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Abstract

PID control strategy should be understood as a huge part in the education oriented on process
control. Application of suitable GUI windows software can contribute in the increase of education quality
and providing a better understanding of PID control through as it provides a user friendly environment
which is suitable and comfortable for teaching, learning and training application. This paper present the
PID control system analysis by explaining the PID controller three-term parameters, PID control types and
structure, and PID tuning approach using Ziegler-Nichols and manual tuning method (in both s-domain and
z-domain) with the help of simulation and Graphical User Interface GUI windows based on MATLAB. This
software package is targeted for engineering students and practicing engineers.
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1. Introduction

The Proportional Integral Derivative (PID) controller is a three term controller and one of
the earlier control strategies introduced in the beginning of the previous century. PID controller
has become a standard controller in industrial settings because of it is flexibility, relative
simplicity, and satisfactory performance. The aim of using feedback control system with PID
controller is to drive a process or plant by keeping the output response of the system as closes
as possible to the desired response. It is typically used to control variables like temperature in
thermal systems, position or velocity in mechanical systems, and voltage, current or frequency
in electrical systems [1, 2]. Figure 1 shows the block diagram of the feedback control system.
There are several methods for tuning the PID controller parameters to obtain satisfactory control
system response. Ziegler-Nichols tuning method is the most popular method among all
controller tuning methods. Ziegler-Nichols tuning for the PID controller algorithm involves
calculation of the three individual constant parameters [3]. The transfer function of the PID
controller (in s-domain) is generally written in parallel form as in Equation (1) [4] or in time
constant form as given by Equation (2) [5].

C(s) = K, + K f +K,s 1)
C(s) = Kp(1 4=+ Tys) )

Where Kp is the proportional gain, Ki is the integral gain (Ki=Kp/Ti), Kd is the derivative gain
(Kd=Kp*Td), Ti is integral time constant and Td is the derivative time constant [6].
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Figure 1. Feedback Control System
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Technology development in the past few decades has led to replacement of analog
controllers by digital controllers whose inputs and outputs are defined at discrete time instance
[7]. A digital control system uses digital hardware as the heart of the controller, usually in the
form of a programmed digital computer. The digital controllers are the either in the form of digital
circuits, digital computers, or microprocessors [8].

There are many benefits of using digital controller such as better reliability, flexibility,
and expandability, as will as potentially lower prices [9]. The most common procedure for
calculating a discrete PID controller starts by designing an analog PID controller and then
applying Euler's transformation to get the discrete PID controller [10, 11]. Euler's method
(backward difference) is applied to implement the PID controller in z-domain for numerical

integration, where= % , Which gives the discrete transfer function of the PID controller as in

Equation 3 or Equation 4 [12].

_ KTz Kaq(z-1)

C(2) = K, + 512 4 £aED 3)
_ 9oz%+g12+9g;

C(Z) - Tz(z-1) (4)

Where,

90 = K,T+KT?*+ K,
g1 = —K,T — 2K,

92 = Ky

T = sampling time

There are many algorithms for numerical integration and numerical differentiation,
hence, Equation (3) is not unique for a digital PID controller. Nevertheless, Equation (3) is the
most preferred transfer function for many commercial PID controllers available. By using this
equation, it is easy to obtain a P or Pl controller by setting an appropriate gain equal to zero
[13]. In general, PID controller parameters tuning can be very difficult, inaccurate and take a lot
of time when applying for the high order system. Also, the digitalization of such controlled
system can be complicated. Because of that, GUI windows can be used for simplifying the
tuning of the PID controller and the digitalization of the controlled system with less time and
more accuracy.

2. Structure of the PID Controller
It is important to select the best PID control structure to match the desired closed loop
performance. The selection process is explained in the following subsections:

2.1. Proportional P

Proportional P is a pure gain of value Kp. This control structure is used to obtain
satisfactory transient and steady state responses simply by setting a proportional gain in the
system, with no dynamic compensation required [14]. There would be no PID controllers without
P gain. Proportional controller depends on the process error signal. The Kp gain represents the
ratio of output response to the error signal, and It multiplies the present error of the system with
a constant value Kp [15]. Proportional gain increases the system undamped natural frequency,
which means that system speed will increase and also reduce the system damping ratio, leads
to increase system overshoot. In the end proportional gain can reduce the system error but
never to eliminate it [16, 17]. A system with proportional control will usually have a steady-state
offset in response to a constant reference input or to a constant disturbance input which gets
smaller as the proportional gain increases. However, there is an upper limit on the size of the
proportional gain, otherwise the system becomes unstable. In the end, this controller can be
used only when the system is tolerable to a constant steady state error [13].

