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Abstract: Many processes in industry are characterized by delay time or by slow aperiodic dynamics called lag
behavior. In addition, many plants in the industry are described mathematically by higher order systems that are
approximated with the lower order systems, most frequently such processes and systems are described
mathematically as first-order-systems-with time-delay (FOSTD), also called first-order-plus-dead-time (FOPDT).
The presence of time delays causes degradation and limitation of achieving desired performance, moreover, it can
induce instability. In such cases, design of feedback control algorithm becomes difficult and tedious task.

The present work suggests an efficient, simple, linear, and easy to apply design expressions for designing continuous
PID (proportional-integral-derivative) control algorithm modes to control the behavior of FOPDT systems. The
design expressions are intended to overcome negative effects of time delay presence, as well as, to simplify the
control algorithm design process and help designer, in easy and simple way, to get system under control with
acceptable system stability, medium fastness of response and without or with minimum possible overshoot,
oscillation and error.

For testing and evaluating the correctness, applicability and efficiency of the derived expressions,
MATLAB/Simulink software was applied to develop refined software simulation model that simulates real life
values and returns maximum needed numerical and graphical data for assessment process. In addition, vatious
FOSTD systems’ types and forms were used in the simulation model, in particular, systems with small, medium and
large time constants, DC gains, and time delay, unstable systems, systems with variable delay. Furthermore, to assess
the efficiency of suggested design expressions, the resulted overall system response were compared with resulted
responses when two design methods were applied; worldwide known Ziegler Nichols method and
MATLAB/Simulink auto-tuned PID block. Analysis of numerical and graphical testing results, show that, The
designed control algorithm applying the suggested expressions can, not only simplify the design process, but also,
efficient for successful in getting system under control and improving controlling system performance, speeding up
response, reduce overshoot, and minimize error, but also stabilize an unstable plants.

Keywords: Optimum control system, PID algorithm design, first order system, time delay, FOSDT, FOPDT.

1. Introduction

Modern advances in vatious aspects of science, including in production technologies and systems design, had led to
development of a variety of new products. One of main and most influential decision, in the design process of
these new products, is related to the selection, integration and design of two directly related to each another
product’s parts, namely; physical controller/control unit and control program/algorithm. This decision is effected
by many factors, main of which are product complexity, functionality, desired performance, desired precision,
efficiency and costs.

Control system is terms used to describe a system built by integrating five main elements; the physical
controller/control unit, control program/algorithm, communication interfaces, sensor and actuator or physical
system to be controlled. The physical controllers are classified into the following six main programmable types; PC,
Microcomputer, Microcontroller, Digital signal processors (DSP), Application specific integrated circuits (ASICs)
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and PLC. On the other hand, the control program/algorithm can be developed as one of the next main three
forms; ON-OFF (event and/or time dtiven), multistep and continuous algotrithms. Continuous algotithms are
further categorized into many other forms; man of which include PID (proportional-integral-derivative) modes,
adaptive algorithm and artificial intelligent (Al) control algorithms, that are categorized into; Genetic algorithm,
Neural network, Fuzzy logic algorithm, and expert systems.

Control system design is a term used to describe control algorithm selection, design and coding process. this design
process can be referred to one of the following; (a) selection of optimal control algorithm gains that will achieve
desired system closed-loop response, (b) for application with artificial intelligent algorithms; designing knowledge
rule base and Inference mechanism (engine) or ,finally, (c) designing and coding control program for specific
controller type e.g. Microcontroller , PLC or CNC, to implement a given task or control a given physical system.
[1,2].

Plants is a terms used to describe physical system or processes to be controlled. Many Plants in industry are
characterized by delay time, also called transport delay, or by slow aperiodic dynamics that is also called lag
behavior. In addition, many plants in the industry are described mathematically by higher order systems that are
approximated with the lower order system, most frequently such systems are described mathematically as first-
order-systems-with time-delay (FOSTD) that is also called first-order-plus-dead-time (FOPDT) [1,2]. Moreover,
many other systems type and order are approximated as such ones. The presence of time delays causes degradation
and limitation of achieving desired performance, moreover, it can induce instability. Therefore, due to the presence
of time delay, design of feedback control algorithm becomes difficult and tedious task [3].

The present work is limit to process of designing continuous PID algorithm modes for application with first order
system plus time delay FOPTD and systems that can be approximated as such. The main goal of this work is limited
to suggesting simple, robust, efficient and easy to use, design expressions for continuous PID control algorithm
modes, namely: P, PI (proportional-derivative) and PID intended for controlling the dynamics of FOPDT and
systems that can be approximated as such.

The PID control algorithm and its modes are, in majority cases, considered most commonly and dominant control
algorithm for controlling the dynamics of industrial applications [4]. This is due to the following facts; with first
order system dynamics, PID algorithm performs very well with strength to provide perfect control over plant varied
dynamic characteristics, in addition, algorithm has simple construction, ease of use and robustness, However, for
some system types and cases, the algorithm will not perform as expected, such cases include; (a) the algorithm can
provide marginally better control when applied for higher order systems when tight and precise control is required,
(b) systems with big value of time delay, and(c) systems with light damping and oscillatory response to achieve
better control over system dynamics, PID algorithm modes are designed with a compromise, such that plant is
controlled to respond with acceptable both stability level and response fastness, in addition, minimum not
observable overshoot, oscillations and zero or minimum possible error. based on this, suggesting new design
methods and expressions for PID algorithm modes remains a highly interesting and propulsive research field (you
may see also [5] and references therein), resulted in many PID algorithm design methods, expressions and patents
can be found in the literature [6] based on which numerous commercial control units were developed over the last
several decades. Beside the worldwide famous and applied PID algorithm design methods, namely; Ziegler -Nichols
tuning rules [1]{7][8], Chein-Hrones-Reswick [9] and Cohen and Coon [10], in literature, there exit and can be
found various conventional (expressions) formula-based PID algorithm design methods suggested to meet time-
domain specifications and/or disturbance rejection [11][12][13][14][15][16][17][18], (you may see also [5] and
references therein), every method has its strength advantages, limitations and disadvantages. Most existing
expressions-based PID algorithm design methods are built consisting of repeated steps, namely; insight into plants
dynamics, selecting algorithm gains, process simulation, testing, analysis and modification. In [11] authors suggest
an optimal new method for tuning PID controllers for FOPDT systems; the method was suggested based on
applying two techniques dimensional analysis and numerical optimization. In [19] authors with the help of
simulation aspects and MATLAB built in function suggested an improved PID tuning method based on well-
known Ziegler-Nichols tuning method. In [21], author suggest, based on relating parameters of both controller's
and system's to be controlled, a new and simple efficient model-based PID modes design method.

