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Abstract. This paper deals with an original approach of the Switched Reluctance Machine (SRM) control

for the purpose of reducing stator vibrations. Two combined approaches are studied in the aim of reducing

the vibratory acceleration generated and thus the acoustic noise. The first one is based on a sinusoidal

control of the magnetic phase current and the second one, on an optimal control of piezoelectric actuators

(PZT) stuck on the SRM stator. The sinusoidal control of the magnetic phase current introduces properties

on the vibratory acceleration distribution that are used to design an original actuator controller. Principles

and viability of these combined vibration damping methods are deduced from theories and experiments.

PACS. 84.50.+d Electric motors — 33.20.Tp Vibrational analysis — 46.40.Ff Resonance, damping, and

dynamic stability — 77.65.-j Piezoelectricity and electromechanical effects

1 Introduction

Switched reluctance motors exhibit complementary per-
formances to that of classical motors. Due to a passive
rotor and no need for any magnet, SRM provide an at-
tractive alternative for high-speed applications [1], and in

high surrounding temperatures. However, the noise gener-

ated from this machine is greater than for other machines.
A salient rotor and a rectangular current shape lead to an
increase of noise emissions [2].

Many solutions have been studied in the aim of decreas-
ing SRM noise emissions; these include adapted current
shape [3], optimal stator design [2] or active control [4].

The method used in this paper is based on an active con-
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trol of piezoelectric elements. In a previous paper [5], the
decrease of the SRM vibrations has been studied using
a single phase SRM with a single piezoelectric phase (2
actuators) in the aim of validating the method. The con-
trol has been achieved with a single input single output
(SISO) Positive Position Feedback (PPF) that is a clas-
sical solution in vibration problems. In order to general-
ize the method, this vibration reduction principle is here
applied for a three phase SRM with three piezoelectric
phases (6 actuators). Moreover, the current applied on
the SRM is now a sinusoidal one so as to obtain a better
reduction of vibrations. A sinusoidal current feeding gen-
erates a rotating magnetic field and consequently a me-
chanical travelling wave. From this property, the design of
a new controller is realized. The controller is designed so
as to generate a mechanical travelling wave that is able
to decrease the resulting displacement (due to the mutual
effect of magnetic and piezoelectric phases). The optimal
placement and design of the PZT actuators stuck on the
SRM stator are achieved with an extension of the method
described in [6], [7].

This paper begins by presenting the interests of a sinu-
soidal current regulation of the magnetic current in com-
parison with a classical current regulation. An optimiza-
tion of the current shape with torque maximization and
vibratory level minimization focuses on the advantages of
a sinusoidal current regulation. Classical current and sinu-
soidal regulation schemes are compared and the contribu-
tion to the vibration reduction is experimentally obtained.

Then, the theory of a vectorial vibration control under a

sinusoidal magnetic current control is detailed. The con-
troller is designed in a rotating frame, allowing the use of
a classical regulator. Experimental tests validate the effi-
ciency of such kind of regulator. Theories and associated
results could be extended for all kinds of three phase SRM

(12/8, 24/16, etc.).

2 Sinusoidal current regulation

2.1 Current shape optimization

Up to now, the main criteria of SRM designers were the
magnetic efficiency maximization and the power electronic
optimization. Thus, current shape and power inverter were
designed in this context; the current feeding of the SRM
is then often achieved with a rectangular current shape
and an unidirectional power inverter. Minimization of the
active component numbers and no need of sophisticated
position sensor are then the main criteria for the design.

