ISSN: 1692-7257 - Volumen 2 — NUamero 34 - 2019

Revista Colombiana de

Tecnologias de Avanzada

Recibido: 18 de enero de 2019
Aceptado: 16 de abril de 2019

ANALISIS COMPARATIVO DEL RENDIMIENTO DE UNA ESTRATEGIA DE
CONTROL TRADICIONAL PID CONTRA LAS ESTRATEGIAS DE CONTROL
MODO DESLIZANTE DE SEGUNDO ORDEN EN UN GENERADOR
SINCRONICO

COMPARATIVE ANALYSIS OF PERFORMANCE OF A PID TRADITIONAL
CONTROL STRATEGY VS SECOND ORDER SLIDING MODE CONTROL
STRATEGIES ON A SYNCHRONIC GENERATOR.

PhD. Manuel ivan Castellanos Garcia ™ MSc. Jorge Arturo Pérez Venzor”", MSc.
Rubén Enrique Rojas Rangel”, MSc. David Garcia Chaparro”, MSc. Abdi Delgado
Salido”, MSc. Hector Loya Caraveo”,

* Universidad Auténoma de Ciudad Juarez , Departemento de Ingenieria Electrica.
Avenida del Charro numero 450 norte, Ciudad Juarez, Chihuahua, Mexico.
Teléfono y Fax :6566883800.

E-mail: {mcastell, jorperez}@uacj.mx

Resumen: Se realiza un andlisis de rendimiento para comparar el comportamiento del
control PID tradicional frente a las estrategias de control de modo deslizante de segundo
orden aplicadas a un generador sincrénico sujeto a perturbaciones en la carga.
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Abstract: A performance analysis is made to compare the behavior of the traditional PID
control vs. second order sliding mode control strategies applied to a synchronic generator

subject to disturbances on load.
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1. INTRODUCTION

Electric energy demand is constantly growing as
human needs. Those needs are related to a major
comfort derived from evolution of his live style. Get
electric energy for consume requires to meet several
technical requirements, one of the most important
requirements is the voltage level which usually should
be maintained to certain level depending of the specific
needs. A feedback control system is used to meet that
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technical requirement in order to guarantee that the
voltage level will not vary, even the electric energy
generator system be subject to disturbances.

Those disturbances are usually in the case of a
synchronic generator due to speed change on the rotor,
changes on demand of electric energy coming form
load, and change on system parameters (generator or
load) related to heat or wear.
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2. SYSTEM MATEMATICAL MODEL

Synchronous generators can be modeled on two ways
one is the dynamic model, and the other is the static
model. In order to predict system behavior Matlab-
Simulink is used to simulate system response under
different operating  conditions. Matlab-Simulink
requires knowing the static model which can be
obtained according to : (Stephen J. Chapman, 1996;
Salvador Campos et al., 2005). Parameters required for
simulation are obtained for a commercial Chevrolet
vehicle alternator (in order to perform this analysis the
self constructed control system contained in the
alternator is previously removed so the different
control strategies can be implemented) which is used
as synchronous generator with parameters as follows
(tablel):

Nucleus’s magnetization curve

Magnetic
flux

Magneto motive force

Fig. 1Typical nucleus’s magnetization curve on a

synchronous generator

table 1 parameters

Rotor type Salient pole.
Nominal power 400VA.
Line to line voltage 6.4126V
Nominal frequency 332.5Hz.
Nominal field current 8.0Amp.

Stator resistance
Leakage inductance
Direct axis inductance

Ry(2) = 0.0910
L,(H) =311 x 1075H
Ly(H)_4.55 x 10~°H

L,(H)13x 10°H
R;q(2) = 4.00

Quadrate axis inductance
Field

Field resistance
resistance
Field leakage inductance

Lpq_455x 10 °H
Rea(2)_0.02240.

L, 14x10°H

Direct axis resistance

Direct axis leakage
inductance
Quadrate axis resistance

Riq (@) _0.020

Quadrate axis leakage Lgg 1x1073H.

inductance

Inertia coefficient J(kg.m?)
_24.9kg.m?