The main goal of this work is to derive and suggest simple and easy to apply expressions to design a PID control
algorithm, P-. PI, PD, and PID modes, indented for controlling the performance of first order systems and systems
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that can be approximated as such. To achieve a desired output value with acceptable stability, response without or
with minimum possible overshoot, oscillation and error. This work is organized into the following sections; in
section 2: design and testing methodologies are presented, in section 3: are presented overall System and subsystems
representation and modeling. In section 4, 4 expressions for designing Pl (proportional-derivative)- and PID-
algorithms are introduced. Section 5 includes the experimental testing analysis and discussion of results. In section
0, experimental setup for system identification is presented; finally, conclusions are drawn.

2. Methodology for PID algorithm modes design and testing

In current work, new expressions based PID control algorithms design method are to be presented for controlling
the dynamics of FOSTD systems, and systems that can be approximated as such. The method is limited to design
two PID modes namely, PI, and PID. As represented by Eq.(1). The suggested expression based design method is
built around relating control algorithm parameters namely; gains; Kp, Ki, Kp, T1, Tp, to the parameters of FOSTD
system to be controlled, namely; time delay L, system dc gain Kpc time constant T, in addition, desired reference
output value R.

Function given by Eq.(1) is manipulated and reduced to the smallest number of essential needed system variables to
result in simple, linear and easy to use expressions, for estimating control algorithm’s gains that will get the plant
under control and result in overall stable system responding with acceptable response fastness, minimum possible
overshoot, oscillation and error. In addition, the following methods were applied to derive these expressions;
mathematical representation, Dimensional analysis, software simulation, testing and analysis of the resulted step
response, finally trial and error.

To test applicability and correctness of the derived expressions for PI and PID algorithms design,
MATLAB/Simulink software is used to build overall system software simulation model, as well as, analyze and
evaluate design using suggested expressions for various FOSTD types and forms. The developed software Simulink
model is shown in Figure 1(a), it was built assuming Microcontroller based control unit is used. The used PID
algorithm Simulink sub model, with its various forms and filter is shown in Figure 1(b). To help assessing both the
design method and resulted overall system response, the software Simulink model was built such that it returns and
displays maximum needed data needed for assessment, in both numerical and graphical forms. The next data are
returned; response measures, namely; Tr, Ts, Ess, PO%, and performance indices given by Eq.(2), namely IAE and
ISE. to refine the model, and to simulate as possible real life values and situation, signal processing, limitation and
saturation Simulink blocks were utilized, these were used to limit the generated by microcontroller output control
signal value within [£5]VDC range, also to limit the generated by sensor output signal to be within [0-5VDC]
range. Moreover, to amplify £5VDC control signal value, to the required, by actuator power level, an
amplifier/drive circuit model was used.

To test and evaluate the applicability and efficiency of the derived expressions, various FOSTD systems’ types and
forms, and systems that can be approximated as such were used in the simulation, in particular, systems with small,
medium and large time constants, DC gains, and time delay, unstable systems, systems with variable delay, most of
these systems are given by Eqgs. (3) (4). In Eq.(4) are given both higher order system followed by its approximation
as first order system. Furthermore, to assess the efficiency of suggested design expressions, the resulted overall
system responses were compared with resulted responses when the next two design methods were applied; the
wortldwide known Ziegler Nichols PID algorithm design method and Simulink auto-tuned PID block.

In testing the design expressions, the control problem is to achieve overall system smooth response, to reach and
maintain desired output R(s) with acceptable response fastness, without or with minimum observable overshoot,
oscillation and steady state error.

K=/ (T, L, Kpc, R) M
Jo "t @
fo le(s)|dt
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3. System representation and modeling
3.1 First order systems with time delay FOPTD

There exist various ways to model processes with time delay, such systems can classified into various models,
examples include; integral with delay model IPD, stable first order plus time delay FOPTD, model and Second
order with delay time SOPDT, the present work is developed for application with first order system plus time delay
FOPTD.

As noted, Many industrial plants are represented mathematically by FOPTD process [21][22]. FOPTD models
consists of two parts, namely; first order system model and the delay-time. Its general transfer function form is
given by Eq.(5) and is represented using block diagrams as shown in Figure 2(a-b). The response of FOPTD is the
s-shape response curve shown in Figure 3, also called reaction curve, in this s-shape response curve, three system
parameters can be identified, namely; time constant T, time delay L, and steady state dc gain level Kpc.

