
Chapter 2

Irregular Waves Experiment

2.1 Computer Programming Laboratory

Information below uses material from Seakeeping: Ship Behaviour in Rough Weather by A.R.J.M.
Lloyd and Introduction to Naval Architecture by Gillmer and Johnson.

Waves in the real-world are generally ‘irregular’ and more or less random. If you look at the waves
travelling by, no two waves have the exact same height or length. We will need to find ways to handle the
chaotic (or stochastic) nature of waves, but first we need to understand certain characteristics of ideal regular
waves. These waves can only be created in the laboratory or theoretically, and consist of sets of waves with
the same height and length as each other. We can use the behavior of these regular waves along with the
theory of linear superposition (adding together an appropriate set of regular waves to create new wave
sets/shapes) to model irregular waves.

Regular Waves with same frequency, same phase, di↵erent amplitudes In this
section, you will create three regular waves that will be added together to form a new wave created using
the theory of superposition.

• First, create two waves by hand using graphing paper.

1. Draw a cosine wave with one or two cycles.

2. Identify the frequency and the amplitude (assume each box is 0.1 sec wide and 0.1 inch tall).

3. Draw a second cosine wave that has the same frequency (same number of cycles), but a di↵erent
amplitude. Draw the wave on the same plot as the first wave.

4. Using a di↵erent color pen, draw a wave that represents the sum of the two waves. Draw this
on the same plot (so you should end up with two waves in one color and the sum of the waves
in the new color - all on the same set of axes).

• Next, create those same two waves and sum them using Matlab.

1. Start by opening a New Script file. The first thing you need to do is tell Matlab the frequency
of the waves. This is assigning a variable. Let’s say we want a frequency of 1 Hz.
freqHz = 1.0;
The semi-colon at the end suppressed the output to the command window. Now we have a
variable named freqHz that has a value of 1.0. If I want to double the frequency, I could write
freqHz2 = 2*freqHz;
and now would have a new variable named freqHz2 that has a value of 2.0. To create a variable
that has the frequency in rad/sec, we should write:
freq = 2*pi*freqHz;
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2. To make the time history of the wave, we need a time vector. Let’s say we use our 1.0 Hz
frequency wave and want 10 cycles. This means we need our time vector to start at zero and
end at 10 sec. We also need to specify how many points to have during this time. If I want to
sample at 100 samples/sec, I need a time step of 0.01 (= 1/100). So I am going to specify my
time vector and the corresponding sampling frequency:
t = [0:0.01:10];
Fs = 100;

3. Now we can create the two waves. First we need to assign the appropriate amplitudes, then
create the sine waves:
amp1 = 0.5;
amp2 = 1.0;
Wave1 = amp1*cos(freq*t);
Wave2 = amp2*cos(freq*t);

4. To create the superposition wave, we just add the two waves already created:
SuperWave1 = Wave1 + Wave2;

5. And plot. We can plot all three waves on the same axes using the following notation:
figure(1)
plot(t,Wave1,‘b--’,t,Wave2,‘r--’,t,SuperWave1,‘k-’)
xlabel(‘Time (sec)’)
ylabel(‘Wave Elevation (inches)’)

6. How does this compare to your hand drawn superposition wave?

Regular Waves with same frequency, di↵erent phase, same amplitudes What if we
combine waves with the same amplitude and frequency, but shifted relative to each other (di↵erent phases)?
What kind of combined wave does that make?

1. Create two waves with the same frequency, but di↵erent phases. This can be done using a sine and
cosine wave, or by adding a phase angle inside the sine. So, sin(!t+⇡/2) is the same thing as cos(!t).
Wave11 = amp1*cos(freq*t);
Wave22 = amp1*sin(freq*t);
SuperWave2 = Wave11 + Wave22;

2. Plot these three waves on the same plot (use command figure(2) so as not to overwrite on the first
plot).

3. Does the combination of the waves make sense? Where is the superposition wave maximum? Where
is it minimum?

Regular Waves with same frequency, di↵erent phase, di↵erent amplitudes Let’s
continue to complicate the wave. Now we will create waves that have di↵erent phases and amplitudes (but
still the same frequency). Try this one on your own. How is the combination of these waves di↵erent from
the previous step?

Regular Waves with di↵erent frequency, same phase, same amplitudes Now we are
ready to look at what happens when only the frequency changes. It might help to try this one out by hand
on graph paper first, just to be sure you understand how the waves combine. To change the frequency, we
need to specify the new frequency.