2.2. Proportional Integral Pl
PI control structure provides both past and present controls. Since the past sense of
control is present, this system will require an optimization scheme which will allow quick
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response with minimum overshoot and ringing [14]. The integral term in the controller responds
to the past error by eliminating the area under the error curve. The integral control adds a pole
at the origin which consequently causes the steady error to become zero. The integral response
will continually increase over time unless the error is zero for that reason it usually called
automatic reset [15]. When the integral control gain Ki increases, the system damping ratio
decreases, which means extra overshoot, and may lead the system to become unstable [16],
[17]. This controller structure is used if the zero steady state error is essential to control
requirement. At the same time, the Pl controller becomes much slower compared to the P
control or PID control. The loss of speed will result in zero error control. In this controller, there
are only two parameters to determine in the design process to meet certain steady state design
criteria which are Kp and Ki [18].

2.3. Proportional Integral Derivative (PID)

PID control structure provides past, present, and future controls. This controller is used
in a system which needs to be improved in both transient response and the steady state
response. The derivative term in the controller is proportional to the rate of change of error
signal as an input, not on the error itself. The idea behind derivative control is to control the error
before the error develops. Most practical control systems use very small derivative gain,
because this gain makes the response very sensitive to the noise in the process variable signal.
Thus, if the control loop is slow or the sensor feedback signal is noisy, the derivative response
will cause the control system to become unstable [15]. The derivative controller does not affect
the system undamped natural frequency, so the system speed remains the same, but derivative
control increases the system damping ratio, which leads to reduction of system response
overshoot [16, 17]. In the end, the PID structure adds two zeros and one pole at the origin. The
additional pole limits the high-frequency gain [19-20], [25].

3. PID Tuning Methods

This paper introduces Ziegler-Nichols method as a base method for tuning the PID
controller parameters and manual tuning method in both (s-domain) and (z-domain) for more
improvement to the controlled system response specifications. Control tuning methods provide
the controller parameters in the form of formulae or algorithms. They ensure that the obtained
control system to be stable and meet given objectives.

3.1. Ziegler-Nichols Step Response Method

The first design method introduced by Ziegler-Nichols is based on a registration of the
open loop step response of the stable system. In this method, the unit-step response curve
should look as S-shaped, which is characterized by two parameters, which are delay time L and
time constant T. The parameters are determined from a unit step response of the process, as
shown in Figure 2 [21].

A
y Tangent line at inflection point

- I e— 1 —»
Figure 2. Open Loop System Step Response
The point where the slope of the step response has its maximum value is first

determined, and the tangent at this point is drawn. The intersection between the tangent and
the time axes gives the L parameter, while the intersection between the tangent and line y(t)=K
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gives the T parameter [21]. PID parameters can be given directly as a function of a=KL/T and L,
as shown in Table 1 [22].

Table 1. Ziegler-Nichols Tuning Formula for Step Response Method

Controller Kp Ti Td
P 1/a - -
Pl 0.9/a 3L -
PID 1.2/a 2L L/2

3.2. Ziegler-Nichols Frequency Method.

The second design method is based on increase Kp from 0 to a critical value Kcr at
which the output first exhibits sustained oscillations. To do that, first set Ti=~ and Td=0, then the
critical gain Kcr and the corresponding period Pcr can be determined by using Routh Criterion
method. The Ziegler-Nichols formula used to set the values of the PID parameters is as shown
in Table 2 [23]. This method can be applied to the unstable system to make it stable [23].

Table 2. Ziegler-Nichols Tuning Formula for Frequency Method

Controller Kp Ti Td
P 0.5Kcr - -
Pl 0.45Kcr Pcr/1.2 -
PID 0.6Kcr 0.5Pcr 0.125Pcr

3.3. Manual Tuning Method (s-domain)

The individual effects of PID controller three terms on the closed-loop performance are
summarized in Table 3 [17]. This table can be used for manually dependent in tuning the PID
controller parameters [17].

