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Model-Based Detection and Estimation of DC
Offset of Phase Current Sensors for Field
Oriented PMSM Drives

Ciro Attaianese
Mauro Di Monaco

Abstraci—Failure of a phase current sensor in per-
manent magnet synchronous machine (PMSM) drive can
highly impact the performance of the drive. Especially, off-
set faults can cause torque oscillations, which can lead to
an unacceptable deterioration of the drive’s performance
and mechanical damages. The diagnosis of this fault con-
dition is of fundamental importance in many applications
and it is often solved by means of highly computational
state estimation techniques. This article presents a new
model-based approach to systematically and accurately de-
tect and estimate phase current sensor offsets in PMSM
drives. The steady-state analytical solution of the PMSM
drive model, including the control loop of the field oriented
control and the sensor offset disturbance, has been found,
allowing for estimating the effect of the fault on the electric
drive performance. Then, a simple and effective diagnos-
tic algorithm has been developed to detect, isolate, and
accurately estimate the location and the magnitude of the
fault eliminating any need for state estimation or observers.
Numerical and experimental results have been reported to
validate the proposed model and diagnostic algorithm even
in case of motor parameters variation.

Index Terms—Fault diagnosis, field oriented con-
trol (FOC), model-based estimation, permanent magnet
synchronous machine (PMSM) drive, sensor fault.

[. INTRODUCTION

LECTRIC drives based on ac permanent magnet syn-
E chronous machine (PMSM) are largely used in traction,
propulsion, and industrial applications due to the high efficiency,
high torque density, low inertia and fast dynamic response, no
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rotor cooling requirements, and wide field-weakening capabil-
ity [1]-[4]. As every electric drive system, PMSM drives are
prone to faults due to manufacturing defects, environmental
conditions, poor thermal management, electromagnetic interfer-
ence (EMI), and control issues. Many faults have been studied
and analyzed for PMSM drives including electrical (winding
or switch short- and open-circuit), mechanical (eccentricity,
bearing fault), magnetic (demagnetization of the permanent
magnets), and sensing (current, voltage, position) faults [1],
[S1-[71.

The detection, isolation, and estimation of phase current sen-
sor faults in PMSM drives is of great importance since a faulty
sensor can usually cause an unacceptable deterioration of the
drive performance. The failure of a phase current sensor can be
caused by aging, overload, EMI, vibrations, shock, temperature,
and humidity [8], [9]. A faulty current sensor will deviate from
the true value by an offset and/or a gain, as well as complete
loss of the signal is possible. A PMSM rotating at a speed
w, will be affected by torque oscillations at the pw, or 2pw,.,
with p pole pairs number, in case of dc offset or gain fault of
the phase-current sensor, respectively [6], [10]. This can cause
failures or degradation of the mechanical components, such as
bearings, shafts, and transmissions, and reduction of the motor
efficiency. Due to the lack of redundancy in current measure-
ment, it is usually difficult to detect and isolate the faulty sensor.
Academia and industry have been developing fault detection
and isolation (FDI) methodologies for the online detection of
the current sensor faults of PMSM drives using model-based,
signal-based, and data-driven approaches [10]-[19].

Model-based methodologies for sensor FDI are widely used in
industrial applications and have shown effectiveness and great
applicability. Residuals are generated by the error calculation
between the measured and the estimated signal and are then
fed into a decision-making algorithm for the assessment of the
fault condition. However, many of the model-based techniques
available in the literature rely on observers and/or observation
of the fault signature without attempting to mathematically
model the fault itself. While observers represent a very robust
methodology for fault diagnosis, they are often limited in the
capability of isolating the specific fault (e.g., the phase affected
by sensor fault) since the mathematical model of the faults
is missing. A higher order sliding-mode control based on the
Luenberger observers is implemented in [13], to generate several
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residuals and provide the detection of all sensor faults (voltages,
speed, and currents). In [17], a robust sliding-mode observer is
developed to detect permanent and intermittent current faults
including system disturbances. In [16], the method of structural
analysis is used to systematically generate the residuals for
different faults of an electric drive, and then used for electric
vehicle onboard diagnostic.

In a similar manner, signal-based or data-driven method-
ologies are phenomenological methodologies, which develop
FDI strategies from some knowledge of the fault outcome, and
are limited by the capability of distinguishing a specific fault
signature from other faults and degradation mechanisms. In [15],
the normalized average of the measured currents is used as fault
indicator for the detection of the current sensor fault in PMSM
drive. However, this method is unable to isolate the faulty phase
or estimate the amplitude of the fault. In [12], a diagnostic
algorithm is developed for current sensor fault and switches’
open-circuit fault using two empirical fault indicators: the aver-
age normalized value of the product of two phase currents and
the polarity of the normalized average current. A Bayesian net-
work data-driven fault diagnostic method for FDI of three-phase
inverters, including sensor faults, has been proposed in [18],
with the aim of decoupling noise and uncertainty from the fault
signature in the collected data by using the FFT of line-to-line
voltage output of the inverter. An online method is proposed
in [19] based on the FFT analysis of the phase current of a
pulsewidth modulation inverter. The frequency-domain analysis
is able to correlate signal features with the fault condition.