K -
G(s) = Tisce LS
__ Output _ G(S)
T(S) ~ Input 1+G(s)H(s) ®)

_ Kpc _-1s
T(S) - Ts+1 €

RO Ko .| ©O

S s e

Figure 2(a) Figure 2(b)
Figure 2 block diagram representation of FOSTD: (a) closed loop system, (b) FOSTD system with its
closed loop transfer function

Tangent line at
inflection point

K "

0
—PLLT—F—

Figure 3: FOPDT S-shaped response curve with terminology.

3. 2 Mathematical modeling of PID control algorithm forms

The PID control algorithm has seven modes, namely; P-, PD-, PI- and PID algorithms, in addition, the
approximation forms named lead, lag and lead-lag compensators. This work limited to PI- and PID algorithms
design

The Proportional P- Control algorithm, generates instant output control action signal #(#), that is proportional to the
error value ¢(?), as given by Eq.(6). Meanwhile, the Proportional plus integral control algorithm PI, as shown by
Eq.(7), generates output control signal that is equal to the sum of two signals, namely; error and the integral of
error. Here in addition to P- terms action that improves response up to a limit, the integral I-term reduces the error
to minimum possible, in the longer term [23]. In Eq.(7), Zpp = K /Kp, is the algorithm zero. T;is the algorithm

Www.ijast.ot Copyright © 2023 IJASR All rights reserved
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integral time constant. Finally, the Proportional plus Integral plus Derivative control algorithm PID, generates
output control signal that is equal to the sum of error, the integral of error and the derivative of the error, as given
by Eq.(8). Beside the actions of P- and I-terms , the derivative D-term generates additional control action, that
results in increasing system both stability and response speed. The D-term works when the error changes
consistently.

PID algorithm can be represented mathematically in different forms, transfer function, in terms of integral and
detivative time constants as given by Eq.(9) where: Tp= Kp/ Kp : detivative time constant and T1= Kp/ Ky -
integral time constant . Moreover, since, Eq.(9) cannot physically be implemented, because it is not causal, it is
written in modified realizable form by adding a lag to its derivative part, as given by Eq.(10), or by Eq.(11),
where: Tp/N is the added lag time constant.

u(t) =Kp xe(t) » U(s) = Kp *x E(s)

6(s) =52 = Ky ©

u(t) =Kp xe(t) + K, = [de(t)
U(s) = Kp * E(s) + K,E(s)§

1 et Kp(s+Z ¥
Gpi(s) = Kp +K,;= (S p) p(SS )

1
Gpi(s) = Kp(1 +T_Is)

de(t)

u(t) =Kp*xe(t)+ Kp +K; = [ de(t)
U(s) = Kp *E(s) + K,E(s)g + KpsE(s) ®)

Kp(s +—s 4oL
D( Kp KD) Kp (s+Zpy) (s+Zpp)

Gpip(s) = B
1
GPID(S) = Kp (1 +T_IS + TDS)

9)
T; Tps?+Ty s+1 (
Gpip(s) = KP%

T
Gpip(s) = Kp <1 t+— + 1+?r;s> (10)
1
Gpip(s) = Kp + KDS + K7
1
Gpip(s) = Kp + Trst; T K< (11)
(KPTI+KD)S +(Kp+KDTI)S+KI
Gpip(s) = S(Tys+1)

The two equations, Eq. (10) and Eq. (11), show that PID algorithm model is a II order system, that can be
represented in terms of II order system parameters, namely undamped natural frequency and damping ratio as given
in Eq. (12) and Eq. (13) where:

2WE = p/KD and 0)721 = KI/KD
Kp|s“+——s +
Gpip(s) = w 12

Kp(s?+2¢wps +w?
GPID(S) = o B )
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G(S) = KP +KDS +KI§

_ (KPTI'I-KD)SZ+(KP+KDTI)S+KI
Gs) = ST (13)
Kp (s?+2:wp+w3)

N

G(s) =
4. Expressions for designing PI- and PID- algorithms

Linear, simple and easy to use expressions for designing PI- and PID algorithms first order systems with time delay
FOSTD are derived and presented in Table 1. Referring to these expressions, time constant T, time delay L, dc gain
Kpc and the desired reference output value R , are needed to design any of the two algorithms and assigning its
parameters namely, Kp, Ki, Kp, T1, Tp in these expressions only one tuning parameter named A, is introduced. This
parameter is applied, in case it is required to further improve the resulted response.

Table 1: suggested expression for PID- and PI- algorithms design

Algorithm/ when to apply Kp Kp K;

all system 6 *L 0.14*Kp 0.18*Kp
PID KDC * T

Systems with mall T and 6 * L 0.14*Kp 0.18*Kp

/ot big Kpc Kpc * T
PI all system 2 6 * L 0 0.18*Kp

*
KDC * T
Systems with mall T and 09T 0 L
/ot big Kpc L 0.3

5. Testing, analysis, evaluation and discussion

To Test the correctness and applicability of the presented expressions, to analyze and evaluated the results,
MATLAB/Simulink environment was used to developed the softwate simulation model shown in Figure 1. In this
model, are applied and used various types and forms of FOSTD system and systems that can be approximated as
such. The software model is developed consisting of the next sub-models; input signals, different mathematical
forms of PID algorithm, PID Simulink auto-tuned block, drive circuit (amplifier), sensor feedback, finally, data
displaying and analysis sub-models.

The experimental set up is built such that, the derived expression for designing PID-, PI- algorithms are applied to
control the behavior of each of FOSTD systems given by Eqs. (3),(4). To further evaluate expressions, the same
systems were controlled applying PID auto-tuned Simulink block applied to select optimal gains values, and finally
Ziegler-Nichols expressions are applied. for further analysis and evaluation, the resulted numerical and graphical
data are recorded namely, resulted response curves, estimated gains; Kp, Ki, Kp Ti, Tp, response measures namely,
Tr, Ts, Ess ,PO% , finally IAE and ISE performance indices.

