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A B S T R A C T

Three-phase transduction affords certain advantages for efficient electromechanical conversion of energy,
especially at higher power scales. This paper considers the use of a three-phase electric machine for harvesting
energy from vibrations. We consider the use of vector control techniques, which are common in the area of
industrial electronics, for optimizing the feedback loops in a stochastically-excited energy harvesting system. To
do this, we decompose the problem into two separate feedback loops for direct and quadrature current com-
ponents, and illustrate how each might be separately optimized to maximize power output. Due to the fact that
these two control loops are designed separately, the resultant composite controller for the three-phase transducer
is not the “true optimal” controller over all causal feedback laws. However, the proposed design technique does
ensure high performance, while also being tractable. We describe the manner in which direct field control (i.e.,
field weakening) can be used to maintain control of the harvested energy when the internal back-EMF of the
machine is larger than the voltage of the power bus. We then develop analytical techniques that illustrate the
fundamental tradeoffs in the design of the electronic hardware and the choice of bus voltage, and show that
control performance depends on only five nondimensional functions of the parameters for the harvester, dis-
turbance, and electronics. The use of these parameters in system design is illustrated through a simple example,
and the efficacy of the electromechanical design is verified through simulation of the nonlinear stochastic dy-
namics.

1. Introduction

Advantages of three phase machines over single phase machines
were realized early in the development of induction motors. Comparing
various types of rotational machines with similar power and torque
ratings, three-phase designs are generally lighter and more compact,
use less copper wire in the coils, and have better current and voltage
ripple characteristics when controlled by electronic drives employing
high-frequency pulse-width modulation [1]. Because of these reasons,
as well as their commercial availability at higher power ratings, three-
phase machines may have important applications as transducers in
energy-harvesting technologies, especially for larger-scale applications.
This has been investigated, for example, using a rotational permanent-
magnet (PM) synchronous machine interfaced with a linear vibratory
system via a back-driven ball screw [2]. Further studies into large scale
vibration harvesters include technologies to capture energy from
seismic events, ocean waves, and building vibrations [3–6]. Large scale
vibration harvesters also have applications in railway [7] and auto-
motive systems [8]. Harvested energy from these systems can be used

for other embedded systems, such as structural health monitoring net-
works [9–11] or as a power source for semi-active controllable dampers
[12]. Additionally, electromagnetic transduction can be used directly to
impose supplemental damping in structures, at the same time as energy
is being harvested [4,13].

Electromagnetic microelectromechanical systems (MEMS) and pie-
zoelectric MEMS usually focus on vibratory frequencies higher than
those present in most civil infrastructures (i.e. buildings, bridges) which
are less than 10 Hz [14]. Miniature electromagnetic harvesters placed
on bridges have been successfully used to harvest low frequency vi-
brations (in the −1 10 Hz range) [15,16]. However, in those studies,
only small amounts of power were harvested (i.e. ∼ 5 µW) [16]. This
further motivates the use of large scale vibration harvesters, to generate
power at levels of 1 W and above. This paper considers some of the
technical issues and advantages which arise in the usage of large-scale
three-phase transducers for harvesting vibratory energy at low fre-
quency (i.e., at or below 1Hz).