The control loop response to the fault disturbance will im-
pact the capability of observers and signal-based methods in
detecting and isolating the fault, since the impact of the fault
on the measured size is mitigated by the control loop itself.
Of course, faults like current sensor offsets can be detected
and compensated by reading the A/D converter output when
no current is flowing in the stator terminals and the motor is at
rest. However, when the motor is running the dc offset of the
measured phase currents is not directly correlated to the actual
fault condition, due to the response of the control loop. Isolation
and estimation algorithms are required to properly define the
faulty phase current sensor/s and the related fault amplitude.
In [20], the integrator output signal of the d-axis PI current
controller is used to estimate the phase current offset fault.
After some initial signal manipulation, empirical correlations are
found between the integrator output and the offset of two phases.
The solution proposed in [21] is designed for current-controlled
PMSM drives, which use two current sensors, and estimates
the offset and gain error of the phase current measurement by
observing the voltage error output of the PI current controllers.
Thus, the effect of the control loop gains is ignored. In [22], a
new signal-based method is proposed using only the information
of three-phase currents and the rotor position. The algorithm
calculates several metrics and is capable of detecting a complete
loss of signal from the phase current sensor. However, an iterative
approach is proposed to estimate the offset of the phase currents.

In this article, the authors effort is in defining a model-based
diagnostic algorithm for dc offset fault of the phase current
sensors in surface-mounted PMSM (SPMSM) electric drive
with FOC. The proposed method is based on the steady-state
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Fig. 1. SPMSM drive with field oriented control and injection of the
current sensor offset fault.

analytical solution of the SPMSM dg model, including the effect
of the control loop. This allows not only to detect and isolate the
dc offset fault of the phase currents, but also to estimate the
fault magnitude starting from the measured phase currents and
motor mechanical speed. More properly, the proposed algorithm
can be defined as an algorithm for fault detection, isolation
and estimation (FDIE) of the offset current sensors in SPMSM
drive with FOC. The proposed methodology does not include
any complex observer algorithm and can be implemented in
state of the art DSP. This algorithm has shown low error in
estimating the faulty condition and low impact of the model
parameters’ variation thanks to the inclusion of the control loop
in the modeling approach. The proposed diagnostic algorithm
can be applied to the case of two or three current sensors. To the
best knowledge of the authors, there are no comprehensive and
systematic modeling approaches for SPMSM investigating the
detection, isolation, and estimation of the phase current sensor
offset fault taking into account the effect of the control loops.
The rest of this article is organized as follows. Section II
describes the proposed modeling approach of the SPMSM drive
when current offset faults occur; Section III reports the FDIE
algorithm proposed in this work; Section IV includes the nu-
merical validation of the proposed model, sensitivity analysis to
the model parameters’ variation, and shows experimental results
of diagnostic algorithm. Finally, Section V concludes this article.

Il. MODEL OF CURRENT SENSOR OFFSET FOR
SPMSM DRIVE

The considered drive is composed by an ac SPMSM, fed by
a three-phase two-level voltage source inverter (VSI). A FOC
and space vector modulation (SVM) are used to implement the
control algorithm (see Fig. 1), including three phase current
sensors and a rotor position sensor. The mathematical model of
the PMSM can be expressed by the following set of equations
using the dq axes reference frame [23], [24]
dig
dt

, di ,
vg = Rig + L(Tf + pwy Lig + pwr

vg = Rig+ L — pwyLig

ey
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where v and ¢ are the motor voltage and current, R and L are
the motor resistance and inductance, p is the pole pair number,
w, is the motor speed, and ¢ denotes the magnet flux. The
electromagnetic torque 7" is

3 .
T = pdiy. 2)

The FOC is composed of two PI controllers which generate
the dq axes voltage references, v}; and v;, starting from the errors
between the reference currents 77, i;, and the measured currents
tmd» tmq- A decoupling module is required to take into account
of the cross-coupling terms in (1), defined as

vy =0 — pwrLimg 3)
’U;* = U; + perimd + prqs .

Thus, the reference space vector of the supply voltage in the
stator reference frame v** is given by

v = (v vy e @)

where 6 is the rotor mechanical angle, and j is the unit imaginary
number. Then, v** is provided as input to the SVM algorithm
for the definition of the inverter switching pattern.

