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Analytical prediction of noise of magnetic origin ... 7

ated sound power level can then be calculated on the basis of an acoustic model.
The acoustic model may be formulated using either the FEM or boundary-element
method (BEM). The FEM/BEM, by their nature, are limited to low frequencies.
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Fig. 2. Flowcharts for noise prediction: (a) deterministic method; (b) statistical method.

A method that is particularly suitable for calculations of noise and vibration
at high frequencies is the so-called statistical energy analysis (SEA), which has been
applied with success to a number of mechanical systems such as ship, car, and aircraft
structures [14]. This method was first applied to electrical motors in 1999 [12, 13, 15].
The method basically involves dividing a structure (such as a motor) into a number of
subsystems and writing the energy balance equations for each subsystem, thus allowing
the statistical distribution of energies over various frequency bands to be determined.
The main advantage of the statistical approach (Fig. 2b) is that it does not require all
the details to be modeled.

4. ELECTROMAGNETIC SOURCES OF NOISE

Electromagnetic vibration and noise are caused by magnetic flux density waves
in the air gap. If the stator produces b, (a&.t) =B, cos(vpoF @t +¢,) magnetic flux
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The magnetomotive force (MMF) space harmonics, time harmonics, slot harmon-
ics, eccentricity harmonics, and saturation harmonics produce parasitic higher harmonic
forces and torques. The amplitude of the radial force of the order r is F,, = Dy, L; P,
where D,, is the stator core inner diameter, L; is the effective length of the core and P,
1s is the amplitude of the radial magnetic pressure according to eqn (2).

The stator — frame (or stator — enclosure) structure is the main radiator for the ma-
chine noise. If the frequency of the radial force is close to or equal to any of the natural
frequencies of the stator — frame system, a resonance occurs, leading to the stator sys-
tem deformation, vibration, and acoustic noise.

Magnetostrictive noise of electrical machines with number of poles 2p > 4 can be
neglected due to low frequency 2f and high order » = 2p of radial forces. However,
radial forces due to the magnetostriction effect can reach about 50% of radial forces
produced by the air gap magnetic field.

In inverter fed motors, parasitic oscillating torques are produced due to higher time
harmonics in the stator winding currents. These parasitic torques are, in general, greater
than oscillating torques produced by space harmonics. Moreover, the voltage ripple of
the rectifier is transmitted through the intermediate circuit to the inverter and produces
another kind of oscillating torque [3].

5. ENGINEERING APPROACH TO PREDICTION OF NOISE

Although, the analytical and FEM/BEM numerical approaches seem to work well,
the time consuming preprocessing and computations can be a drawback to use this ap-
proach in engineering practice. On the other hand, it is relatively easy to write a Math-
cad' or Mathematica® computer program for fast prediction of the SWL spectrum gen-
erated by magnetic forces using analytical approach. The accuracy due to physical er-
rors may not be high, but the time of computation is very short and it is easy to prepare
and implement the input data set.

The main program consists of the input data file, electromagnetic module, struc-
tural module (natural frequencies of the stator system), and acoustic module (Fig. 2a).
The following effects can be included: phase current unbalance, higher space harmon-
ics, higher time harmonics, slot openings, slot skew, rotor static eccentricity, rotor dy-
namic eccentricity, armature reaction, magnetic saturation. An auxiliary program calcu-
lates the torque ripple [10], converts the tangential magnetic forces into equivalent ra-
dial forces, and transfers radial forces due to the torque ripple to the main program.

The input data file contains the dimensions of the machine and its stator and rotor
magnetic circuit, currents (including unbalanced system and higher time harmonics),
winding parameters [2], material parameters (specific mass, Young modulus, Poisson's
ratio), speed, static and dynamic eccentricity, skew, damping factor as a function of
frequency, correction factors; e.g., for the stator systems natural frequencies, maximum
force order taken into consideration, minimum threshold magnetic flux density to ex-
clude all magnetic flux density harmonics below the selected margin. The rotor mag-
netic flux density waveforms are calculated on the basis of MMF waveforms and per-

industry standard technical calculation tool for professionals, educators, and college students
“ fully integrated technical computing environment used by scientists, engineers, analysts, educators,
and college students
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The order r (circumferential mode m) of radial magnetic forces increases with the
number of poles 2p. The larger the magnetic force order, the lower the deflection of the
stator core which is inversely proportional to the 4™ power of the force order [9].