5.1 Testing expressions for PID algorithm design and discussion

The suggested expressions for designing PID algorithm followed by PID auto-tuned Simulink block were test by
applying it to control the behavior of all system given by Eqs. (3) and (4). In both testing cases, and for every
system, the numerical data results are recorded and listed in Table 2. The resulted graphical response curves are
shown in Figure 4 (a-¢). Results were screened, analyzed, and compared when the same system were controlled by
PID auto-tuned block. This process shows that, in all cases, for all systems, the suggested expressions gave better
results in terms of response speed and cost. The expressions results in smooth and fast system response, without
any overshoot and with less error, in addition, in comparison with results obtained applying Auto-tuned block; the
response applying expressions are with lower values of performance indices ISE and IAE.
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It is important to mention that, in most of testing cases, it was very difficult to design PID algorithm utilizing auto-
tuned block, many auto-tuning runs followed by manual softening were done to achieve the resulted and shown
responses. For six systems of the seven tested, the resulted derivative gain Kp, were with negative values.

Table 2: testing result when systems controlled applying suggested expressions and Simulink PID auto-

tuned Block
Sys | Metho | T K| R(|AKe |Ki [Kp|T: |Tp [ N|P |Te |T |5 |Es |IS |IA
d D S) (0] S T S E E
c %
Suggest | 5 3 13 119 1.6 1255|101 |1 |- 15.1- |3 |0 19. | 34.9
Sys | ed 2 6 55 | 4 5 6. 2
1 expressi 6 5
ons
MATL -1032 101 |- 55101 0. |- 20. |- |4 |0 38. | 82.2
AB PID 87 30 | 2.8]6 4 08 5 8 3 7
block 19 | 18 93
Sys | Suggest | 0. 0. 10011150 |27 |21 55|01 |1 |- 05|- 10.10 82 | 7.3e
2 ed 0 0 |01 000 |00 |00 |55 | 4 5 6 e-4 | -7
expressi | 2 0 0 [0 |6
ons 1
MATL -1232 (12 |16 | 1.7]106 | 0. |- 10 |- |3 |0 34 | 1.76
AB PID 21 |90.]|15.198 | 95 | 28 0 e-4 | e6
block 93 85
Suggest | 0. 0. 100 |1]360 |64 |- 55101 |1 |- 0.7 | - 110 0.0 | 6.45
Sys | ed 1 0 |05 00 8 50 | 55 | 4 13 | e5
3 expressi 0 4 |6 95
ons 5
MATL -| 613 |47 | -1 |12, - 0. |- 0.7 | - 110 0.9 | 0.19
AB PID 147 | 56. | 20 | 89 | 1.9 | 31 99 | 98
block 6 60 |21 6 61 8
2.1 9
Suggest 110.01 |00]00|55]|01 |1 |- 22 |- 16 |0 25 | 317
ed 6 02 |02 |55 |4 2 4 15 | 300
expressi 9 2 6 3
Sys | O™ 5 ? 25
“) 0 0
MATL 0 -10.04 100 | - 73 | -14 1 0. | - 23 |- |6 |0 25 | 337
AB PID 24 00 | 0.6 .99 | 06 8 6 99 | 700
block 58 | 35 41 5 0
9
Suggest 11036 |00]00|55]|01 |1 |- 081]- 1210 12 | 310
ed 64 |50 |55 |4 5 46 | 600
expressi 8 4 6
SSV * | ons 5 1|1
©®) MATL -1720 100 (-1 |23 |- 0. |- 09 1- 1210 12 | 310
AB PID 29 30 | 5.0|84]20 |38 4 46 | 600
block 21 19 9 45
Sys | Suggest 11180 | 32,125 |55(01 |1 |- 09 1- 1210 0.2 ] 0.03
(6) ed 8. 4 |2 55 | 4 1 2 259
expressi | 7 0. 0.0 6
ons 7 0 5
MATL |1 5 -1161 [ 9.5 | - 1.6 | - 0. |- 34 | - 110 0.4 | 0.04
AB PID | 9 41 66 | 6518 0.4 | 35 5 7. 31 | 969
block 5 33 04 | 58 5 3
Sys | Suggest | 1 1 |1 1154 109075501 |1 |- 62. | - 1 100 |511]0.46
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3.5

= PID Block

) ed 72 |56 |55 | 4 5 5 15 | 89
expressi 5 6 0
ons 5
MATL -1 174 |28 | - 6.1] - 0. |- |21 9 1.6 | 0.14
AB PID 30 |49 |37 |16 |21 |16 0 55 | 88
block 46 | .36 4 95
System (1)

m— EXpressions

R(s)
N
N

0/

o/

0 10 20 30 40 50 60
Time (Seconds)

Figure 4(a): Testing system (1) applying expressions and PID auto tuned Block

x 10° System (2), T=0.02

1.2

1 .F"’_

|
A7
ool

0.2

— EXpESSions
= P|D bloclk

R(s)

0 5 10 15 20 25 30 35 40
Time (Seconds)

Figure 4(b) Testing system (2) applying expressions and PID auto tuned block.

x 10* System(3)small T & L, T=0.1, L=0.5, K_DC=0.005,

== = = Exporessions
PID block

0
0 0.5 1 15 2 25 3 3.5 4 4.5 5

Time (Seconds)

Figure 4(c) Testing system (3) applying expressions and PID auto tuned block.
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System (4), L=0.2, T= 50, K_DC =250

250

_—

200 / PID block

/ Expressions
150 /
100

R(s)

0 100 200 300 400 500 600 700
Time (Seconds)

Figure 4(d): Testing system (4) applying expressions and PID auto tuned block.

