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ABSTRACT

In this paper, the tuning procedure for the standardized PID controller for third-order object models
with additional zero and time delay using the maximum stability degree method with iteration is ana-
lyzed. Analytical calculation expressions for the tuning parameters of the controller were obtained as
nonlinear functions of the argument - the degree of system stability, and linear functions of the known
parameters of the object model. By varying the degree of stability, these functions are graphically
constructed, after which, for the same argument value, sets of controller tuning parameter values are
chosen, and the performances of the automatic control system for the control object are verified. The
proposed method was compared with other known methods and tested for tuning the PID controller
for the temperature control in the extruder of a 3D printer. The advantages of the elaborated proce-
dure were highlighted.

Keywords: automatic control system; PID controller; mathematical model; control algorithm; tuning
method; maximal stability degree method with iterations.

REZUMAT

in lucrare se analizeaza procedura de acordare a regulatorului tipizat PID la modele de obiecte de
ordinul trei cu zerou suplimentar si timp mort dupa metoda gradului maximal de stabilitate cu iteratii.
S-au obtinut expresiile analitice ale parametrilor de acord ai regulatorului ca functii neliniare de argu-
mentul — gradul de stabilitate si liniare de parametrii cunoscuti ai modelului obiectului. Variind gradul
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de stabilitate, aceste functii se construiesc in forma grafica dupa care, pentru aceeasi valoare a argu-
mentului, se aleg seturi de valori ale parametrilor regulatorului si se verifica performantele sistemului
automat pentru obiectul real. Metoda propusa a fost comparata cu alte metode cunoscute si a fost
testatd pentru acordarea regulatorului PID al sistemului de reglare a temperaturii in extruderul impri-
mantei 3D. Au fost evidentiate avantajele procedurii elaborate.

Cuvinte-cheie: sistem automat; regulator PID; model matematic; algoritm de reglare; metodd de acor-
dare; metoda gradului maximal de stabilitate cu iteratii.

Introduction

The issue of synthesizing the automatic controller, which involves the design or selection of a con-
trol algorithm and determining its optimal parameters is one of the fundamental problems in automat-
ic control. Obtaining the optimal parameters of the controller requires knowledge of the mathematical
model of the process, so that the control objective can be achieved and maintained, and the perfor-
mance requirements imposed on the automatic system are met as: system stability, sensitivity, static
and dynamic properties, insensitivity, and system robustness.

In this paper, the mathematical model of the third-order control object with additional zero and
time delay is used [3, 41:

6 k(T,s+1) e (bt

(T +1) (T +1)(Tys+1) o gost fa,5 ta,sta;’

H(s) =

where kk is the transfer coefficient, T, T,, Ty and T, are the time constants of the proc-
ess, T - time delay and by, =kT,, by =k, a, =T,T3T,,a, =T,T; + T,T, + T5T,
a, =T, ++T; + T,and a; = 1 are the generic coefficients.

The algorithm for tuning the PID controller refers to the method by which the parameters P (pro-
portional), | (integral), and D (derivative) are set to ensure optimal control system performance. The
controller tuning methods can be realized through experimental or analytical methods, depending
on the system characteristics and application requirements. There are several methods for tuning the
PID controller to the object model: Ziegler-Nichols, frequency response-based, polynomial method,
etc. [1-7,11].

The Ziegler-Nichols (ZN) method involves: setting the | and D tuning parameters of the controller to
zero, and the P tuning parameter is increased until the system response exhibits sustained oscillations.
The critical value of the P tuning parameter (.i’{c) and the period of the oscillations (T",) are noted. These
values are used to calculate the P, |, and D tuning parameters of the controller [11].

The polynomial method is also an analytical approach that leads to solving the control algorithm
synthesis problem. However, it can be challenging to determine the characteristic equation of the
designed system [8, 9].

In this paper, the tuning algorithm was developed using the maximum stability degree method
with iterations (MSDI) [8, 9] to tune the PID controller to the control object model (1).

