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Abstract - In order to realize an efficient synthesis of the
control algorithm, it is necessary to be known the mathe-
matical model of the control object. This paper deals with
the problem of data-driven control of second order astatic
inertial systems with, or without time delay, that supposes
an experimental identification of the mathematical model in
the closed-loop and algorithm for synthesis the PD and PID
controllers. The control algorithm was synthesized accord-
ing to the maximum stability degree method with iterations.
The closed-loop identification method and control algo-
rithms of the PD and PID controllers were verified by com-
puter simulation in MATLAB and there are obtained good
results in model estimation and in the tuning of the PD and
PID controllers.

Cuvinte cheie: identificarea in bucla inchisa, control bazat pe
date, PD si PID regulator, modelarea matematicd, modele de
obiecte cu inertie si astatism.

Keywords: closed-loop identification, data driven control, PD
and PID controllers, mathematical modelling, second order
inertial systems with astatism.

I. INTRODUCTION

In the realm of control systems engineering, traditional
methods of tuning the proportional-integral-derivative
(PID) controllers often rely on mathematical models. The
mathematical models present the center of the design and
synthesis the controllers, and while these models work
well, when the underlying system dynamics are well un-
derstood and predictable, but they can give not so good
results for the case of complex, uncertain and nonlinear
systems [1]. This limitation has led to the emergence of
data-driven control, a novel and powerful approach that
leverages real-world data to develop control algorithms
and optimize system performance in real time of the sys-
tem operation [2-4].

Data-driven control refers to a control strategy that uti-
lizes data-driven modelling techniques to design control
algorithms and this strategy has gained popularity in re-
cent years due to its ability to handle complex and non-
linear systems, where the traditional control methods may
give not so good results. It is particularly useful when the
underlying physics of the system are not well understood
or when the system's behavior changes over time [16].

The applications of data-driven control span across var-
ious industries and fields. From the manufacturing pro-
cesses and robotics to autonomous vehicles, and this strat-
egy has shown promise in enhancing system performance,
reducing energy consumption, improving safety, and han-
dling complex environments.
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Key features of data-driven control include model iden-
tification based on data analysis, adaptive control mecha-
nisms that adjust in real-time the tuning parameters, and
the ability to optimize control strategies using historical
and real-time data. In this control strategy various identifi-
cation methods are used to approximate the dynamics of
the process with different transfer functions, where the
model identification supposes the approximation of the
process with mathematical model from observed in-
put/output data [S]. In the control systems the control ob-
ject model estimation can be realized by the two different
approaches: in the open-loop and in the closed-loop. In an
open-loop system identification, the control input is ap-
plied to the system, but the system's output is not used to
influence the control action. Essentially, the system oper-
ates without any feedback control. Open-loop identifica-
tion methods involves analyzing the system's response to
different inputs and disturbances and presents some sim-
ple assumptions where the process dynamics is approxi-
mated by the model of object with inertia first or second
order with, or without time delay.

Opposite to the open-loop identification, there are de-
veloped over 30 years the closed-loop identification meth-
ods, where the control input is adjusted based on the sys-
tem's output, creating a feedback loop. This allows to the
system to regulate itself and maintain desired perfor-
mance. Closed-loop identification takes into account the
interaction between the control action and the system's
response. In both open-loop and closed-loop model identi-
fication, the goal is to find a mathematical model that ac-
curately predicts how the system responds to inputs and
disturbances. These models can subsequently be used for
controller design, system analysis, or optimization [6-7].

The purpose of this paper, is to focus attention on the
data-driven control of the second order inertial systems
with astatism with, or without time delay. This supposes
the model identification in the closed-loop and algorithm
for synthesis the PD and PID controllers. The controllers
were proposed to be synthesized according to the maximal
stability degree method with iterations (MSDI), that offers
to the system high performance and good robustness.

II. DATA-DRIVEN CONTROL OF THE SECOND ORDER
INERTIAL SYSTEM WITH ASTATISM

A. Closed-Loop System Identification of the Second
Order Inertial Systems with Astatism

The data-driven control strategy involves deriving con-
trol actions directly from observed data and system behav-
ior, rather than relying solely on a pre-existing, fully
known mathematical model.
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Many industrial processes operate under feedback con-
trol. Due to unstable behavior of the control object, or
necessary of the safety of operation, experimental data
can be acquired only under closed-loop. Closed-loop
identification methods have been proposed by the Karl
Johan Astrom et al. (1970), Gustavsson et al. (1977),
Soderstrom and Stoica (1989), Lennart Ljung et al.
(1999), Tore Héagglund et al. (2000), Graham C. Goodwin
(2011), Sudhahar et al. (2020) [5-10]. The closed-loop
identification methods are oriented to solve the consisten-
cy problem of identification, considering the situation
that the control object and the disturbance signal are tak-
en into account in the identified model [11-15].