System (5), Higher order L=0.2, T= 5, K_DC =1

1 v

R(s)

0.8 / Expressions
// PID Block
0.6 //

0.4 //

0.2

0 1 2 3 4 5
Time (Seconds)

Figure 4(e) Testing second order system (5) approximated as first order applying expressions and PID
auto tuned block.

System (6), Higher order, T=5, L=0.3, K_DC=1,

[
/
0.8
m— EXpressions
= PID block
__ 06
)
4
0.4
0.2

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

Figure 4(f) Testing second order system (6) approximated as first order applying exptessions and PID
auto tuned block.
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System (7), IV order, T=1, L=0.9, K_DC=1,

1 —_—

0.8 P
— EXpressions
= PID block
0.6 /
0.4

0.2

R(s)

0 50 100 150
Time (Seconds)

Figure 4(g) Testing IV order system (7) approximated as first order applying expressions and PID auto
tuned block.

5.2 comparing suggested expressions with Ziegler-Nichols expressions

New four specially selected systems given by Eq.(14), for further expressions testing and evaluation, the system are
selected with small, medium and big values of time constant , time delays and DC gain. To design PID algorithms
for controlling each of these systems, three design methods were applied and compared; the suggested expressions,
Ziegler-Nichols expressions and MATLAB PID auto tuned block. The resulted numerical data are listed in Table 3.
The resulted graphical results are shown in Figure 5(a-d)

The numerical and graphical results, for every system, were screened, analyzed and compared. Analysis show that, in
most cases, the expressions results in better response than applying Ziegler Nichols and PID auto-tuned block, all
systems responds without any observed overshoot or oscillation and with lower performance indices values.

The tuning parameter A, was very helpful in improving resulted response, it has the effects of speeding up response,
reduce overshoot, oscillation and error.

In most testing cases, it was difficult to design PID algorithm, many auto-tuning runs followed by manual
softening were done to achieve the resulted response, In some testing cases ,e.g. system (a), negative gain values
wete obtained,

1 _
Gsys_a (S) = 1 e 03s
0.005 _
Gsys_b (s) = sl 0.9 14)
01 _
Gsys_c(s) = Sst10°C 028
— 0.5 —0.5s5
Gys.a(s) = 8.77105+10 ©

Table 3: Comparing the resulted responses applying suggested expressions with Ziegler-Nichols.

Sys | Method | T |[L| K |R(|A |K |Ki |[Kp|T: |Tp [N [P [Tk |T |5 |Es |IS |IA
pc | 8) P (0] s | T |s E |E
%

Suggeste 8 [14]126(20|55]01 (1 |- |261|- |2 |0 1.8 1.2
Sys | d 1 |5 |24 |41 |55 |4 4 99 | 27

(@) | expressi 0]1 8 [4 |2 |6

ons 11, 1

Zieglet- 3 - |4 16610610501 |1 |1 [28]- |8 1]0 1.8 | 1.2
Nichols 7 99 | 5 5 1 27

7
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MATL. ; 47 |- [12.]- Jo. |- [25]- [8 J0 1812
AB PID 56. 112 [ 89 | 1.9 |31 5 1 |27
block 60 | 02 6 |6l
12.
15
Suggeste 0 1 | 21038 [30. 15501 |1 |- |12 |- [2 [0 [29. |28
d . 6 |88 |24 |55 | 400 5 5 88 | 76
expressi 9 6
ons
Ziegler- 0. 6. |37]3 18|04 [1. |- |12 [- [2 [0 [24 |26
S¥s | Nichols |2 0011 67 02 | 498 | 11 5 5 91 |81
®) 5 7 15
MATL “ 12126 |21 [49 (01 [1. |- [12. - [2 [0 |29 |28
AB PID 83115260 |65 |11 5 5 88 |76
block 4 |32 |62 15
Suggeste 1 60|10 |84 [55|01 |1 |- |06 |- |[1.[0 [49]49
d 0 |8 55 | 4 67 6 59 |19
expressi 6
ons
Sys [ Ziegler- 1. |3 [01[04]01 |1 |- [15]|- [2 [0 [49 49
© | Nichols 2 2 1 4 64 | 28
MATL “ 12126 |21 [49 (01 [1. |- [15]- [2 [0 |49 49
AB PID 8315 |26 65 | 11 6 4 64 | 28
block 3 32|63 14
Sys | Suggeste 11751 [13.]10.[55]01 |1 |- |25 |- |6 |0.0]76 |73
© |d 794 |53 |52 |55 |4 55 0 |01 |74 |63
expressi g 5 23 |51 |6
ons 7 .
Ziegler- | 5 |5 [0 |00 [-[1ot [o1[52 11 [27 [1 [- |33 [- [7 [00[76 |74
Nichols | | 05| 5 54 |74 |67 5 3 4 101 |97 |07
1 |4
MATIA | 107. [ 9.7 [ 79. [11. [1.9 | 1. |- |25 [- |6 |00 |76 |73
B PID 920 |19 |81 |10 |7 |70 5 7.101 |74 |63
block 97 | 21 83 5

System (a): T=1, L=0.3, K_DC=1,
1.4

1.2

08 = === Ziegler Nichols
' / — Expression A=8.1

===== P|D block
0.6 I
0.4

0.2

R(s)

0 5 10 15 20 25
Time (Seconds)

Figure 5(a): Testing system (a) applying: expressions, Ziegler Nichols, PID auto-tuned block.
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B B PIDBlock
3 m—— Expressions A=1|
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Figure 5(b): Testing system (b) applying expressions, Ziegler Nichols, PID auto-tuned block.

