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This paper presents a soft sensor (SS) used to localize mechanical faults in a Permanent Magnet
Synchronous Machine (PMSM) at variable speed. The speed contains crucial information about the fault
and the characteristic frequencies sought can be amplified by a proper observer design to improve the
detection procedure. On the other hand, all the measurements are expressed as a function of estimated
position in order to obtain a speed independent signature. An original experimental setup based on a
mechanical fault emulator is proposed to validate the simulation results. Simulations and experimental
results show that the proposed method is effective to amplify the single fault signatures and calculate
fault indicator at variable speed.
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1. Introduction

Detection of mechanical faults in electrical machines is a real
challenge for many years. Among the studied mechanical defects,
bearings [1-3] and gearboxes [4-6] provided numerous recent
contributions. Although vibration analysis is the most developed
method, the exploitation of electrical currents signatures is
increasingly studied [7-9]. It is well known that information about
the fault is very poor in currents amplitudes [10]. Then, the
research has been directed toward the use of the instantaneous fre-
quency [11-13]. In the case PMSM, electrical frequency is directly
linked to the rotational speed. As a consequence, the motor speed
appears today as an efficient analysis signal in order to perform
fault detection. In addition, the particular case of variable speed
operations is a real difficulty because characteristic frequencies
become speed dependent [14-17]. A powerful solution consists
in synchronizing measurements with the mechanical position
[18]. However, the availability of a shaft encoder is crucial to syn-
chronous sampling approaches. An alternative is to use a soft sen-
sor to estimate mechanical parameters as speed or mechanical
position [19,20]. In the case of AC motors (induction machines or
PMSM), this soft sensor may be designed using adaptive observers
[21-23].

In this paper, the design of a soft sensor for fault detection in
PMSM at variable speed is addressed. The practical case in which
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the speed and the motor position are not available is considered.
This is for example the case when the motor is controlled by an
industrial drive. The soft sensor, based on the motor model, pro-
vides in one hand the mechanical speed used as the analysis signal
containing fault signatures. It is not used for the motor control. On
the other hand, it generates a position estimation used for the syn-
chronization. As a consequence, characteristic frequencies become
independent from the motor speed and the analysis is simplified.
In Section 2, the fault type studied in this paper is defined. The syn-
chronization procedure is detailed in Section 3. In Section 4, the
design is described. Conditions for the observer convergence are
defined and an interesting resonance property is highlighted.
Experimental results validating the proposed procedure are shown
in Section 5.

2. Fault signatures on the rotation speed

Single or localized faults are generally referred to single bearing
faults or tooth fault in gearboxes. This kind of failure generates an
abnormal load affecting the machine torque. The global load tor-
que can be modeled as a constant component Iy and an fault com-
ponent varying at the characteristic frequency f,

Floud(t) = FO + 51"(0- (1)

In this paper, the additional torque 6, (t) is modeled as a peri-
odic impulse signal with a periodicity related to the mechanical
position (0,). The perturbance torque &r(t) is written using its
Fourier serial as
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or(t) =AxR o

1+ 2200: (M cos(n@d)ﬂ , 2)
n=1

where A is the amplitude of the fault-related torque, R is the duty
cycle defined by R = £ with € the pulse width and T, the related sig-
nal periodicity. The angle 6, is related to the mechanical position 0,
by

04 = NiOp,. (3)

The parameter N; represents the number of impacts for one rev-
olution. The following mechanical equation traduces the transfer of
torque variations to the rotation speed signal.

1
Jm
with ], the total inertia of the system.

Considering that the integration is a linear operation, then the
rotational speed contains harmonics components at the same fre-
quencies that (2). It can be used as an effective signal to perform
fault detection. On the other hand, at variable speed, the fault fre-
quencies are speed dependent. As a consequence, classical meth-
ods as Fourier analysis are difficult to applicate when signals are
expressed as a function of time. In the following, we propose to
express electrical and mechanical measurements (currents and
speed) as a function of the mechanical position. It leads to spectra
independent from speed variations.

wait) =1 | (Pt (7) — Tia(1))d. 4

3. Position synchronization for variable speed operations

At variable speed, the frequency analysis is complicated. To
avoid this problem, electrical currents and mechanical speed are
expressed as a function of the mechanical position. The position
synchronization is presented in simulation on a PMSM controlled
with a Field Oriented Control (Fig. 1). The PMSM model provides
the mechanical speed (w,) which follows the reference wj,.
Mechanical position and speed are linked according to
W (t) = - Om(t) (5)

The electrical position 6, = p6, (with p the number of pole
pairs) is used to express currents and voltages in the park reference
frame. The load torque I',uq(t) is considered as an input and
defined by Eq. (1).

