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Abstract

This project concerned with the designing a low cost PID temperature controller.

Because of their simplicity, robustness and successful practical application, PID con-

trollers are the most popular and widely-used controllers in industry. Many PID design

methods have been proposed, each has its advantages and limitations. However find-

ing appropriate parameters for the PID controller is still not easy task. The objective

is to achieving an important design compromise, acceptable stability, linearity and

medium fastness of response. In this project, Atmega128 has been used as a brain to

the prototype. PID controller has been selected as a controller because it has faster

response than the conventional on-off controller. The experimental result reveals that

the PID controller can be implemented into the low cost prototype and able to control

the temperature according to standard regulation.
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Chapter 1

Introduction

1.1 Background

Most of heavy industries in the manufacturing field have their own manufacturing

target. To achieve the target, most of the machines are run continuously for 24

hours and stop only for maintenances. The most important part in manufacturing

is maintenance which is divided into three parts, preventive maintenance, predictive

maintenance and corrective maintenance.[15] Theoretically, preventive maintenance is

the most important part in protecting equipments from being damaged and expensive

corrective maintenance can be avoided.

Linearity and stability of the Temperature is the main problem that has been faced

by heavy industries in an attempt to achieve a production target.

1.2 Problem definition

Why PID controller must be invented? Actually, the main problem is most of the

industry did not monitor the operating temperature of their equipment / plants. So,

it is more important to monitor and control the excessive temperature. Excessive

heat can cause failure of the equipment / plant and will affect the operating budget

to replace all the damaged equipments. Once the prototype is ready, the operator of

the equipment does not have to worry about excessive heat produce because the tem-

perature controller will make sure the operating temperature will follow the standard

requirement of the IEC.

1
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1.3 Objective of Project

There two objectives that need to be achieved in this project, and there are:

• To overcome linearity problem in the industry by designing a new and low cost

prototype using the proposed PID controller tuning methods.

• To develop a system prototype to evaluate the performance of proposed controller

with good linearity, stability and robust performance in critical Condition.

1.4 Scope of Project

The scope of the project includes identifying on how PID controller can be implemented

in the low cost system. The other scopes are providing good linearity and stability

with maintaining the safe operating temperature and conduct an experiment at Process

control Lab.

1.5 Work Breakdown

In order to achieve the objective in this project, there are several tasks that need to

be done as shown in below Figure.1.1. The tasks are divided into three categories and

they are studying, design and implementation.

The related items that need to be a study in detail are the principles of PID con-

troller and its Tuning methods, micro-controller architecture, programming for micro-

controller etc.
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Figure 1.1: Work breakdown

1.6 Project Work Flow

The Figure.1.2 shows the work flow of this project and has been simplified in block

diagram as below. These working flows are continuously done in the time given by the

Company within 2 semesters.
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Figure 1.2: Project Work flow
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1.7 Gantt Chart

Figure 1.3: Gantt chart of the project timetable for semester 3

Figure 1.4: Gantt chart of the project timetable for semester 4
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1.8 Thesis Organization

These reports consist of five chapters in total. The framework of the project will be

described as follows:

Chapter 1 provides a brief introduction about the Industrial PID Controller, ob-

jective and scope of project, project work breakdown and work flow of project duration.

Chapter 2 describes the literature review of the project. It contains the literature

which we studied before starting the project. It also describes introduction to basic

PID parameters effects on closed loop system. Also describe the basic theory of Mod-

bus Protocol for communication.

Chapter 3 discusses the Prototype design of product, proposed modified relay based

auto tune technique. It consists of hardware block diagram and software flow chart

which is used in this project.

Chapter 4 shows the implemented project’s outputs result and some discussion on

some testing procedure and test results for RTD input type Temperature sensors.

Chapter 5 concludes the project and suggest some more research work in future

scope for precious industrial application.

In this chapter discuss about project definition that why PID Controller are very

useful now a day in industries then objective and scope of this project and also talk

about work distribution during a project and flow of work in terms of flow chart and

Gantt chart.



Chapter 2

Literature Review

2.1 Basics of PID Controller

The PID control algorithm is one of the most popular approaches for industrial field to

apply in the process control systems. The main reason why PID is the main popular

method of control in industry is because the simple structure of the PID itself, it

also conceptually easy to understand and makes the manual tuning is possible.[15]

PID is proportional integral and derivative controller which is a linear combination

of the input, the derivative of input and integral of input. Theoretically there are

several types of tuning methods that can be used in tuning PID.[16][17] There are

Ziegler-Nichols rules, symmetric optimum rule, Ziegler-Nichols complementary rule,

some overshoot rule, no overshoot rule and integral of absolute error rule.

The PID controller calculation (algorithm) involves three separate constant pa-

rameters, and is accordingly sometimes called three-term control, the proportional,

the integral and derivative values, denoted P, I, and D.[18] Heuristically, these values

can be interpreted in terms of time: P depends on the present error, I on the accu-

mulation of past errors, and D is a prediction of future errors, based on current rate

of change.[15] The weighted sum of these three actions is used to adjust the process

via a control element such as the position of a control valve or the power supply of a

heating element.[16][17]

In the absence of knowledge of the underlying process, a PID controller is the best con-

troller. By tuning the three parameters in the PID controller algorithm, the controller

can provide control action designed for specific process requirements.[1] The response

7



CHAPTER 2. LITERATURE REVIEW 8

Figure 2.1: PID control for general system[1]

of the controller can be described in terms of the responsiveness of the controller to

an error, the degree to which the controller overshoots the set point and the degree

of system oscillation.[19] Note that the use of the PID algorithm for control does not

guarantee optimal control of the system or system stability.[15]

There are also some disadvantages that exist in PID method which lead to not enough

tuning and cause oscillation in practical. These are the factors which lead to the

unsatisfactory in tuning PID controller.[19]

• Non-linearity exists in the system such as directional dependent actuator or plant

dynamics.