The calculated noise level is usually lower than that obtained from laboratory
measurements because calculations may not include all harmonic forces [16].
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ELECTROMECHANICAL PORTABLE ENERGY HARVESTING
DEVICE: ANALYSIS AND EXPERIMENTAL TESTS

Jacek F. Gieras’, Jae-Hyuk Oh", Mihai Huzmezan™"

"University of Technology and Life Sciences
Al S. Kaliskiego 7, 85-796 Bydgoszcz, Poland, e-mail: jgieras@ieee.org
“United Technologies Research Center
411 Silver Lane, East Hartford, CT 06108, USA

Summary: This paper presents the design analysis and performance of an energy har-
vesting prototype device operating on the principle of electromechanical energy conver-
sion. The input vibration kinetic energy is converted into the output electrical energy.
A spring — mass system with moving permanent magnet (PM) is mechanically excited
by external vibrations. The voltage is induced in a stationary coil that is embraced by
PM poles. When the coil is loaded with an external impedance, an electric current pro-
portional to the induced EMF arises in the external circuit. Fundamental equations for
performance calculations have been derived on the basis of elementary beam theory and
circuit analysis. A prototype has been built and the calculation results have been vali-
dated with the test results.

Keywords: energy harvesting, vibration generator, electromechanical, permanent mag-
nets

1. INTRODUCTION

Self-powered microsystems have recently been considered as a new area of tech-
nology development. Interest in self-powered microsystems have been previously ad-
dressed in several papers, e.g. [1,6-10]. Main reasons, which stimulate research in this
new area are:

* large numbers of distributed sensors,

* sensors located in positions where it is difficult to wire or charge batteries,

* reduction in cost of power and communication,

* Moore’s law (the number of transistors per unit area of an IC doubles every 18 months).

Microsystems can be powered by energy harvested from a range of sources present
in the environment. Solar cells, thermoelectric generators, kinetic generators, radio
power, leakage magnetic or electric fields are just a few examples. In some applications,
e.g., container security systems, condition monitoring of machine parts (motors, tur-
bines, pumps, gearboxes), permanent embedding in inaccessible structures (bridges,












Electromechanical portable energy harvesting device ... 21

6

;
{
MF(®.02) !

-.\-/l-l;(.(o,0.3) ‘ /1I ~ !
- "”’fébpug\g%hh_

MF(w.0.1) 4} r /{

v

(89

0 50 100 150 200
0 (0] 20 o
Fig. 3. Damping coefficient MF according to eqn (9) as a function of angular frequency @ for
three values of damping coefficients ¢ = 0.1, 0.2, and 0.3.

3. OUTPUT POWER

To generate electrical energy, a stationary coil is placed between the poles of
vibrating PMs. The instantaneous voltage induced (or EMF) in a single turn (two con-
ductors) e(f) = 2 B 1); v(x) where B is the average magnetic flux density produced by
PMs and /,, is the length of the PM (measured along the coil). According to eqn (7), the
linear velocity W#) = dx(t)/dt = 27 f X, cos(wt+ ¢)- For N turns the EMF is

e(ty=4r fNBI X, cos(wt+ @) - The peak value of the EMF is E, =4rx fNBl, X

and the rms value
E =2327NBI,, X, = 2\[2n0;, fNB,1,, X, » (10)

where the average-to-peak value ratio of the magnetic flux density can be approximately
found as

a=B b . (11)

" B, l,+2g

n

Similarly, the electromagnetic reaction force produced by the PM excitation field
B and current in the coil / is
=A2a,B,NIl,, (12)

I Im 1= m

Eqn (12) has been found assuming that the phase angle between the EMF E and
current / is zero, 1.e. EI=F,,, v. The electromagnetic force F,,, is very small because the
current in the coil is low, e.g., for the tested prototype and N = 300 turns F,, = 0.015 N
when I =0.01 A and F,,,,=0.107 N when /= 0.07 A.

Although theoretically justified, equations derived in [12], not always give the ex-
pected results.