An optimization using a genetic algorithm (NSGA II,
[8]) is achieved so as to design the best current shape for a
typical 6/4 SRM. This method could easily be adapted to
the other SRM geometries. Two objectives are computed
in order to obtain a Pareto front of optima: torque max-
imization deduced from the tangential force obtained by
finite element simulations and Joule losses minimization.
A current SRM period is thus divided in little intervals,
giving 360 current samples (i° = i(0 = 0), i' = i(0 = §0),
1" = i(6 = ndb), ...). These samples are the parameters
that have to be optimized, their amplitudes beeing in the

range [0;1].
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Fig. 1. Pareto front resulting from torque maximization and

Joule losses minimization

As shown on figure 1, the optimal current shape is an
unipolar rectangular one. The current control angle yields
to obtain a compromise between the torque (i.e. maxi-
mization of the control angle) and the Joule losses (i.e.
the current shape is closed to a Dirac current shape). Fig-
ure 2 represents the typical inverter used for rectangular

current feeding of SRM.
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Fig. 2. Unidirectional power inverter used for rectangular cur-

rent feeding

However, in low voltage applications, the voltage drop
due to power diode is not allowed and active components
like MOSFET or IGBT are prefered. Moreover, the noise

pollution has nowadays become an important preoccupa-

tion for designers. Due to a large spectrum of the magnetic
force induced by the rectangular current feeding, multiple
mechanical resonances could be excited, leading to an in-
crease of the acoustic noise. The noise reduction and the
bi-directional power inverter advantages have led to the
development of other current shapes. Therefore, a cur-
rent shape optimization with a noise criterion has been
achieved: the two objectives are the torque maximization
and the reduction of the normal force harmonic factor,
and thus, the vibration spectrum. The previous rectangu-
lar current shape is modified in order to reduce the normal

force harmonic factor as shown in figure 3. The current
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Fig. 3. Pareto front resulting from torque maximization and

noise reduction

slope changes (%) generate an important spectrum of the
normal force and consequently the optimization algorithm
limits these rapid changes. The more the noise reduction
is important the more the current shape tends toward a
sinusoidal shape. Indeed, the sinusoidal shape is the best

one for the reduction of the normal force harmonic factor.
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Figure 4 represents the typical inverter used for sinu-

soidal current feeding of SRM.
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Fig. 4. Bidirectional power inverter used for sinusoidal current

feeding

Unlike the inverter needed in the case of the rectan-
gular current, it is a very classical inverter used for all
kinds of drives (asynchronous, synchronous, etc.). Thus,
the SRM, the position sensor and the inverter are consid-

ered as an entity similar to a brushless machine.

2.2 Control Scheme

The comparison between a rectangular and a sinusoidal
current feeding in relation to the produced vibratory ac-
celeration is realized with the inverter of figure 2 con-
sidering one phase feeding. The rectangular and the si-
nusoidal current feedings are compared using two cur-
rent control schemes: an hysteresis controller (HC) and
a gain-scheduling PI controller (PIv) [9], [10]. Since the
phase inductance (L) varies with rotor position § and cur-
rent 7 (considering magnetic saturation, see figure 5), a
controller that takes into consideration these variations

should give better performances.

Inductance (H)

o 1 2 3 s 5 5
Rotor position (rad)

Fig. 5. Phase inductance versus current and rotor position

The adaptive PI controller is self-tuning. Its design is
based on conventional PI controller concept, except that
its proportional and integral coefficients (K, and K;) are
adjusted on line as the current and the position changes.
Figure 6 shows a block diagram of the proposed controller.
The transfer function of the closed-loop system is given
by :

* K:D Ki,
I (8) _ T 5T T (1)
$2 + (@) s+ Ii

where R and L are respectively the phase winding re-

+

R+ Ls

Gain
adaptation K

o

Fig. 6. Schematic of the PI controller

sistance and the phase inductance. Assuming the wind-
ing resistance is negligible (in comparison with K,), the

closed-loop transfer function is represented by a second
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order system:

I"(s)
I(s)

2 & w, s+ w2

= (2)

$2+2& w, s+ w2

where £ is the damping ratio and w,, is the bandwidth of
the closed loop system. The proportional K, and integral

K; gains are computed according to equations 1 and 2:

3)
K,(0, i) =2 € L0, i) w,

An analytical modeling is adopted for the calculation
of the phase inductance based on the given curves (figure
5) obtained from finite element analysis [9]. The position
dependency is represented by a limited number of Fourier
serie terms (P + 1) and the nonlinear variation with cur-
rent is expressed by N order polynomial functions. The
phase inductance L, function of rotor position and phase

current, can be finally written as follows :

P
L(9,1) =) ay(i)cos(ph) (4)
p=0

with a, is a polynomial function of current ¢. Therefore,
for a chosen controller characteristic (£ and wy, ), its gains
(Kp and K;) vary with the current and the position in

order to maintain the same time response of the current.

