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A.1 Theory

Most springs have an amount of structural damping. The only springs without it
would probably be magnetic springs or other non-contact type springs. All the
springs considered in this study had structural damping and it was necessary to

measure this damping very accurately.

Structural damping is a phenomenon where if the spring is excited with sinusoidal
excitation, the displacement of the spring and the force transmitted are not in phase as
is expected. Furthermore, the force is leading the displacement, which is even more
unexpected. Structural damping is usually given as the loss factor . The loss factor

can be related to other constants with the following equations:
n=— (A.1)

h=cw (A.2)

Another way in which structural damping is sometimes expressed is tan 8. This can

be related to n with the following equation:
n= tan 5 =tan (¢Force - ¢Displacemenl ) (A’3)

Where Ororce and pisplacement are the phase angles of the force and displacement

signals.

Therefore, it is possible to relate any of the constants to the loss factor, and therefore
any constant can be determined out of experimental results. The most obvious way to
determine the loss factor is to determine the phase shifts of the force and displacement
signals and to determine tan 8. With sinusoidal excitation the force and displacement

signals are sine waves and a fit can easily be obtained.

A sine wave is described with the following equation:

y(t)=Asin(wt +¢) (A4)
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Appendix A — Measurement of spring stiffness and damping

A least squares fit can be done to the measured force and displacement signals by
substituting the known frequency into ® and to assign A and ¢ as the two variables.
Therefore an amplitude A and a phase shift ¢ will be determined for the force signal
and the displacement signal. From that the loss factor of the spring can be determined

with equation (A.3) and the stiffness of the spring can be determined with:

_Jex
k= (A.5)

x

Where f,—x is the force at maximum displacement and Ay is the amplitude of the

displacement.

Figure A. 1 explains the whole concept.
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Figure A. 1 Force and displacement time signals

Another method of determining the stiffness and damping, is by using the hysteresis
loop method and determining the viscous damping constant ¢ and then translating it

back to the loss factor.
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A hysteresis loop is obtained when the force and displacement are plotted against
each other on the same graph. Due to the phase shift, an ellipse is formed. Figure A.

2 explains the concept.
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Figure A. 2 Hysteresis loop

The equation of the ellipse can be derived as follow (Rao, 1995):

Consider a spring and viscous damper. The force needed for a certain displacement
is:
F=kx+cx (A.6)

For harmonic motion of frequency ® and amplitude X:
x(1)= X sin oot (A.7)
Combining the equations give:

F(t)=kX sinot + cX wcos wt

= kxica)\/X2 +(X sinan‘)2 (A.8)

=kx+tewvX? —x?

From experimental results, the hysteresis loop can be produced. A least squares fit

can be done on the hysteresis loop with equation (A.8) and the stiffness k and the
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viscous damping constant ¢ can be determined. @ The loss factor can then be

determined with equations (A.2) and (A.1).

A.2 Practical considerations

If the theory is considered, one important practical aspect that comes forward is

accurate measurement, especially as far as the phase is concerned.

Let us evaluate the normal laboratory experiment with the measurement transducers

that are usually used for these measurements as depicted in Figure A. 3.

— —
< Load cell
Y
< Spring
Force
_ signal Strain gauge
h amplifier
LvDT
Displacement 1T
_ signal Servo hydraulic ——7 Servo hydraulic
- controller \ actuator
Figure A. 3 Experimental measurement system

As far as the amplitude of the signals are considered, there are no problem with this
experimental measurement technique because the transducers are usually calibrated
and should be accurate. If the phase of the signals is considered, there seems to be
some amount of confusion. The reason for this is that the strain gauge amplifier and
servo hydraulic controller with its LVDT amplifier are seen as black boxes and it is

unknown what exactly is happening inside them. To try and find out what exactly is
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done to the signals is also a fruitless exercise. If the basic principal of strain gauge (or
LVDT) amplifiers is considered, it comes to light that all of them have some sort of
filter in them. These filters' characteristics are unknown and can sometimes be altered
by the user by setting cut-off frequencies etc. Let us consider the characteristics of a

4™ order Butterworth filter shown in Figure A. 4.
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Figure A. 4 Characteristics of a 4™ order Butterworth filter

It can be seen that the amplitude is not altered below the cut off frequency, but that is
certainly not the case with the phase. There is a phase shift from 0 Hz onwards and it
is also not constant over frequency, not even in a certain region. This causes a
problem for damping measurements because it is exactly this phase shift that is
measured to determine the amount of damping. A filter would therefore alter the

measured damping considerably.