When a fault of the phase current sensors occurs, one or more
of the measured currents %,,1, %mn2, 43 are different from the
actual ones 71, 72, i3. In case of offset fault, the space vector of
the measured stator current ¢,, can be expressed as

im=1+e€ &)

where ¢ is the space vector of the actual stator current and &
represents the space vector of the current offsets, with

2 on o
(-::§ Ai1—|—Ai26J%+Ai3€]%
=¢o +jeg = Ae’¥ (6)

where Aiq, Aiy, and Aig are the offset errors on the stator phase
currents i1, 75 and i3, respectively, as shown in Fig. |, and where:

A= /el +¢} apzarctani—ﬁ. 7
(03

Therefore, it is possible to write the following equations:

iq = imd — €a cos(ph) — £ sin(ph) @)
iq = imq + Ea sin(pd) — ez cos(pd)

Equation (8) shows that the offsets of the phase current sensors
give rise to oscillations on the dg axes current components,
corresponding to torque oscillations as well, according to (2).
The oscillations have an instantaneous angular frequency given
by the temporal derivative of pf(t), that is pw,(t), where w, is
the rotor speed. Combining (6) and (8) yields

g = tma — Acos(pd — @); g = imq + Asin(pd — ¢). (9)

From the control scheme of Fig. 1 and (3), it is possible to
determine the dq components of the motor supply voltage by

means of the following set of equations:
Vi = kpaih = ima) + kra Jo (i3 — ima) dt
—pwyLimg
*k 0 - Tk .
qg — kPq(Zq — img) + kIq fo (Zq —img) dt

+prLimd + pr¢

(10)

(%

where kpg, kra, kpq, and kr, represent the proportional and
integral gains of the dg axes PI controllers, respectively. If
constant speed is assumed, that is

O(t) = wyt (11)

taking into account that v}* and v, must also satisfy (1), sub-
stituting (9) into (10), and making the derivative, the following
equations can be achieved:
di? dig
L—% + (R + kpg)—— + ki
a2 + (R + kpa) a + Fiatd

= Akpgpw, sin(pw,t — @)

+A (pQUJ?Q.L — k‘[d) cos(pwrt — (,0) + kldiz (12)

di2 di )

q q .
Lﬁ + (R+ kPq)E + kiqiq
= Akpgpw, cos(pw,t — @)

—A (pP*w?L — kyq) sin(pw,t — @) + kgt

Assuming that the inverter modulation is ideal, the solution of
(12) allows for analytically determining the current ¢4 and 7, for
any offset present in the measurement of the stator currents, %1,
12, and 13, taking into account all the parameters of the control
loop. Note that even if the decoupling block has been applied to
the reference voltages according to (3), the two equations (12)
representing the dynamic of i4 and 7, are still decoupled. The
method of undetermined coefficients, [25], [26], can be used
to find the analytical solution of the differential equations (12).
Since in (12), the forcing functions are equal to a linear combina-

tion of terms proportional to sin(pw,t — ¢) and cos(pw,t — ),
then the steady-state solution will be
ig = —Cqcos(pwyt — @ — 0q) + 1} (13)
iq = Cyqcos(pw,t — @ — 0g) + i
with
C’d:A\/aZerﬁ 5d:arctan(%)
d (14)
Cq=Ay/a2 + b2 dq :arctan(%;])
and where
pwr R (pwaL — ki[d)
ajg =
" (bta — pPwRLY £ PR (R + kpa)?
by — (PPwiL — k1a)” — kpap®w?(R + kpq)
g =
(kra — p*w2L)? + p?w2(R + kpq)? (15)
2 27 2 2 2
. — (P*wiL — kig)” + kpgp?w] (R + kpq)
T (kig — PPwIL)? + P22 (R + kpg)?
- pw, R (p*wiL — kig)
"ty — PRL) + PR (R A b, )?

The proposed modeling approach demonstrates that at steady-
state 74 and %, are equal to the corresponding reference values
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iy and iy plus a sine-wave term having amplitude Cy and C,
respectively, and angular frequency pw,., due to the offset fault
of the current sensor. Combining (14) and (15), it is immediate
to obtain that the amplitudes Cy and C, of the sine-wave terms
are as follows:
1) directly proportional to the amplitude A of the offset space
vector €;
2) depending on the motor parameters, the controller gains,
and the rotor speed;
3) not depending on the current references i;; and 7.
The space vector of the actual stator currents can be obtained
as following:

i = + jig = (ia + jig) ’P"* (16)
which gives
o = iq cos(pw,t) — iqsin(pw,t) (7
ig = igsin(pw,t) + i, cos(pw,t)
Combining (13), (14), and (17) yields
io = iy cos(pw,t) — iy sin(pw,t)
+W cos(2pw,t — ) + Qq (18)
ig = iy sin(pwrt) + 4; cos(pwyt)
+W sin(2pw,t —¥) + Qg
with
l o % ,
W= 5\/cd + C2 + 2C4C, sin(84 — 6,)
4 = arctan -Cy 'cos(cp +64) — Casin(e + 64)
Cysin(¢ + d4) — Cycos(p + dq) (19)
Qo = —% [C’d cos(¢ + 04) + Cysin(p + 6q)]
Qp = —% [Cd sin(e + 04) — Cy cos(p + 6q)}
Therefore, the actual stator currents are given by
i =1 cos(pwrt) + 45 cos (pwrt + g)
+W cos(2pw,t — ¥) + Hy
s % 27 - s
1o =1y cos(pwrt — ?) +1 cos(pwrt — g) (20)