This paper will focus particularly on PM synchronous machines
[17,18]. These three-phase machines are especially well-suited for
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energy-harvesting because, although they are generally more expensive
than coil-rotor synchronous machines and induction machines, they are
very efficient and exhibit high power and torque density. Fig. 1(a)
shows an illustration of a linear transducer incorporating a PM syn-
chronous machine. As shown the rotary machine is interfaced with the
linear motion x, via a ball screw conversion, resulting in a rotary angle,
ϕ. In the event that the machine has multiple pole pairs, the effective
electrical angle will be equal to the mechanical angle, multiplied by the
number of pole pairs. In this case, to ease notation we use the con-
vention that ϕ is the electrical angle. We assume the linear-to-rotational
conversion is an ideal mechanism, resulting in the algebraic equiva-
lence of the angular velocity and rotary velocity, i.e., =x ϕ˙ ℓ ˙ , where ℓ is
the effective screw lead, which also includes amplifying factors due to
multiple pole pairs, as well as any gearing. Meanwhile, Fig. 1(b) shows
a schematic of the three electrical phases, denoted a, b, and c. The coils
are connected to a common electrical node, called the neutral, denoted
n. As shown, the three phases each have a line-to-neutral back-EMF
(i.e., ean, ebn, and ecn), each of which is related to the rotary motion of
the machine. Using an efficient three-phase power electronic drive,
controlled via high-frequency pulse-width modulation, the three line-
to-neutral currents (i.e., ia, ib, and ic) can be controlled.

Through proper current control, energy is converted from me-
chanical to electrical, and delivered, through the electronics, to a power
bus or storage system. In the industrial electronics industry, this is
called dynamic braking, because it results in an effective mechanical
damping, imposed on the linear motion to which the rotor is coupled.
As such, this system can be used for vibration energy harvesting as il-
lustrated in Fig. 2, in which a three-phase transducer, as described
above, is used to harvest energy from a simple base-excited mass-spring
resonator.

The primary contribution of this paper is to describe some analysis
techniques useful in the design of the energy harvesting technology
depicted in Figs. 1 and 2. Specifically, we consider the prospect of co-
ordinated design of both the feedback law for the electronic control
system, as well as the mechanical and electrical parameters. We present
an analysis of the design tradeoffs and physical limits, which is based on

optimal stochastic control theory, and is justified by theoretical and
computational results. Many of the results involve closed-form analy-
tical approximations that can be determined easily. Consequently, it
may be useful in practice.

2. Physical system model

2.1. Electromechanical dynamics

We first develop a detailed dynamic model for the system char-
acterized by Figs. 1 and 2. The mechanical dynamics obey

+ + = − +mx cx kx ma f¨ ˙ e (1)

where fe is the electromechanical force imposed on the mass, due to
electromechanical energy conversion.

To simplify the analysis, we assume the inertia of the rotor, when
translated into a linear inertia through the ballscrew, is negligible
compared to that of the harvester mass. If this is not the case, the model
can be adjusted by redefining a. Specifically, if the combined effective
rotary inertia of the linear-to-rotational conversion (including any
gearing) is J, then the inertia m on the left-hand side of (1) would be
replaced by the total system inertance, equal to +m J/ℓ2. Equivalently,
if we redefine m as the total inertance, then this is equivalent to a
multiplicative de-amplification of a by the factor − J m1 / ℓ2 [4]. We
also assume that coefficient c accounts for all rotational damping in the
system.

The dynamic equation above can be equivalently written in state
space form as
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Fig. 3 shows the system in Fig. 2, incorporating the electrical schematic
of Fig. 1, and the interface of the three-phase coils with a six-transistor
power-electronic drive. Each transistor is controlled like a switch,
which alternates the line-to-line voltage across the three phases, be-
tween the values of Vs, 0, and− Vs. In so doing, the drive electronics can
be efficiently controlled to raise and lower the coil currents, thus reg-
ulating power conversion.

The line-to-neutral back-EMFs are related to the angle ϕ via
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where Ke is the back-EMF constant. Vectors iabc and vabc are defined
analogously to eabc, as the corresponding line-to-neutral quantities ar-
ranged in a vector; i.e.,

Fig. 1. (a) A permanent magnet synchronous machine that creates movement by having a timing belt move a lead screw. (b) The electrical model of the three phase outputs. It includes
the resistance, inductance and line-to-neutral back-EMFs for each lead.

Fig. 2. The basic electromechanical transducer model. The spring constant (k), damping
(c), and electromechanical force of the transducer (fe) are represented. The three-phase
transducer output is rectified and stored in a battery.
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