System (b), T=5, L=0.9, K_DC=0.0005,
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D /
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m— Expressions A=1
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0
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Figure 5(c): Testing system (c) applying expressions, Ziegler Nichols, PID auto-tuned block.
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Figure 5(d) Testing system (d) applying expressions, Ziegler Nichols, PID auto-tuned block.
5.3 Testing PI algorithm design and discussion

The suggested expressions for designing PI algorithm followed by PID auto-tuned Simulink block were test by
applying it to control the behavior of all system given by Eqs. (3), (4). The testing results in terms of response
measures and performance indices were recorded and listed in Table 4. Meanwhile the graphical results in terms of
response curves are shown in Figure 6(a-g). Studying and analyzing these results show that, in most cases, suggested
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expression result in better control over system response with less error value and lower performance indies values.
In some cases to further, improve the resulted response, tuning parameter B, shown efficient effect in speeding up
response, reducing overshoot and error

For system (2), that is with small T, L. and KDC gain, Ziegler-Nichols method results in very slow response that is
now observable in Figure 6(b).

Table 4: testing result when systems controlled applying suggested expressions and Simulink PI auto-
tuned Block

Sys Method T |L | Ko |R(s | B|Ke Ki [Ty |P Tr | Ts | 5T | Ess | ISE | IAE
c ) 0)
%
Suggested 1109 01 |55 |- 218 | - 63 | 0.0 | 10. | 5.69
expressio 62 | 556 01 27 |7
Sys (1) | ns 5 0.13 1
Ziegler 9 - 15 1.6 |3 05 (27 [20 |38 |0 42 1249
Nichols 667 1 53 8
MATLAB 1.545 0.1 [ 99 |- 26 - 87 [ 0.0 | 10. | 4.62
PI block 9 547 | 884 04 21 2
7
Sys (2) | Suggested | 0. | 0.]0.0 0.0 |2 ]| 1500 | 270 |55 |- 50 - 14 |0 0.0 | 7.53
Small | expressio | 02 |5 | 01 |01 5 556 0 182 | 7e-6
T,L, ns 6
Kbpe Ziegler - 10036 |00 [1.6 |- - - - - - -
Nichols - 10 216 | 667
MATLAB - 129781595 |05 |- 16 - 53 {0.0 | 0.0 |0.00
PI block 96 .79 01 079 | 0004
2 6 5
219000 | 162 | 55 | - 20 - 16 | 0 0.0 | 4.83
Sys Suggested 5 0 556 0 030 | 3e-7
(3)Sma | expressio 8
I TL, | ns 0.10.0 6 | 2160 | 388 | 5.5 | - 65 - 16 |00 | 0.0 | 274
KDC 0. |3 105 ]0.0 .8 556 0 000 | 124 | e-6
1 05 1 8
Ziegler - 103 03 |1 - - - - - - -
Nichols
MATLAB - 129781595 |05 |- 35 - 91 |0 0.0 | 2.16
PI block 9629 | .79 081 | 1e-6
2
Suggested 110048 | 0.0 |55 |- 250 | - 70 | 0 251 | 3169
expressio 0 086 | 556 0 5e4 | e6
ns
Ziegler 10 | 0. | 25 - | 450 675 | 0.6 | - 250 | - 70 | 0 251 | 3169
Sys (4) Nicghols 0o (2|0 |2 667 0 Se4 | e6
MATLAB - 10087100 [99. |- 250 | - 70 | 0 251 | 3169
PI block 1699 | 008 | 622 0 5e4 | e6
75 | 7
Suggested 21216 |03 |55 |- - 10 | 0.0 |12. | 491
expressio 5 888 | 556 1 01 82 6
ns 0 0.
Sys (5) | Ziegler 2' 311 1 - 10.6 0.6 |1 - 185 | - 60 |0 8.3 | 4.24
Nichols 33 3
MATLAB - 12033114 (13 |- 55 |- 28 | 0 2.9 | 1.66
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PID 5858 | 690 | 843 6 7
block 2
Sys (6) | Suggested 21131523 |55 |- 21 65 0.5 |0.01
expressio 5| 8e+0 | 684 | 556 005 | 402
ns 4 et
8. 03
Ziegler 77 (5)'0 (5)'0 - | 1578 194 |16 |- 28 70 0.7 |0.02
Nichols 19 94 737 | 667 174 | 348
MATILAB - | 3585 | 31. | 11. | - 20 70 0.5 |0.01
PI block 16 303 | 453 005 | 402
3
Sys (7) | Suggested 15 27 155 |- 3.1 11 2.2 | 1.67
expressio 556 7 3
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Figure 6(a) Testing system (1) applying: expressions, Ziegler Nichols and PID auto-tuned block.
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Figure 6(b) Testing system (2) applying only expressions, and PID auto-tuned block.
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% 10* System (3), T=0.1, L=0.3, K_DC=0.0005,

|

%

m— Expressions B= 6

== == Expressions B=25

= P| block

m——Ziegler Nichols : very very slow response | |
T

[N

I I I I
| | | | | | |
| | | |

| | | | | | |
0 20 40 60 80 100 120 140 160 180 200

Time (Seconds)

0

Figure 6(c): Testing system (3) applying: expressions, Ziegler Nichols and PID auto-tuned block.
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Figure 6(d): Testing system (4) applying: expressions, Ziegler Nichols and PID auto-tuned block.
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Figure 6(e): Testing system (5) applying: expressions, Ziegler Nichols and PID auto-tuned block.
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System (6), T=8.7719, L=0.3, K_DC=0.05,
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Figure 6(f): Testing system (6) applying: expressions, Ziegler Nichols and PID auto-tuned block.