In the author paper [17], it was proposed an algorithm
for identification of the astatic system in the closed-loop,
where the transfer function that approximates the control
object is:

k k
- s(Tis +D)(T,s +1) - ays’ +a,s’ +ays’

H(s) M

where T1, T2 are time constants; k is transfer coefficient
of the system; a, =T,T,, a; =T} +7T,, a, =1.

The identification algorithm in the closed-loop consists
from the following steps:

1. Analysis of the process, that involves identifying
the key characteristics that define the nature of the sys-
tem.

2. Implementation of the feedback control system
with P controller.

3. Variation of the proportional tuning parameter
k, > 0, until the system achieves the limit of stability and
further determination the value of critical transfer coeffi-
cient k., and period of oscillations — T,.

4. Calculation of the natural frequency value accord-
ing to the relation:

2
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T
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5. Calculation of the system transfer coefficient ac-
cording to the relation:

3

k=1im="- ;

where y, is the steady-state output value, v, 1S the ini-
tial value of the output response, u — input signal, ;. 1S
the initial value of the input signal.

6. Calculation the parameters’ values of the control
object (1):

a, = ! N
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B. Closed-Loop System Identification of the Second
Order Inertial Systems with Astatism and Time Delay

For the case of the astatic system with time delay, in
the author paper [17], it was proposed an algorithm for
system identification in the closed-loop, where the trans-
fer function that approximates the control object is fol-
lowing:

B ke™® _ ke ™®
s(Tis+1)(Ts+1)  ays’ +as’ +a,s

®)

>

H(s)

where T1, T2 are time constants; k is transfer coefficient
of the system; 7 - time delay; a, =715, a,=1,+7T,,
a,=1.

The identification algorithm of the astatic system with
time delay in the closed-loop is following:

1. Analysis of the process, that involves identifying
the key characteristics that define the nature of the sys-
tem.

2. Implementation of the feedback control system
with P controller.

3. Variation of the proportional tuning parameter
k, > 0, until the system achieves the limit of stability and
further determination the value of critical transfer coeffi-
cient k., and period of oscillations — T,.

4. From the undamped transient response of the
closed loop system determination the value of time delay
-T.

5. Calculation of the natural frequency value accord-
ing to the relation (2).

6. Calculation of the system transfer coefficient ac-
cording to the relation (3).

7. Calculation the parameters’ values of the control
object (5):

_ 40, - k. ksintw,

a, e ;
g (6)
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C. Synthesis the PD Controller to the Model of Object
with Inertia Second Order and Astatism
It is considered that the control system is presented in
the Fig. 1 and it is formed from the controller with trans-
fer function A, (s) and control object (1).

#(?) e(?) u(r) W)

—»|  Hr(s) Hi(s) —T—>

Fig. 1. Structural scheme of the automatic control system.

The PD controller is described by the transfer
function [1]:

Hy(s)=k, +k,s, 7)
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where the tuning parameters of PD controller - &, k.

One of the tuning methods of the controllers is maxi-
mum stability degree (MSD) criterion [18] and according
to this criterion the value of stability degree is calculate by
the expression:

al
J=—
na,

(®)

where the #n is the order of the closed-loop characteristic
equation with respectively controller.

Next, utilizing the MSD method with iterations [19],
there are calculated expressions for tuning parameters of
the PD controller:

1
k,= p (a > —aJ’ +a,J)+k,J, ©

ky

(10)

1
= ;(—3%]2 +2a,J —a,),
where J is the stability degree of the system.

From the expression (8) is calculated the value of sys-
tem stability degree

J=
3a,
and according to this expression, the analytical expres-

sions for calculation the tuning parameters of the PD con-
troller (9)-(10) can be rewritten in the following way:

3
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According to the expressions for calculation the values
of control object’s parameters (4), the expressions (11)-
(12) can be rewritten as:
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D. Synthesis the PID Controller to the Model of Object
with Inertia Second Order and Astatism

The control algorithm PID is described by the following
transfer function [1]:

k,
Hy(s)=k, +—+k,s, (15)
s
where the tuning parameters of PID controller - &, k;, kg.
The analytical expressions for calculation the tuning

parameters of the PID controller were obtained in con-
cordance with MSD method with iterations [19]:

1
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k, =
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1
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where J is the stability degree of the system.
From the expression (8) it is calculated the value of
system stability degree

J=
4a,

And in concordance with the value of stability degree,
the analytical expressions (16)-(18) can be rewritten as:

S (19)
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According to the expressions for calculation the value
of control object’s parameters (4), the expressions (19)-
(21) can be rewritten as:

o=k (22)
" 16w;
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E. Synthesis the PID Controller to the Model of Object
with Inertia Second Order, Astatism and Time Delay

The control algorithm PID is described by the transfer
function (15) and the control object is described by the
transfer function (5). The analytical expressions for calcu-
lation the tuning parameters of the PID controller were
obtained in concordance with MSD method with itera-

tions [19]:
€7ﬂ 4 3 2
kp = T (—ta,J" +(wa, +4a,)J” —(a,r +3a,)J +(25)
+2a,J)+2k,J,
—o
e
k; = 7(—aOJ“ +a )’ —aJ?)—k,J? +k,J, (26)

—
k= 627(—72a0J4 +(z%a, +8m,)J’ —(%a, + 64,7 + 27

+12a,)J’ + (4a,7 +6a,)J —2a,)
where J is stability degree of the system.

F. Algorithm for Data Driven Control

According to the procedure of experimental identifica-
tion in the closed-loop of the astatic system with inertia
second order and analytical expressions for calculation
the tuning parameters, the algorithm for data-driven con-
trol of the astatic systems with inertia is following:
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1. P control algorithm establishment.
2. Achievement the undamped transient response by
the variation the proportional tuning parameter k, > 0.

3. Data extraction from step response as 7  k

crer?d

k,t
and calculation the value of natural frequency ¢, .

4. Model object chosen and parameter estimation by
the (4) or (6) expressions in dependency of time delay
presence.

5. Tuning the PD controller by the expressions (9)-
(10), or PID controller by the expression (18)-(20), or
(25)-(27).

III. APPLICATION AND COMPUTER SIMULATION

A. Closed-Loop System Identification and Control of the
Second Order Inertial Systems with Astatism
To verify the proposed algorithm, it is considered that
the control object is described by the following transfer
function:

2 2

= = _ (28)
s2s+DBs+1)  65° +55> +5

H(s)

Next, the control system with P controller was simulat-
ed and k, tuning parameter was varied until it was
achieved the system response presented in Fig. 2.

2L 4

Amplitude

25
Time (seconds)

Fig. 2. Undamped step response of the closed-loop system.

50

There are obtained the following parameters:
k=042, T, =15314s., o, = 0.4101.

Based on the expressions (4), there are calculated the
transfer function of the control object:

2
5.9459s5° +4.995% + 5

In the Fig. 3, it is presented the comparation between
original step response of the open loop system described
by the transfer function (28) — curve 1 and identified
transfer function (29) — curve 2.

From Fig. 3, it can be observed that the algorithm for
identification in the closed loop offers good estimation of
the mathematical model.

Next, to the identified transfer function (29), it is pro-
posed to tune the PD controller according to the (13)-(14)
expressions. In the Table I, there are presented the calcu-
lated values of the tuning parameters and it was done the
comparison with MSDI method, parametrical optimiza-
tion (PO) from MATLAB and genetic algorithm (GA).

H(s)= (29)
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In case of genetic algorithm, the fitness function was
designed based integral square error (GA1) and integrated
time absolute error (GA2).

100 T T =)

Amplitude

L L L L |
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L I L I
20

.
25
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Fig. 3. Comparation of the system step responses in the open loop.

TABLE L
SYSTEM PERFORMANCE AND TUNING PARAMETERS
OF THE PD CONTROLLER
No Method J k, ka ts t, c
1 | Proposed 0.065 0.199 222 222 -
Method
of Tun-
ing
2 MSDI 0.29 | 0.064 0.193 22.7 22.7
3 MSDI 0.36 | 0.049 0.147 32.1 32.1
4 PO 0.206 0.886 14.3 3.1 7.5
5 GAl 0.302 35.01 13.1 0.33 69
6 GA2 3.008 26.84 14.6 0.54 70

In Fig. 4, it is presented the step responses of the auto-
matic control system with PD controller.
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Fig. 4. Step response of the automatic control system with PD controller
tuned by: 1 — proposed method of tuning; 2 — MSDI method; 3 — MSDI;
4 — parametrical optimization from MATLAB; 5 — GA1 (fitness func-
tion ISE); 6 — GA2 (fitness function ITAE).

In case of using the genetic algorithm, there were ob-
tained oscillated transient responses with high overshoot
more than 20%.

