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ABSTRACT

This paper reports on the design and experimental validation of transducers for energy harvesting from large-
scale civil structures, for which the power levels can be above 100W, and disturbance frequencies below 1Hz.
The transducer consists of a back-driven ballscrew, coupled to a permanent-magnet synchronous machine, and
power harvesting is regulated via control of a four-quadrant power electronic drive. Design tradeoffs between
the various subsystems (including the controller, electronics, machine, mechanical conversion, and structural
system) are illustrated, and an approach to device optimization is presented. Additionally, it is shown that
nonlinear dissipative behavior of the electromechanical system must be properly characterized in order to assess
the viability of the technology, and also to correctly design the matched impedance to maximize harvested
power. An analytical expression for the average power generated across a resistive load is presented, which takes
the nonlinear dissipative behavior of the device into account. From this expression the optimal resistance is
determined to maximize power for an example in which the transducer is coupled to base excited tuned mass
damper (TMD). Finally, the results from the analytical model are compared to an experimental system that uses
hybrid testing to simulated the dynamics of the TMD.
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1. INTRODUCTION

Large-scale electromechanical transduction in vibrating civil structures has a number of useful applications.
Most immediate among these is their use in large scale energy harvesting applications, in which the vibratory
energy in a structure, when excited by its surrounding environment, is converted and stored for use by electronic
subsystems. Such environmental disturbances may include, for example, wind excitations on buildings, wave
excitations on offshore structures, traffic-induced vibrations in bridges, and seismic events.!® Such systems also
have application in vehicles, including automotive suspensions* and railway systems.® The energy harvested
from these vibrations can be used to power wireless sensing networks and other intelligent systems for structural
health monitoring.5® It can also be used to provide parasitic power for semiactive structural control devices,
such as magnetorheological dampers.’

The last decade has seen a surge of interest in vibratory energy harvesting,'% ! but most of this research has
been motivated by vibration applications in the aerospace sector, and is focused on vibratory regimes character-
ized by frequencies above 10Hz, displacement oscillations on the order of millimeters, and power on the scale of
milliwatts (or below). For such applications, piezoelectric transducers have been the dominant technology, al-
though electrostatic'? and electromagnetic'®> MEMS transducers have also seen significant attention. In contrast
to these applications, the vibratory regime typical of a civil-scale structure oscillating in its fundamental mode
is typically below 1Hz, and the available power can be on the kilowatt scale. Transducers to extract this energy
must therefore be capable of extracting significant power from low-frequency, low-velocity oscillations. Opera-
tion in this vibratory regime thus requires very different electromechanical hardware than in higher-frequency,
lower-power applications.

This paper reports on experiments conducted at Duke University in collaboration with the CSIRO Energy
Centre, on the design and experimental characterization of an electromechanical transducer capable of generating
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over 100W of power from sub-Hertz structural vibration, and with a force rating of 1kN. While this system is likely
still a scaled-down version of a system which would be appropriate for full-scale civil structure applications, it does
serve as a bench-scale demonstration of the technology. The basic conversion system consists of a back-driven
precision ballscrew, which is coupled to the shaft of a three-phase, permanent-magnet synchronous machine.
The machine terminals are interfaced with a three-phase active power electronic drive, which delivers harvested
energy to a power bus. This work is an extension of the work in.'*

In addition to the experimental validation of the concept, the paper makes a number of broader contributions.
The first of these is an approach to the system-level design of this type of transducer, which accounts for the
interdependency of the electronics, electronic controller, machine parameters, mechanical conversion system,
and the characteristics of the structure into which the system is to be embedded. Another contribution is
the derivation of an analytical expression for the average power generated, which can be used to determine the
impedance matched resistive load for the case in which the transducer is attached to tuned mass damper (TMD).
Several studies'® 6 have utilized power electronic drives to simulate impedance matched loads for piezoelectric
energy harvesting applications. Our approach to designing the matched impedance takes the Coulomb friction
present in the transducer into account. The analytical expression for average power generated is compared to
our experimental system in which a TMD is simulated using hybrid testing.