The synchronization signal 6,,(t) is provided by Eq. (5) knowing
W (t). From temporal signals i(t), wn(t) and 0,(t), synchronized
signals i(0p), ®Wm(0m) are performed using an off-line interpolating
procedure. In the following, a spectral analysis of signals
i(0m), m(0m) will be used to detect faults signatures, then a con-
stant position sampling A, period is sought. From the vector con-

taining the mechanical position samples
Om = [0n(0)  0n(1) 0m(N)]" with N the number of samples,
a new interpolated position vector is chosen as

0, =100 6,1 0 (N)]". The constant sampling period

Lioad

Ls Currents Udq | dq

w, Speed » PMSM

controller abc model

——|  controller |
u'r*n ‘ O
ldg dq

abc

Fig. 1. PMSM Field Oriented Control.

is A0' = WMt \ith ¢ (0) = 0,,(0) and 6, (N) = 0(N). Consider-
ing this new vector, a linear 1-D data interpolation is performed on
the current, the mechanical speed and the time samples:

ti(0f,) = interp1(Op, t, 0%)
i'(01 ) = interp1 (O, i, 0} (6)
Wk (0},) = interp1 (O, @, 0;,)

After interpolation, a Fast Fourier Transform is applied on inter-
poled signals i'(6',), wi (6} ):

: N =2mj(k—1)(n-1)
I(k) = Mt A LPA AP
(k) ;l (n) exp( N )
i S —2mj(k — 1)(n—1) (7)
Q (k)= i el AT A2
m (k) ;:1 W (N) exp( N )
1<=k<=N

Conventionally when the Fourier transform is applied to time
dependent signals, the spectrum is expressed as a function of the
frequency f in Hertz. To avoid any confusion, the spectrum
obtained on signals varying as a function of the position is

expressed in terms of a new variable g whose unit is the rad .
In Fig. 2, simulation results are shown for two speeds
wm = 78.5rad/s and wm; = 39.3 rad/s (Fig. 2a). The sampling per-
jod is settled to T, = 107*s with a simulation duration T = 10s.
The PMSM nominal torque I'o =7 N m is applied at t =0.1 s and
added to the perturbance torque §,(t). The simulated fault is set
at six impacts per turn (Fig. 2b).

Fig. 2c and d shows that the spectrum of the synchronized cur-
rent and speed is independent of the motor operating point and is
only linked to the number of impacts per revolution. Therefore,
expressing the measurements according to the position, the spec-
tral analysis is simplified. This analysis can be done on electric cur-
rents or speed. It is well known that information about the
mechanical faults is very poor in the current amplitude. Many
researches concern the use of currents instantaneous electrical fre-
quency to perform mechanical diagnosis. For a PMSM, methods
that use the instantaneous frequency to perform fault detection
are equivalent to a mechanical speed analysis. Indeed, electrical
frequency (f,) is proportional to the mechanical speed according to

on =2, ®)

As a consequence, the mechanical speed is a very good candi-
date for fault detection. In the following, a soft sensor is designed
to provide, in one hand the mechanical speed wy(t) containing
fault signatures and on the other hand the angle 0,(t) allowing
the synchronization of motor measurements.