+W cos(2pw,t — ¢ — 25) + Hy
iz =i cos(pwrt — %’r) + i cos(pwr — %’“)
+W cos(2pwrt - — %’T) + Hj

Hy = Qoz

Hy = —1[Cqcos(p+0a — &) — Cqcos(p + 6y — Z)]

H3 = —3[Cycos(p + 64 — 2T) — Cycos(p + 6 — 7))

2D

Ultimately, at steady state, due to the offsets of the current
sensors, the actual stator currents, in addition to the traditional
term having angular frequency pw,., have a component having
angular frequency 2pw, and amplitude W, and dc components
H,, Hs, Hs, whose amplitudes obviously depend on the ampli-
tudes of the offsets, which affect the current sensors. However,
as matter of fact these dc components are not equal to the sensor
offset values due to the response of the FOC loop. The detection

i Ly pow, No phase
> FFT frequency —| current
detected? offset fault
Twr yes detection
i i Ai jmean
im1 dqo imd o 5 4 1 Aif
‘mZ > .mq Eq. Aiz 5 Ai?‘ean
i i >
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. .. | Ea. | =5 (IS
[P M e
“r_y Timo
LRp,
kpa, kia > kpq, kiq
isolation and estimation

Fig. 2.
SEensors.

Proposed FDIE algorithm for dc offset fault of the phase current

of these additional components of the stator currents can be used
for the estimation of the current sensor offsets, as shown in the
following section.

[Il. DIAGNOSTIC ALGORITHM

The model proposed in Section II is utilized to develop a
diagnostic algorithm with the aim of detecting, isolating and
estimating the dc offset fault of phase current sensors in an
SPMSM. The goal is to find which motor phase sensors are af-
fected by offset fault and accurately and systematically estimate
the magnitude of each offset fault. The block diagram in Fig. 2
shows the proposed FDIE algorithm. It detects the presence of a
dc offset fault by performing an FFT analysis on the measured
g-axis current (i,,4). If the harmonic at pw, is present, a dc
offset fault is detected, as described in Section II. Then, two
faults indicators are defined as follows:

1) A, which represents the amplitude of the current offset
space vector €;

2) ¢, which represents the argument of the current offset
Space vector g.

When no fault is present, these two indicators are null. In case
of offset fault they can be calculated by combining (9) and (13)
as following:

(ZZ - Z"md)
cos(pw,t — @) — Fycos(pw,t — ¢ — 6q)

(p B pa | ) . .
— arctan (1 = imq) (1 — Fycos ba) — (ig — ima) Fy cos &
(i7, — imq) Fasindg — (if — ima)(1 — F,sind,)
(22)
where
PN o A e

The faults indicators A and ¢ are calculated starting from the
reference currents i, i;, the measured currents #,,1, 4,2, m3,
the motor speed w,, the electric drive parameters, and the
FOC controller parameters. Then, the phase current offsets
Aiq, Aig, Aig can be estimated taking into account (6) and the
homopolar component %,

Im0 = bmi + tm2 + tmz = A1 + Aig + Ais. (24)
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It yields
Aip = Acosp + %imo

Ay = —%A cos p + @Asincp + %imo. (25)

Aig = —%Acosgo — §A51n<p + %imo

Eventually, in order to filter the current ripples due
to the modulation of the inverter, the average values
AP AT AT over the oscillation period of 27/ (pw.)
are evaluated to determine the dc components of Aiy, Aig, Aig,
which represent the real offset of the phase current sensors. The
proposed algorithm is able to isolate the fault by providing infor-
mation of the specific sensor/s affected by dc offset. This func-
tionis achieved by verifying which of the A¢**", Ag5e” Aggen
is not zero. Then, the estimation action is achieved as well and
can be used to estimate the torque ripple by means of (2). The
electric drive control will consider to compensate the fault or
turn OFF the electric drive in case of hazard condition. Note that
the proposed methodology is designed to work with nonzero
rotor speed.

The proposed algorithm works even if the drive is equipped
with two phase current sensors. In this case, since the third
current is calculated as the opposite of the sum of the two
measured currents (%,,3 = —im1 — im2), it is sufficient to set
tmo = 01n (25) to estimate the phase current offsets. In this way,
itis Aig = —Ai; — Aig, thatis 4,,3 can be regarded as affected
by opposite of the sum of the errors of the other two phases,
even if there is no current sensor on phase 3.