2. DEVICE MODELING

An illustration of the electromechanical device to be characterized in this paper is illustrated in Fig. 1(a).
Linear-to-rotational conversion is accomplished via a precision ballscrew. Such devices (as well as planetary roller
screws) constitute one of the most efficient methods of linear-to-rotational conversion when power flow is in the
direction from linear to rotational motion, and when high mechanical advantage is important. The particular
ball screw mechanism used here is a Thomson EC3 unit. It has a lead of 16mm/rev, and a diameter of 16mm,
resulting in a helical angle of approximately 17 degrees. The force rating on the screw is 7.2kN, well in excess of
the force range for the experiment. The ballscrew is interfaced with the motor shaft via a timing belt with a 1:1
ratio. The configuration shown, in which the motor is placed in tandem with the screw, was chosen because it
allowed for easier mounting of the device at either end via clevis brackets. However, a custom configuration in
which the motor shaft is mounted directly to the rotating screw, and which also permits a clevis bracket to be
mounted behind the motor housing, would reduce the need for the timing belt and also reduce Coulomb friction
in the system by reducing side-loads on both rotating shafts.

The linear velocity & of the device is related to its mechanical angular velocity 6,, via the lead conversion;
ie.,

() = 1 (t) (1)

where [ is in m/rad. The linear-to-rotational conversion of the ballscrew can be modeled as relating the linear
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Figure 1. Electromechanical transducer, consisting of a back-driven ballscrew and a permanent magnet synchronous
machine.
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force f to the electromechanical f, of the motor, via the equation

. J . B, .

1) = (7) (104 550+ 5o(0)) + fa 0(0),400) )
where the sign convention is that f and v have the same directional sense. In the above expression, B and J are
the rotational viscosity and inertia, respectively, of the combined motor shaft and screw, f; is a damping force
associated with the friction losses in the device, and h is

n : fx<0 (3)

1 £ >0
nra={ 00
where 1 € (0, 1) is the efficiency of the screw conversion itself. To very good approximation, n can be considered
as an increasing function of the helical angle of the screw, and is generally above 0.9 for quality ballscrews with
helical angles above about 6 degrees. It should be noted that backlash in the system is insignificant.

The motor itself is a Kollmorgen AKM42E permanent-magnet synchronous motor. The motor is three-phase
and has a polarity p = 5. The choice of a rotary three-phase AC motor (as opposed to a rotary DC motor or a
linear motor) was made based on practical considerations. Generally, for motors with comparable power ratings,
ones with higher velocity (and lower torque) capability tend to be less massive, as they require less iron to sustain
the necessary magnetic field. This becomes even more pronounced in the comparison between rotary and linear
motors of comparable power ratings. Additionally, rotary synchronous three-phase machines are almost always
more efficient as power generators, because they can generate a larger back-EMF for a given mechanical velocity,
while also possessing a lower coil resistance.

The internal voltages (i.e., back-EMFs) for phases a, b, and ¢, relative to the neutral node n, are a function
of the electrical angle 6, = p6,,, as

ean(t) = K0.(t) cos (0.(t)) (4a)

epn(t) = Kebe(t) cos <Ge(t) + %ﬂ) (4b)

. 2
en(t) = Ko 0e(t) cos <Ge(t) - %) (4c)
where K. is the back-EMF constant. Let the line-to-neutral voltages at the terminals of the three phases be vy,
Upn, and ve,. Ultimately, these voltages will be imposed by the circuitry to be attached to the motor. Then the
line current emanating from phase a, as seen in Fig. 1(b), of the machine evolves according to

$1a(0) = T (“Rialt) + van(t) = €an(1) o)

where L and R are the line-to-neutral inductance and resistance, respectively, of the motor. Analogous equations
hold for the other two phases.

