1 1 e 197s 1 e 1995
s2+25+1 s+ 25 +1
2
1 5055 1 e 5055
817s? + 5025+ 1 8252 +5s5+1
3
1 9—55 i e—Ss
2352+ 35+ .99 2352+ 35+ .99
4
1 o2s 1 25
9.99s + 1 9995+ 1
5
;9-15 ;e—;s
99 +1+1 999 +14+1

3.4Transfer function modeling for Processes with long
dead-time.

Processeswithlongdead-timearepresentinmostofthe
industrial processesand can be adequately approximated
by a model in form of

66 = e ™ (26)
Example 4

Consider a high vacuum distillation column whichis a
typical long dead-time process [9]

__ 057 _187s
G(s) = (8.65+1)2

(27

The identified model is given in Eq. (28). It was
obtainedbythesamemethodaswaspresentedpreviously.
Figure 7 shows the identified points on the Nyquist curve
from G(jw+a).

G(S) — 0.57

—18.695s
(8.65+1)2 €

(28)

50

Figure 7. Nyquist plot for G(jw+a).

In this example, the number of generations and
Population size used for genetic algorithm are: 1500 and
100 respectably.

3.5 Transfer function modeling for integrating
Processes with dead-time.

Integrating processes with dead-time can be
adequately approximated by a model in form of SOPDT
model, there is a commonly studied in the literature.

6) = e ™ @s)
Example 5

Consideranintegrating process plusalong dead-time
[9]
G(s) =

0.1
s(20s+1)

—10s

(29)

The identified model is given in Eq. (30). It was
obtainedbythesamemethodaswaspresentedpreviously.
Figure 8 shows the identified points on the Nyquist curve
from G(jw+a).

G(s) =

0.1
5(19.995+1)

—10.00

(30)

Myquist Curve
0.2 T T
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Figure 8. Nyquist plot for G(jw+a).
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4, Conclusions

The genetic algorithm was an excellent tool to solve
theoptimization problem.ltwasveryimportantthatsame
methodology can be used for both cases: PID tuning
and transfer function modeling. In both applications, the
results obtained were more accurate from the identified
points of G(jwi+a) to G(jwi); It was due to the fact that
using G(jwi+a) is more direct than G(jwi). Nonlinear least
squares method, was successfully applied in all cases to
adjust the parameters values in order to reduce the sum
of the squares of the errors between the function and the
measured data points. It is remarkable to say that used
method has agood performance to identify both models:
very long dead time process and integrating process,
proposed in Examples 4 and 5 respectively, no matter
which use a different structure to that of the other cases.

It is also important to mention that Ms value was
always a referent in relation to a good performance of
the designed PID’s, especially at the relative stability;
on the other hand, when the Ms Value is within the
proposed range, this ensures that the controlled systems
are insensitive to possible changes in plant models [1]. So
it, the values of Gain Margin and Phase Margin were very
close as expected.

On the other hand, with regard to the convergence
of the genetic algorithm, it is known that in practice
there is no way to know whether it has reached or not
to the optimal solution (that applies any GA). A possible
stopping criterionis the consecutive lack of new solutions
thatdominatetheoneswhicharebetteruptothemoment.
If there is no progress after a certain number of iterations,
it is reasonable to assume that the algorithm converged
already, but obviously there is no guarantee of that. This is
the handicap of heuristic strategies.

51



Programaciéon Matematica y Software (2017) 9(1): 44-53. ISSN: 2007-3283

REFERENCIAS

10.

11.

12.

13.

[11 Astrém, KJ,, Hagglund, T. PID Controllers: Theory,
Design and Tuning: Second Edition, Instrument Society
of America. Research Triangle Park. NC. 1995.

[2] Kristiansson, B., Lennartson, B. Robust tuning of Pl
and PID Controllers, IEEE Control Systems Magazine,
2006, vol. 26 no.1, pp.55-69.

[3]1 Ziegler,G. Nichols, N.B. Optimum Settings for
Automatic Controllers, Trans. ASME. 1942, vol. 64,
no.11, pp.759-768.

[4] Hang, CC, Astrom, KJ, Wang, QG. Relay
feedback auto-tuning of process controllers—a tutorial
review, IFAC, Journal of Process Control. 2002, vol. 12,
no. 1, pp.143-162.

[5] Liu, T, Wang, Q.G., Huang, H.P. A tutorial review
on process identification from step or relay feedback test,
Journal of Process Control. 2013, vol. 23, no. 1, pp.1597-
1623.

[6] Padhy, P. K, Majhi, S. Relay based PI_PID design
for stable and unstable FOPDT processes, Computer &
Chemical Engendering. 2006, vol. 30, no. 5, pp.790-796.
[71 Wang, Q.C. and Zhang Y., Robust identification of
continuous systems with dead time from step responses,
Automatica. 2001 vol. 37, no.1, pp.377-390.