Friction factor F(N.m.seg)
_ON.m.seg
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Zero on all Initial conditions, except on

phb = 120°,  phc =240°, y V; =595

Using the previous parameters for the electric energy
generator system formed by synchronous generator,
and including tri-phase rectifier, filter, and resistive
load (of 400W); simulation with Matlab-Simulink is
made for each control strategy in order to compare its

performance.
3. PID CONTROL

From the classical control theory according with (K.
Ogata, 2003; Roland S., 2001, Josep Balcells, 1999,
Manfred Schleicher 2004). PID control strategy can be
used to design a feedback control. In order to
implement this control strategy controller should be
tuned; there are several tuning methods, the used here
is Ziegler Nichols 2 taken from (K. Ogata, 2003;
Roland S., 2001, Josep Balcells, 1999, Manfred
Schleicher 2004). In order to be able to apply this
method a dynamic test is made to system in open loop
condition; to get transfer function and use dominant
pole approximation to approach system behavior with
a first order with delay system as described on the same
references. This means that actual control strategy is a
model dependent strategy; this is a lack of classical
control theory as parameters change on the systems due
to heating. Due to synchronic generators are non-linear
devices care must be taken in order to operate it only
on certain linear limited range to avoid over voltage
and damage on load and generator itself.

Classical control theory and modern control theory
(state space) are both model dependent, this makes
more difficult to implement these control strategies due
that model should be first determined, and then
parameter variations compensation introduced on
model so that accurate response be obtained. On figure
2 the control scheme for PID control strategy is shown
for simulation with Matlab-Simulink.
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| Fig. 2 PID control scheme for simulation with Matlab-Simulink. |

The result of system response simulation for this
scheme is shown on figure 3.

Voltage

(V)15 PID control system response

10

O0 0.1 02 0304 05 06 0.7 0809 1
Time (sec.)

Fig. 3 PID control system response simulated
with Matlab-Simulink.

The simulated system is only a portion of the real
system due that for simulation proposes is considered
only the synchronic generator, filter, rectifier, and load,
but the primary motor is disregarded, as well as the
mechanical energy transfer device (a belt in this case),
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get a complete model of the system is a complicated
task, instead of that for the real system a dynamical test
is made to get an approach model of reduced order
knowing that on every system a few poles define the
overall response on a system as stated by (K. Ogata,
2003; Roland S., 2001, Josep Balcells, 1999, Manfred
Schleicher 2004), respect to the dominant pole
principle.

By doing that dynamical test (consisting on the
application of a step signal whereas the generator runs
at the nominal speed) on the system; a first order model
with delay is obtained with the following parameters:

Kritica = 0.395 Critical gain

Teriticar = 3-333 X 107 3sec. First order constant time.
And applying the Ziegler Nichols 2 tuning method
described on [4,5,6,and 7] for PID controller it results
on:

Ky = 0.6Kcyiticqr = 0.6 X 0.395 = 0.237

T, = 0.5T iricas = 0.6 X 3.333 x 1073
=1.666 x 1073

Tp = 0.1257 0 = 0.125 X 3.333 x 1073
=4.166 x 1074

11
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The above values are the parameters need for controller
tuning. System response under disturbances on load is
as shown on Figure 4.

PID control under
disturbances

” 100wz00waoow 400w OV

= Generated voltage
= Control

~— Error

Speed x1000rpm

Fig. 4 System responses under load disturbances
with PID control strategy.

As shown voltage drops for a while when load is
increased, then control signal is modified to reduce
error.

Depending on the specific application that error could
be of interest if a precise control is required. When a
system is modeled there are always non modeled
dynamics, those are responsible for instability. PID
controls require adjusting the controller parameters due
to changes on those non modeled dynamics; this is
more often if the above mentioned dynamic is exited
by heat or wear on system elements. Therefore if a
precise control, that be free of adjustments, so another
strategy should be considered.

4. SECOND ORDER SLIDING MODE
CONTROL STRATEGIES.

At (Vadim Utkin, 2008; Bartolini, and Leonid
Fridman., 2009, Asif Sabanovic and Leonid M.
Fridman, 2004, C. Edwards and E. Fossas 2006,
Tsypkin, Yakov, 1984); are introduced two second
order sliding modes control strategies named twisting,
and super-twisting algorithms.

4.1 TWISTING algorithm:

Control scheme for twisting algorithm is recommended
at (Vadim Utkin, 2008; Bartolini, and Leonid
Fridman., 2009, Asif Sabanovic and Leonid M.
Fridman, 2004, C. Edwards and E. Fossas 2006,
Tsypkin, Yakov, 1984); and is shown on figure 6.