Table 3. Effects of Independent P, | and D on the System Response

Rise time Overshoot Settling time Steady-state error
Controller 0
T, 05% T ess
Increase P gain [Kp] Decrease Increase Small increase Decrease
Increase | gain [K;] Small decrease Increase Increase Eliminate
Increase D gain [K;] Small increase Decrease Decrease Minor change

This table is useful for manual tuning of PID controller, beginning with the values of
parameters obtained from Ziegler-Nichols methods, by observing the effect of those parameters
on the unit step response of the system. Manual tuning method is a simple method but it
requires a lot of experience, and it takes time to get the required response [17].

3.4. Manual Tuning Method (z-domain)

The discrete-time closed-loop PID controller is the most popular controller. It has faster
time response and rise time than the continuous-time PID controller that depends on the
selected sampling time. However, PID controller tuning in z-domain follows the same rule as
used in manual tuning in s-domain, but with one more constant to set (sampling time). At the
same time, there is critical point that the designer should pay attention to, which is the choice of
the sampling period. These samples should have enough frequency in order not to miss system
dynamics [9]. To apply this method, firstly, the plant transfer function must change from s-
domain to z-domain by using the zero-order-hold (ZOH) method as in Equation 5, and using PID
control formula as in Equation (3) & Equation (4) [9].

Gp(z) = (1 — 2712 {L—l [@]} (5)
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4. Theoretical Calculation of PID Parameters and Control System Simulation
To explain more about the mentioned PID tuning methods, a theoretical calculation is
required. For that, consider the third order system response by a transfer function of [24].

1

GP (s) = (3s+1)(25+1)(s+1)

The MATLAB Simulink models shown in Figure 3 are used for the control system
simulation in s-domain and z-domain.

1
IIII {!' PID(E) _ I
Es2+1152+85+1

Step PID Controller Transfer Fen Scope

a) s-domain.

1
FIDE! 2
B53+115248241
Ste c Zero-Order 5
P PID Controller Hold Transfer Fon s

b) z-domain.

Figure 3. SIMULINK/MATLAB model

5.1. Ziegler-Nichols Step Response Theoretical Calculation

To apply the first method of Ziegler-Nichols calculation, step response of the plant
needs to be plot as shown in Figure 4. The system response shown in this figure gives L=1.44,
T=7.41, and K=1.

Time (mecsesn

Figure 4. Step Response of Plant Transfer Function

Table 4. PID Parameters using Ziegler-Nichols Tuning Formula for Step Response Method

Controller Kp Ti Td
P 5.1458 - -
PI 46312 4.32 -
PID 6.175 2.88 0.72

Table 5. Response Specification for PID Parameters (Ziegler-Nichols Step Response Method)

Controller Tr Overshoot% Ts
P 1.64 56.6 33.2
PI 1.7 73 97.1
PID 1.45 50.9 20.5
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Ziegler-Nichols step response formula in Table 1 can yield PID controller parameters
according to each structure type. The final result of this calculation method is given in Table 4,
and the response of the controlled system is shown in Figure 5. The control system response
specifications are shown in Table 5.

Time.

Figure 5. Ziegler-Nichols Step Response Method Result Using MATLAB Simulink

5.2. Ziegler-Nichols Frequency Theoretical Calculation

To apply the second method of Ziegler-Nichols calculation, the critical gain Kcr in needs
to be determined by using Routh Criteria array for the closed-loop system (the plant with just Kp
gain) characteristic equation:

653+ 11s2+6s+1+K, =0

The Routh array is derived as follows:

s3 6 6
2 | 1 (1+K,)

6
st | e-2a+k) 0

s° (1+K)

Then, from Routh array, the Kp results as follows:
(1+Kp)=0 Kp=-1
6-(6/11)(1+Kp)=0 Kp=10

The value of Kcr=10 for Routh stability will then applied in the characteristic equation to
find the frequency of oscillation, as follows:

6s3+11s2+65+11=0
6(jw)® + 11(Gjw)2 +6(jw) +11 =0
111 —w?) + 6jw(l —w?) =0

w2=1 then w=+1
Pr=2= %: 6.283

The final result of this calculation method is given in Table 6, and the response of the
control system is shown in Figure 6. The control system response specifications are shown in
Table 7.
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Table 6. PID Parameters Using Zeigler-Nichols Tuning Formula for Frequency Method

Controller Kp Ti Td
P 5 - -
PI 4.5 5.236 -
PID 6 3.1415 0.78

Table 7. Response Specification for PID Parameters (Ziegler-Nichols Frequency Method)

Controller Tr Overshoot% Ts
P 1.67 55.4 33.1
PI 1.77 63.5 62.6
PID 1.48 44.3 16.7
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Figure 6. Ziegler-Nichols Frequency Method Result Using MATLAB Simulink.