It is therefore noted that the most widely accepted way of measuring force and
displacement yielded the wrong values and that a very specific measuring technique
must be used to accurately measure the damping of a spring. The only way in which
this way of measuring could be accurate, is if the phase shift of the strain gauge
amplifier and the LVDT amplifier is the same. It is possible, especially when the
strain gauge amplifier in the controller is used for the load cell instead of an external
amplifier as shown in the sketch, but it must first be confirmed. There could still be a
phase shift due to the internal working mechanism of an LVDT, which would not be

present in the strain gauges in the load cell.
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To accurately measure the damping of a spring, there are two possibilities. Either
transducers with zero phase shift must be used, or the phase shift of the two
transducers must be exactly the same. The first option is not practically possible, so
the phase shift of the transducers must be kept exactly the same. As mentioned
above, an LVDT could have some phase shift internally so it will not be an option.
The only way to be sure that the two transducers will respond identically is if both
worked on the same principle. Therefore a strain gauge displacement transducer was
used for the measurements. The load cell and strain gauge displacement transducer
were amplified with the same HBM MGC strain gauge amplifier with both channels
set to a 400 Hz Bessel filter. This would ensure exactly the same phase shift on both

transducers and would therefore yield an accurate damping value.
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B.1 Separation force

The separation force is defined as the force needed to keep the two leaf springs apart
in the centre. In FEM tests, the stiffness of the individual springs is known and it is

necessary to determine the separation force from that.

Consider a single spring with the following characteristic:

Table B. 1 Spring characteristics
Displacement Force
1 mm 100 N
2 mm 220N
3 mm 360N
4 mm S20 N
5 mm 700 N

Now it is desirable to determine the stiffness of a compound spring separated by
different amounts and also the separation force needed to separate the two springs.

This can be done as follows:

Let us assume the compound spring is displaced lmm upwards in the centre from its

neutral position for different separation distances. The following table can then be

compiled:
Table B. 2 Spring forces
Separation Force on top spring Forece on bottom spring
2 mm 220N ON
4 mm 360N 100 N
6 mm 520N 220N
8§ mm 700N 360N
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Let us consider the situation graphically in Figure B. 1.

7 S
w.. N

Figure B. 1 Separation forces

The actuator is located between the two springs and therefore the separation force will
be the same on the two springs. In the case shown in Figure B. 1 it will be equal to
the force on the top spring. The stiffness of the compound spring will be the spring
force divided by the displacement of the spring (1 mm). The resultant force on the
bottom spring must be Fyotom. Therefore the spring force will be:

F, F, - F;on‘om =F,—F

spring — * separation 10] bottom
pring P /4

(B.1)

If the above tables are extended the following values will be obtained:

Table B. 3 Stiffness of spring
Separation Stiffness Separation Force
2 mm 220 000 N/m 220N
4 mm 260 000 N/m 360 N
6 mm 300 000 N/m 520N
8 mm 340 000 N/m 700 N

In this way it is not necessary to measure separation force because it can be calculated

from the stiffness of a single spring.
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A stepper motor consists of a magnetic rotor and a lot of windings on the outer stator.
The windings on the outside are usually arranged in groups of four so that the groups

alternate as you go round. It is illustrated graphically in Figure C. 1.

Windings

Figure C. 1 Working of a stepper motor

When the first group of windings are activated, all the windings with the number 1 are
energised and the permanent magnet is pulled into the orientation as shown above.
To let the motor turn 1 step clockwise, the second group of windings are energised so
that the permanent magnet will be pulled one step clockwise so that all its poles will
be pointing to a number 2 winding. All stepper motors work like this with the only
difference being the total number of steps per revolution. This will off course always

be a multiple of 4 and common values are 48 or 72 steps per revolution.

With this concept understood, it can be seen that it is very easy to control the motor

accurately. To let the motor rotate clockwise, the coils must be energised as follows:
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Table C. 1 Clockwise rotation

Step Coil 1 Coil 2 Coil 3 Coil 4
1 1 0 0 0

2 0 1 0 0

3 0 0 1 0

4 0 0 0 1

5 1 0 0 0

6 0 1 0 0

For anticlockwise movement, the order will be as follows:

Table C. 2 Anticlockwise rotation

Step Coil 1 Coil 2 Coil 3 Coil 4
1 1 0 0 0

2 0 0 0 1

3 0 0 1 0

4 0 1 0 0

5 1 0 0 0

6 0 0 0 1

It is also possible to use sub-steps to let the motor turn very slowly, but accurately.