Where u(t) = —c;sign(y) — czsign().l), and ¢;>c>0.
This algorithm can be seen as the parallel connection

Universidad de Pamplona
ILI.D.T. A

Tecnologias de Avanzada

of two ideal relays, the one on top receives sliding
variable, and it serves to define if energy should be
applied to plant or not, depending on actual value of
that variable (that value depends on the difference
between the reference value , and output voltage ). The
relay on bottom is placed to determine the direction and
change ratio on sliding variable. As stated (Vadim
Utkin, 2008; Bartolini, and Leonid Fridman., 20009,
Asif Sabanovic and Leonid M. Fridman, 2004, C.
Edwards and E. Fossas 2006, Tsypkin, Yakov, 1984);
¢, and c,values can be selected the way finite time
stability be achieved on finite time, by analogy with
relay type control, and considering the extreme case
where ¢, — 0. It makes this scheme equal to a relay
control where ¢, can have only two values 5V, and 0V
so that synchronic generator be on saturation, and cut
states respectively whereas it runs at nominal speed,
those 5V are specific for this particular case because it
was observed that running at mentioned speed, and
applying 5V to actuator, field current will not produce
an output voltage that will damage load, and generator,
so this is more a design parameter than a variable to
calculate, and depends on the specific application.
Twisting algorithm should produce a second order
oscillation, and therefore 0V < ¢, < ¢; = 5V, so after
testing a few values on that range second order
oscillation appears at 0V < ¢, < 0.9V. Figure 7 shows
simulation results for those values.

Filtrated relay control

i

T

1g 100w 200W300wW 400W ow
8r — Generated voltage
— Control
6 ~— Error

~ Speed x1000rpm

e
W

1 2 3 4 5 6 7 8 9 10
Time (sec.)

Fig. 5 System response under disturbances using a
relay type filtrated control.
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Fig. 6 Sliding modes twisting algorithm

1 Twisting sliding modes control simulation
e

10 c2=0.9V

d c2=0V

0.1 02 03 04 05 06 07 08 09 1
Time (sec)

Fig. 7 Simulation results for twisting algorithm for
two values ofc,.

As it’s stated thatc, > 0, ¢, = 0.9is used and second
order damped signal produced with that value is found
to be described as stated on (K. Ogata, 2003; Roland
S., 2001, Josep Balcells, 1999, Manfred Schleicher
2004) by:

t, = 0.01296sec

I

_ /A
t, 0.01296

wg = = 242.3514Rad /sec

ts(5%) = 0.2seg

33 s
T 02T

= L 0061775
¢= |262.0408 "

_0_ B usi5irad
“n =7 = Goe1775 - 2A28151rad/seg
242.8151)2

~G(s ¢ )

T 52 +2(0.061775)(242.8151)s + (242.8151)2
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Using Matlab, Nyquist graph can be found with
command nyquist(num,den). Figure 8 shows Nyquist
graph for the above second order transfer function.

With chattering frequency given as 2 = 70Hz =
439.8rad/segon figure 14 can be located the values

Real =-0.456 and Imag=0.0462, knowing that
arcTg(c,/c;) = a,and Tan(a) = - m

0.0462
=456 =0.101315

~ a =arctan(0.101315) = 5.7852° =
arctan %where
1

Nyquist Diagram

System: sys
Real: -0.456
Imag: 0.0462

Frequency (radisec): -436

Imaginary Axis

Real Axis

Fig. 8 Nyquist graph for second order transfer
function.

where ¢, = ¢;Tan(a) = 5Tan(5.7852°%) = 0.506V,

once re-adjusted C. new system response is shown on
figure 9.

With a similar procedure, applied to synchronic
generator, system parameters are determined; system
response subject to disturbances on load is shown on
figure 16.

It can be seen that this control strategy is more robust
than the others exposed at this point, it’s chattering free
and disturbances on load are completely eliminated
thanks to the prediction introduced by second ideal
relay dealing with error derivative.
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Sliding modes twisting control
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Fig. 9 Simulation results with new C, value.
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Fig. 10 System response under disturbances on

load using twisting control

4.2 SUPER-TWISTING

As stated on (Vadim Utkin, 2008; Bartolini, and
Leonid Fridman., 2009, Asif Sabanovic and Leonid M.
Fridman, 2004, C. Edwards and E. Fossas 2006,
Tsypkin, Yakov, 1984); this control algorithm is also
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a second order resource that warranties chattering
elimination at the same time that keeps a highly robust
control strategy. Same as the previous is free of model,
and parameter variation, it’s main characteristic is a
continuous control signal which avoids non modeled
dynamics on sensors, and actuators to be excited. In
order to implement this strategy, twisting algorithm,
and both relay type strategies; controller speed should
be at least 10 times faster than the fastest plant
dynamic. A few years ago this was a limitation to
implement the above mentioned strategies, however
currently high processing speed on controllers allows
it. As mentioned on the references theory for relay type
controllers exists at least since 1950’s, but
semiconductor technology has recently had improved
computation speed which is essential for those control
strategies.