1. Create a new variable named freqHz2 with the new frequency. For example,
freqHz2 = 1.6;
freq2 = 2*pi*freqHz2;

2. Create your waves.
Wave111 = amp1*cos(freq*t);
Wave222 = amp1*cos(freq2*t);
SuperWave3 = Wave111 + Wave222;



CHAPTER 2. IRREGULAR WAVES EXPERIMENT 12

3. Plot these three waves on the same plot.

4. Now, change the amplitudes (so di↵erent frequency, same phase, di↵erent amplitude). Plot
these waves.

5. Finally, add in a phase shift.
Wave1111 = amp1*cos(freq*t);
Wave2222 = amp2*cos(freq2*t+pi/4);

Do you understand how the concept of linear superposition allows us to approximate complex wave forms
using simple regular waves? If you are still uncertain, please find me and let’s talk - no point in moving on
to the next step unless you feel comfortable with this concept.

Fourier Transforms A Fourier Series is the formal version of what we have been doing. The concept is
that any wave shape (even a square wave) can be found from the sum of regular waves of di↵erent frequencies,
amplitudes, and phases. Therefore, we are able to use theory relating to regular waves to help us understand
the behavior of chaotic, irregular seas. The trick is to figure out the set of frequencies, amplitudes, and
phases that make up that irregular wave! To do this we need to reverse engineer our irregular wave using
a Fourier Transform. A Fourier Transform backs out the individual wave components that made up the
irregular wave. We are going to do this in a way that allows us to check our answer first, then apply the
method to more realistic data.

• Create a wave with three or four components using the same sampling frequency (defined as Fs).
Each component should have a di↵erent frequency, amplitude and phase angle. Write these chosen
values down for reference. The tank wavemaker can make waves with frequencies between 0.5 and
1.3 Hz. Stay within these frequencies and keep each amplitude to less than 2 in.

• Plot your combined wave. Don’t bother plotting the components - just the combined one! Save this
plot (make sure it is properly labeled!).

• Now we are going to reverse engineer the combined wave using a Fourier Transform. The goal is to
correctly identify the frequencies, amplitudes, and phases you used to create the wave.

1. To perform the Fourier Transform, we need some information about our wave time history.
We need to know the length and identify the midpoint. I have defined the variable L to be
the number of points in the wave vector (the length) and variable n to be the midpoint of the
vector. In the following example, I have labeled my wave IrregularWave1.
L = length(IrregularWave1);
The trick with the midpoint is what to do if the length of the vector isn’t even. We need an
if statement to account for this. If the vector length is even, then the midpoint is the length
divided by 2. However, if the length is an odd number, the midpoint will be the point just less
than the length divided by 2. For example, if the vector length is 100, then n=50. However,
if the vector length is 101, we want the midpoint to still be 50, yet 101/2 = 50.5. So, in this
case, we actually want to calculate the 100/2 again. Hence, (101-1)/2 = 50. The mod command
provides a remainder. So, mod(L,2) returns a zero if L is even and a one if L is odd. Note: the
double equal sign (==) is a true/false statement (1 if true and 0 if false).
if mod(L,2) == 0

n = L/2;
else

n = (L-1)/2;
end

2. The next step is to perform the Fourier Transform. Matlab makes this very easy for us since it
has a command that uses something called the Fast Fourier Transform algorithm. The Matlab
command is fft.
WaveFFT = fft(IrregularWave1);
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3. It sure would be nice if that was the end of it, but it turns out the output is not exactly in the
form that is useful to us. TheMatlab command gives the result in the form of complex numbers
(with the real components corresponding to the cosine terms and the imaginary components
corresponding to the sine terms). Since we want amplitude and phase, we need to convert. In
addition, the output is actually a two-sided spectrum while we want a one-sided spectrum and
the magnitude needs to be properly scaled. These undesireable traits are related to the fast
fourier transform algorithm and correcting for them is worth not having to do the process by
hand. Trust me. So, first we scale the output,
WaveFFT = WaveFFT/L;
Then we find the magnitude and phase :
WaveMag2 = abs(WaveFFT);
WavePhase2 = angle(WaveFFT)*180/pi;
We can now create the single-sided spectrum and properly adjust the scaling:
WaveMag = WaveMag2(1:n+1);
WaveMag(2:end-1) = 2*WaveMag(2:end-1);
WavePhase = WavePhase2(1:n+1);

4. Okay, now we have the values for the amplitudes and phases, but we don’t yet know what
frequencies these correspond to. The frequency values are:
f = Fs*(0:n)/L;

5. Time to check if we got the right answer! Plot the amplitude and phase versus frequency:
figure(1)
plot(f,WaveMag)
xlabel(‘f (Hz)’)
ylabel(‘|WaveMag(f)|’)
figure(2)
plot(f,WavePhase)
xlabel(‘f (Hz)’)
ylabel(‘|WavePhase(f)|’)
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2.2 Experimental Laboratory

2.2.1 Irregular Waves PreLab Assignment

1. A wave elevation signal is analyzed using a DFT and two frequencies are identified as
components.

(a) What does DFT stand for?

