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Abstract: Controlling an object that is extremely prone to oscillations is a complex and highly
relevant task. The tendency to oscillate arises due to the presence of an oscillatory element and a
delay element, and control is often complicated by the presence of an integrator in the object. For
such objects, a very effective method of numerical optimization of the controller is not effective
enough without choosing the most efficient structure, more efficient than the PID controller and
even than the PIDD controller. The method of using the Smith predictor, which is switched on
parallel to the plant, allows solving a similar problem, but the resulting quality of control remains
not good enough, since a large overshoot remains in the system. The article recommends, after using
the Smith predictor, to additionally use an external control loop, the sequential controller of which
should also be designed using the numerical optimization method. But the Smith predictor is not
the best solution either. The article recommends the use of pseudo-local feedback. Such a connection
provides more opportunities, since its structure and parameters can be optimized, while the Smith
predictor in its parameters is completely determined by the object model and its modification is not
allowed. The article shows that even the best sequential controller in the case of using the Smith
predictor on a test example still cannot provide the required quality of control; in such a system,
significant overshoot remains, more than 10%. The proposed method allows reducing overshoot to
less than 0.5%. It is shown that the resulting system is robust, since the quality of control remains
within specified limits even when the gain changes by 30% in both directions.

Keywords: controllers; PID; optimization; modeling; simulation; smith predictor; multi-loop
system; pseudo-local feedback
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1. Introduction

One of the most difficult objects to control is an object that is extremely prone to oscillations,
especially if in its mathematical model, in addition to the oscillatory link, there is also an integrating
link and a pure delay link [1,15-22]. In particular, actuators for automatically focusing optical systems
with magnetic control, based on the design of fastening the focusing lenses, can be divided into string-
mounted and rod-mounted. The string suspension has a number of undeniable advantages,
including high speed and the complete absence of dry friction, which allows for wide-band control
with zero static error. These designs are much simpler and cheaper, and therefore more reliable, but
they are not widely used in optical disk drives precisely because of the difficulty of controlling
vibrations. For such objects, the use of a traditional sequential regulator is not effective enough. It is
necessary to use multi-loop structures.

The structure with the Smith predictor is widely known [15-22], however, it also has some
disadvantages, so that it does not always provide sufficiently high-quality control. Quality indicators
are overshoot, which should be as small as possible, oscillations, which should not exist if possible,
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or they should decay very quickly, as well as the duration of the transition process. Quality indicators
describe dynamic error.

This article examines an alternative way to control such an object and demonstrates that more
effective technical solutions can be obtained, in particular, pseudo-local feedback in combination with
an additional external loop that provides astatic control.

2. Materials and Methods
2.1. Theory

The calculation of the regulator is carried out on the basis of a mathematical model of the object
and using the theory of how exactly this calculation should be carried out. Historically, there has
been a preference for methods that make it possible to first find a solution to a problem in a general
form, after which the parameters of the object model are substituted into this general solution to
obtain the desired parameters of the controller. But this path is not applicable to the problem of
controller synthesis, since it is too complex and does not have solutions in a general analytical form.
Therefore, the numerical optimization method is more effective.

2.1. Aproach

The numerical optimization method consists of choosing a controller structure for a given object
model, choosing an objective function for optimization, choosing a software tool for mathematical
modeling and its operating modes, and launching an optimization program for specific numerical
values of all parameters of the object model.

If the object is linear, then its mathematical model, as a rule, is specified in the form of a transfer
function in the domain of the Laplace transform. It is equal to the ratio of the output signal to the
input signal in Laplace image space. In the space of signals as functions of time, this dependence is
much more complex, since it would be necessary to use the operations of integration and
differentiation in cases where in the domain of Laplace transforms these are just operations of
division or multiplication by argument s, which is close in meaning to the concept of frequency, but
not identical fo it concept.

In the general case, a structure with negative feedback is a serial connection of a controller and
an object, after which the output of the object with a negative sign is connected through an adder to
the input of the controller, and the second input of this adder receives the prescribed value for the
output quantity, which is called a reference and is denoted by v(t). Structures that are more complex
can also be used. The most commonly used controller is the PID controller [1-14], which contains
proportional, integrating and differentiating channels.