Consider the case in which the transducer will ultimately be used in an application as shown in Fig. 2. As
shown, the transducer is attached to a single-degree-of-freedom (SDOF) oscillator with mass m, damping d,
and stiffness k. One way to extract power from a three-phase machine is to connect it to a servo drive, which
interfaces the machine with a DC power bus (also called a “DC link”). The particular three-phase drive used
for this paper is an SI6A8 analog servo drive from Advanced Motion Controls. One of the main advantages of
using a drive of this nature is that it is capable of four quadrant regenerative operation. However, there are
several drawbacks to using an off-the-shelf drive for structural vibration applications. First of which is the fact
that the switching frequency of the MOSFETSs have been to tuned 33kHz and there is no way to adjust this
setting. This switching frequency is more than an order of magnitude higher than what is necessary to track
the desired currents that the drive will impose on the motor. For energy harvesting applications, it has been
shown!” that there is an optimal switching frequency of power electronic drives at which harvested power is
maximized. Another drawback is due to the way in which the supply power is converted into logic power. An
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Figure 2. Diagram of an electromechanical transducer attached to a base-excited SDOF oscillator and interfaced with a
three-phase analog servo drive.

analog step-down converter is used to reduce the supply voltage (which can range from 60-80V) to 12V to power
various drive intelligence components. During this process a significant amount of power is being dissipated in
the drive. Both of these drawbacks result in significant parasitic power losses, which can be reduced by using a
drive that customized for the specific application.

3. DESIGN TRADEOFFS

The efficacy of the type of electromechanical transducer, as described here, will depend quite heavily on the
combination of parameters for the screw conversion, motor, electronics, and the characteristics of the SDOF
oscillator. It is important that all these components be taken into account in the design, especially because
the combinations of parameters leading to the transducers effective use as a generator are very different from
those that would be chosen to operate it as an actuator for position tracking, which is its conventional usage. In
particular, there are several criteria which should be met for the device to operate as intended.

e Damping capability: The quantity

9K?
short __ e
e TIRP (6)

is approximately equal to the effective linear viscous damping contributed by the machine, when its termi-
nals are shorted (i.e., when vgy, = Vb, = ver, = 0). When multiplied by the square of the linear velocity, this
gives the maximum rate at which mechanical power can be extracted by the device (at a given v), before
the internal dissipation in the motor exceeds power extraction. It is therefore the quantity most closely
connected with the efficiency with which a combination of screw conversion (i.e., I) and machine (i.e., K,
and R) can manage a given amount of mechanical power. A good indicator of whether the hardware is
properly sized for the application is therefore a measure of the fraction of critical damping imposed on the
SDOF oscillator with this maximum viscosity imposed; i.e.,

Cshort

Cmaw = 2;% . (7)

For effective energy harvesting, the effective linear viscous damping imposed by the device should be
considerably below c2"°"*. Therefore, the fraction of critical damping desired for the SDOF oscillator
should be considerably below (4. As such, we define the first performance index for the device as

Ic = Cmaw (8)
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with high values being more favorable. If the transducer is being used in structural control applications,
Cmaz should be made as high as possible to give the device a wide range of variable damping.

e Force capability: The maximum force rating for the entire device will be approximately

fret = min{ f157,, 770 (9)
rat

where fr% is the rated axial load of the screw and 77 is the rated torque of the machine. Technically,
if the device is being backdriven, the effective force rating can be amplified by a factor of 1/5. This force
should be sizable enough to have significant influence over the dynamics of the oscillator. So, for example,
if the SDOF oscillator is excited by a base excitation near resonance with acceleration amplitude Ag, then
a helpful index for the suitability of the device is the fraction

frat
I = .
! on

(10)

Clearly, a higher value of I; affords more control capability over the mass.

e Velocity amplification: Consider the case in which the servo drive in Fig. 2 is replaced by a full bridge diode
rectifier. The diodes have a conduction voltage vy, which must be overcome by the back-EMFs, before
power can be transferred from the machine to the DC bus. This voltage threshold is almost unavoidable
in power-electronics (unless the diodes are replaced with mechanical relays), and will persist even if more
sophisticated electronics are used to control power extraction. As such, for the typical velocities to be
experienced by the transducer, the voltages need to exceed this threshold by a comfortable margin. To
evaluate this, we need to specify a design velocity, &g, for the transducer. Then, we define the index