Next, it was proposed to be tuned the PID controller to
the identified model of object (29) based on the analytical
expressions (22)-(24). The obtained results are presented
in the Table II and there was done the comparison with
MSDI method, parametrical optimization from MATLAB
and genetic algorithm, where fitness function was de-
signed based integral square error (GA1) and integrated
time absolute error (GA2). Tuning parameters of the PID
controller and system performance are presented in the
Table II.
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TABLE IL
SYSTEM PERFORMANCE AND TUNING PARAMETERS
OF THE PID CONTROLLER
No | Tuning |J kp k; ka ts t o
Method
1 Proposed 0.1 4.640 | 0.28 19.7 [11.5 (2.8
Method 5e-05
of Tuning
2 MSDI (0.2 0.10 | 0.005 | 0.27 43.1 8.2 |26
3 MSDI (0.28 | 0.07 | 0.001 |0.21 122 13.5 |8.4
4 PO 0.2 0.006 | 0.92 45 4 10
5 GAl 0.25 | 0.014 |18.17 18 0.48 |57
6 GA2 5.89 | 0.008 [67.62 |11.76 |0.32 |83

Amplitude

. | I I | L . | I
20 25 30 35 40 45
Time (seconds)
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Fig. 5. Step response of the automatic control system with PID control-
ler tuned by: 1 — proposed method of tuning; 2 — MSDI method; 3 —
MSDI method; 4 — parametrical optimization from MATLAB; 5 — GA1
(fitness function ISE); 6 — GA2 (fitness function ITAE).

B. Closed-Loop System Identification and Control of the
Second Order Inertial Systems with Astatism and
Time Delay

It is given the control object described by the following
transfer function:

367105 367103

367105
9517 +731s +5

The comparation between original step response of the
open-loop system described by the transfer function (30)
(curve 1) and identified transfer function (31) (curve 2) is
presented in the Figure 7.

From Fig. 7, it can be concluded that the identification
algorithm in the closed-loop offers so good model estima-
tion.

Next, to the identified transfer function (31), it was
proposed to be tuned PID controller according to the
(25)-(27) expressions.

H(s) (31

600 -

500 -
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Amplitude
w
8
T
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Fig. 7. Comparation of the system step responses in the open loop.

The obtained results are presented in the Table III and
there was done the comparison with parametrical optimi-
zation (PO) from MATLAB. The genetic algorithm did
not give the satisfactory results for the case of tuning the
PID controller.

200

H(s)

(30)

T s(Bs+D)(2s+1) 105 +75 45

According to the identification algorithm, the control
system with P controller was simulated and k, tuning
parameter was varied until it was achieved the system
response presented in Fig. 6.

Amplitude

05} / \ / ‘\\ / \

100 120 140 160 180 200

Time (seconds)

Fig. 6. Undamped step response of the closed-loop system.

Based on the step response presented in the Figure 6,
there are obtained:

k. =0.0355, T, =67.418 s., 7=10 5., », = 0.0932.

Based on the expressions (6), there are calculated the
transfer function of the control object:

TABLE III.
SYSTEM PERFORMANCE AND TUNING PARAMETERS
OF THE PID CONTROLLER
No Tuning J k, k; kq ts t o
Method
1 MSDI 0.08 | 0.016 | 0.00026 | 0.09 | 141 | 15 | 39
2 MSDI 0.1 | 0.015 0.0002 0.08 | 176 | 17 | 32
3 PO 0.016 | 7.9136e- | 0.11 | 351 | 17 | 12
05

In the Figure 8, it is presented the computer simulation
of the control system with PID controller tuned by the
MSDI method — curve 1 and curve 2, parametrical optimi-
zation — curve 3.

Amplitude

I . I .
200 250 300 350 400
Time (seconds)

0 50 100 150
Fig. 8. Step response of the automatic control system with PID control-
ler tuned by: 1 — MSDI method; 2 — MSDI method; 3 — parametrical
optimization from MATLAB.

80
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IV. CONCLUSIONS

Traditional control methods and algorithms often de-
pend on accurate mathematical models to design control-
lers, data-driven approaches leverage the availability of
data to achieve control objectives. This paper introduced
a new algorithm for data-driven system identification and
control of the second order inertial systems with astatism
and with, or without time delay. The algorithm's founda-
tion lies in a stepwise approach, commencing with system
identification, that is performed within a closed-loop,
leveraging the undamped step response of the system and
based on the parameters, that are obtained from the un-
damped step response, there are calculated the mathemat-
ical model that approximates the inertial system with
astatism.

Next according to data-driven control algorithm, there
are proposed simple analytical expressions for calculation
the tuning parameters of the PD and PID controllers. The
expressions for tuning the PD and PID controllers were
obtained based on the MSD method with iterations. The
closed-loop identification and synthesis methods was
verified by computer simulation and the obtained results
were compared with parametrical optimization from
MATLAB and genetic algorithm. The proposed proce-
dure of data driven control of second order inertial sys-
tems with astatism can be implemented as auto-tuning
method of the PD or PID controller and offers to the con-
trol system so good performance and high robustness.
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