• Various uncertainties such as modelling error and noise which involved in the

controller systems.

• Continuous tuning by time may be necessary due to ageing and general wear of

the system applied.

• The load which often variable and affect the dynamic performance of the system.
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2.2 Control Modes

PID controller has proportional, integral and derivative control modes. These modes

each react differently to the error, and also, the degree of control action is adjustable

for each mode.

2.2.1 Proportional Controller

The proportional control mode changes the controller output in proportion to the er-

ror. The adjustable setting here is called the Controller Gain (Kc), sometimes also

referred to as a PID controller’s P-setting or its proportional setting.[6]

The control action is proportional to both the controller gain and the error. A higher

controller gain will increase the amount of output action and so will a larger error.

Figure 2.2: Proportional controller action[2]

Although most controllers use controller gain (Kp) as the proportional setting,

some controllers use Proportional Band (PB), which is expressed in percent. Below

Table.I shows the relationship between Kp and PB.
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Table I: Relationship between Kp a PB[3]
nd

Controller Gain (Kp) Proportional Band (PB)
0.1 1000
0.2 500
0.5 200
1 100
2 50
5 20
10 10

2.2.2 Integral Controller

The use of proportional control alone has a large drawback like Offset. Offset is a

sustained error that cannot be eliminated by proportional control alone. Integral

action appears as a ramp of which the slope is determined by the size of the error, the

controller gain and the Integral Time (Ti), also called the I-setting of the controller.[2]

Figure 2.3: Integration controller action[1]

Most controllers use integral time in minutes as the unit for integral control, but
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some others use integral time in seconds, Integral Gain in Repeats / Minute or Repeats

/ Second. Table.II compares the different integral units.[18][19]

Table II: Integral Control Units[3]

Integral Time Integral Gain
Minutes Seconds Rep/Minutes Rep/Seconds

0.05 3 20 0.333
0.1 6 10 0.167
0.2 12 5 0.0833
0.5 30 2 0.0333
1 60 1 0.0167
2 120 05 0.00833
5 300 02 0.000333
10 600 01 0.000167
20 1200 0.05 0.000833

2.2.3 Derivative Controller

The third controller action in a PID controller is derivative. Derivative control is rarely

used in controllers. It is very sensitive to measurement noise and it makes tuning very

difficult if trial and error methods are applied. Nevertheless, derivative control can

make a control loop respond faster and with less overshoot.[15]

The derivative control mode produces an output based on the rate of change of the

error. Derivative action is sometimes called Rate. Its action is dependent on the rate

of change (or slope) of the error. It has an adjustable setting called Derivative Time

(Td), which is the D-setting of the controller.[2]

Two units are used for the derivative setting of a controller are minutes and seconds.

Derivative control appears to have predictive or anticipative capabilities. Technically

this is not true, but PID control does provide more control action sooner than possible
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Figure 2.4: Derivative controller action[1]

with P or PI control. Note that how derivative control reduces the time it takes for the

level to return to its set point. Also note that with derivative control the controller

output appears noisier. This is due to the derivative control mode’s sensitivity to

measurement noise.[6]

2.2.4 PI Controller

PI controller will eliminate forced oscillations and steady state error resulting in oper-

ation of on-off controller and P controller respectively. However, introducing integral

mode has a negative effect on speed of the response and overall stability of the sys-

tem. Thus, PI controller will not increase the speed of response. It can be expected

since PI controller does not have means to predict what will happen with the error in

near future.[16] This problem can be solved by introducing derivative mode which has

ability to predict what will happen with the error in near future and thus to decrease

a reaction time of the controller.[6]

PI controllers are very often used in industry, especially when speed of the response is

not an issue. Control without D mode is used when:[4]

• Fast response of the system is not required

• Large disturbances and noise are present during operation of the process



CHAPTER 2. LITERATURE REVIEW 13

• There is only one energy storage in process (capacitive or inductive)

• There are large transport delays in the system

2.2.5 PID Controller

PID controller has all the necessary dynamics like a fast reaction on change of the con-

troller input (D mode), increase in control signal to lead error towards zero (I mode)

and suitable action inside control error area to eliminate oscillations (P mode).[4]

Derivative mode improves stability of the system and enables increase in gain Kp

and decrease in integral time constant Ti, which increases speed of the controller re-

sponse.

PID controller is used when dealing with higher order capacitive processes (processes

with more than one energy storage) when their dynamic is not similar to the dynamics

of an integrator (like in many thermal processes).[17] PID controller is often used in

industry, but also in the control of mobile objects (course and trajectory following

included) when stability and precise reference following are required. Conventional

autopilot is for the most part PID type controllers.[16]

Table III: Effect of each parameter on output response[15]

Action Rise Time Overshoot Settling Time S-S Error
Increase Kp Decrease Increase Small Change Decrease
Increase Ki Decrease Increase Increase Eliminate
Increase Kd Small Change Decrease Decrease Small Change

2.3 Types of Controller Structures

Controller manufacturers integrate the P, I and D-modes into three different arrange-

ments or controller structures.[6] These are called Series, Ideal and Parallel controller

structures. Some controller manufacturers allow you to choose between different con-

troller structures as a configuration option in the controller software.[12]
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2.3.1 Series controller structure

This very popular controller structure is also called the Classical, Real or Interacting

structure. The original pneumatic and electronic controllers had this structure and we

still find it in most PLCs and DCSs today. Most of the controllers tuning rules are

based on this controller structure.[12]

Figure 2.5: Series controller structure[4]

2.3.2 Ideal controller structure

Also called the Non-Interacting, Standard or ISA structure, this controller structure

was popularized with digital control systems. If no derivative is used (i.e. Td = 0),

the series and ideal controller structures become identical.
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Figure 2.6: Ideal controller structures[4]