2.3 Experimental results

All experimental tests are realized with a rotational speed
of 2,000 rpm, for a 20 V DC link voltage, no load func-
tioning and are reproducible in a range from 0 to 6,000
rpm. For rotational speeds greater than 6,000 rpm with
a 20 V DC voltage, the current control is not efficient

enough due to the back EMF voltage increasing, giving a

small difference between the DC link voltage and the back
EMF.

Figure 7 shows a comparison between a rectangular
and a sinusoidal SRM current obtained with an hysteresis
control. The magnitude and the shape of the rectangular

and sinusoidal spectrum are here nearly similar.

Rectangular Shape
—— Sinusoidal shape

Vibratory acceleration (dB)

4000 6000 8000

Frequency (Hz)

2000 10000

Fig. 7. Comparison between rectangular and sinusoidal feed-

ings with hysteresis controller at 2,000 rpm

For this motor, considering these material properties
and dimensions, the mode 2 resonance is the worst mode
for the vibration reduction problem. It is composed by a
superposition of two strains: a strain at 3 kHz correspond-
ing to a mode 2 in the section plane and a constant strain
in the SRM active length (mode 2,0), and a strain at 5
kHz corresponding to a mode 2 in the section plane and
a mode 1 in the SRM active length (mode 2,1).

Around the mode 2 resonance, a decrease of 5 dB is ob-
tained with a sinusoidal shape. However, hysteresis control

is not a fixed frequency regulation. A large band spectrum
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induced by this functioning excites the mode 2 resonance

independently of the current shape.

Figure 8 shows a comparison between a rectangular
and a sinusoidal control of the SRM current with a gain-
scheduling PI controller. A damping from 10 to 15 dB is
obtained with a sinusoidal current shape on the vibration

reduction point of view.

0 :
Rectangular Shape
—— Sinusoidal shape

Vibratory acceleration (dB)

4000 6000 8000

Frequency (Hz)

2000 10000

Fig. 8. Comparison between rectangular and sinusoidal feed-

ings with gain-scheduling PI controller at 2,000 rpm

This method is less penalizing because of the single
modulation frequency chosen out of mechanical resonance
frequencies or multiple of these frequencies (pulse width

modulation frequency at 16,000 Hz).

Figure 9 resumes these results with the two sinusoidal
current shapes controlled by hysteresis or gain-scheduling
PI controller. A vibratory reduction from 5 to 10 dB and
a 5 dB power acoustic reduction (obtained by integration
over audible frequencies of the vibratory acceleration) are

shown for the gain scheduling PI controller.

prior to \maketitle

Sinusoidal shape H.C.
—— Sinusoidal shape Plv ||

Vibratory acceleration (dB)

4000 6000 8000

Frequency (Hz)

2000 10000

Fig. 9. Comparison between two sinusoidal feedings with hys-

teresis and gain-scheduling PI controller

3 PZT actuator regulator with sinusoidal

SRM current feeding

3.1 Vibratory acceleration created by sinus current

regulator

Section 2 has shown the interests of the SRM sinusoidal
feeding for vibration reduction issue. In this section, sinu-
soidal currents are applied to the SRM magnetic phases.
This kind of current shape applied to a magnetic phase
generates a force density (Ppag) on the corresponding
teeth of the stator [11]. It can be approximated by:

32 (iphase)

5110 (5)

. -2
Pmag (thase) = = Kphaselphase

where B is the flux density on the surface of a teeth. Con-
sidering a sinusoidal current control of SRM, this force

density can be described by:

Prag(t) = KphaseIQSinZ(wt)
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The force density applied on the teeth generates a vibra-

tory acceleration of the stator:
V(t,0) = h(t,0) * Prag(t) (7)

where h(t,0) is the mechanical impulse response of the
stator considered for a mode 2 mechanical resonance (the
most important resonance in this application) and 6 the
mechanical angle between the considered position and the
magnetic phase 1.