If a load impedance Z; = R, + jX; is connected across the coil terminals, a closed
electrical circuit will be created. The rms current 7 in the circuit and »ms voltage V
across the load impedance Z are, respectively,
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_ E 5 E (13)
JR AR +(X, +X,)} R*R

V=IJ(R + X} (14)

where Z, = R, + jX_ is the internal impedance of the coil. Since the coil is not furnished
with any ferromagnetic core and the vibration frequency is low (usually less than 30 Hz),
Hz), R. >> X,. For resistive load the load inductance X; can also be neglected. The out-
put active power of the device can simply be found as:

I

P,=IR, (15)

out

where R, is the load resistance. Further, the current / can be rectified and used for
charging a battery, which in turn energizes an electronic device, e.g., a wireless sensing
system [7,12].

The maximum output power is at resonance, i.e. @= @

7
2), (9), (10), (13) and (15), assuming R. >> X, and neglecting the load inductance X,
the maximum output power is

: (nNBIF Y 1
- ~ CZ:.' m M m . (163)
S 257\ oM R°/R,+2R +R,

aul

Combining together eqns

For Ry = R, eqn (16a) takes simpler form, i.e.,

*(NBIF, )
~ CZ’ ( m .-\«IF;n] 1 (l6b)

- gz a)mll A/[ —871‘

The output power of an electromechanical device with cantilever beam is high
when:

* the damping ¢, natural frequency @

).t » 1ip mass M, and coil resistance R, are low;
* the number of turns &, magnetic flux density B, length of magnets /y;, and amplitude
of external force F,, are as high as possible.

High magnetic flux density B in the air gap can be maintained if high energy PMs
are used and the gap between PM poles is small. Fig. 4 shows the maximum power
at resonance (f,, = 17.1 Hz) generated by the investigated energy harvesting device
as a function of the damping { coefficient. Even for very low damping coefficient ¢ =

= 0.05 the maximum output power does not exceed 65 mW.
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Fig 11. Comparison of the output voltage as a function of frequency obtained from calculations
and measurements at natural frequency f,, = 17.1 Hz (L = 10 mm), load impedance
Z, =(4.7+ j2r f10.0x107)2, and 200-turn coil impedance Z, =(6.93+ j2rr f132x10°)Q2.
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Fig 12. Comparison of the output »ms current and output true power as a function of frequency
obtained from calculations and measurements at natural frequency f,, = 17.1 Hz

(L = 10 mm), load impedance Z, =(4.7+ j2x f10.0x10™°)Q, and 200-turn coil im-
pedance Z =(6.93+ j27 f13.2x10 *) Q.
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Fig. 17. Example of control circuit for adjustable cantilever length.

8. CONCLUSIONS

There is a physical limit imposed on the maximum output power of an electrome-
chanical energy harvesting device with cantilever beam expressed by eqn (16). The out-
put power is high when:

* the damping ¢, natural frequency , , tip mass M, and coil resistance R, are low,

* the number of turns N, magnetic flux density B, length of magnets /,;, and amplitude
of external force F,, are as high as possible.

The investigated energy harvesting electromechanical devices shows the following
advantages:

¢ simple construction,

* provides low cost due to reduced number of parts, easy fabrication, and easy instal-
lation,

* high efficiency of conversion of vibrational energy into electrical energy in the case
of adjustable length of cantilever beam (flat spring) and its natural frequency to the
frequency of external vibration,

* eliminates external electrical power and wiring,

* ideal for sensors installed in tracks, trailers, and containers where the frequency of
vibration is variable,

* ideal for sensors installed on rotating parts,

* the device is environmentally friendly,

* slip rings and induction loops are eliminated,

* the device is maintenance free — no battery replacement,

* high reliability;

* ability to scale down to MEMs level (micro-collisions, air friction dissipation, and
cushioning effects must be included).

On the other hands, the designer of energy harvesting electromechanical devices
must be aware of the following drawbacks and risks:

* Owing to application of electromechanical actuator and spring stabilizer, the volume
of self-adjustable electromechanical energy harvesting device is bigger than that of
an equivalent standard device that operates at constant natural frequency;
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e Owing to application of high energy NdFeB PMs, there is a limit on ambient tem-
perature. If ambient temperature exceeds 50 to 60°C, the performance, especially the
output power, deteriorates;

* PMs can accumulate ferromagnetic particles and debris in the air gap area between
poles and coil;

¢ The spring, spring support, and U — shaped stabilizer may require lubrication.