2.3.3 Parallel controller structure

Academic-type textbooks generally use the parallel form of PID controller, but it is

also used in some DCSs and PLCs. This structure is simple to understand, but really

difficult to tune. The reason is that it has no controller gain, but has a proportional

gain instead. Tuning should be done by adjusting all the settings simultaneously.[6]

Figure 2.7: Parallel controller structures[4]

2.4 PID Tuning Method: Ziegler Nichols Tuning

Basically, Ziegler Nichols tuning method is one of the several types of tuning method

exist in control systems. This type of tuning method is proposed by Ziegler and

Nichols in the 1940s and this type of tuning method largely based on certain assumed
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model.[1][2]

Tuning a control loop is the adjustment of its control parameters (gain/proportional

band, integral gain/reset, derivative gain/rate) to the optimum values for the desired

control response. Stability (bounded oscillation) is a basic requirement, but beyond

that, different systems have different behaviour, different applications have different

requirements, and requirements may conflict with one another.[3]

PID tuning is a difficult problem, even though there are only three parameters and

in principle is simple to describe, because it must satisfy complex criteria within the

limitations of PID control. There are accordingly various methods for loop tuning and

more sophisticated techniques are the subject of patents.[4]

where,

Kp = proportionalgain

Ki = integralgain = Kp/Ti

Kd = derivativegain = Kp ∗d
Ti = resettime

Td = ratetimeorderivativetime

The proportional term used in the controller generally helps in establishing system

stability and improving the transient response while the derivative term is often used

to improve the closed response speed when it is necessary to use. Theoretically, the

effect of the derivative term is to feed information on the rate of change of the mea-

sured variable into the controller action. The most important term in the controller is
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the integrator term that introduced in the forward loop process.[1][3]

Figure 2.8: PID controller block diagram[5]

Based on the Figure2.8, there is some equation below that may explain the PID

controller function.[2][4]

Difference between Set point and Process Variable, and the control input relation

is as shown below Table.IV

2.4.1 Ziegler Nichols First Method

Table.V is the first method of Ziegler and Nichols used to tune PID controller. This

type of response is typical of first order system with some transportation delay such

as fluid flow and heat. The response is characteristic on two parameters, L the delay

time and T constant time. These are usually found by drawing a tangent to the step

response at its point of inflection and noting its intersection with time axis and steady

state value. The model of the plant is:[1][3]

Based on the Figure2.9 above clearly it shows the over damped second order system

response curve which consist L delay time and T for time constant. So based on this

Ziegler-Nichols has produced the recipe for tuning method. [1][2][3][4]
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Table IV: PID controller variation[3]

Control Type Kp Ki Kd C(s)
P (Proportional) ±0 Zero Zero Kp

I (Integral) Zero ±0 Zero Ki/s
D (Derivative) Zero Zero ±0 Kd s

PI (proportional+ integral) ±0 ±0 Zero Kp+Ki/s
PD (proportional + derivative) ±0 Zero ±0 Kp + Kd s

PID (proportional+ integral +derivative) ±0 ±0 ±0 Kp+ Ki/s + Kd s

2.4.2 Ziegler Nichols Second Method

To render under proportional control, the second method can be used. These tech-

niques specially develop to result in a closed loop system with 25% of overshoot. Some

step must be taken for tuning PID controller via the second method.[6]

• In the Second method, First set Ti = and Td = 0. Using the proportional control

action only. Increase Kp from 0 to a critical value Ku where the output first

exhibits sustained oscillation. (If the output does not exhibit sustain oscillation

for whatever value of Kp may take, this method does not apply).[2][12]

• Using the ultimate gain Ku and the corresponding period Pu, Ziegler and Nichols

suggested setting the values of the parameters Kp, Ti and Td according to the

formula shown in Table.VI.

2.5 Modbus Protocol

2.5.1 Introduction

This is the first of a two-part series on Modbus. The first issue addresses the protocol

itself. What do ARCNET, Ethernet and Modbus have in common? They were all

developed in the 1970s and are still widely used today. Of course they have evolved
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Figure 2.9: response Curve for Ziegler Nichols first method

Table V: Ziegler-Nichols First Method[1]

Controller Type Kp Ti Td

P T/L ∞ -
PI 0.9 T/L 3.33 L -

PID 1.2 T/L 2 L 0.5 L

over time, but their basic operation remains intact.[11]

There is one basic difference in the three technologies. Both ARCNET and Ether-

net are data link and physical layer standards without a protocol while Modbus is

a protocol that can operate over several data links and physical layers. Originally

intended as a point-to-point interface between proprietary Modicon products, the pro-

tocol has found use in multi-drop and peer-to-peer networks like TCP/IP. It is no

longer restricted to just Modicon equipment.

2.5.2 Implementation

It is interesting to note that Modicon did not use Modbus in a multi-drop network but

instead used point-to-point connections with EIA-232C interfaces installed on their

PLCs. The Modbus protocol is a master-slave protocol and the terms ”master” and

”slave” continue to be used today. Modbus allows only one master and up to 247

slaves. A slave is typically a Modicon PLC with an EIA-232C interface. Masters

are typically programming panels or host computers. Therefore, if one host computer

needed to communicate to four PLCs, four serial ports would be required on the host
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Figure 2.10: Sustained oscillation with Period Pu[5]

Table VI: Ziegler Nichols tuning rules based on Ultimate gain Ku and Period Pu[5]

Controller Type Kp Ti Td

P 0.5Ku ∞ 0
PI 0.45Ku 0.833Pu 0

PID 0.6Ku 0.5Pu 0.125Pu

computer. This results in a star topology. EIA-232C cable lengths are short, so if

longer distances are required modems can be used. It was not until later that 2-wire

and 4-wire EIA-485 multi-drop networks appeared. With the Modbus protocol, only

the master can initiate a message. Slaves cannot. So if a slave notices ”that the cooling

water pumps to the nuclear reactor have stopped,” the slave cannot inform the master

until the master happens to send a query to the slave with the effective message how

are things going? The master has no address, but the slaves are numbered from 1 to

247.