4. Soft sensor design for speed measurement

In Section 2, it has been shown that the rotational speed is an
effective signal to perform fault detection. Furthermore, we have
shown that synchronizing the measurements with the shaft posi-
tion, the spectral representation became independent of the rota-
tional speed. In practical applications, speed and position
measurements can be expensive and difficult to implement. Then,
a soft sensor providing both these two signals is an interesting
alternative. However, harmonic amplitudes can be small and diffi-
cult to detect. Results depend on mechanical characteristics, in
particular the total inertia J,,. Then, it is interesting to use a speed
signal where fault frequencies could be amplified. Here, this goal
was achieved by the use of an appropriate design of the soft sensor.
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Fig. 2. Synchronization.

4.1. Soft sensor model

The soft sensor proposed in this section is based on an adaptive
observer [20]. Rotor speed and position estimations use informa-
tion contained in the error between the measured stator currents
and the estimated ones. An adaptation mechanism is built using
the stator currents error estimation in order to estimate the rotor
speed. The adjustable model is fed back by the output of the adap-
tation mechanism, i.e. the rotor speed in the present case. The
adaptive observer scheme is represented in Fig. 3, where stator
currents are chosen as state variables in the adjustable model.

The adaptive observer model can be written as (superscript =
denotes the estimated quantities)

Ws =Us — Rsis - Pa)mllﬂs + /Atisv (9)
~ ~ ~ 77 .

where us = [ug  uq ]T is the stator voltage vector, is = [id iq} is
-~ -~ -~ T . .

the estimated stator current vector, ¥, = [t//d lpq} is the esti-

mated stator flux linkage, R is the stator resistance, @, = O is
the estimated angular speed of the rotor. J is a square matrix repre-
sented as

is

System

Adjustable
model

g)

PI

Fig. 3. Block diagram of the system and the adaptive observer.

0 -1
J=
1 0
The stator currents estimation and its error are respectively
defined as

is:is_is~ (10)
The flux equation id defined by

=L (05— Ym ) (1)

where ,, is the permanent magnet flux expressed as
Yom = [Vom O}T and L is the inductance matrix which depends

respectively on the direct and quadrature axis inductances L; and
Lg:

(s 2

/ is the feedback gain matrix. In order to place two poles of the
observer in the complex plane at a specific location, 4 should
include a symmetric part and skew symmetric part as it is
expressed in (13), where I represents the two by two identity
matrix and Z;, A, are scalar gain parameters.

A=al+ 2] (13)

There are several alternative ways to calculate the currents
error. In the following, the error is calculated as

€=1[0 Ly (14)

To estimate the electrical angular speed of the rotor, an adapta-
tion mechanism based on Proportional-Integral (PI) regulator is
used.

&):p&)m:—kpf—ki/edt (15)

where k, and k; are coefficients of the PI regulator. The estimated
rotor position 6, (t) is obtained by integrating the estimated rotor
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angular speed @, (t). In the following, estimations are used to pro-
vide both the speed @, (t) containing fault information and the
mechanical position 0,,(t) allowing the synchronization procedure.

4.2. Soft sensor design

The soft sensor is designed using the four parameters 4, 4, k
and k;. Feedback gains 1; and /, affect the currents observation
dynamics, while k, and k; affect the dynamic of the estimated
speed. In order to simplify the design, a linearization at an operat-
ing point of the observer model (9) is performed using the adapta-
tion law (15) as an additional state. According to the system
linearization method mentioned in [19], the state vector x can be
written as

X = Xg + 0X (16)

where xo = [idy iq, Wo] and ox = [did diq Sw]. Expressing the
resulting system in a component form, the linearized model is
defined as

ovd
sid sid svq
i | oia | = Al| siq | +[B] | id (17)
ow oW oiq
ow
sid
y=1[Cl|siq (18)
oW
where
_LI:S — M %Wo + %iQO
A= %’;dW()fj.z 1?5711 lzt;qu%zido
L —a —dy —das
(20 4 O
_ 1 1
B= 0 E /12 M 0
_0 0 aq a; as
[1 0 O
C=]01 0
0 0 1

The subscript 0 stands for the operating point quantities.
Parameters by, by, b, and b; are given in the appendix at the
end of this paper. The stator currents and the angular speed
become new inputs of the linearized system. Estimated current
and speed are the outputs.