The transfer function of the PID controller has the following form:
__ Kps+K+Kgs?

Wip(s) = Ky + =L+ Kgs = 2= )

Here Kj, Ki, Ka are the controller coefficients, s is the argument of the Laplace transform. If the
object model has an integrator, then the integral channel in the controller is not required, and a PD
controller is sufficient, that is, controller (1), in which Ki = 0. If the order of the object is too large, it
may also be possible to use a channel that has double differentiation; in this case, the controller model
is called PIDD, or PID?controller [23,24]. Its transfer function has the following form:

Wepp(s) = K, + Kgs + Kgq5°. ()

Structures that are more complex may contain circuits that are included, for example, in parallel
to the object model, as is the case with the Smith predictor. If the object has a transfer function in the
form of the product of the minimum-phase transfer function, described by a fraction in the form of a
ratio of two polynomials of the argument s and a pure delay link, described by an exponent of s with
a negative real coefficient, then the Smith predictor can be used, and it is included in parallel to the
model object, and feedback is taken not from the output of the object, but from the output of the
adder, which sums the output signal of the object with the output signal of the Smith predictor.

A controller with local feedback can be used if at least one signal at some intermediate point of
the object model is available for measurement. If such a signal is not available, then it can be
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artificially obtained using a model of the object or part of it. In this case, the local feedback signal is
taken not from the object, but from its model, and not local feedback, but pseudo-local feedback is
created.

2.3. Formulation of the Problem

Let’s consider an object that is highly prone to oscillation, since it contains an oscillatory link
with a high quality factor, as well as an integrator and a delay link, which prevent the suppression of
this oscillation due to deep negative coupling. The transfer function Wo(s) of the object is given by
the following relation in the operator domain.

Wols) =3 omrrom €% )

The first two factors represent the minimum-phase part of the transfer function, and the third
factor is the pure delay link.

It is required to design and calculate a controller that will ensure that the response of a system
covered by negative feedback to the input reference signal is as close as possible to the response of a
linear link with a transfer function equal to unity. In other words, the output value of the system must
repeat the input signal as accurately as possible, with minimal dynamic distortion and zero static
error.

2.4. Method

Traditionally, for such tasks, the system structure used is proposed in the form of a system with
a single negative feedback and a sequential regulator at the input. If such a solution turns out to be
insufficient, then the structure of the regulator becomes more complicated.

Traditionally, objects are considered, first of all, the possibility and feasibility of using a PID
controller (1), but since the object itself contains an integrator, the structure of the PID controller
should be divided into the transfer function of the integrator, and in this case we obtain the structure
of the PID controller (2) [23,24].

To calculate the coefficients of this controller, it is proposed to use modeling and numerical
optimization in the VisSim software, which is specially designed for such tasks. The rationale for this
choice is given in many of our articles [25-27]. The block diagram of the object in this software has
the form shown in Figure 1. The block diagram of the system is shown in Figure 2. Blogs in the form
of pentagons with the letters p, d, dd are amplifiers with gain factors indicated by these labels, and
the value of these coefficients, those. the values of the coefficients in the controller equation (2) are
calculated in the numerical optimization procedure. Here the letter designation corresponds to the

2 |'LP -5Td

1 Xpi ©

10s%+ 1541

coefficient index in the regulator (2).

Figure 1. Structure of the mathematical model of the object.

2 e-sT\:

10s%+ 1541

Figure 2. Structure for numerical modeling of a system with an object (3) and a controller (2).

To carry out optimization, special blocks called “parameter Unknown” and “Cost” are used.
Each block “parameter Unknown” is the input and output for the built-in optimization program; the
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starting values of this parameter are supplied to its input, and the current values are taken from its
output at each test stage. In order for the blog to work, any constant with which the search begins,
for example, a zero or one value, must be supplied as its input. The output of this blog should be
connected to a bus marked with the same label that marks the corresponding coefficients, the value
of which you want to find. In this case, there will be three blocks with outputs connected to labels p,
d, dd. In order for the optimization result to be known, the outputs of these labels are connected to
indicators showing the final value of the calculated parameters. In addition, optimization requires
calculating the value of the cost function, which is the criterion for achieving the optimum; this input
is the input of the “Cost” block.