 3K.do
v 2'Udl ’

(11)

This fraction is equal to 1 if the back-EMFs are just large enough to result in continuous conduction
through the diode rectifier for their entire oscillatory cycle. Clearly, a suitable device should have I, > 1.

o Inertia suppression: The last criterion has to do with the fact that there is a finite rotary inertia J in the
system, and if the lead [ is too small, this inertia will be reflected into the linear dynamics as an equivalent
mass .J/I2, sizable enough so as to hamper the transducers dynamics. Indeed, this effect can often be the
limiting factor in the choice of lead . Thus, the index

mi”
J

is critical to the suitability of the transducer, and design parameters should be chosen such that I,,, > 1.

Iy = (12)

For example, the transducer in Fig. 1(a) has relevant properties as listed in Table 1. Note that the design
values are also given, for a 400kg mass with a 2s natural period, driven by a 0.5g acceleration, with a design dis-
placement of 5em. For these values, the four indices discussed above are {I., Iy, I,, I, } = {33.9,0.548,53.4,17.3}.

Parameter | Value Parameter | Value

K. 0.77N-m/A cshort 85130N-s/m

R 2.41Q frat 1076N

L 8.93x1073H m 400kg

l 2.55%1073m/rad || k 3948N/m
rat 7.2kN T 0.165m/s

Trat 2.74N-m Ap 4.91m/s?

Vg 1.4V wo 0.5 Hz

J 1.5% 10~ *N-m-s?

B 1.2x107*N-m-s

Table 1. Example design parameters for the EC3 ballscrew and AKM42E motor from Danaher Motion.
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Figure 3. Experimentally measured friction force and an approximate model.

4. EXPERIMENTAL CHARACTERIZATION

To illustrate the characteristics of the electromechanical transducer described above, experiments were con-
ducted in which the transducer displacement was controlled via a hydraulic actuator, and various response
quantities were measured. The first test conducted was to characterize the friction force f;. As mentioned previ-
ously, this force is the sliding friction force of the ballscrew. In most applications of precision ballscrews (which
are for the purpose of positioning) this force is compensated for, via feedback, and oftentimes its characteristics
are not extensively tested by manufacturers. To identify a model for fg4, the device position was made to oscillate
sinusoidally at 0.1Hz, and at an amplitude of 7.5cm. The terminals of the motor were left open. The resulting
opposing shaft force was measured using a load cell, and the components of the force due to the rotary inertia
and damping (which had previously been identified) were subtracted away. The resultant force, f4, is shown in
Fig. 3.

An approximate analytical fit was made to the experimental data, with the functional form
fa(t) = p1 (1 + p3sin (\1z(t) + pa) + ps sin (A2z(t) + pe)) sgn (2(1)) + p2(t) (13)

where A; is 1/1, and A2 = 27/r where r = 0.17cm is the diameter of the ball bearings. Note that this model also
allows for additional viscous damping in the device. Empirical values for the constants are shown in Table 2, and
result in reasonable agreement with the data. However, comparison of this fitted function with the experimental
data illustrates that not all effects are accounted for. In particular, the device appears to have more Coulomb
friction when it is fully retracted, compared to when it is fully extended.

Next, the forcing capability of the transducer was tested, for the case in which servo drive is used to dissipate
energy like a simple resistor. These tests were conducted at 0.1Hz with an amplitude of 7.5cm and the results are
presented in Fig. 4. Resistance values of 2012, 1012, 52, 3€2, 2Q), and 1€ in addition to the open circuit case were

Parameter | Value

P1 98.9N

D2 655N-s/m
3 0.0981

P4 2.04

D5 0.231

Pe 0.345

Table 2. Empirical parameters for fq in equation (13).
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Figure 4. Experimentally measured transducer force for various load resistances simulated by the servo drive.

chosen to illustrate the full force range of the device at this velocity. During the 12 test, the measured force is
close to exceeding the maximum force rating f"** for the device. It should be noted that all the hysteresis plots
in Fig. 4(a) appear to exhibit predominately viscous damping behavior, with a Coulomb friction force threshold.
We see that the nonlinear friction effects are present during each test. Resistance control could be used to
compensate for the oscillations in the hysteresis plots, due to spatially-dependent Coulomb friction. However,
this issue is beyond the scope of this paper, which is limited to a basic characterization and demonstration of
the device.