System (7), T=1, L=0.5, K_DC=1,

f

1 /ﬁ—-—_b
WAy

0.6
/ m— Expressions B=5
0.4

m— Ziegler Nichols
=== P| Block

R(s)

0.2

0 5 10 15 20 25 30
Time (Seconds)

Figure 6(g): Testing system (7) applying: expressions, Ziegler Nichols and PID auto-tuned block.
5.4 Analysis, Evaluation and Discussion of testing results

Studying numerical and graphical testing results reveals that the suggested expressions for designing PID- and PI-
algorithm are applicable and efficient in controlling the behavior of all selected and tested forms of first order
system with time delay and system that are approximated as such. Applying these expressions, results a much better
response results than when Ziegler Nichols and/or auto-tuned PID Simulink block were applied. Analysis also
shows that, all select systems respond with acceptable fast response, without overshoot or oscillation, in addition,
with lower error, ISE, and TAE indices values

To further improve the resulted response, the tuning parameters A and B were very effective to speed up resulted
response, reduce overshoot, rise time and settling time as well as error.

5.5 Testing expressions for special cases and discussion

As noted, The PID, control algorithm is considered most commonly applied and dominant algorithm for
controlling the dynamics of industrial applications. However, for some system types and cases, the algorithm will
not perform well as expected. To test the suggested expressions’ applicability, efficiency and robustness to design
algorithm that is capable of controlling systems with special dynamics, namely, variable time delay process, higher
order system approximated as FOSTD, systems with very small and/ or very big time constant, time delay and dc
gain values. Such systems are represented in transfer function form as given by Eqs.(15) by (18). Each of these
systems’ parameters are used to design PID algorithm for corresponding system, Recorded numerical algorithm
design testing results are listed in table 5. Meanwhile graphical result are shown in Figures 7(a-d). These transfer
functions are explained as follows: Temperature control in heater tank system is represented by Transfer function
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given by Eq.(15). A process with variable time delay is represented as by Eq.(16), this is a quality control of
continuous steel casting, This transfer function of this system, is developed capturing the delay and losses
considering components of which the quality system consists; namely; the hydraulic actuator, the dynamics of
stoppet, sensor for the stopper position [24]. Unstable first order system is given by Eq.(17). Water volume tank
heating system is given by Eq.(18)

Studying the graphical and numerical testing results show the following:

(a) For Temperature control in heater tank system; the system responds with acceptable stability, speed of response
and error. The system’s response measures and performance indices ISE, IAE are better than when each of two
methods, Ziegler-Nichols and PID Auto-tuned block, were applied. It is important to mention that, it was difficult
to design PID algorithm using Simulink auto-tuned block. Moreover, applying Ziegler Nichols expressions to
control this system, resulted in inversed response curve as shown in Figure 7(a) . To result in normal response
curve, not inversed going dawn to negative side, any of the next two observations can be suggested : (1)the time
delay L, is given a negative sign and then proceed with calculating gains or (b)given a negative sign to all calculated
gains and apply to control the system ( see next system ).

(b) For controlling the behavior of a process with variable time delay; the expression were very efficient in control
the system, resulting in acceptable stability level, speed of response and zero error value as well as, with better
response than when both Ziegler Nichols and PID Auto-tuned block are applied. the same observation can be
made for applying Ziegler Nichols expressions, were all calculated by expressions gains are given negative sign and
applied to control the process to result, normal not inversed response as shown Figure 7(b)

(¢) to control the behavior of unstable system; its parameters L, T, Kpc, are applied to design the algorithm using its
absolute (positive) values. to further improve resulted response to result in higher stability level, parameter A, is
tuning. Both PID auto-tuned block and Ziegler Nichols expression show a shortage in controlling such systems, in
terms of very big overshoot and undamped oscillation.

(d) For controlling the behavior of water volume tank heating system; the applied three methods were almost
identical in results and achieving similar system acceptable response

o9 = s .
G(s) = ———e™30 (16)
G(S) = 0.5 51—0.2 6_0'25 (17)
G(s) =——e™*% 18)

Table 5: Testing and comparing result when special form systems and cases are controlled applying
suggested expressions, Ziegler Nichols expression, and Simulink PID auto-tuned Block

Sys Metho |T |L|K |R(|A |Kp [Kf [K [T; [Tp [N |P |Tr|T |5 |Es |IS |IA
d D S) D 0] S T | s E E
C %
Suggest 1 |- - - 55101 |1 |- 36. | - 110 72 | 176
ed - 0040|3155 |4 37 0 08 | 2e
Heate | expressi |1 |4 |7 |80 02 |36 |39 |6 0 0 +5
r tank | ons 6 |0 2 3e | 3e
syste 4. - -4
m 5 04
Ziegler - 4205|1848 2 1 |- 306. 110 27 | 214
Nichols 25 4 1 28 | 2e
8 e+ | +8
6
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MATL - |- - - 16. 105 | 0. |- [36.|- |1 |0 |72 176
AB PID 001]00|0.0]|67 |59 |83 37 0 08 | 2e
block 02 |00 |01 44 0 0 +5
58 | 15 | 44 05
47 143 4
proces | Suggest 1]- - - 55401 |1 |- |53 |- |1 |0 |20 |87
s with | ed 22. 1403155 |4 1 0 4
variabl | expressi 5 5 |5 |6
e time | ons
delay | Ziegler - |- -6 |- 60 |15 |1 77.1- |1 |00 |12 | 109
Nichols 3] - 0.4 0.0 6 2 101 |45 |00
11070 |1 06 3
8 7
MATL - |- - 05|24, |- 0. - |75 |- |1 |0 |26 |108
AB PID 0010079 |94 |12. | 02 2 4.2
block 44 101 | 77 98 | 00 2
66 |79 |1 27
1
Unsta | Suggest |- |0 | -5 |1 1100]0.0(00]55]01 |1 | Unstable response
ble ed 2. . 96 |17 |13 |55 | 4
expressi | 5 | 2 0 |3 |4 |6
system | ons 9108010155101 |1 (3375|162 |0 |11. |18
64 |55 |21 |55 |4 % 0 23 | 85
0 |5 |0 |6
Ziegler - |15 |37.{15]04]01 |1 12|06 |- |- | X0 |31 |87
Nichols 5 0 35198 |99
%
MATL - 108(02]01(39]01 (1. |15]06 4 |8 |0 |11.|50.
AB PID 34 |13 |23 |1 |48 [28|0 |5 2 66 | 56
block 22 128 |78 60 | %
tank Suggest 110801015501 |1 |- |18 4 10030 | 0648
heatin | ed 4 |51 |17 |55 |4 3103 16219
g expressi 2 |16 |6
system | ons 6 [4]5 |1
Ziegler . - |17(102]36(84|21 |1 |- |18 |- |4 |00]|30 | 0648
Nichols 2 14 | 04 8 103 16219
3 1
MATL 08102|01(39|01 |1. [- |19 4 30 | 648
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Figure 7(a): Testing control over Temperature control in heater tank system.
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Figure 7(b): Testing control over a process with variable time delay.