Super —twisting control strategy is described on
(Vadim Utkin, 2008; Bartolini, and Leonid Fridman.,
2009, Asif Sabanovic and Leonid M. Fridman, 2004,
C. Edwards and E. Fossas 2006, Tsypkin, Yakov,
1984); and shown on figure 11.

Abs1

Math
Functiont

Fig. 11 Super-twisting control algorithm

This scheme is formed by two paths both converging
at the sum point. The propose of path on top is to
identify if the actual condition on error signal, on
physical terms determine if energy should be applied
or removed form plant via actuator. On that path 4, is
a parameter that weighs up error value. With this a
minimum adjusting resolution is established for control
signal, then integrator acts as accumulator calculating
the algebraic sum between actual error, and previous
valor, this way each time algorithm iterates control
signal value is adjusted. Therefore 1, value, should be
selected so that adjusting step be soft enough on each
program iteration to avoid chattering. At the same time
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if A,is selected very small a lot of program cycles will
be required and this will lack algorithm robustness.
For path on bottom square root of absolute value on
error signal is weigh up by A, parameter, with this a
minimum resolution is also defined on adjusting steps.
By the superposition effect on sum point there are two
signals used to constitute control signal, both are
adjusted with different weighted steps, path on top with
soft steps, and path on bottom with abrupt steps in
order to reduce the amount of iterations (time) to get
expected output value. For this reason sliding mode
control is part of variable structure systems.

As seen parameters A, and A, are dependent on desired
resolution, actuator characteristics, and free of plant
model. Therefore plant parameter variations have no
effect. In order to determine A; and A, saturation
voltage required by actuator need to be determined, this
is an easy task and is dependent on particular
application, for this case is of about 4V as shown on
figure 11. It was mentioned that A,is defined for soft
adjustments, so if 2, = 0.1Vit’s necessary on worst
case scenario to have 4V/0.1V= 40 program cycles, but
as iteration time takes 0.0005sec, going from 0 to 4V
takes only40 x 0.0005 sec. =0.02sec, if path on
bottom doesn’t have effect. When control system
reaches steady state, path on bottom is disabled, and
adjustments on control signal are made with 0.1
resolution in this case, that means path on bottom is
used to provide robustness to deal with disturbances,
but once those are surpassed this path effect is reduced
remaining only effect of top path. With this control
signal is both a combination of continuous and
discontinuous signal.

In order to determine value for A,, a few test values can
be used considering zero initial conditions, and
reasonable output voltages, for example if output
voltage is zero error signal is 12.5V, this means that at
integrator the value is defined by acum + A, (top path)
at the same time at the end of bottom path (sum point)
value is defined by 3.531,, therefore sum output value
is acum + A; + 3.534,, but as initial conditions are
zero it’s reduced to A, + 3.534,, on the same sense if
output voltage is 1V the result will be 4, + 3.394,, for
6.0V, is A, + 2.544,, for 125V is 0, for 14.0V is
—A; — 1.414,, and for 18.0V the result is —1; —
2.341,.Therefore the maximum positive value that can
be on actuator is given by 4; + 3.534, < 4.0V, and
the minimum value is zero due that applying OV on
MOSFET gate used as actuator it’s output is zero,
discarding negative values which produces the same
null output.

Then substituting 4; = 0.1 in 4; + 3.531, < 4.0, and
resolving we have 1, < 1.10. So testing a few values
inrange 0 < A, < 1.10the observed value that gives a
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better result on simulation is A, = 0.5, results are
shown on figure 12.

Following the above mentioned procedure for tuning
controller, and subjecting system to load disturbances,
it’s response is as shown on figure 13.

i

20 e '\

Voltage (V)

g A =25

1 N

0.1 02 03 04 05 06 0.7 08 09 1

Time (sec.)

Fig. 12 Simulation results for super-twisting
control algorithm for 2, = 2.5, and A, = 0.5
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Fig. 13 System response under disturbances on
load with super-twisting control.

It can be seen that control signal is now a continuous
signal, output voltage is chattering free, and system
robustness is achieved due that disturbances on load are
essentially eliminated.

On figure 14 are shown the different system responses
when load disturbances are applied and the effect of
those on the different control strategies seen on this
document.
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Fig. 14 System responses when load
disturbances are applied with different control
strategies

5. CONCLUSIONS

Second order sliding mode control strategies are a
superior control tool; robustness, system model free,
chattering free, easy to implementation, adjusting by
system parameter change due to heat, and wear free;
are the main advantages over classic type control
strategies.

In order to implement second order sliding modes
strategies, high speed controllers must be used. With
technology advances on microelectronics field, now
this is feasible even since 1950’s sliding modes theory
exists. So a new powerful tool is now available for use
on different application fields.
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