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Chapter 5 
Control Theory 

A brief Introduction 
Think of a central heating system where we set the thermostat 

to a desired temperature. A sensor in the room measures the 

actual temperature, and the difference between the two 

provides an error value which is sent to the heating unit 

which provides heat until the actual temperature rises to the 

desired temperature. The error is then zero, so the heating unit 

is turned off. 

Another example is car cruise control. We set a desired speed, 

e.g., 30 mph and a sensor on the drivetrain measures the 

actual speed. Again, the difference between the two provides 

an error value which is sent to the motor and increases its 

drive. When we go down a hill, the actual speed will increase 

above 30 mph, so now the error signal is negative, and this 

reduces the motor drive.  

Robot Line Following 
We apply control theory to the problem of a robot following 

a line, shown in Fig.1 which uses computer vision. The 

camera reports the position x0 of the line in its frame and 

measures the error from the desired location which is the 

centre of the frame. The error can be used to drive the robot 

wheels to turn the robot towards the line. 

The question arises, how to convert the error into motor 

drive? We assume that the error has been normalized so we 

know it is in the range -1.0 to +1.0, or thereabouts. Now 

typical motors will need a drive signal of 10 or 20 units, so 

we need to bump up the error signal. Here’s code we have 

used: 

driveR = -Kp*error; 

driveL =  Kp*error; 

driveServos(driveL,driveR); 

Figure 1 Robot line following scenario. Here the 

robot is too far to the right of the line and must 

rotate anti-clockwise 
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Figure 2 Response of robot to a disturbance 

for three values of Kp 

The coefficient Kp is the proportional coefficient, since this 

makes drive proportional to error. Since the error is about 1.0 

and we need, say 20 drive units, we should have Kp about 20. 

Here we shall start the development of the PID theory. Let’s 

consider a toy problem where the robot has to move so that 

its lateral position is 1mm from the centre of the line. Let’s 

try a few values of Kp to see how it fairs. Have a look at Fig.2 

where the robot starts off at 0 mm and we drive it using the 

proportional error towards the 1 mm position (up the side of 

the graph). This is a graph of robot position against time, and 

we want the position to become 1.0, near the top of the graph. 

Horror! None of the values of Kp actually work! For values 

of 1 and 10, the robot never reaches the 1mm target position. 

For a larger value of 50, the robot overshoots and oscillates 

about a value less than 1, until the oscillations damp out. 

So, making Kp too large will make the system unstable 

though there is one clear advantage in larger values of Kp, 

you can see from the graphs that the robot approaches the 

target distance more quickly for larger values. 

Enter the PID Controller 
PID means Proportional-Integral-Derivative control, each of 

these terms form a separate calculation in the controller – you 

have already seen the proportional control. PID controllers 

are ubiquitous in engineering solutions, and are well-

understood, though some aspects are more art than science. 

The structure of the PID controller is shown in Fig.3 using 

maths symbolism. The error signal 𝑒(𝑡) comes in at the left 

and the computed drive exits at the right to drive out motors. 

The three boxes in the middle make different computations 

on the error signal, and these are summed (the Σ symbol) 

which form the final drive. We know how to calculate the 

proportional component. The integral component sums all the 

errors over time (this will include negative error values, so 

the sum will not simply increase). The derivative component 

takes the difference between current and previous errors. 

Figure 3 Structure of the PID controller. 

There are three calculations which are then 

summed to produce the drive. 
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Figure 5 Addition of the integral component gets 

the robot closer to the desired position 1.0. 

Let’s see what the extra components achieve, starting with 

the derivative. We keep Kp = 50 (see Fig.2 where we had the 

horrible overshoot and oscillations) and look at two values of 

Kd; Kd = 0 and Kd = 10. You can see the results in Fig.4. 

With Kd = 0, we have oscillations and overshoot, but with Kd 

= 10, the oscillations are damped out, so the position rises 

smoothly towards the desired position 1.0. There is clearly an 

improvement, the robot will not display those oscillations or 

‘hunting’ behaviour. Note also that the ‘rise time’, the speed 

at which the robot approaches the desired position is hardly 

influenced by the derivative component. 

There is just one snag. The robot does not oscillate, but it does 

not reach the desired position of 1.0. That’s the job of the 

integral part of the controller. Two values for Ki are shown 

in Fig.5, you can see the effect of the integral component is 

to move the robot closer to its desired position. In summary, 

here’s what the components do 

𝐾𝑝 proportional Larger value increases speed to goal 
but gives overshoot and oscillation 

𝐾𝑑 derivative Overshoot and oscillation removed. 
But does not achieve goal 

𝐾𝑖 integral Achieves goal 

 

The Control Loop 
Let’s put all of this together and see where the robot fits in. 

 

 

 

 

 

 

 

 

Figure 4 PD controller with two values of Kd 
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At the left is the set point, in our example the desired robot 

position. At the right, a sensor monitors the actual robot 

position and sends this back to the start of the loop. Here the 

difference between desired and actual position is calculated 

to give the error signal which is then input into the controller. 

As mentioned, PID controllers are ubiquitous, the ‘plant’ 

refers to the system under control, such as our central heating 

or car cruise control. 

The actual values of 𝐾𝑝, 𝐾𝑑, and 𝐾𝑖 needed depend on the 

details of the plant and may differ between the lab robots 

since all of these are slightly different. 

Tuning the controller. 
This refers to finding the values of 𝐾𝑝, 𝐾𝑑, and 𝐾𝑖. This is 

usually done experimentally and is something of a black art 

which is learned by experience. The usual approach is as 

follows. 

Stage 1. Set all coefficients to 0 

Stage 2. Increase 𝐾𝑝 until the robot shows signs of 

overshoot or oscillation 

Stage 3. Increase 𝐾𝑑 until the oscillation disappears 

Stage 4. Increase 𝐾𝑖 until the robot achieves the 
desired position. This may mean reducing 
𝐾𝑝  and perhaps 𝐾𝑖. 
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