Figure 7(c):
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Testing control over unstable system.
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Figure 7(d): Testing control over unstable system.

6.

Experimental setup for system identification

To apply the suggested expressions for designing PID-, PI- algorithm, system parameters are needed, namely; T, L,
and Kpc. To control physical systems behavior in real life, these parameters can be calculated applying system
identification process. Referring to Figure 8(a), the identification process to obtain system’s transfer function model

is performed as explained next:

A sensor is

interfaced to control unit board. The physical system is subjected to 100% full step input power value,

for example 110V/50Hz VAC or 36 VDC. The changes in the controlled variable (e.g. T, speed or pressute) are
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continuously read by sensor, that converts changes into voltage values and deliver it to control unit. Software
integration in terms of data reading and processing is applied to record, process and display acquired readings in
different forms, including numerical and graphical forms. The graphical form is the physical system’s step response
curve, that will have S-shaped curve as shown in Figure 3 up, System parameters L, T, Kpc are obtained as shown
in this figure also, used to derive system’s transfer function.

In [25]|26] the identification process is applied to identify the system parameters and transfer function for the
shown in Figure 8(c) Thermolyne 5.8L. B1 Muffle Furnace. The obtained response curve is shown in Figure 8(d),
the derived transfer function is given by Eq.(19) with system parameters T=787.5S, L=0.2S and Kpc=118 C. These
parameters are applied design control algorithm and test the suggested expressions, as well as, compare resulted
response with responses when two other design method, Ziegler Nichols and PID auto-tuned block are applied.
The resulted graphical response results are shown in Figure 8(e). The control problem was to achieve desired
furnace temperature of 1150C smoothly, in acceptable time with minimum error.

Resulted responses show that the expressions and applicable for controlling the furnace system and speed the
resulted response by means of tuning one parameter. The resulted response applying the suggested expression with
tuning parameter A, is slightly better in comparison when the furnace system were controlled applied the two other
methods. Tuning the parameter A, results in improving resulted response speed and reducing error.

1118 —0.2s

G(S) - 787.5s+1 <1 9)

System to be Control

Data displaying
controlled -

>l Interface q‘

Unitwith

Data acquisition

controlled Sensor

and processing

variableT,P, L

program

Power suppl!

Figure 8(a): The identification process represented using block diagram.

Figure 8(c): Thermolyne 5.8L B1 Muffle Furnace.
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Figure 8(d): Furnace system open loop step response curve applying identification process.
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Furnace system T=787.5, L=0.2, K_DC=1118,
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Figure 8(e): Resulted responses applying three design methods.
Conclusions

PI/PID control algorithms are the most commonly applied algorithms for controlling the dynamics of first order
systems with time-delay. In present work, a new expression based approach to the design of PI/PID control
algorithms for time-delay systems are studied. Based on analysis and evaluation of obtained numerical and graphical
experimental simulation results when expressions applied to control vatious FOSTD systems types, the following
can be concluded:

(a) In the present work, are proposed and successfully tested, new linear, simple and easy to use expressions for
designing PI-, PID- control algorithms, for controlling the behavior of first order processes with time delay and
systems that can be approximated as such.

(b) Expressions are derived to speed up and simplify PI-, PID- control algorithm design process, and to result in
overall system response with acceptable output value, acceptable stability, response fastness, minimum observable
overshoot, oscillations and steady state error.

(¢) the derived expressions, besides being easy to use and apply, are also efficient and successfully tested to control a
variety of FOSTD systems including systems with special dynamics, namely, variable time delay process, higher
order system approximated as FOSTD, systems with very small and/ or very big time constant, time delay and dc
gain values.

(d) Based on analysis of experimental results , the introduced in expression the only soft tuning parameter, was very
helpful to improve the resulted response; in terms of speeding up systems response by reducing rise time, settling
time, in addition, reduce to minimum overshoot, and errot.

(e) Testing results of systems with negative steady state dc gain level Kpc, applying Ziegler Nichols expressions will
resulted in Inversed response curve. To result in normal response curve, not inversed going dawn to negative side,
any of the next two observations can be suggested : (a) the time delay L, can be given a negative sign and then
carrying-on with calculating gains or (c) give a negative sign to all calculated gains and apply these negative values in
algorithm design.
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