An example of tuning the PID controller to the object model (1) is studied, and the object param-
eters are varied from their nominal values, and the system’s performances are analyzed.
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Materials and methods

The close loop system structure with time delay in Figure 1 consists of the fixed part (FP) described by
the transfer function Hg (), composed of dead time & ™%, the transfer function H( 5) of the control
object and the controller described by the transfer function H (). The input signal x(t) = 1(t)is
considered a unit step, £(t) = x(t) — ¥(t)is the system error, 1(t) is the command signal, ¥(t)
is the system output, and e () is the system disturbance.

d(t)l

RO BQIN| R N TS

x(1) o £(D) y(0),

Hpp(s)

Figure 1. The close loop system structure

Source: Developed by the author

The standard PID algorithm in parallel connection is described by the following transfer function:
kgst +hkpstk;

k .
Hyp(s) =k, + S+ ks = 22275 )
where k,, k;, and k4 are the tuning parameters of the PID controller.
The transfer function of the closed-loop system with the PID controller is represented in the fol-

lowina form:

Hy(s) (legs® #l;+kys)e " (b s+h,)
HDEEJ — d — d L 4 1

TR = 2 (1o oo® 21 —T= ¢ '
1+Hz(s)  aps*+a,s® tags® tagst(kys® +hitkps)e P ibgatb,)

3)

where H;(s) = Hp;p(5)Hgp(5) is open-loop transfer function of system.

The characteristic equation D (5] of the automatic control system (3) is:

D(s) = apgs® + a,5° + a,s” + ags+ (kys* + k, + ks)e = (bys + b)) =0 ()

The concept of the stability degree [ is introduced and substituted s = —J according to the max-
imum degree of stability algorithm, and after some transformations, the following expression is obtained:

— Er'r':ﬂn-lr‘_ﬂ'_-'rs'mz-'rz_ﬂs-'r} 2 —

D(-]) = P +kyJ -k, J+k, =0 (5

By differentiating expression (5) twice with respect to the variable J, the calculation expressions for
the PID controller parameters are obtained:

e Y g —d, Prdyf-d P ra-de ) _

k, = TR + 2k ] =1, (©

where dﬂ. = ﬂ-DbDT, dl = 3&.}.’3,} + ﬂ-ﬁblT‘l‘ ﬂ-le.T, d: = 4‘ﬂﬁb1 + Zﬂlbc. + ﬂ’lblT + ﬂ-:b[f[,
dg = Sﬂibl + ﬂ.gbu + ﬂ.:blT+ ﬂ.gbc,"[, dq_ = Zﬂ.gbi + g biT, dE =g bj_.

s i-g g, —a.J" +a 5
k= (—ap)* +a,J° —a " + Eﬂ—kdj‘+kpl=ﬁ(ﬂ, )

t by,—b,J
e img, Fra, Fod. P Hd P -, Prd.—d.)
hy = SRR S 1)
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dc. - ﬂ’l}bST:,
dy = 6agbgT + 2agbyby T8 + a b3 1Y
dy, = 6aghi + 14agbyby T + aghit? + 4a, b1+ 2a, by T + a b3 T
d3 = 16@apbyby + Baghit + 2a,b3 + 10a,bgby T+ a1 bt + 2a,b5 T+ 2azbaby 12 + azh; 12,
dy = 12agh] + 6a,bgby + 6a,biT + 6a,byby T+ azbf 12 + 2a3byby T2,
ds = 6a,b? + da,bit+ 2azbgby T+ azbit? dg = 2a,b8 — 2a3bghy + 2azbit
Results and discussion
Subsequently, the results obtained from tuning the PID algorithm for the extruder of a 3D printer
are presented. The external appearance of the extruder is shown in Figure 2, a. Before performing the

controller calculation, it is necessary to identify its mathematical model. For this purpose, the experi-
mental curve of the extruder heating process was recorded, as shown in Figure 2, b.