The method also involves the formation of a test signal, which, as a rule, for linear systems is a

single jump, that is, a function of the following form:

v0={1;30 @

Here t — time from the beginning of each modeling step. Signals that are a function of time
circulate in the system; they are designated in lowercase Latin letters. The Laplace representation of
each such signal is indicated using capital letters, and the argument in this case is the complex
frequency, denoted by the symbol s.

First, let’s set the simulation time T = 80 s. Let the maximum number of iterations will be set
5000. Using the integration method, we’ll choose the simple Euler method, sampling step 0.1 s.

The cost function F(T) in the following form:
de(t)

F(T) = f (le(®)]t + k x max {0;e(t) x =2} at. )

Here e(t) is the control error calculated at the output of the subtracting device, indicated by this
letter on the bus in Figure 2, k is the weighting coefficient in this cost function, which by default is
chosen to be large enough, for example, k = 100. The justification for such a cost function is given in

our publications [24-27].

[0 |  parameterUnknown —{p | 0]
[0 ] [ parameterUnknown —p{ d| [ 0]
0 | | parameterUnknown |—{ dd | 0]

Figure 3. Structure for modeling an optimization block based on a cost function (5).

Numerical optimization of the traffic control regulator for this object does not lead to success.
The result is an unstable system. Instability manifests itself in the form of oscillations at a frequency
near the resonance frequency of a second-order high-Q filter within the object. The amplitude of these
oscillations is up to 30% of the amplitude of the input step and gradually increases. Even adding a
triple differentiation channel does not solve the problem.

Thus, a more efficient solution is required to manage such a facility.

The Smith predictor can also be used [15-22]. The structure of the Smith predictor consists of a
complete model of the object, to which a differential amplifier is added, which is the output of this
predictor. The positive input of the differential amplifier is connected to the output of the minimum-
phase part of the object model, and the negative input is connected to the output of the full object
model. The Smith predictor is switched on in parallel to the controlled object. For the considered
object (3), the transfer function of the Smith predictor has the following form:

Wes(s) = tomerao (1= €7°%). (6)

If the resulting system is not efficient enough, you can try adding another circuit external to this
system. This can further improve the quality of the transient process, including ensuring zero static
error and improving the quality of the process, that is, reducing or completely eliminating overshoot,
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reducing the duration of the transient process, and suppressing residual oscillations if they are
present.

The peculiarity of the transfer function of the Smith predictor (6) is that, firstly, in the high-
frequency region it is quite close to the object transfer function (3), and secondly, in the zero-
frequency region it is close to zero.

Developing this idea, we can propose to abandon the Smith predictor, replacing it with a
simplified model that also has these two features. In particular, one can offer pseudo-local feedback.

3. Results
3.1. Results of the Firest Approach

Figure 4 shows the result of optimization of a system with a PID? controller and a Smith
predictor. The corresponding transient process in such a system is shown in Figure 5.

S L5 ]
z g -
[D—Ep - ’
%' 105"+ 1s+1
derivative 2 CE—1p =
1—; Xp, ©
105"+ 15+1
+
1
1

0] [d] 4 66928

[0} dd | 13.6851
[0] 1.25621

Figure 4. Structure for modeling and optimization of a system with a PD? controller and a Smith
predictor using the cost function (5), optimization results are shown in numerical displays.

Values of the obtained coefficients: kp =1.198 = 1.2, ka = 4.669 = 4.67, ki = 13.685 = 13.7, kis = 1.256
=1.26. Thus, the controller equation has the form:

Wpps(s) = 1.2 + 4.67s + 13.7s5 + 1.26s5. )

The overshoot in this system is 9%, as can be seen from the graph in Figure 5. The process
duration is about 22 s.
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Figure 5. Transient process in the system according to Figure 4.

The obtained result can be improved due to the external loop, which covers the resulting system
as a new control object. In this case, we will leave the calculated coefficients of the PD3 controller of
the internal loop fixed in accordance with relation (7) and keep the Smith predictor according to
relation (6), connected in parallel to the plant, and cover this entire system with a loop with a unit
negative feedback and with a PID controller in direct control channel.