The proposed FDIE algorithm is able to detect, isolate and
estimate the phase current offset faults by solving simple and
effective algebraic equations. However, it is important to point
out that the proposed algorithm is meant to be used when the
speed and torque are nonzero. As matter of fact, when no load
is present and the electric machine is not spinning, the phase
current offset can be detected by measuring the actual output
of the sensors. In this case Aiq, Aio, Aig can be directly deter-
mined. This algorithm has been developed for FDIE functions,
but it can be utilized for compensating the effects due to the
fault conditions or for self-commissioning algorithms. It can
be online implemented, but it can be used offline as well. In
general, the required computing power is minimal. However, if
computation time needs to be further minimized, the proposed
algorithm can be converted in a look-up-table format as well,
which tabulates A and ¢ values as function of iy, iy, w;, and of
the motor parameters.

V. PERFORMANCE EVALUATION AND DISCUSSION

This section reports the numerical validation of the proposed
model and the experimental results demonstrating the effective-
ness of the proposed FDIE algorithm. The same SPMSM drive
parameters have been used both for the numerical and for the
experimental analyzes.

A. Set-Up Description

The analyzes reported in this section is based on
a 1.23 kW three-phase SPMSM by Control Techniques
UNIMOTOR (Model: 95UMB300CACAA). The motor is

Magtrol |
= brake and
flywheel

PMSM

Fig. 3. Experimental set-up.
5 —
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Fig. 4. Experimental set-up including the proposed FDIE algorithm
implementation for the detection of the phase current offset fault.

driven by a two-level three-phase VSI converter based on
Mitsubishi PM100DSA120 IPMs. The load is composed of a
MAGTROL Hysteresis Dynamometer (Model: HD-715-8NA)
and a flywheel to emulate the load inertia of the electric drive
load. The SPMSM closed-loop torque control is based on an
FOC implemented by means of DS1006 processor board of a
dSPACE modular system. Altera CPLD EPM7160SLC8410 is
used to implement a symmetrical SVM. The modulation unit
generates the synchronization signal, with a period of 100 ps,
which is used to run the dSPACE processor interrupt control task.
Within each modulation period, 7', the control unit works out the
inverter modulation pattern (S; with j=1,...,6) to be imposed
in the next T by the DS4003 digital I/O board, with 4 us of dead
time. The motor speed is acquired using an incremental encoder
(4096 ppr, corresponding to a 1.92 rad/s speed measurement
quantization error) and DS3002 encoder board of dSPACE.
The three-phase currents are acquired using the LEM Current
Transducer LA 25-NP with a measurement resistor equal to 301
Q and a DS2004 A/D Board. DC-link voltage is also acquired by
LEM Voltage Transducer CV3-1500 and DS2004 A/D Board. A
picture of the experimental set-up is shown in Fig. 3, while the
structure of the control set-up is reported in Fig. 4, including the
proposed diagnostic strategy. For the purposes of the following
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TABLE |
PARAMETERS OF THE SPMSM DRIVE AND OF THE CONTROL SYSTEM

SPMSM
Rated power 1.23 kW
Rated torque Ty, 3.9 N.m
Rated speed wrn 314 rad/s
Rated current (rms) 2.7 A
Pole pairs 3
Stator resistance R 3.7 Q
Stator inductance L 0.012 H
Motor inertia J 25e-4  kg-m?
DC-link voltage Vg. 600 A%
Load
Rated torque 6.5 N.m
Maximum speed 2500 r/min
Maximum power 3.35 kW
Flywheel inertia () 0.06 kg-m?
Control System
kpa, k1d, kpq, k1q 15, 9, 20, 10
Processor frequency of DS1006 board 2.8 GHz
Max. frequency of DS3002 encoder board 750 kHz
Resolution of DS2004 A/D Board 16 bit
Switching frequency 10 kHz

analyzes, the phase current offset fault is emulated by adding
the offsets after the measurement chain in the DS1006 control
code, as shown in Fig. 4. This allowed for easy estimating the
performance of the proposed model and FDIE algorithm for
different operating conditions.

The system parameters are given in Table I.

The load torque imposed by the Magtrol Brake is 77, and it is
calculated as

Ty (26)

where w is the desired mechanical speed.

B. Numerical Model Validation and Sensitivity Analysis

The following simulation analysis has the scope of verify-
ing the performance of the mathematical model presented in
Section II. The numerical model is implemented in MATLAB
Simulink and includes the dg axes model of the SPMSM,
the FOC control loop, the two-level VSI, the phase currents
measurement with offset fault, and the load. The following two
models of the VSI have been implemented:

1) ideal modulation of the voltage reference generated by
the FOC;

2) real SVM, arealistic model of the SVM inverter consider-
ing symmetric modulation, time delay due to the acquisi-
tion, and quantization error due to the 8-bit discretization
of the modulation unit.