The vibratory displacement is smaller than stator di-
mensions, so that the vibratory displacement can be eas-
ily deduced from the force density applied according to
the elastic assumption. The force density generated by
current feeding is composed of harmonics that excite the
mechanical structure. Only harmonics near from mode 2
resonance frequency are considered. At last, the vibratory
acceleration is deduced from the vibratory displacement

by derivations:
Y(t,0) = K}, 001 cos(2wt)cos(26) (8)

where K 1Iv is deduced from equations 6 and 7.

hase

Equation (8) determines the mechanical effect of one
magnetic phase on the stator. This equation is easily ex-
tended for 3 magnetic phases placed with a mechanical
angle of %’T between each other and currents with an elec-

tric phase of %’T between each other. So, the total vibratory

acceleration yps4¢ can be computed by:

3

TYMAG (tv 9) = 5 ;)hase

I*cos(2wt — 26) (9)
The three magnetic phases generate a travelling wave of

vibratory acceleration which depends on position and time

for a mode 2 strain at the pulsation 2w, figure 10.
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Fig. 10. Polar representation of the vibratory acceleration field

for different values of wt + 6

3.2 Design and placement of PZT actuators

The design and the placement of the piezo-ceramic (Lead
Titano-Zirconate, PZT) actuators are realized considering
material properties and dimensions, the resonance modes
and the required actuator number [6]. However, in this
particular case, actuators have to be able to generate a
travelling wave of vibratory acceleration (or strain). Thus,
the design of actuators is obtained by maximization of
the generated strain, and the placement in order to get a
travelling wave. With respect to geometry symmetries, 3
pairs of actuators are designed (length 40 mm, width 12
mm and thickness 2 mm) and placed with a mechanical
angle of %’T between each other, figure 11.

Due to the actuator dimensions and mechanical prop-
erties (Young modulus), modifications of the stator stiff-
ness and mechanical resonances are neglected. This as-
sumption has been verified by finite element simulations.

PZT actuators are placed so as to have an opposition
phase between the vibratory acceleration of the PZT actu-

ators A and the vibratory acceleration from the magnetic
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Phase 1
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PZT A axis
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Phase 3 4 N
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’ \
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Fig. 11. Simplified SRM scheme

phase 1 (and so on for the PZT actuators B and the mag-
netic phase 2, etc.). Thus, considering a mode 2 displace-
ment (anti-nodes of displacement at § = {0;%;m; 37”}),
the mechanical angle between the PZT actuators A and

the magnetic phase 1 is 3.

3.3 PZT actuator regulator based on travelling wave

principle

In order to reduce the vibration generated by the SRM
functioning, PZT actuators are stuck on the SRM stator.
The aim of these actuators is to create a stress and thus a
strain that added to the magnetic one reduces the result-
ing strain and consequently, the vibratory acceleration.
One PZT actuator stuck on the SRM stator generates a

vibratory displacement according to the Hooke’s law [12]:
dpzr(t) = KpzrVpzr(t) (10)

where Vpzp(t) is the voltage applied to the PZT actuator

and Kpyr, the piezoelectric conversion coefficient which

depends on PZT properties (ds1, etc.) and actuator dimen-
sions. According to section 3.1, the vibratory acceleration

is computed by:

’YPZT(tyg) = K;;ZTVPZT(t)COS(29+00) (].].)

with 6y, the actuator position measured from the first
magnetic phase. K1, is a mechanical parameter which
depends on the piezoelectric parameter K pz7 and on the
mechanical resonance. In order to obtain the same vibra-
tory acceleration as in the magnetic case (equation 8), the
applied voltage has to be Vpzr(t) = Veos(2wt + ¢g) with
¢o = 0y + ¢, 6¢ beeing the electric phase of the actuator
voltage (measured since the magnetic axis 1). Thus, the

vibratory acceleration is computed by:
vpz1(t,0) = KpyrVeos(2wt+ 0y +5¢)cos(20+6,) (12)

Considering the 3 pairs of actuators, the total vibratory

acceleration due to the actuators is:

3

ypz7(t,0) = 2 Kb ;7 Veos(2wt — 20 + 5¢) (13)

Equation 13 shows that 3 pairs of actuators with an ap-
propriate control (V and d¢) generate a travelling wave of
vibratory acceleration like 3 magnetic phases.