Finally, a third test was conducted to illustrate rise time associated with the device reaching its rated force
limit. A triangle wave with constant velocity, and with an amplitude of 5.25cm at 0.25Hz was used to demonstrate
this concept. The plots presented in Fig. 5 show the results of this test. At the beginning of the test, the servo
drive is used to simulate the device in open circuit mode. During the mid-way point of one of the oscillations,
the servo drive is “switched on” and used to simulate a resistance value that results in the force reaching its
rated value (in this case a 2€ resistor was simulated). Fig. 5(b) shows a close-up view of measured force during
this test. We note that the drive is “switched on” at 5.220s and it reaches its rated force at 5.226s, which is a

1200 T
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600 : /
000 - Rated Force \ ]
300 y
3 3 Ringing
[} 0 ~ [}
v o L 4
é § 600
-300 3y “Switch On”
—600 8 |
-900 1
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0 2 4 6 8 10 5.1 5.15 5.2 5.25 53 5.35
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(a) Force vs. Time (b) Close-up view

Figure 5. Experimental force response for the transducer illustrating the rise time of the servo drive simulating a 22
resistive load.
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rise time of approximately 6ms. This rise time is comparable to a magnetorheological (MR) damper of similar
size and force rating.'® However, it is clear that there is overshoot and ringing associated with using the servo
drive this way. The oscillations occurring before the force measurement settles out is a result of the dynamic
interaction between servo drive and the finite coil inductance of the motor. Because internal current tracking of
the servo drive is accomplished by proportional control, a step in the current command causes a ringing effect in
the force measurement for a brief period of time until the coils become fully magnetized. It would be possible to
design a compensator using feedback to reduce these oscillations, but this is also beyond the scope of this paper.

5. IMPEDANCE MATCHING OF A TMD

We now present an example in which the electromechanical transducer and servo drive are attached to a
TMD within a much larger structure. One of the simplest ways to optimize power from such an application is
by resistive impedance matching. We assume that the TMD is excited at its base by a sinusoidal acceleration
with amplitude Ay and frequency wg. First, we develop an analytical expression for the average power generated
and use this expression to determine the optimal load resistance that should be imposed by the servo drive to
maximize power. Next we compare the analytical model to our experimental system. The electromechanical
transducer is back driven by a hydraulic actuator, which simulates the dynamics of TMD using real-time hybrid-
testing (RTHT). RTHT is accomplished in dSpace by feeding back force measurements from the electromechanical
transducer in real-time to a simulated disturbance and structure model. The force measurement and simulated
disturbance force are summed together and used to excite the simulated structure. The output of the simulated
structure is a displacement command signal, which is tracked by the digital controller that is used to operate
the hydraulic actuator. Our experimental RTHT design follows the procedure in the study by Darby et al.'®

The dynamics of the TMD coupled to the electromechanical transducer can be described by the following
second order differential equation

ma(t) + éx(t) + kx(t) + Fesgn (£(t)) = mAg sin(wot) (14)
where F, is the amplitude of the Coulomb friction of the device (and is equal to p; in Table 2) and where
- J
B
E:c+l—2+ce. (16)

We note that the viscous damping in the system, ¢, is equal to the identified parameter ps in Table 2. In addition,
we note that the oscillatory components of the Coulomb friction derived in equation (13) are neglected in this
analysis as they will have a negligible effect on the optimal resistance. Because the servo drive is being used to
simulate a resistive load across the terminals of the transducer, we can express the electromechanical force as an
additional viscous damping term in ¢. The effective electromechanical viscous damping from the transducer is