2

1—————
10s“+.1s+1

2

1—
105+ 1541

L0] [p| 37118
i} -868301
[0] [d] 2.84138e-2

derivative

Figure 6. Structure for modeling and optimization of a system with an external loop around a system
with a PD3 controller and a Smith predictor according to Figure 4.
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Figure 7. Transient process in the system according to Figure 6.

Values of the obtained external loop coefficients: k » = 0.37118 = 0.37, k i = 0.8683 = 0.868, k 4 =
0.0284 = 0.03. Thus, the controller equation has the form:

Weip(s) = 037 + 222 4 0.03s. 8)

Overshoot in this system is less than 0.5%, as can be seen from the graph in Figure 5, that is,
there is practically no overshoot. The duration of the process can be considered equal to 10 s. This
result is much better than that shown in Figure 5, so it can be argued that the external control loop is
appropriate. The coefficient of the differentiating path is very small, so this path can be abandoned.

Let’s consider the possibilities of simplifying this regulator. To do this, we will abandon the
three-fold differentiation channel in the internal loop, since it should still be recognized that in
practice, multiple differentiation is undesirable, since it can contribute to a sharp increase in noise. In
itself, an increase in noise in this control channel is not dangerous, since the object has filtering
properties due to the integrator, but if this increased noise leads to limitation of the control signal,
then the quality of control will be greatly deteriorated, as a result of which a static error may even
occur. This danger does not exist in the case of using a digital controller rather than an analog one,
since signal limitation does not occur during calculations; however, in digital controllers, the
discreteness of the processed signal also affects itself during repeated differentiation and generates
additional noise generated by repeated differentiation of step signals. A structure with a PD?
controller in the inner loop is therefore not only simpler, but also more desirable compared to a
structure with a PD? controller.

The structure with a PD? controller is shown in Figure 8, where the MPP block is the minimum-
phase part of the object model, and the DP block is the delay link. The corresponding transient process
is shown in Figure 9.

derivative

derivative — 13.3

Figure 8. Structure for modeling and optimization of a system with a PD? controller and a Smith
predictor.
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Figure 9. Transient process in the system according to Figure 8.

Here the coefficients of the PD? controller are calculated using the same method and their
numerical values: kp = 0.388, ki = 2.33, kas = 13.3. Thus, the controller equation has the form:

Wpp2(s) = 0.388 + 2.33s + 13.3s°. )

Without an external loop, the overshoot is about 11%, the process duration is about 25 s.

We organize around this structure an external loop with negative unit feedback and a sequential
PID controller. Optimization leads to a result in which only the integral channel has a non-zero value,
the remaining channels receive negligible gains.
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Figure 10. Structure for modeling and optimization of a system with an external loop around a system
with a PD? controller and a Smith predictor.
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Figure 11. Transient process in the system according to Figure 10.
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Figure 12. Changes in the transient process in the system according to Figure 10 when the object’s

gain changes: 1 — coefficient is reduced by 30%, 2 — original coefficient, 3 — coefficient is increased by
30%.

There is a lag element in the Smith predictor, as can be seen from the structure in Figure 10. For
this reason, if the lag changes significantly, the controller calculated by this method using the wrong
lag value may become unusable. However, when the delay changes within small limits, no more than
30% of the original value, the deterioration of the system is noticeable, but not fatal.

The proposed pseudo-local feedback controller is free from these disadvantages. Consider this
method of designing a controller as applied to this problem.

3.2. Applying Pseudo-Local Feedback

Figure 13 shows a framework for modeling and optimizing a system with pseudo-local feedback
and an external loop with a sequential PID controller. In this case, the coefficients in the pseudo-local
PD2 controller are taken from the previous optimization result, and the coefficients of the sequential
PID controller are obtained by the numerical optimization method. Overshoot in this case does not
exceed 1%, the duration of the process can be estimated at 10 s, and if we do not take into account the
process from overshoot within a deviation of 1%, then the process time can be considered equal to 5
s. If you use a PID 3 controller in a pseudo-local loop, as shown in Figure 14, then the system as a
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whole provides control with ideal quality, since there is no overshoot at all, the duration of the
transient process is about 7 s.

ms CHEcH B

2
1—5
105"+ 1541

g
105°+ 1541

[0] (o} 5
(i}
[0} {d} 4
[©3 Jnk {dd] 320045

Ry 0 5 10 % 20 25 30 35 40 45 50 55 60 65 M7 80
Time (sec)

Figure 13. Framework for modeling and optimizing a pseudo-local feedback system with a PID?
controller and an external loop with a sequential PID controller.