Step response

= Process variable

150 4

Temperature, C

=
o
=3

50 1

a) b)

Figure 2. Extruder and experimental curve of heating process
Source: Developed by the author

The mathematical model (1) of the control object is identified using the System Identification Tool-
box from MATLAB software which is represented by the following transfer function:
e750.72653(163.40925+41) e~5(118.72540.72)
Hep(s) = (634.10445+1)(61.55245+1)(0.508955+1) T 19864.645°+39384.752 4696165 +1
For the calculation of the PID controller parameters, expressions (6)-(8) were used, after substituting
the generic coefficients, the expressions take the form:
s~J(167.205 5 —834.15]% +675 ° —11.59 % +0.071] —-5.1+10 %)

k, = + 2k ] = £,(J), (10

(—118.72]+0.72)2

)

e~ (1986464 * - 35384.7 ° +696. 16 2 - ) k

ke, = 0.72-118.72] o "+ ko] = fi (D), (1)
e~ Y(-83.68)° +665.018/° —1177.855 ° +356.103 J° —6.274J° +0.037] —1.68+10%)
kd N 2(—118.72J4+0.72)% - fd Uj (12)

The stability degree variable [ is varied from 0.01 to 1.5, and the graph of dependencies kp, k; Kk as
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functions of [ are plotted. According to the original method, the optimal value of the stability degree [
of the designed system corresponds to the first maximum of the dependencies of the controller’s tun-

ing parameters obtained by varyingJF =0..00
500 -

ks iy kg

400 4

300

200 A

100

-100 4

-200 1

-300 1

0.0 0.2 0.4 0.6 0.8 10 1.2 14
Figure 3. Dependences k,, = FLE: = F(Nsikg = £

Source: Developed by the author

Next, from the kp, k;, k dependencies in Figure 3, several sets of values (Table 1) were chosen
for the PID controller of the automatic temperature control system in the 3D printer’s extruder. The
controller parameters were set, and the system’s step response was plotted, as shown in Figure 4. The
results of tuning the controller using the MSDI method were compared with the Ziegler-Nichols me-
thod (a method for tuning the PID controller without knowing the mathematical model of the object),
as shown in Figure 4, d. The experimental validation of the data was carried out on the thermal process
in the extruder of a 3D printer (Figure 2 a and Figure 4).

The oscillations present in Figures 4, a and 4, b are due to the high values of the tuning parameter
of the integrative component k;, which can accumulate a large integral error and lead to overshoot
and sustained oscillations.

In the case of the system with a PID controller tuned using the Ziegler-Nichols method (Figure 4, d),
oscillations are present due to the essence of the method, as the processes are obtained with oscillations.

Step response Step response
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Figure 4. Step responses of the system with the PID controller
Source: Developed by the author

In Table 1, the performances of the automatic temperature control system in the extruder with the
PID controller for the object model identified from (9) are presented.

Table 1
Parameters of the controller and performance of the system with the PID controller
No. ) hod Parameters of the controller Performance of the system
iter. Tuning metho J kp ki Ti’ S kd, . I’,.' S ﬂ.’ % tg, S 1
1 MSDI, fig4,a  [0.36 96.13 10.848 0.092 2.16 82 5.5 103 1
2 MSDI, fig.4,b |0.78 189.15 35.02 0.028 95.42 82 5.0 102
3 MSD|, fig.4,c |1.24 134.2 4.6 0.21 70.47 74 4.5 82
4 ZN,fig.4,d |- 336.6 34.22 0.029 841.5 80 4.0 92 0

Source: Developed by the author

In Table 1, the following notations are used: £,. is the rise time, @ is the overshoot, £_ is the settling
time, and 11 is the number of deviations from the set value. Typically, the deviation is considered to be
the exceedance of the output value of the automatic system by £-5 % from the set value y(t ).

The best performance of the automatic temperature control system in the extruder was achieved
with the PID controller tuned using the MSDI method (Figure 4, ¢), iteration No. 3, Table 1, having the
shortest settling time, minimal overshoot, and no oscillations.

Conclusions

Based on the results obtained, it can be asserted that the maximum stability degree method with
iteration provides good results for the case of tuning the PID controllers for the third-order models
with additional zero and time delay.

The extruder of a 3D printer was used as the control object. As a result of synthesizing the PID con-
trol algorithm to the object model discussed in this paper using the MSDI method offers good system
performances. Among them, the best result had a settling time £, = 82 seconds and an overshoot
o = 4.5 %. The other results exhibited sustained oscillations.

For a better view of the MSDI method, a comparison was made with the Ziegler-Nichols tuning
method. The results of tuning the controller, for the type of object model discussed, using ZN are sat-
isfactory.
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