4.2.1. Design of matrix /.

A judicious choice of 1; gives to the soft sensor fast dynamics
compared to the FOC current loop one. The state matrix A is
defined as

—Rs Ly Lq;
L—ds_Al EWO Jr;vz Elqo
= | -L —-R 1 Ly
A=lBwo—h F—i e -Rid
—a, —ay —das

Eigen values of the model (17) and (18) can be calculated solv-
ing: det[s] — (A — 2C)] = 0. Fig. 4 shows in the R/Im plane the obser-
ver and the FOC eigen values respectively for /; =5 and 1, = 0. It
can be noticed that for this value of 1;, the observer dynamics is
faster than the FOC currents dynamics.

80

60 | g
Current open-loop pole
40 - 4

Observer
poles

Im{s}(p.u.)

Current closed-loop pole

_80 L L L
-250 -200 -150 -100 -50 0

Re{s}(p.u.)

Fig. 4. Current open-loop, current closed-loop and observer poles for 4; = 5.

4.2.2. Design of PI parameters k, and k;

PI parameters k, and k; allow to adjust the dynamic of the esti-
mated speed. The transfer function between the measured and
estimated variables is given by

FH FlZ FIS
F=C(sI-A)'B= |Fy Fy --- Fgs (19)
F31 F32 F35

The transfer function Fs4(s) = “l’q”(‘g) is particularly interesting.
Indeed, its input is the current i; which is proportional to the motor
torque when it is driven with a FOC. In steady state i; is directly
linked to the load torque containing all the information about
the fault. The transfer function between the stator current iq and

the estimated speed w is written as

_ w(s) o 34252 + 03415 + G340
F34(s) = ig(s) ~ b3S3 + bys2 + bys + by (20)

The denominator parameters by, by, b, and bs are given in
Appendix A. It depend on the operating point wy, iq,, idy and of
the three parameters k;, k,, 4y and /. In order to simplify this
transfer function, 4, and id, are fixed to 0. Thus, for a specified
operating point, the resulting transfer function can be written as

Bode Diagram

Magnitude (dB)

-90

Phase (deg)

-180

-270 H i i
107" 100 10’ 102 108
Frequency (Hz)

Fig. 5. Bode diagram of the function Fs4(s) for 4 =15, /; =0, ki =100 and
k, = 0.05.
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a filter where k;, k, and 4, are setting parameters. The Bode dia-
gram of the function Fs4(s) is given in Fig. 5 for
J1=15, ], =0, k;=100 and k,=0.05, wp =62.83rad/s and
iqy, = 1.78 A. According to this figure, we can see that the frequency
response of the function F34(s) corresponds to a low-pass filter with
a resonance frequency. This resonance frequency can be used for
fault detection to amplify the fault signatures in frequency domain
by adjusting the three parameters k;, k, and 2, to make coincide the
fault frequency with the resonance frequency. The complete study
of parameters influence on frequency response is not presented in
this paper but will be discussed in the conclusion.

5. Experimental results

Figs. 6 and 7 illustrate the complete experimental setup which
includes two Permanent Magnet Synchronous Machines. The syn-
chronous motor (PMSM) is driven by a variable-speed drive (VSD).
The rotor position (measured by an incremental encoder) is
returned directly to the VSD. The Permanent Magnet Synchronous
Generator (PMSG) is connected to a passive load. The signals
recording is performed by a dSPACE-DS1104 card and the acquisi-
tion is made in MATLAB environment. The localized fault is emu-
lated using an original mechanical system designed in our
laboratory. The emulator is mounted on the coupling motor/gener-
ator. It consists of a roller mounted vertically over a 9 teeth
sprocket. This system emulates a fault occurring 9 times per turn.
A spring is mounted above the roller to adjust the force in order to
get different fault severities.

According to (6), the data interpolation is now performed with

the estimated signals @ (t) and By (t).
@', (0!) = interp1 (B, O, 01,) (21)

The estimated position 0,,(t) is also used to calculate the obser-

ver currents (iAd, E,) in the park reference frame.