The following analyzes have been performed:

1) model performance assessment using VSI with ideal
modulation;

2) model parameter sensitivity analysis using VSI with ideal
modulation;

3) model performance assessment using VSI with SVM.

d-axis current [A
s o
w o W
%
/ o
=

0 0.05 0.1 0.15 0.2

—iq

A

g-axis current [A]
oL oL oW W
D O N L oo

0 0.05 0.1 0.15 0.2
time [s]

Fig. 5. Ideal modulation: estimated dq axes components if, ig

of the motor currents compared with the real ones i4, i, when
(Ady, Aig, Aig) = (0.4,0.5,-0.3) A.

The following settings have been considered for the following
Sections:

{T =3.6N-m; w’=371rad/s 27

(Aiy, Aig, Adz) = (0.4,0.5,—0.3) A”

1) Model Performance Assessment Using VSI With Ideal
Modulation: Fig. 5 shows the performance of the model pro-
posed in Section II when the phase current offsets have been
injected. The simulation has been carried out by using a maxi-
mum step size equal to 100 ps. Equation (13) is used to estimate
motor phase currents in the dg reference frame i, i;, and
compared with the actual dg currents in the SPMSM 44, i,.
The proposed model accurately and systematically estimates the
motor currents with a zero error. Then, in the same manner, using
(22) and (25), the offsets can be accurately predicted without any
error.

2) Model Parameter Sensitivity Analysis Using VSI With
Ideal Modulation: Sensitivity analysis against parameters’ un-
certainty is a fundamental point of all model-based algorithms,
even if not always adequately addressed in the technical lit-
erature. Of course, R and L can be estimated by means of
accurate short-circuit and open-circuit tests, but they will vary
with operating temperature, speed, and aging of the motor. From
the theoretical point of view, a correct approach that does not
depend on the motor under test and that allows us to assess the
robustness of the proposed algorithm against the variations of I?
and L, consists in expressing Cq, Cy, 04, d4 as functions of R, L
and performing the sensitivity analysis of these functions as the
resistance and the inductance rated values of the motor vary. For
example, denoting with R, L the motor resistance and inductance
rated values, respectively, the variation of C, resulting from a
variation of the resistance R is given by

 Cu(R,L)-C, (R, L)
T O (R D)

which can be evaluated according to first-order Taylor expansion

(28)

_ R 0C,(R, L) AR R (5 T AR
‘““Ta®RL| ok |, R Te (&.L) %
’ (29)

where z = d, ¢, and AR = R — R. The sensitivity coefficient
fg:) (R, L) can be easily derived from (14) and (15) and is not
reported here due lack of space. It allows us to evaluate the
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Fig. 6.  Sensitivity coefficient fgz)(R, L) for determining the sensitivity
of Cy against R variations for any given pair of R and L values.
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Fig. 7. Sensitivity coefficient fg:)(}?, L) for determining the sensitivity

of C, against R variations for any given pair of R and L values.

sensitivity of Cy against R variations for any pair of R and
L values if speed and PI controllers’ coefficients are given.
Similarly, it is possible to evaluate the sensitivity of all quantities
Cy. 04, 04, against both R and L variations. As an example,
in Figs. 6 and 7, the sensitivity coefficients fgj)(R, L) and

gj) (R, L) at 1000 r/min are plotted.

From their inspection, it is immediate to deduce that the
sensitivity of both Cyq and C, against R variations is always
rather small, while the effect of inductance L variations is
limited. Similar results are obtained by evaluating the sensitivity
of Cy4 and C against L variations, and for different speed. The
same applies to d; and J,. From a physical point of view, the
small sensitivity of C'y, Cy, Cy, 64, 04, against R and L variations
is due to the presence of PI controllers and to their inclusion in
the drive model.

3) Model Performance Assessment Using VSI With SVM:
This case scenario includes a realistic model of the VSI. Fig. 8
shows the motor currents 44, 44, and their estimation 7§, i;,
achieved by the proposed model in the operating conditions
defined by (27). It is possible to observe that, while the average
of the estimated value is accurate, there is an instantaneous
error due to the current ripple generated by the SVM technique,
because the proposed model is developed considering ideal
behavior of the VSI. Nevertheless, at steady-state the model is
correctly estimating (i%)™°*" = i = 0 A and (i)™ = i; =
3.11 A and the oscillations due to the offset fault as shown in the

0.6

T T
0.04 -t
0.02 — e

7’(

d
) S S
o.lzvﬂuws W 4
I

0.05 0.1 0.15 0.2

d-axis current [A]
(=3
:

s o
> o

o

T -
357 =1
;,SJSQAQAVAQQ e

35 ¢
0.13035 0.130375,

onsosf 3

g-axis current [A]
RN W W W
> o L %

0.05 0.1 0.15 0.2
time [s]

o

Fig. 8. SVM case: estimated dg axes components 35, ig, of the motor
currents compared with the real ones 4, iq, When (Aiy, Aig, Aiz) =
(0.4,0.5,—0.3) A.
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Fig. 9. SVM case: errors between the dg motor currents and the
estimated ones.

zoom in Fig. 8. The maximum values of the errors between the
dq axes estimated and actual currents are lower than 50 mA and
shown in Fig. 9. Therefore, the proposed model is able to predict
the behavior of the motor currents for diagnostic purposes even
when the nonlinear behavior of a real VSI is considered.