[8] Shin, G.W., Song, YJ, Lee, TB. and Choi, HK.
Genetic Algorithm for Identification of Time Delay
Systems from Step Responses, International Journal of
Control, Automation, and Systems. 2007 vol. 5, no. 1,
pp.79-85.

[9] LiuT. and Shao C. Closed-loop step identification
of low-order continuous-time process model with time
delay for enhanced controller autotuning, Int. J. Systems,
Control and Communications. 2012 vol. 4, no.4, pp. 225-
249.

[10] Liu T. and Gao F, A frequency domain step
identification method for continuous-time, Journal of
Process Control. 2010 vol. 20, no.1, pp.800-809.

[11] Gavin, H.P. The Levenberg-Marquardt, Method for
nonlinearleastsquarescurve-fittingproblems,Department
of Civil and Environmental Engineering Duke University,
2013.

[12] Griva, I., Nash, S.G., Ariela, S. Linear and Nonlinear
Optimization, Second Edition: Society for Industrial
Mathematics, United States of America, 2009.

[13] Transtrum, B. and Sethna, J.P. Improvements to
the Levenberg-Marquardt algorithm for nonlinear least-
squares minimization, Preprint submitted to Journal of
Computational Physics. Cornell University, Ithaca, New

52

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

York 14853, USA. 2012.

[14] Astrom, K.J,, Hagglund, T. Automatic Tuning
of simple controllers with specification on phase and
amplitude margins, Automatica. 1984, vol. 20 no. 5 pp.
645-651.

[15] Jamshidi, M., Coelho, L., Dos Santos, Krohling, R.A.
and Fleming, PJ. Robust Control Systems with Genetic
Algorithms: CRC Press LLC. 2003.

[16] Wang, Q.G., Chieh, C.C,, Bi, Q. A Frequency domain
controllerdesignmethod,ChemicalEngineeringResearch
and Design. 1997, vol. 75, pp.64-72.

[17] Wang, Q.G., Process Frequency Response Estimation
from Relay Feedback, Control Eng. Practice. 1997, vol.5,
no.9, pp.1293-1302.

[18] Liu T. and Gao F, A frequency domain step
identification method for continuous-time, Journal of
Process Control. 2010 vol. 20 pp. 800-809.

[19] Coello-Coello, C.A., Van Veldhuizen, D.A. and
Lamont, G.B. Evolutionary Algorithms for Solving Multi-
Objective Problems: Springer. 2007.

[20] Fleming, P. J., Purshouse, R.C. Genetic Algorithms in
Control Systems Engineering, Department of Automatic
Control Systems Engineering University of Sheffield, SI
3JD, Research Report No. 789, 2001.

[21] Goldberg, D.E. Genetic Algorithms in Search,
Optimization, and Machine Learning, Addison Wesley,
1989.

[22] Holland, J.H. Adaptation in Natural and Artificial
Systems, University of Michigan Press, Ann Arbor,
Michigan, 1975.

[23] Doyle, J., Francis B.A., Tannenbaum, AR., Feedback
Control Theory: Macmillan Publishing Company, 1992.



Programacion Matematica y Software (2017) 9 (1): 44-53. ISSN: 2007-3283

Acerca de los autores

José Rubén F. Lagunas Jiménez-Received the diploma
engineering degree in Communications and Electronics
Engineering from ESIME-IPN- and the PhD degree in
automatic control from CINVESTAV-IPN, México D.F. He is
a Researcher and a teacher at University of Campeche,
México. His research includes multiobjective optimization
using genetic algorithms and fuzzy control.

-4
Benja?w|’nOrtizMoctezuma.Receivedthediplomaengineering
degree in Mechanical Engineering from ESIME-IPN- and the
PhD degree in Automatic Control from CINVESTAV-IPN,
México, D.F. He is a Researcher and a teacher at Polytechnic
University of Victoria, Tams. Mexico-. His research includes:
Delay Systems in Automatic Control

53

VictorMooYam.Received thediplomaengineeringdegreein
Electronics Engineering from University of Campeche - and
the PhD degree in Bioelectronics from CINVESTAV-IPN,
México D.F. He is a Researcher and a teacher at University
of Campeche, México. His researchincludes Instrumentation
and Chemical Sensors

Francisco Lezama Zarraga. Received the diploma engineering
degree in Electrical Engineering from University of Campeche
- and the PhD degree in Electrical Engineering from
CINVESTAV-IPN, Jalisco. He is a Researcher and a teacher at
University of Campeche, México



	0b8972cdb2047fe4b015171c89fff93c3c96e7f68276ecd0c5f5211cfc4a961e.pdf
	33621aedc058acf4de9f3c1b9b3853d2e8ff313e96a37f02471b5ffb48a1429f.pdf