Address ”0” is reserved as a broadcast address to all slaves. All slaves will receive

the broadcast message but will not respond.

QueryResponse messaging the command issued by the master is called a Query and

the response from the slave is simply called the Response. The format in Figure.2.11

shows the simplified structure of the messages that can serve as either a query or a

response.

The master has no address so the device address is always the intended slave. If

it is a query, the query is directed to the slave with the assigned device address. If
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Figure 2.11: Simplified Modbus message format[11]

the message is a response, the response came from the slave with the indicated device

address. Commands are issued by function codes such as 03Read Holding Registers.

In this case the master must indicate the range of registers to be queried. The slave

responds with the requested data based upon the indicated range. The message format

is similar for all function codes, but of course the data changes based upon the code

itself. After each message there is an error check appended by the originating station

so that the receiving station can check the integrity of the received message.

The above scenario assumes a successful interchange of a query and a response. If

the slave wants to communicate an error condition or an exception case, the function

code is modified by the slave by setting the most-significant-bit (MSB) of the function

code to a 1. The data field will then contain information specific to the exception. The

master can still extract the original function code that it sent. It should be noted that

the query-response cycle is completed before the master sends out the next query to

either the same slave or another slave. This is unlike protocols such as DeviceNet that

can send out one multicast command and then wait for several devices to response in

no particular order to this one command.[11]

Modbus has no multicast capability so time is lost as each master query requires

the directed slave to not only receive the message but act upon it and respond before

the master moves on to other communications activity.
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RTU Message Framing

When operating in RTU mode the timing is much more critical. There is no specific

Start of Frame character. Instead, the message frame begins with four character times

of marking. After this interval, the device address is sent followed by the function

code and data. There are other differences from that of the ASCII message frame as

noted in Figure.2.5.2. Instead of a Longitudinal Redundancy Check (LRC) check in

the ASCII frame, a more robust Cyclic Redundancy Check (CRC) check of the data

is applied in the RTU frame. The End of Frame indication is strictly based upon four

character times of marking.

RTU messages must be sent as a continuous stream and any significant gaps between

characters could result in a dropped message. Unlike ASCII, the RTU messages are

not human readable. However, the messages are quite compact and more efficient to

send. The RTU mode remains the more popular format.

�Table 2.7 : RTU framing of a Modbus message[11]

Modbus Register Map

Before we discuss function codes, we should study the Modbus register map in Ta-

ble.VII since certain function codes imply specific register ranges. Early PLCs were

mostly concerned with discrete inputs and discrete outputs each represented by one-

bit in a register map. For Modicon PLCs, discrete outputs begin at location 00001

and discrete inputs begin at location 10001. Each requires one-bit of storage. Inputs,

called contacts, can only be read and outputs, called coils, can be read or written.

Since early PLCs were considered relay panel replacements, the terms coils and con-

tacts were retained to assist electricians trying to understand these new electronic

controllers.[11]

As the complexity of PLCs increased, the ability to handle analog input/output (I/O),
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and to execute math calculations was added. The I/O range of 16-bit register refer-

ences begins at 30001 for read-only analogy inputs or thumb wheel switches, and 40001

for general purpose read/write registers that can also serve as analog outputs.

There are really no restrictions above 40001. Depending upon the vendor of the

equipment, they can be internal registers, analogy inputs, analogy outputs, and even

discrete inputs and outputs. However, not all function codes reference this rangebut

enough do.

Table VII: Typical Modbus Register Map[11]

I/O Range Description
00001 - 10000 Read / Write discrete output or coils
10001 - 20000 Read discrete inputs
30001 40000 Read input register 16 bit register such as analog input
40001 - 50000 Read/Write holding register 16 bit storage or I/O

Function Codes

The Modbus function codes are defined in both the Modicon Modbus Protocol Ref-

erence Guide and the Modbus Application Protocol Specification. Because there are

differences in the function names and the number of function codes the latter docu-

ment is recommended. Although the function code range spans from 1 to 127, only

about 20 are defined public function codes. User defined function codes are allowed

in specific locations within this range. However, many Modbus devices only support

a small subset of the available codes. We will only examine those function codes that

involve single-bit and 16-bit data access to get a flavour of how I/O is handled. A list

is provided in Table.VIII.
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Table VIII: Data access function codes[11]

Code 1/16-bit Description I/O Range
01 1-bit Read coils 00001 - 10000
02 1-bit Read contacts 10001 20000
05 1-bit Write a Single coil 00001 10000
15 1-bit Write multiple coil 00001 10000
03 16-bit Read holding register 40001 50000
04 16-bit Read input register 30001 40000
06 16-bit Write single register 40001 50000
16 16-bit Write multiple register 40001 50000
22 16-bit Mask write register 40001 50000
23 16-bit Read/write multiple register 40001 50000
24 16-bit Read FIFO queue 40001 50000

You will notice from above Table.VIII that 1-bit function codes relate to discrete

devices such as contacts and coils. The 16-bit function codes relate to input registers

and holding registers. Input registers can only be read while holding registers can be

either read or written. Also notice there is an implied I/O range depending upon the

function code. For example, function code 06Write single register, only addresses the

relevant range of 4000150000 and no other range. Therefore it is only necessary to

reference the offset from the base range when structuring the message.

Instead of indicating register location 40001 we simply say 0000. This is a good

time to explain one of the more confusing aspects of Modbus and that is referencing

I/O points in Modbus messages. Modicon elected to number physical points within

a range beginning with the number 1 instead of 0. Coil 1 is referenced in a message

as location 0000 and not 00001. Likewise, Contact 1 is referenced as 0000 instead of

10001. The same applies to holding register 40001. It is also referenced as 0000. The

function code always points to the proper I/O range and only the offset from base

address of that range is needed to uniquely identify the point. The offset is a 16-bit

word and is displayed in hexadecimal when examining the actual Modbus message.