2 accelerometers are placed so as to measure the vi-
bratory accelerations, ¢, and v¢,, on the magnetic phase
1 (0 =0) and 2 (§ = 2F). The vibratory acceleration vy,

of the magnetic phase 3 (§ = —2F) is deduced from the
two others, assuming vy, + 5, +7f, = 0. Without control
of PZT voltage (V = 0), the vibratory acceleration com-

plex vector due to magnetic phenomena can be defined as
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follow:
2 3 2 _j2wt
T+ 8V = 5 a7 =0, (14)
Vi = e e (15)

. j2m
where g is a complex operator (¢ = ¢’ ). In the same way,

without current control (I = 0), the vibratory acceleration
complex vector due to PZT actuators can also be defined

as:

16)

3 (2w
Va0 g = =5 Kpyp Vel =g (

Tpzr = el e (17)

The total vibratory acceleration is described by the sum

of the two previous equations:

Yy = Inac T pzr (18)

Figure 12 represents a vectorial representation of the ac-

celeration vectors in the rotating frame.

Yuac \ 2w
\

\

Y

n+6$

Yozt

Fig. 12. Vectorial scheme of yarag, ypzr and vy

The principle of reducing the vibratory acceleration
generated is to cancel the resulting vibratory accelera-
tion. General controllers like Positive Position Feedback

(PPF) are often used in vibratory damping problem [13].

However, the knowledge of the vibratory acceleration field
allows the design of a more simple controller. The new vec-
torial controller is designed in a frame which rotates at the
speed 2w. The problem is then reduced at a constant value
control of the complex vibratory acceleration magnitude.
Thus, equations 15 and 17 are multiplied by a rotation

—2wt

factor e , and a control scheme is deduced from these

equations, figure 13:

Filtering v (t
Ya®y) g—»@—» — ¢PZT= »A()
i v,
yrz—b(l) C.T. cT
Filtering v (D)
yﬁ@% yl A > PZT= C
e —_— >
Y
Internal “
model |

Fig. 13. Controller scheme using vector field property

An internal model control [14] is chosen for the regu-
lation in the rotating frame. Its simplicity and robutness
are the main design criteria. The principle of this con-
troller is to control values of the complex magnitude ~*
and electric phase ¢* of the PZT actuators in order to
synchronize the PZT actuator travelling wave with the
travelling wave due to the electrical feeding (v* = vy and
¢* = ¢y). The filtering blocks represent the stabilizing
filter of the closed loop. The internal model bloc repre-
sents a matrix transfer gain that transforms the complex
PZT actuator voltage magnitude and phases into the com-
plex magnitude and phase of the vibratory acceleration,
see equation 17. C.T. and C.T.~! blocks represent respec-

tively the complex tranformation and the inverse complex
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tranformation that transform three temporal signals into

a complex magnitude and its associated phase.

3.4 Simulations of the vectorial controller

The simulation model considers only one mechanical reso-
nance frequency (mode 2 resonance) at 5,000 Hz. From the
current applied on the SRM, the magnetic forces are de-
duced with equation 5. Then, the vibratory acceleration
is computed according to equation 7. In order to repre-
sent the actual functioning of the SRM (no-deterministic
mechanical and aerodynamic noise [15]), three uncorre-
lated white noise representing 10% of the current magni-
tude have been added to each current. Figure 14 shows
the three currents applied on the SRM magnetic phases
and the vibratory acceleration computed from these cur-

rents. Using equation 14, the complex vibratory acceler-

SRM Current (A)
o

0.0994 0.0996 0.0998 0.1

Time (s)