_ 9K?
T 42(R+Ry)

where Ry is the load resistance simulated by the servo drive across the terminals of the three phases of the
motor. Next, we derive an expression for the equivalent viscous damping from the Coulomb friction. This can
be accomplished through an energy balance approach where we set the amount of energy dissipated during one
oscillation from the Coulomb friction equal to the amount of energy dissipated by an equivalent viscous damper.
This quantity can be expressed as

(17)

Ce

4F,
Coqg = — 18
== (18)

where X is the velocity amplitude.
The next step is derive an expression for the velocity amplitude of the system in (14) through harmonic

balance. This expression can be written as

onwg

X = :
\/(—Thwg + k)2 + (é + Ceq)Q(JJg

(19)
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Since ¢, depends on X, the expression in (19) is quadratic in X . Substituting the expression for Ceq in (18) into
(19) and solving for X results in

—4cF.wi + \/wg (—16FC2 (—mw? + k)* + A2m2n2 (5%.}% + (—mwd + k)z))
X =

T (5%}8 + (—mwd + k)Q) 20)

where we have thrown out the negative root. We can now express the average total power generated during one
oscillation as a function of the back-emf of the motor; i.e.,

27

2
wo «“o €q

Protal = — ——dt 21
total = 5r )y R+ Ry (21)
where e, = 35%&@) is the quadrature back-emf of the motor. Therefore, solving for P,,.q; results in
_ IrK2X2
Piotal = ——b—— . 22
totel = QI2(R + Ry) (22)

Finally, we have that the average power generated across the load resistance Ry, is

RL 97TK62X2RL

Poa :poa = .
toad = Ttotal p Ry 8I2(R + Ry)?

(23)

It is possible to determine an analytical expression for the optimal resistive load by taking the partial derivative
of Pj,uq with respect to Rr, setting this quantity equal to zero, and solving for Ry. However, this analysis
becomes extremely tedious due to the fact that the expression for average power in equation (23) is a fifth order
polynomial in Ry,.

The analytical expression for the average power generated across Ry, is compared to the RTHT results in Fig.
6. It should be noted that the acceleration amplitude Ay was limited to be 1m/s? so that the response of the
TMD would be well within the displacement and velocity limits of the hydraulic actuator at 0.5Hz. We can see
from this plot that we have excellent agreement between the predicted and experimental average power values
over the range of load resistances. The optimal load resistance, as predicted by the analytical average power
curve in Fig. 6, is 306.3¢) while the experimental results show that the maximum average power occurs at the
30012 test.

4.5

425 1

35¢F

Predicted
O  Experimental

3.25 i i i .
100 150 200 250 300 350 400

R ()

Figure 6. Comparison of predicted and experimental results of the average power over a range of resistive load values.

Proc. of SPIE Vol. 7977 79770P-9

Downloaded from SPIE Digital Library on 09 Jan 2012 to 152.3.68.8. Terms of Use: http://spiedl.org/terms



6. CONCLUSIONS

One of the three goals of this paper was to illustrate some of the design tradeoffs one faces, in the design of
electromechanical transducers for use in structural control and large-scale energy harvesting applications. These
design tradeoffs can be distilled down to a few criteria that should be used to balance various parameters of
the machine, electronics, screw conversion, and structure, against each other. These criteria (or slight variations
of them) hold with some generality, for applications of this technology in which the oscillation of the device is
concentrated near a single frequency. The second goal of the paper was to illustrate experimental data on the
validation of the use of such electromechanical transducers in the manner discussed here. Toward this end, we
have illustrated that interfacing the transducer with a four quadrant servo drive results in a wide range of control
by having the drive dissipate power like a simple resistive load. We have also demonstrated the extremely fast rise
time that the device exhibits and that this rise time is comparable to a similar size magnetorheological damper.
Finally, the third goal of this study was to derive analytical expression for the average power generated and use
this expression to determine the optimal resistive load for the case where the transducer is interfaced with a TMD.
Both the analytical model and the experimental system show similar results for the average power generated
over the range of resistive loads. Additionally, the model is able to accurately predict the load resistance that
maximizes power in the experimental system.
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