The resulting system has the required robustness property. When the object gain increases by
30%, an overshoot of 4% occurs in the process, the duration of the process is 7 s, as shown in Figure
15, line 1, line 2 also shows the process at the initial value of this coefficient, and when the coefficient
is reduced by 30%, the process remains without overshoot, but the duration of the process increases
to13s.

2
1—3
105"+ 15+1

125
@] (e} 1868
1]
(o] {d}

e

» 0 5 10 15 20 25 30 35 40 45 50 55 60 6 70 75 80
Time (sec)

Figure 14. Framework for modeling and optimization of a pseudo-local feedback system with a PID3
controller and an external loop with a sequential PID controller.
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Figure 15. Changes in the transient process in the system according to Figure 13 when the object’s

gain coefficient changes: 1 — coefficient increased by 30%, 2 — original coefficient, 3 — coefficient

reduced by 30%.

Next, let us pay attention to the fact that in the pseudo-local contour in the minimum-phase part
of the object model there is an ideal integrator. It is advisable to abandon the use of an ideal integrator,
replacing it with an aperiodic link with the same amplitude-frequency characteristic in the region of
medium and high frequencies, but having a limited gain in the region of low and zero frequencies,
whereas for an ideal integrator this characteristic increases infinitely. This somewhat simplifies the
regulator and ensures restoration of astatic control of the internal circuit. The final controller structure
is shown in Figure 16, with the outer loop sequential controller coefficients re-optimized using a
numerical optimization procedure, but they are not significantly different from the previously
obtained values.

Tt
e ____‘_f’_.._,..__.

0 2 4 6 8 10 12 14 16 18 20
Time (sec)

Figure 16. Changes in the transient process in the system according to Figure 13 when the delay in
the object model changes: 1 — delay is increased by 60%, 2 — initial value, 3 — delay is reduced by 60%.

Finally, the transfer function of the sequential controller has the form:
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0.46

Weip(s) = 1.817 + 2% + 4.39s. (10)

The transfer function of the pseudo-local loop is:
1.24+4.675+13.755+1.265°
Wpi(s) = 2 (s+0.0001)(1052+0.15+1)" (11)
This loop can be replaced by a sequential controller Wi(s) based on the rule of equivalent
transformation of the closed-loop transfer function:
1 1 (5+0.0001)(1052+0.15+1)

Wi(s) = = = . (12
1(5) T+WpLL(s)  ppLl2*t4675+13752412655  (540.0001)(1052+0.15+1)+2(1.2+4.675+13.752+1.2653) (12)
(5+0.0001)(1052+0.15+1)
1053+0.15%+5+0.0001
Wi(s) = (13)

(105340.1524+5+0.0001)+(2.4+9.245+27.452+2.5253)"
After elementary transformations, we obtain the final form of this transfer function:

105340.15%+5+0.0001
Wi (s) ~ 3 2 : (14)
12.5253+27.552+10.245+2.4

The final verification and refinement of this solution is that the coefficients in which there are
more than three significant digits in the calculation are rounded to three significant digits and in the
refined structure we additionally optimize the sequential PID controller.

Figure 17 shows the final structure with a single stabilization loop, in which the series controller
is a series connection of a PID controller and a controller of type (14) with rounded coefficients. In
this case, the transfer function of the PID controller has the form:

0.46

WPID (S) =171 + T + 4.41s. (15)
The transfer function of the second sequential link has the form:

1053+0.15%+5+0.0001
Wi(s) = 3 > . (16)
12.553+27.552+10.25+2.4

The transient process does not have overshoot, the duration of the process is 7 s, the system has
a single feedback loop, that is, the regulator is very simple in appearance, much simpler than all the
regulators discussed above.