This can be done as follows:

Table C. 3 Sub-step rotation

Step Coil 1 Coil 2 Coil 3 Coil 4
1 1 0 0 0

2 1 1 0 0

3 0 1 0 0

4 0 1 1 0

5 0 0 1 0

6 0 0 1 1
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When two adjacent coils are energised, the permanent magnet will stop in-between
the coils and that is called a sub-step. Sub-steps are only used while the motor is

turning and must not be used to keep the motor stationary.

The last utility that can be used is high torque rotation. It can be achieved as follows:

Table C. 4 High torque rotation

Step Coil 1 Coil 2 Coil 3 Coil 4
1 1 1 0 0

2 0 1 1 0

3 0 0 1 1

4 1 0 0 1

5 | 1 0 0

6 0 1 1 0

Because two coils are energised each time, the force on the permanent magnet is

increased and results in a higher torque during rotation.

A very important thing to remember about stepper motors is that they can and will
slip if the torque required is too large. This results in a loss of position and usually
causes problems. Therefore it is important to ensure that the required torque does not

exceed the capabilities of the motor.

To control a stepper motor, some sort of controller or driver is obviously necessary.
There are two possibilities, a stepper motor driver or using a computer directly. A
stepper motor driver is usually used when more than two stepper motors are used.
The reason for this is that it is much cheaper and easier to use a computers parallel
port to directly control the coils of the stepper motor. The problem is that there are
only 8 channels on a parallel port and therefore only two motors can be controlled. A
stepper motor driver uses a serial link to a computer that sends the direction and
number of steps for each motor to the controller and the controller does the rest by

activating the coils in the correct order. These controllers are quite expensive and are
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not easily obtainable, so because only one motor needed to be controlled, the parallel

port of a computer was used to do the control.

To control one motor, only 4 channels on the parallel port were used, one for each
group of windings. The parallel cannot supply the necessary current to drive the
motor, so some kind of driver must be used to supply the current. This driver must
have at least 4 channels and must be able to supply the required current. A ULN 2003
transistor array IC was used. It is a 7-channel driver and can supply 0.5 A current in
total. It can be triggered directly from the parallel port and no other components are
required. LED's were added on the 4 channels to indicate which channels are active.
The IC has to be supplied with external power to drive the motor. The circuit is

depicted in Figure C. 2.

Computer Parallel port Stepper motor
Channel 1 ] O 1 Winding 1
Channel 2 ] 1 Winding 2
Channel 3 —{] ULN2003 [} Winding 3
Channel 4 ] ] Winding 4

p | ]

- /i / - —
-
— /// : :

Ground 1 1 Common
DC
Power Supply
Figure C. 2 Stepper motor driver

If the stepper motor itself is considered, there are usually 6 wires of different colours.
The reason for the 6 wires is that 2 sets of windings are connected to the same ground
or common. Therefore a multimeter can be used to determine the layout of the wires.

The two common wires can be connected to the common on the circuit above and the
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other wires to the winding connections. If the wires are connected in the wrong order,

the motor will not turn continuously, but jump around.

Once the motor is connected, a Matlab program downloaded from the Internet

(http://www.isibrno.cz/~ivovi/matlab.htm) allows you to give output to the parallel

port of the computer and the stepper motor can be controlled. To do angular position
control, the number of steps per revolution of the motor must be counted and then the
angle per step calculated. Once the current position of the motor is known, it can be

positioned in any way by letting it move the correct number of steps.
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D.1 Transmissibility without water
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Figure D. 1 Transmissibility — 1.4 V
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Figure D. 2 Transmissibility — 1.8 V
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Figure D. 5

Figure D. 6
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D.2 Transmissibility with water
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Figure D. 7 Transmissibility — 1.4 V
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------ 0% Damping fitted
—— 50% Damping measured
rrrrrr 50% Damping fitted
—— 100% Damping measured
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Figure D. 8 Transmissibility — 1.8 V
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Appendix D — Isolator test results

Volt value = 2.2
—— 0% Damping measured
------ 0% Damping fitted
—— 50% Damping measured
------ 50% Damping fitted
—— 100% Damping measured
- 100% Damping fitted
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Figure D. 9 Transmissibility — 2.2 V
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Figure D. 10 Transmissibility — 2.6 V
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Appendix D — Isolator test results

“olt value =3
—— 0% Damping measured
------ 0% Damping fitted
—— 50% Damping measured
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Figure D. 11 Transmissibility — 3.0 V
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Figure D. 12 Transmissibility — 3.4 V
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Appendix D — Isolator test results

D.3 Effect of damping

Time signal
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Figure D. 13 Theoretical input signal with medium noise levels
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Figure D. 14 Output FFT with medium noise levels
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Appendix D — Isolator test results

Figure D. 15

Figure D. 16
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