APPENDIX I. MODELING OF VIBRATION OF CANTILEVER BEAMS
BY ELEMENTARY BEAM THEORY

The static deflection of the cantilever beam as a function of the x coordinate
is expressed as [4,5]:

x(y)=

F, (v -3Ly") 0<y<L, (20)
GEI, ° "

where x is the deflection along the beam span y, F, is the tip load, £ is Young’s
modulus, /, is the area moment of inertia, and L is the beam length. The tip deflection
&x(L) at v = L and corresponding spring constant & are

EL F 3EI
5:_,;(14):_1;:__" k=" @n
3 El, k Iz

The dynamics of vibration for given mode shape or characteristic deflection shape
can be described by the following spring-mass equation, in which §(¢) is a function of

time 1, i.e.:
mé(t)+kS(t)=F, . (22)

The above eqn (22) is an idealization of a cantilever beam [5]. Thus, the modal
mass m is eqn (22) is not the same as the mass of the total cantilever beam mj, = pw ¢ L.
The modal mass can be obtained from the kinetic energy of the spring-mass system, i.e.:

1w 1(33pwil) e
E, =7m5-(t)=3[—%)5- (23)

The right hand side of eqn (23) has been found with the aid of eqns (20) and (21)
[5]. The modal mass in eqn (22) is equal to (Fig. 22a):

m= (33’0‘"’Lj = [33'”” ) =0.2357m, (24)

140 140

Thus the vibration frequency for the modal shape » = 1 of the modal eqn (18) is found as [5]:

,k El
o= |—=a,—* a =352 (25)
m \} pwiL

Table 2 shows the first three vibration modes, modal mass, and coefficient ¢, of a canti-
lever (clamped-free) beam. The values of coefficient a, are according to [5].
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Table 2. Transverse vibrations for cantilever beam.

vibration mode modal mass a,
V/
/VT a, 0.2357 m, | 3.52
Y/
/‘@i g | o00062m, | 220
Z _— N\ a
7 3 0.00079 m, 61.7

If a tip mass M is attached (Fig. 18b), the equation of motion (18) and spring constant
(1) remain the same provided that the modal mass (20) is replaced by

m=0.235Tm, + M

(26)

Fig. 18. Modeling cantilever beam by an equivalent spring-mass system: (a) without any tip

mass; (b) with tip mass attached.

APPENDIX II. TRANSFER FUNCTION AND TIME RESPONSE

The Laplace transform of eqn (6) is

mls> X (5)— sx(0) — 2(0)] + [ sX (5) = x(0)] + kX (5) = F(s) . 27)

Assuming that the initial displacement and velocity are zero, i.e., x(0)= 0)=0,

eqn (27) may be expressed as

N X)) N 1
G(S)— F(S)’ G(.S)—

ms® +es+k

(28)
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where G(s) is the transfer function (TF). The time-domain solution of the Laplace trans-
form equation can be obtained by applying the inverse Laplace transform. For a unit
impulse A(s)=1, the time response expressed in seconds is:

5 N\
Vamk ~c¢* J
n—m——m——¢

,(7; Y 2m
x(¢t) =2me "’ » (29)

Namk - c*

Fig. 19. shows the theoretical time response (29) for the tested energy harvesting device

0.01 T
0.00%
0.006
0.004
0.002
MU 0
T 0.002

=0.004

=0.006

—0.008~ =
—().()]_0_0] ! 1 ] ]
0 0.2 04 0.6 0.8 1

0, t 1

0.01

Fig. 19. Theoretical time response (seconds) for m = 0.083 kg, k = 1005.4 N/m, we, = 107.4 rad/s

(o = 17.1 Hz), ¢ = 1.466 kg/s. and L ¢ = 0.08. Remaining data are given in Table 1.
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PRESENTATION OF THE DC MACHINE SIMULTANOUSLY
BUT SEPARATELY CONTROLLED BY TWO VOLTAGES USING
THE STATE-SPACE METHOD

Roman Zarnowski

Elcctrical Machines and Drives Group
Department of Electrical Engineering,
University of Technology and Life Sciences
Al S. Kaliskiego 7, 85-796 Bydgoszcz. Poland

Summary: The following paper presents the DC machine working as a motor,
described by means of the state-space method. A computer model of the machine,
compiled in the MATLAB/SIMULINK® environment is described as well. This
model takes into account the phenomenon of dynamic inductance in the excitation
circuit of the DC machine. This study presents also a comparison between the
conventional (linearized) model and the model with a magnetization curve
analytically approximated by the arc cotangent function. State trajectories are
presented against a background of static characteristics occurring here in the form of
a stcady-state surface (SSS). The computer model compiled may be used to determine
optimal control of these voltages in accordance with the quality coefficient employed.