(b) What information does the DFT of the wave signal supply?

(c) Given the FFT Magnitude Output shown below, what is the equation for the
wave signal? Remember you need to convert frequency to rad/sec!

(d) Select three wave frequencies having periods between 0.4 and 2.5 seconds and
assign wave heights such that the sum of the wave heights does not exceed 4 inches.

(e) What is the equation for this wave signal?

2. What were the three spectra introduced in Chapter 3? Under what conditions would
you select each spectra?

3. What is the equation for the Bretschneider wave spectra (include units)?

4. Select an appropriate significant wave height (in feet) and modal period for either a
sea state 3 or sea state 4 (be sure to label which sea state you are using).

5. Assuming a scale factor of 40, what should the significant wave height (in inches) and
modal period be for the tow tank? Identify which sea state you scaled.

6. What is the relationship between the spectral ordinate and the wave amplitude at a
given frequency. Give an equation.

7. Using the FFT function routine you wrote in the Computer Programming Lab, write
a script file that will take a data file with the data produced for this experiment and
perform an FFT on it.

8. Check your script file and function routine by using a data file for a pure sine wave.
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2.2.2 Irregular Wave Experimental Assignment

1. Purpose: This lab will give you experience in creating, measuring, and analyzing
complex waves using a Fast Fourier Transform (FFT).

2. Background: The FFT uses the same basic process as the DFT for determining the
component wave amplitudes and phases that are contained in the input water surface
elevation signal. The key element of the FFT is that it is an approximate solution to
the component frequencies when the time series being analyzed is not periodic. For
instance, if you add up a series of pure sine waves which have an integer number of
cycles in the time record, the FFT will come up with the exact amplitude and phase
of those sine waves, with zero error. However, if the time history is not periodic, the
magnitudes of the amplitudes of the individual components may not be correct, but
the total energy in the time history and the distribution of that history will be correct.
There are several di↵erent methods of performing the Fourier Transforms. For this
lab, you are going to use the fft function in Matlab.

3. Procedure:

(a) For the experimental wave generation, first generate an irregular wave signal in-
volving only three frequencies with periods between 0.4 and 2.5 seconds. Assign
wave heights to each component such that the combined wave height does not
exceed 4 inches.

(b) Create a wavemaker drive signal containing these three sinusoidal wave compo-
nents. The signal duration should be 100 seconds.

(c) Record the input wave height and period for each of the three component waves.

(d) Run the wavemaker, allow the seaway to fully develop, then record the wave
elevation for 60 seconds using the wave probe and the data acquisition system.

(e) Run a FFT on the signal and record the output height and period for each wave
component.

(f) Generate an irregular wave signal from the Bretschneider spectrum:

(1) Select a characteristic wave height no greater than 4 inches. Select a charac-
teristic (modal) wave period between 0.4 and 2.5 seconds.

(2) Create a wavemaker drive signal using this spectrum. The signal duration
should be 100 seconds.

(3) Record the entered significant wave height, modal wave period, number of fre-
quencies programmed, the minimum frequency, and the maximum frequency.

(4) Run the wavemaker, allow the seaway to fully develop, then record the wave
elevation for 60 seconds using the wave probe and data acquisition system.

(5) Perform an FFT on the signal and plot the amplitudes and frequencies of the
component waves.
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Deliverables: Tables and Plots

1. Create a table with the tank information, including the tank dimensions (length, width,
height), and the operating water depth.

2. A table of the input data conditions for the 3-component wave generated (input fre-
quencies and associated amplitudes).

3. Plot of a sample time history of the 3-component wave (shorten the time history to
show a clear wave profile).

4. FFT output plot with the three components clearly identified (many need to adjust
the x-axis).

5. A table of the input data conditions for the Bretschneider wave spectra (significant
wave height and period, number of frequencies, maximum and minimum frequencies
input to the wavemaker).

6. Plot of sample time history of the Bretschneider wave (shorten the time history to
show a clear wave profile).

7. FFT output plot of the Bretschneider wave.

Sample data collection tables

Tank Length
Tank Width
Tank Depth

Table 2.1: General Information

Wave #1 Wave #2 Wave #3

Height (in) Period (sec) Height (in) Period (sec) Height (in) Period (sec)

Input setting
Measured

Table 2.2: 3-Component Irregular Wave Conditions

Significant Wave Height, H1/3

Modal Wave Period, Tm

number of frequencies programmed
Mininum frequency
Maximum frequency

Table 2.3: Bretschneider Wave Input Information
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Be sure you have all the required deliverables for the irregular wave runs:

• Time history of wave probe for 3-component wave (make it zoomed in to see wave
profile)

• FFT plot showing 3-components

• Time history of wave probe for Bretschneider wave (make it zoomed in to see wave
profile)

• FFT plot showing all components in Bretschneider wave