All references in the Modbus Register Map are decimal references. Register 40016 is

referenced as 0x000F which is hexadecimal for 4001640001. Although this is confusing

at first, it is only an issue for those writing Modbus drivers.
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In this chapter, discuss about the basic theory of PID Controller and its parame-

ter’s effect on closed loop system. Also see that different control mode of controller

and types of different structure. Discuss about some PID auto tuning methods and

see that how to find out constant parameters. For communication between PC and

PID controller, study a modbus protocol and its frame format.



Chapter 3

Methodology

3.1 Introduction

This Chapter will describe the design and implementation for the PID controller system

for industrial use. This system function as one of the safety features in avoiding

overheating. This project consists of the implementation of hardware and software.

The system prototype will be tuned and design to achieve standard temperature for

optimal electronic and electric operation within 40◦C to 70◦C.

3.1.1 PID Controller Block Diagram

Figure 3.1: Modified PID Controller block diagram with derivative on process value
instead of error

26
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The Figure.3.1 shows the PID controller block diagram which used in the systems.

In this block diagram shows the switching circuit. At the first time when PID Con-

troller start the auto tune at that time relay will be on picture and working as an

on-off controller with unity feedback closed loop system.

After Auto Tune Complete PID Controller Algorithm Find the Parameters PB (Pro-

portional Band), Ti (Integral Time Constant), Td (Derivative Time Constant) ac-

cording to heater characterises. In this block diagram shows some modification in PID

structure which is not regularly used in Industries. Basically here derivative done on

process value instead of error. This is the main research work to develop a system

prototype. The reason behind this is a derivative kick which gives you in detail after

this.[7][8]

3.1.2 Reason for derivative on PV

The proportional term considers how far PV is from SP at any instant in time. Its

contribution to the CO is based on the size of e(t) only at time t. As e(t) grows

or shrinks, the influence of the proportional term grows or shrinks immediately and

proportionately.[9]

The integral term addresses how long and how far PV has been away from SP. The

integral term is continually summing e(t). Thus, even a small error, if it persists,

will have a sum total that grows over time and the influence of the integral term will

similarly grow.[10]

A derivative describes how steep a curve is. More properly, a derivative describes

the slope or the rate of change of a signal trace at a particular point in time. Accord-

ingly, the derivative term in the PID equation above considers how fast, or the rate at

which, error (or PV as we discuss next) is changing at the current moment.

While the proportional and integral terms of the PID equation are driven by the

controller error, e(t), the derivative computation in many commercial implementa-

tions should be based on the value of PV itself.[9][10]
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The derivative of e(t) is mathematically identical to the negative of the derivative of

PV everywhere except when set point changes. And when set point changes, derivative

on error results in an undesirable control action called derivative kick.

The mathematical defence that derivative of e (t) equals the negative derivative of

PV when SP is constant considers that, since e(t) = SP PV, the equation below fol-

lows. That is, derivative of error equals derivative of set point minus process variable.

The derivative of a constant is zero, so when SP is constant, mathematically, the

derivative (or slope or rate of change) of the controller error equals the derivative

(or slope or rate of change) of the measured process variable, PV, except the sign is

opposite.[10]

The Figures.3.1.2 below provide a visual appreciation that the derivative of e(t) is

the negative of the derivative of PV.

The top plot shows the measured PV trace after a set point step. The bottom plot

shows the e(t) = SP PV trace for the same event.[9]

If compare the two plots after the SP step at time t = 10, we see that the PV

trace in the upper plot is an exact reflection of the e(t) trace in the lower plot. The

PV trace ascends peaks and then settles, while in a reflected pattern, the e(t) trace

descends, dips and then settles.

Mathematically, this of trace shapes means that the derivatives (or slopes or rates

of change) are the same everywhere after the SP step, except they are opposite in sign.

While the shape of e(t) and PV are opposite but equal everywhere after the set point

step, there is an important difference at the moment the SP changes. The lower plot
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Figure 3.2: Plot for derivative on error[13]

shows a vertical spike in e(t) at this moment. There is no corresponding spike in the

PV plot.

The derivative (or slope) of a vertical spike in the theoretical world approaches in-

finity. In the real world it is at least a very big number. If Td is large enough to

provide any meaningful weight to the derivative term, this huge derivative value will

cause a large and sudden manipulation in CO. This large manipulation in CO, referred

to as derivative kick, is almost always undesirable. As long as loop sample time T, is

properly specified, the PV trace will follow a gradual and continuous response, avoid-

ing the dramatic vertical spike evident in the e(t) trace.[10]

Because derivative on e(t) is identical to derivative on PV at all times except when the

SP changes, and when the set point does change, derivative on error provides infor-

mation we do not want our controller to use, we substitute the equation in the above

to obtain the PID with derivative on measurement controller.[9]
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A rapidly changing PV has a steep slope and this yields a large derivative. This

is true regardless of whether a dynamic event has just begun or if it has been under-

way for some time. In the plot below, the derivative dPV/dt describes the slope or

”steepness” of PV during a process response.

Early in the response, the slope is large and positive when the PV trace is increasing

rapidly. When PV is decreasing, the derivative (slope) is negative. And when the PV

goes through a peak or a trough, there is a moment in time when the derivative is

zero.

Figure 3.3: Plot for Process Variable on derivative[13]

To understand the impact of this changing derivative, let’s assume for discussion

that:[10]

• Controller gain, Kc, is positive.

• Derivative time, Td (always positive) is large enough to provide meaningful

weight to the derivative term. After all, if Td is very small, the derivative term

has little influence, regardless of the slope of the PV.
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The negative sign in front of the derivative term of the PID with derivative on

measurement controller (and given the above assumptions) means that the impact on

CO from the derivative term will be opposite to the sign of the slope:

Thus, when dPV/dt is large and positive, the derivative term has a large influence

and seeks to decrease CO. Conversely, when dPV/dt is negative, the derivative term

seeks to increase CO. It is interesting to note that the derivative term does not consider

whether PV is heading toward or away from the set point (whether e(t) is positive

or negative). The only consideration is whether PV is heading up or down and how

quickly.