5.3. Manual PID Tuning in s-domain Theoretical Calculation

It is clear from the last result that, the system overshoot was high, and the system was
slow to get the final steady state. Table 3 was used for manual tuning method to set the
controller parameters by trial and error to get the satisfactory result for the system. The manual
tuning results for the PID controller parameters are shown in Table 8. Since this PID controller is
used for undergraduate teaching, only manual tuning is discussed. Here, the increase of Kp will
increase response speed, and decrease of Ti and Td leading to reduction of response
overshoot and settling time. The controlled system response is shown in Figure 7.

Table 8. PID Parameters and Response Specification for Manual Tuning Method (s-domain)

Controller Kp Ti Td
PID 6.5 1 7
Tr Overshoot% Ts

PID 14 21.1 8.09

5.4. PID Tuning in z-domain Theoretical Calculation

The system response can be faster (Tr and Ts) just by tuning the sampling time in the z-
domain. For the same previous system, with sampling time equal to T=0.1s, the plant and
controller transfer function become:

Gp(z) = (1 — z—l)Z{L—l [;]}

s(3s+1)(2s+1)(s+1)

2.654x107°2241.014x1075242.421x1073
23-2.823z2+2.6562—0.8325

Gp(z) =

Go=65%0.1+1x(0.1)%+7 =766
g1 =—65(0.1) =27 =—-14.65

g2=7
C(z) =

7.662%-14.65z+7
0.1z(z-1)
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Figure 9. Ziegler-Nichols Step Response Method Result Using GUI/MATLAB Window
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In the end, the system response specification will became as shown in Table 9. The
controlled system response is shown in Figure 7. This figure shows that the control system
response in discrete time is faster than the control system response in continuous time; at the
same time showing more overshoot. System response in discrete time can be controlled by
changing the PID controller parameters and sampling time.

Table 9. PID Parameters and Response Specification for Manual Tuning Method (z-domain)

Controller Kp Ki Kd
PID 6.5 1 7
Tr Overshoot% Ts
PID 1.3 26.3 7.83
(ToPermss o i == T — ——
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Figure 12. Manual PID Tuning (z-domain)

6. Results of GUI Based MATLAB Windows

The previous calculation can be easily done by using the suggested GUI/MATLAB
windows for any system order. This paper introduces theoretical calculation example for third
order plant to show the GUI windows ability in the calculation of the PID parameters and
controlled system response analysis, by using third order transfer function as mentioned earlier
as the input to the main GUI window and sub-windows of the PID Controller Tuning GUI
package, as shown in Figure 8.

Figure 9, 10, 11, and 12 show the same result as in the theoretical calculation
mentioned earlier in this paper, but with more advantages such as reduction in time required for
the calculation and more accurate result with higher order plant. Also, it provides a good area
for analyzing control system response specifications. Manual tuning GUI window shown in
Figure 11 can provide a comfortable environment for tuning the PID controller by easing the
change of PID parameters and analyzing the response specifications until getting satisfactory
result. Moreover, the GUI window as shown in Figure 12 gives a huge flexibility to the designer
for setting the PID controller in z-domain with less time. In the end, the GUI windows as shown
in Figure 11 and 12 can be used for implementing and analyzing any control system with PID
controller parameters resulting from other tuning methods.

7. Conclusion

The GUI based windows presented in this paper can be effectively implemented in
engineering education courses related to control system engineering. These GUI windows can
reduce the time necessary for the design of PID controller and solve more complicated tasks in
process control design. Moreover, Simulink based MATLAB can be used to verify the design for
the PID controller. By using this GUI based approach, teaching of control system engineering
courses for the undergraduate creates a more user friendly environment in the classroom, that
benefitting students at large.
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