0.0992

|
-

Vibratory acceleration {g)
(=]

o |
bl’\)
o [7
0

0.0994 0.0996 0.0998 0.1
Time (s)

e
0.0892

Fig. 14. Currents and corresponding vibratory accelerations

on the SRM

ation magnitude is deduced, Figure 15. The simulation

scheme is based on figure 13. Figure 16 shows a compari-

25

Estimated vibratory acceleration magnitude (g)

i i i
0.004 0.006 0.008

Time (s)

0.01

0 Il
0 0.002

Fig. 15. Estimated vibratory acceleration magnitude

son between accelerations in open and closed loop in time

domain for the magnetic phase 1. The voltage applied to

5 I
-% 0.5F |
K /\ ANAAAAAAA
g_ol: \/ \ / \/ \/ \/ \/ \/ \/\ /\/\/\/7
N
2% 1 2 et 3 y 3

Fig. 16. Time simulation for the vibratory acceleration of the

magnetic phase 1

the PZT actuators so as to obtain the vibratory damping
of figure 16 has a 2 V magnitude at the mode 2 reso-
nance frequency. For piezoelectric actuators, this voltage
magnitude has a low level, and operational amplifiers are
sufficient to realize the controller. As seen on figure 16,

an important vibratory acceleration damping is obtained.
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These simulations validate the principle of the vectorial

controller.

3.5 Experimental results for vectorial active damping

The test bench, shown in figure 17, is composed by the 6/4
SRM (10,000 nominal speed and 0.2 Nm nominal torque),
with an 40 mm active length and a 60 mm diameter. A
PM machine in the same shaft is used as a position sen-
sor. According to figure 11, 6 PZT actuators are stuck
on the external surface of the stator and controlled by a

Dspace platform (control voltage between + 10 V). The

Fig. 17. Experimental test bench for vibration damping

three magnetic phases are controlled by a sinusoidal cur-
rent for a rotational speed of 5,000 rpm. At this rota-
tional speed the main source of vibration is the magnetic
one. The comparison between open loop and closed loop
is presented on figure 18. 10 dB vibration damping are ob-
tained around mode 2 resonance frequencies (3 kHz and 5
kHz), as the simulation results reveal. However, the gain
induces by the controller increases from 5 dB the vibra-

tion around 10 kHz. On figure 19, the method is tested in

to \maketitle 11

prior

Open loop
—— Closed-loop

Vibratory acceleration (dB)

| | B

2000

I B

4000 6000
Frequency (Hz)

8000

10000

Fig. 18. Experimental results at 5,000 rpm for a magnetic

excitation

the worst case: the PM machine is used as a motor and no
current is applied on the SRM. Thus, the only SRM vi-
bration sources are the mechanical and aerodynamic ones.

On this figure, the vibratory acceleration around the mode

Open loop
—— Closed loop

Vibratory acceleration (dB)

-100

4000 6000 8000

Frequency (Hz)

2000 10000

Fig. 19. Experimental result at 10,000 rpm for an aerody-

namic and mechanical excitations

2 is totally reduced. However, an increase of 5 dB of the
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acceleration level is noticed for high frequencies. This prin-
ciple of reduction is totally operative in a large rotational
speed range, both low and high speeds, and allows an ef-
ficient reduction of vibration level around mechanical res-
onance frequencies. Moreover, the power consumption of

each piezoelectric actuator is lower than 1 mW.

4 Conclusion

This article has presented an original controller for PZT
actuators based on a vectorial representation of the gen-
erated vibratory acceleration. This method offers an at-
tractive alternative to other compensation damping tech-
niques which do not use travelling wave properties of the
vibratory acceleration. In particular, it provides the pos-
sibility to target the resonance to damp by considering an
awkward resonance mode and its corresponding strain. An
experimental comparison of two current shapes with two
different controllers highlights the benefits of a sinusoidal
current feeding for SRM. Moreover, experimental results
of active damping validate this principle with sinusoidal

current feeding of the SRM.

Ongoing works aim at enhancing the effectiveness of
active damping techniques, and at their implementation
on a three-phase SRM having several vibration modes in
the audible spectrum. Furthermore, this theory has to be

generalized for all kinds of current feedings.
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