C. FDIE Algorithm Validation by Experimental Analysis

The FDIE algorithm was experimentally tested on the
1.23 kW SPMSM drive that has been numerically modeled
in the previous sections. The results of the experimental tests
reporting the measured dq axes currents and the estimated offsets
(see Figs. 10 and 11) have been compared with the numerical
simulation (see Figs. 12 and 1 3) in the same operating conditions
asdefinedin (27). Itis possible to notice the very good agreement
between simulation and experimental results.

Figs. 10 and 12 show the measured dq axes currents and the
related average, in simulation and experiment, respectively. Ob-
viously, because of the current sensors offset fault, the measured
dq axes currents are different from the real machine currents
depicted in Figs. 5 and 8. However, at steady-state conditions,
itis) " =4 = 0 Aand i%ﬁ;‘“ = z‘z = 3.11 A, as expected, and
the observed oscillations are due to the offset fault. The FDIE
algorithm proposed in Section III is used to detect the current
sensor offsets at each time step and the steady-state results are
shown in Figs. 11 and 13. The diagnostic algorithm is able to
accurately estimate the current offsets using as input the motor
parameters, the dq axes current references, the measured rotor
speed, and the measured currents. The current ripple caused
by the SVM influences the computation of the current sensor
offsets Aiq, Ais, and Az and an average calculation is required
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Fig. 10. Experimental: measured dq motor currents i,,q, %mq,
and their mean values at steady state for (Aiy,Aig, Aiz) =
(0.4,0.5,-0.3) A.
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Fig. 11.  Experimental: estimated Aiq, Aig, and Az and their mean
values for (Aiy, Aig, Aiz) = (0.4,0.5,—-0.3) A.

to eliminate the SVM ripple effect. The mean values of the
estimated current offsets A**", Ai5**", and As5**" are equal
to 0.39 A, 0.49 A, and —0.29 A for the numerical simulation,
and 0.39 A, 0.51 A, and —0.29 A, for the experimental test,
respectively. This corresponds to errors of —2.5%, —2.0%, and
3.3% (simulation) and —2.5%, 2.0%, and 3.3% (experimental),
showing a good performance of the proposed FDIE algorithm
as well as a good agreement between the experimental set-up
and simulation environment. Fig. 14 shows the motor electro-
magnetic torque, the rotor speed and related mean values during
the experimental test. The torque is estimated using (2), where
i4 is the g-axis component of the real motor current before the
fault injection. The torque is affected by the oscillations due to
the phase current offsets. For this specific scenario, the torque
ripple is 1.06 N - m peak to peak. Due to the load inertia and the
resolution of the encoder, no oscillation can be acquired on the
rotor speed. Higher torque ripple are measured in case of higher
phase current sensor offset that can cause mechanical damage
of the set up.

Fig. 15 shows the experimental results of the offset es-
timation in case of sudden variation of the imposed off-
sets. In detail, initial offsets are applied (Aiy, Aig, Aig) =
(0.4,0.5,—0.3) A and sudden variations of offset are injected at
2.199 s (Aiq, Aig, Aig) = (—0.4,—0.5,0.3) A. The provided
results show that the algorithm is capable of successfully esti-
mating the new offset condition at steady state. Details about
the estimated value and the related error are reported in Table II
(cases 5 and 6).

The FDIE algorithm has been tested in many other operating
conditions and with different values of the offset fault, reference
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Fig. 12. Simulation: measured dg motor currents 4,4, imq, and their
mean values at steady state for (Aiq, Aia, Aiz) = (0.4,0.5,—0.3) A.
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Fig. 13.  Simulation: estimated Ai;, Ais, and Aiz and their mean
values for (Aiq, Ais, Aig) = (0.4,0.5,—0.3) A.
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Fig. 14.  Experimental: motor electromagnetic torque, rotor speed and
mean values at steady state for (Aiy, Aiz, Aiz) = (0.4,0.5,—0.3) A.
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Fig. 15.  Experimental: estimated Ai;, Az, and Aiz and mean val-
ues in case of sudden variation of the phase current sensor off-
sets from (Aiq, Aig, Aig) = (0.4,0.5,—-0.3) A to (Aiy,Aig, Aiz) =
(—0.4,-0.5,0.3) A.
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TABLE Il
PERFORMANCE OF THE FDIE ALGORITHM FOR DIFFERENT PHASE
CURRENT OFFSETS, 7% = 3.6 N - m AND w}: = 95.9 rad/s