The result is that derivative action seeks to inhibit rapid movements in the PV. This

could be an especially useful characteristic when seeking to dampen the oscillations

in PV that integral action tends to magnify. Unfortunately, as we will discuss, the

potential benefit comes with a price.

3.2 Proposed Modified Relay based Auto Tuning

Method

3.2.1 Basic Principle of Relay feedback method

A Proportional-integral-derivative (PID) controller operating in a feed-back can be

very effective at driving a measured process variable towards a desired set point, but

only if the controller is adjusted or tuned to accommodate the behaviour of the con-

trolled process. For a PID controller using the ISA standard form of the PID formula,

tuning is a matter of selecting appropriate values for the tuning parameter P, Ti, and

Td.[7][8]

Tuning the loop-or more correctly, tuning the controller requires adjusting those

weights so that the controller can eliminate error quickly without making matters

worse. If the controlled process happens to be relatively sluggish, the controller can



CHAPTER 3. METHODOLOGY 32

Figure 3.4: Closed loop system with only proportional controller[5]

be tuned to make immediate and dramatic action when-ever a random disturbance

changes the process variable or an operator changes the set point. A relatively large

value for Kp and a small value for Ti would be appropriate in this case.[14]

Conversely, if the process happens to be particularly sensitive to the controller’s ef-

forts, the loop must be tuned to apply more conservative corrective efforts over a longer

interval. The essence of loop tuning is identifying just how dramatically the process

reacts to the controller’s efforts and how aggressive the controller can afford to be as

it tries to eliminate errors.[8]

Unfortunately, Loop tuning is not as consulting a table to find a value of Kp that

produces a desired degree of overshoot or a specific settling time. The best choice for

each of the tuning parameters Kp, Ti and Td depends on the values of the other two

as well as the behaviour of the controlled process. Furthermore, modifying the tuning

of my one term affects the performance of the other two since the modified controller

affects the process and the process in turn affects the controller.

3.2.2 Auto-Tuning based on Ziegler-Nichols Method

John G. Ziegler and Nathaniel B. Nichols of Taylor Instruments (now part of ABB)

addressed these problems in 1942 when they proposed a two-steps method for tuning

a loop. They devised tests for qualifying the behaviour of a process in terms of how

fast and how much the process variable changes when the control effort changes. They

also developed a set of empirical formulas for translating the results of those tests into

appropriate settings for the controller’s tuning parameters.[7]

The Ziegler-Nichols closed-loop tuning test is conducted with the controller oper-
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Figure 3.5: Auto tune cycle of PID Controller

ating in automatic mode but with the integral and derivative terms temporarily shut

off. The controller gain is increased until even the slightest error causes a sustained

sinusoidal oscillation in the process variable as shown in below Figure3.6.

The smallest controller gain that can cause such an oscillation is called the ultimate

gain Pu. The period of those sinusoidal oscillations is called the ultimate period Tu.

The appropriate tuning parameters are computed from these two values according to

the Ziegler-Nichols tuning rules as shown below Table.I.

Table I: Ziegler Nichols tuning rules based on Ultimate gain Ku and Period Pu[14]

Controller Type Kp Ti Td

P 0.5Ku ∞ 0
PI 0.45Ku 0.833Pu 0

PID 0.6Ku 0.5Pu 0.125Pu

3.2.3 Tuning process for PID Controller

Then in 1984, Karl Astrom and Tore Hagglund of the Lund (Sweden) Institute of

Technology proposed a less risky alternative to the Ziegler-Nichols open-Loop test.

Their relay method generates a sustained oscillation restricted to a safe range.

The Astrom-Hugglund method works by forcing the process variable into a limit cycles

shown in the ”relay test” graphic. With all three PID terms temporarily disabled, the
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Figure 3.6: Sustained oscillation of PV and control effort with ultimate period Pu[5]

controller uses an on/off relay to apply a step-like control effort to the process. It then

holds the control effort contestant and waits for the process variable to exceed the set

point.

At that point, it applies a negative step and waits for the process variable to drop

back below the set point. Repeating this procedure each time the process variables

passes the set point in either direction forces the process variable to oscillate out of

sync with the control effort but at the same frequency.[10][17]



CHAPTER 3. METHODOLOGY 35

Figure 3.7: PID Controller block diagram with modified relay feedback approach

Although the process variables oscillations are not strictly sinusoidal, their period

turns out to be a close approximation of the ultimate period that Ziegler and Nichols

used for their tuning rules. And the amplitude of the process variable’s oscillations

relative to the amplitude of the control effort’s oscillations approximates the process’s

ultimate gain when multiplied by 4/
∏

. So once the ultimate period and ultimate gain

have been determined based on below formulas:[5][13]
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Figure 3.8: from sustained oscillation graph finding parameters for ultimate gain[5]

And finally put all calculated above value in below indicate PID equation in the

form of Laplace domain.[8][10]

Where,

uk = CurrentPIDOutput

uk−1 = PreviousPIDOutput

SP = SetPoint

PV = ProcessV alue
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Table II: Modified PID Parameter calculation based on Ultimate gain and ultimate
period

Specification Kp Ti Td

Original 0.6Ku 0.5Pu 0.125Pu

Modified 0.25Ku 0.833Pu 0.208Pu

PB = ProportionalBand

Kp = Proportionalgain

Ki = Integralgain

Kd = Derivativegain

ek = currenterror

ek−1 = previouserror

ek−2 = lastpreviouserror

3.2.4 Advantage

But unlike the original Ziegler-Nichols closed-loop test, the relay test can be config-

ured to limit the amplitude of the process variable’s oscillation by fixing the amplitude

of the control effort’s oscillation at a user-defined value. This allows the controller to

force the process variable to oscillate just enough to distinguish the process’s behaviour

from measurement noise. The process variable needs not swing so wildly as to endan-

ger the process.[7]