Keywords: DC machine controlled by two voltages

I. INTRODUCTION

Modern methods of optimization are based on the state-space method [1,6], which
excels over classic methods and holds many advantages. The classic control theory is
convenient in designing a single input-output system. However modern control theory,
which is based on the state-space method, allows for examination of systems subjected
to control of signals pertaining to a broad class of input signals, not only in the impulse,
step or sinusoidal form. As distinguished from classic methods, the state-space method
allows for start and end conditions of the system. The vector-matrix notation simplifies
solving of differential equations. However, apart from simple calculations, it is
necessary to use a computer, what requires knowledge of numerical values of
parameters of the object.

This article describes movement of a drive system based on a direct current motor
by the means of the space-state method. For heed establishing, simulations were carried
out for a test DC machine — model PZB632a with rated of nominal power 0.8 kW,
armature voltage 220 V, armature current 4,6 A, excitation current 0,24 A and nominal
rotations 1500 rpm. Simulations were prepared under the assumption of four load types
occurring in engineering practice. During model assembly, almost all machine
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Characteristic of torque Equation Type
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___;un M(w)= sign((z))u;b/H
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k=1,
constant
=0, resistance
i) ¢ = b=10, torque
0 My 0)=0
-M,
Ty
AL M(w)=ad, Active
G k=1 constant
’ resistance
7=0, torque
. h=0, (crane
0 M torque
M(0)= M, aue)
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k> 0. Passive
generator
y=1 resistance
| h>0 torque
M(0)=0
-t
M(w)= sign(w)(/) +ak,w’ )
. >0
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. y=2 resistance
bh>0. torque
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State trajectory depends on start and end conditions. The application, while
altering voltage U, and U, in the external and internal loop enables plotting of these
surfaces.

The case of active resistance torque

U a U ]
Vo, =g -arctg(——-—m o
m m
LM
ll/t - " op L (]2)
',
- Um - 'i/l ! Tt
o,

The case of generator resistance torque and passive constant resistance torque
(ky=0,b=M,)

The SSS course of the active resistance torque proceeds according to the following
equalities:

My = sign(w)b+akjw) , where:  sign(w) = sign(U ,U,) (13)

Therefore:

-

m

C,.u U
Y., =d, -arctg[~L' +d, —2

m m

L, -siegn(U U Nb+ak,w)

= o, (14)

w=14+ R, ak, -sign(l:"ml,'I )\
((Z‘[Il“ )H
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rU‘ Rb-sign(U U,y
\ C(ll/ m (all/m ): ’

The case of fan resistance torque

The SSS course of the active resistance torque was determined according to the
following equations:

M, :sigr(w)(b+ak3afz) (15)

op

Finally:
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— JUT—— " This element includes a hidden diagram presented in Fig. 6.
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Fig. 6. Generator torque simulation diagram.

— o1y —

This element includes a hidden diagram presented in Fig. 7.
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Fig. 7. Fan torque simulation diagram.
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Fig. 13. Armature current course f, = f{r); machine loaded with generator passive resistance
torque, with start voltages equal to U,, =—100 V, U, =100 V, and end voltages equal to
U, =230V, U,=230 V. Torque in steady state is equal to rated motor torque.
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Fig. 14. Armature current course M,,, = f(f); machine loaded with generator passive resistance
torque constant, with initial voltages equal to U, = —100 V, U, = -100V, and end
voltages equal to U,, =230V, U, =230 V. Load torque is equal to rated motor torque.
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Fig. 15. Armature linkage flux course ¥, =f(f); machine loaded with generator passive
resistance torque, with initial voltages equal to U,, = —100 V, U, = -100 V, and end

voltages equal to U, =230 V, U, =230 V. Load torque is equal to rated motor torque
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Fig. 16. Magnetizing current course in excitation circuit i, = f{¢); during voltage alteration from -
100V up to 220V. Approximated magnetizing curve is allowed

Another example of DC motor state trajectory loaded with nominal active resistance
torque in steady state, with initial voltages equal to U, =120,U, =120V, and end

voltages equal to U, =230,U, =230V is presented in Fig. 17.