The PMSM is driven around the mean speed ., = 16 rad/s
with a constant load torque Tj,. The spectrum of the synchronized
estimated speed is shown in Fig. 8b. A component at g; =~ is
highlighted (with p the PMSM number of poles pairs). In the soft
sensor, the estimated speed is simulated using currents and volt-
ages, then components linked to electrical frequency subsist. In
Fig. 9, amplitude components are zoomed around characteristic
components. Let us define g; =-2, the fundamental component
corresponding to the emulated fault (nine impacts per revolution).
We can see that g, and its harmonics are present in the spectrum of

Fig. 6. Experimental setup.

Fig. 7. Localized fault emulator.
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Fig. 8. Spectrum of synchronized estimated speed.

the synchronized estimated speed. The synchronization with the
estimated position leads to an equivalent spectrum independent
from speed variations.

In order to detect the emulated fault, an energy indicator is
used. First, the components related to impacts are isolated using
a Time Synchronous Averaging (TSA) method [24]. The following
filter is defined:

sin(wNT4f) ‘

TSAE) = [N sin(aNT )

(22)

with Ty = gld = 2% and N = 50. Samples calculated with the Fourier

transform are simply multiplied term by term with those calculated
by (22). The resulting spectrum is shown in Fig. 10a. In a second
step, a band pass filter (BPF) is applied to select a band in which
the energy criterion will be calculated. We choose to only consider
the four first components from g, to 4g, (Fig. 10b).
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Fig. 10. Spectrum of synchronized estimated speed. (a) TSA filtering, (b) BP
filtering.

Table 1

Spectral energy indicator.
Test conditions IND
Healthy 6,2-10°°
Fault 2,15-107°

The following indicator is calculated from the filtered signal:

1=X"-X

XX (23)
with X the vector containing samples of the filtered signal. The indi-
cator [ is homogeneous to the energy spectrum of the filtered signal.
Finally, the proposed method is applied to two tests without and
with fault, and results are shown in Table 1.

The variation of the indicator based on spectral energy is, in this
case, sufficient to detect the fault. The complete procedure is
experimentally validated on this example.

6. Conclusion

This paper presents a procedure using a speed soft sensor for
the detection of mechanical faults in electrical drives. The soft sen-
sor provides both the speed which contains fault information and
the position which allows to synchronize measurements in order
to become speed independent. This solution is very interesting
for applications where no mechanical sensor is available. In future
works, the soft sensor design will be developed. It has been shown
that a resonance can be obtained with an appropriate choice of PI
parameters. In fact, it can be demonstrated that only k; influences
the resonance frequency. However, at variable speed this parame-
ter might be adapted as a function of the actual speed leading to a
Linear Parameter-varying controller. Amplification using the soft
sensor model is crucial to ensure that the fault can be detected spe-
cially when its amplitude is small compared to the motor load tor-
que or if measurements are very noisy.



332 E. Etien et al./ Measurement 94 (2016) 326-332

Appendix A

by = L3L}

by = LaLq(kpL3Lyidy + kyL3idodps + 221 LaL?
+kpLaLqgidods + RiLaLq + kpLag? + kpL2igy
+RsL?)

by = Lalq(kyL2Lyid0% /sy + KiL3Lgid5 — kyL2Lgidoiqo/a
+L3Lgawo + kyLiidosa ¢y + kilgidody + LaLi 3
+LALG? 73 + Lalzw? + kpLaLoRsid} + LaLqRsy
kyLaLgidos ¢y + kiLaLgidod; — kpLaLqido/a
+koLaLqiqodywo + kpLaRsidodby + kpLaln 7
+kiLad} + koL idoiqosa + koL igo 2 + kiL}iqg
+L3 JaWo + kpLaRsiqy + LaRsJx + kpL2iqo/ 24y
—kyL2iqopsWo + LyR? + kpL,Rido gy + kypRs})

bo = LaLq(Rekip} + Lakiza ¢F + LiRsiqoki + L2 iqakiis
+LgRsidokicpy + LoRsidokidpy + LaLgRsidgk:
+L3idoiqokisz + Liidokisa by + L2iqokiza by
~LZiqokidywo + LiLgidkiss — LiLgidoiqokisz
+LaLqidokidi ¢y — LaLqiqokiia s 4 LaLgiqokidswo)
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