1082+ 1s+1

2
1

105+ 1s+1

—
13.68 H—|:| derivative
1.256 [4—— derivative |

Figure 17. Final system structure: PLL — pseudo-local loop, PID — serial PID controller.

¥ 3

The robustness properties when the gain changes by 30% and when the delay changes by 60%
are confirmed by similar tests and the resulting graphs practically coincide with the graphs shown
earlier in Figures 14 and 15. For this reason, additional tests of the system were carried out with an
even stronger deviation of the parameters of the object model.

Figure 18 shows the result of the system with the delay change in the object model by 100%.
When the delay is reduced to zero, the transient process retains its quality, reaching the deviation
zone by 2% only slightly slower, but the duration of the transient process still remains short, about
10 s, and when the delay value is doubled, the overshoot reaches 10%, the duration of the process is
at the level of 1 % remains the same, and the process duration at the 0.2% level is 14 s, as shown in
Figure 18. Figure 19 shows the results with the object gain changed by 50%.
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Figure 18. Final structure of the system with a single loop and the resulting transient process.

10 12 14 16 18 20
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Figure 19. Changes in the transient process in the system according to Figure 17 when the delay in
the object model changes: 1 — delay is increased by 100%, 2 — initial value, 3 — delay is reduced by
100%.
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Figure 20. Changes in the transient process in the system according to Figure 18 when the object’s
gain changes: 1 — coefficient increased by 50%, 2 — original coefficient, 3 — coefficient reduced by 50%.

Based on the results of these complex tests, it can be stated that a method is proposed for
controlling objects that are highly prone to oscillations due to the presence of a resonant link, an
integrator and a delay link in their model. The effectiveness of the method has been confirmed by
simulation; the structure of the controller is much simpler than a system with a Smith predictor.

4. Discussion

This article solved the problem of effective control of an object prone to oscillations due to the
presence in its model of an oscillatory element in the form of a second-order filter with a high quality
factor, a delay element for a significant amount of time commensurate with the time constant of this
element, and an integrator. These elements are connected in series in the model. Since the object has
an integrator, one could hope for sufficient efficiency of the PD? controller, but the structure of such
a sequential controller, which is effective for many other cases, turns out to be ineffective in this case.
Even introducing the third derivative into the control channel does not solve the problem.

The use of the Smith predictor with subsequent numerical optimization of the controller
coefficients has been demonstrated, which does not provide a sufficiently high quality of control. It
is additionally proposed to provide control with higher quality using an external loop with a PID
controller, the coefficients of which are calculated by numerical simulation. It is shown that in
combination with all these methods the problem is solved with better quality, but the structure of the
controller remains too complex. It is shown that when using a PID? controller in the internal loop, if
you use only the Smith predictor and the internal loop, control is provided with overshoot of no more
than 9% and with a process duration of about 15 s; due to the external loop, overshoot is reduced to
a value of 0.5%, duration the process is reduced to 10 s. If third-order differentiation is not used in
the internal loop, then with a PID2 controller without an external loop it is possible to provide control
with an overshoot of 11% and a process duration of 25 s, and with an external loop the overshoot is
reduced to 1.5%, the process duration is about 15 s, the error becomes less than 0.1% after 35 s. The
robustness of the resulting solution has been demonstrated, so in the case of changing the gain of the
object model by 30% in both directions, the process remains of sufficiently high quality: overshoot
does not exceed 1.5%, the process time is about 15 s, the time until the control error is reduced to a
negligible value remains no more than 30 s.

5. Conclusions
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It is proposed to use pseudo-local feedback, which gives a similar result with greater simplicity
of the controller. It is also proposed to recalculate the pseudo-local controller through equivalent
transformations, then round off the coefficients and again optimize the sequential PID controller. The
resulting controller provides ideal control quality, since there is no overshoot, but the transition
process in terms of the rate of reaching zero error is much faster than the exponential process.

The proposed method can be used to control objects that are highly prone to oscillations at a
resonant frequency due to the presence of a resonant link in the object model and due to the presence
of a delay link.
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