Better still, the controller can be configured to conduct the relay test and tune the

loop without operator intervention. Theoretically, even an operator unfamiliar with

the fundamentals of tuning theory can press a button and let the controller conduct

its own relay test and select its own tuning parameters accordingly. If the resulting

closed-loop behaviour proves unacceptable, the operator can simply push the tune

button again.[9]



CHAPTER 3. METHODOLOGY 38

Figure 3.9: schematic diagram of the PID Controller

3.3 Hardware Schematic Block Diagram

3.3.1 SMPS Section

A switched-mode power supply (switching-mode power supply, SMPS, or switcher)

is an electronic power supply that incorporates a switching regulator to convert elec-

trical power efficiently. Like other power supplies, an SMPS transfers power from

a source, like mains power, to a load, such as a personal computer, while convert-

ing voltage and current characteristics. An SMPS is usually employed to efficiently

provide a regulated output voltage, typically at a level different from the input voltage.

Unlike a linear power supply, the pass transistor of a switching-mode supply con-

tinually switches between low-dissipation, full-on and full-off states, and spends very

little time in the high dissipation transitions (which minimizes wasted energy).



CHAPTER 3. METHODOLOGY 39

Ideally, a switched-mode power supply dissipates no power. Voltage regulation is

achieved by varying the ratio of on-to-off time. In contrast, a linear power supply

regulates the output voltage by continually dissipating power in the pass transistor.

This higher power conversion efficiency is an important advantage of a switched-mode

power supply. Switched-mode power supplies may also be substantially smaller and

lighter than a linear supply due to the smaller transformer size and weight. Switching

regulators are used as replacements for the linear regulators when higher efficiency,

smaller size or lighter weight is required. They are, however, more complicated; their

switching currents can cause electrical noise problems if not carefully suppressed, and

simple designs may have a poor power factor.

In an SMPS, the output current flow depends on the input power signal, the storage

elements and circuit topologies used, and also on the pattern used (e.g., pulse-width

modulation with an adjustable duty cycle) to drive the switching elements. Typically,

the spectral density of these switching waveforms has energy concentrated at relatively

high frequencies. As such, switching transients, like ripple, introduced onto the output

waveforms can be filtered with small LC filters. In SMPS of PID Controller the line

voltage is first pass through the surge protector. The surge protector removes the

surge or any kind of noise which is coming from the mains line. After that it passes

from the bridge rectifier for converting it into AC to DC. Next stage will have the PI

filter and the capacitor filter to make it to constant DC voltage. The reference diode

is kept after the capacitor for regulated output. The TNY-275 is a PWM Controller

for switching the DC power supply. It is given to the switching transformer and the

outputs of the switching transformer are 4 regulated DC output. 5V, 12V, 24V and

+5V isolated are taken as a output. The outputs are given to the all other cards via

connectors.

3.3.2 CPU & Display Section

CPU unit section contains micro controller AVR ATmega128 and other drive circuitry

for it. The 16 MHz crystal is used for giving clock pulse to the ATmega128. The

inputs from the signal conditioning are given to the ATmega128 ADC pin. The am-
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bient temperature generation input is also given to the micro controller. The output

for transmission to PC and input from PC is received in the micro controller through

UART pins.

Display section contains 7 Segment displays of 0.56 inch and four digits. It also con-

tains four keys and its driver circuitry including 3 to 8 decoder and driver transistors.

It also includes 6 LEDs for different indications. I.e. Relay-1 Relay-2, TX, Rx, SSR,

AT. Four switches are used for different functions. I.e. INC, DEC, FUN, SET. These

switches are used as operating part of the device.

3.3.3 Signal Conditioning Section

The inputs from the back plates are given to the signal conditioning section. In this

signal conditioning the 8X1 MUX is used for selecting the inputs given to it. The

selection line inputs are given from the micro controller pin. The power supply is

given to the signal conditioning card is from SMPS card. After that the voltage buffer

OPAMP is used for voltage buffering. And it is followed by the gain OPAMP. The final

output is given to the micro controller for further procedure. The ambient voltage is

also generated in the signal conditioning card. -2.5 volt is also generated in this section.

+2.5 volt is also generated in this section. RTD and thermocouple inputs are given

to the multiplexer after processing with the gain and other controlling circuitry. It is

accurate input section for micro controller.

3.3.4 Communication Section

The communication section is very useful section for transmission to PC. The UART

pins are connected to the DC-DC converter of the communication card. +5V Isolated

is given from the PS card. The DC-DC converter output is given then to the RS-

485 Transceiver IC. After that the drive circuits are used with OPAMP and other

components. The output is given then to the back plate. This output is driven then

to the PC. The RS-485 to RS-232 converter is used for communicating with the PC.

MODBUS Tester software is used for data read and write to and from the device.
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3.4 Software Flow Chart

In this section explain that how PID controller software is working step by step. It

have so many feature include like alarm, retransmission output etc...

The software explanation is in the form of flow chart. First part shows the main

functionality menu of the PID Controller.

Second part shows the internal ADC functionality, ambient temperature calculation,

power on display and watch dog timer initialisation.

Third part shows the functionality for alarm, retransmission output 1 & 2 and check

routine for debauching & detection key.

Forth part include the routine for PID controller & On-Off controller. Software flow

chart is explain as given below:
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3.5 Modbus Communication Tools

Modbus Protocol is used for communication between PID Controller and PC. For that

mostly Modbus Tester Software is used in industries and it is free ware software so

any one can use without paying any cost. In PC, Modbus Tester Software behaves as

a Master and it can communicate other 256 slave device simultaneously.[11]

In this chapter, shows both screen shot of the modbus tester software dialog box.

In capture, it shows COM Port settings, baud rate, parity, stop bits settings and other

screen shot shows how to select device address, data address, starting address and

length of the number of parameters and data format. It also shows the current status

of the communication.[11]

3.6 Experimental Setup

Here shows some snapshots about experimental setup of modbus communication be-

tween PID controller and PID Controller, contactor testing zig which consists of heater

and final snap shot of whole experimental setup.
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In this chapter summarised about the implementation of proposed modified relay

based auto tuning techniques. Discuss about modification of derivative on PV instead

of error and its reason also. Proposed method discuss in detail with equation and

graphs. Discuss about Hardware block diagram of PID Controller and software flow

chart also. Here shows some snap shots of modbus tester software dialog box and also

experimental setup.
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Figure 3.10: Modbus settings dialog box of Modbus Tester Software

Figure 3.11: Modbus Parameter dialog box of Modbus Tester Software



CHAPTER 3. METHODOLOGY 49

Figure 3.12: Snapshot for Modbus communication with PID controller

Figure 3.13: Snapshot of contector testing zig consist of heater for Industrial Process
test
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Figure 3.14: Snapshot of whole hardware experiment setup
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Results and Discussion

4.1 Experimental Results

The prototype of PID temperature controller was able to detect, monitor and control

the temperature and able to maintain safe operating temperature point of equipments.

There are many types of temperature sensor will used by this PID Controller but here

only for experiment, discuss about RTD sensor and taken reading and testing based

on that discuss some points.

For monitoring a reading here used Citec SCADA software v6.1 (licence) and create

a project for taking a reading of output response for PV and %power of PID Controller.

Below some snapshots are shown in different condition.

Figure 4.1: Auto tune Cycle with Modified Relay Feedback Method

51
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Figure 4.2: After Auto tuning PID Controller output response of PV (green) and
%power (yellow) with a set point 80◦C

Figure 4.3: Output Response of PV(green) and %power(yellow) after a restart the
PID Controller at set point 80◦C
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Figure 4.4: Output response of PV (green) and %power (yellow) for change the set
point in runtime from 100◦C to 60◦C

4.2 Testing Process

There are several testing used in this project like Linearity test, Stability test, Isolation

test, Ignition test, Temp-Co test, Vibration test, Radiation test etc. for checking a

quality of product. Here some testing results are given below at some specification.

4.2.1 Stability test

Here take a stability test of PID Controller with RTD Input type and set point is

around 80◦C. Testing result table 4.1 is as shown below.
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�Table 4.1: Stability test readings for RTD I/P Type

4.2.2 Linearity test

For testing a output is linearly vary according to input with RTD input time for short

and Long cable test reading are as below in table with full span range.
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�Table 4.2: Linearity test readings for RTD Short wire
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�Table 4.3: Linearity test readings for Long Wire

Result: Reading is within accuracy (0.25% of FS + 1 degree), hence it is accept-

able
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4.2.3 NMRR Test

�Table 4.4: NMRR test readings for RTD I/P type

Result: # NMRR is >40dB in RTD PT 100. Hence it is acceptable

4.3 Discussion

The first stage of this project is to analyze all the PID Auto tune techniques to get

the Temperature sensor characteristic using proto board and multi meter. After the

project proceeds to the next stage.

The next stage is software development. Based on the analysis, the project program-

ming can be designed. After designed the project programming, the programming was

tested by using TASKING software. This method use d to test either the program is

successfully built or not. If there are any errors in the programming, the ICC AVR

V6.2 software will locate the errors, and then the error can be fixed either directly or

by checking the problem using help library.

After successfully build and compile the project programming, the project proceeds to

the next stage which the programming was tested on the micro controller ATMEGA

128. The hex file was created by ICC AVR and downloaded into the ATMEGA 128

using AVR Studio V4.0 software. The programmer used as interface between AT-

MEGA128 with the software AVR Studio.

The AMEGA128 that already downloaded with the hex file was tested using proto
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board and multi meter. The micro controller will interface with temperature sensor

and other hardware to test either the project programming practically successful or

not.

After the circuit on the proto board successfully process the data from the sensor

circuit and can control the output, the circuits are ready to be soldered on the PCB

board. After the circuit was soldered, once again all the circuit will be tested.

If the circuit has a problem, the circuit will be troubleshooting by using multi me-

ter. The project is successfully done when all the sensor work properly based on

characteristic.

For the result of tuning and experiment there was clearly that the PID controller

was built successfully and fully functioning without a problem.

Based on the IEC regulation most of the electric equipments are required to oper-

ate in safe temperature range and the system was proved of being able to work in the

IEC temperature regulation requirement.
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Conclusion and Future Scope

5.1 Conclusion

The objective of this project is to develop a system prototype to evaluate the per-

formance of proposed PID Controller auto tune method with Low Rise time, small

overshoot, fast settling time and low steady state error. This project has almost suc-

cessfully accomplished the objective. The complete prototypes successfully control the

temperature with good linearity and stability condition.

The project also successfully reached the second objective which to overcome linearity

problem in the industry by design a new and low cost prototype using the proposed

PID controller tuning method. It also can be seen as a small investment to protect

expensive equipments that widely used in industry field.

This project is quite tough for me because most of the work done is new for me.

Most of the time spent to read, understand and make a research about the differ-

ent PID Controller Tuning Algorithms. Nearly one semester was taken to design the

project structure and make an analysis about the required system. After understand

the project system, the next adventure is to implement the hardware development and

testing with Industrial Environment Condition.
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5.2 Future Scope

Even though the PID Controller was successfully built, many improvements can be

done to maximize the capability of the PID temperature controller.

The controller can be implemented with Fuzzy logic or Genetic Algorithm which is

widely used now a day in industries for precious application and where, the rise time

and pick over shoot is a major issue. PID Controller was seen as a method that can

minimize the power consumption rather using typical on-off controller which used more

power energy and can save the running cost of a industry.
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