actual simulation experimental
offset values | estimation | error | estimation | error
[A] [A] [%] [A] [%]
Aty 0.0 0.000 - -0.008 -
case 1 | Aio 0.0 0.000 - 0.013 -
Ai3 0.0 0.000 - 0.018 -
Aiy 0.4 0.391 -2.25 0.410 2.50
case 2 | Aio 0.0 0.003 - 0.000 -
Ai3 0.0 0.005 - 0.005 -
Aiy 0.8 0.801 0.13 0.838 475
case 3 | Aip | =0.5 —-0.492 —-1.60 -0.512 -2.40
Aig 0.0 —-0.009 - —-0.003 -
Aty 0.5 0.500 —-0.00 0.501 0.20
case 4 | Aig 0.5 0.500 0.00 0.493 —-1.40
Aig 0.5 0.500 —-0.00 0.524 4.80
Aty 0.4 0.407 1.75 0.395 -1.25
case 5 | Aig 0.5 0.511 2.20 0.513 2.60
Aiz | =03 -0.318 —-6.00 -0.289 3.67
Aip | 0.4 —-0.402 -0.50 -0.422 -5.50
case 6 | Aig | =05 —0.501 -0.20 -0.501 -0.20
Ais 0.3 0.302 0.67 0.320 6.67
TABLE Il

PERFORMANCE OF THE FDIE ALGORITHM FOR DIFFERENT SPEED
OPERATING CONDITIONS AND 7% = 3.6 N - m

actual simulation experimental

o offset values | estimation | error | estimation | error
[rad/s] [A] [A] [%] [A] [%]
Aiy 0.4 0.400 0.00 0.387 -3.25

37.1 Aig 0.5 0.493 —-1.40 0.508 1.60
Aiz | 0.3 -0.292 2.67 —-0.293 2.33

Aty 0.4 0.407 1.75 0.395 -1.25

95.9 Ay 0.5 0.511 2.20 0.513 2.60
Aiz | =03 —-0.318 —-6.00 -0.289 3.67

Aty 0.4 0.405 1.25 0.381 -4.75

173.3 | Aig 0.5 0.508 1.60 0.534 6.80
Aiz | =03 -0.313 -4.33 -0.291 3.00
Aiy 0.4 0.399 -0.25 0.394 —-1.50

2426 | Aig 0.5 0.501 0.20 0.503 0.60
Aiz | =03 -0.301 -0.33 -0.317 -5.67

speed, and torque reference, as shown by Tables II, III, and
Fig. 16, confirming the validity of the proposed methodology.
No impact has been identified in the estimation error when the
offset values, the motor speed or the torque reference change.
The estimation error in the experimental results is due to the
unknown disturbances in the measurement circuits (such as gain
error), nonlinearity of the VSI, and dead time [27]. Note that case

8.00

o 600
2
£ 400
[=%
Al 1
§X 000 T . r r . . . -
§ 200 |_|
g 400
2  -6.00
-8.00
1.14 Nm 23 Nm 3.6 Nm
8.00
]
"% 6.00
£ 400
e 2
§~ 2.00
g 000 . .
§ 200
g 400
7 -6.00
-8.00
1.14 Nm 23 Nm 3.6 Nm
8.00
o
g 600
£ 400
o
5 .. 200
ES
T 000
=
g 200
«
£ 400
£ -6.00
-8.00
1.14 Nm 23 Nm 3.6 Nm
torque [Nm]
speed [rad/s] 037.1 0959 O1733 mW2426

Fig. 16.  Experimental: estimation error of the FDIE algorithm when
(Aig, Aig, Aig) = (0.4,0.5,—0.3). A considering different torque and
speed conditions.

4 shows the condition in which Ai; = Aiy = Aig = 0.5 A.
In this case, the electric drive is not affected by the phase
current offset fault, there are no oscillations on the dgq axes
currents. Indeed, € =0 in (6) and this yields Cq = Cy =0
in (14). However, the proposed FDIE algorithm can properly
estimate the phase current offsets thanks to the measurement of
the homopolar component in (25). Fig. 16 reports the estimation
errors of the (Aéy, Aig, Ais) calculated from experimental tests
performed at different speed and torque. In all the operating
conditions, the error is smaller than 7%.

V. CONCLUSION

A novel modeling approach for SPMSM drive has been
presented in this article. It allows for the analytical estimation
of the real phase currents flowing in the drive, when current
sensor offset faults are present. The developed model includes
the response of the FOC control loop and allows for the high
performance of the estimation even when disturbance due to the
modulation technique, or parameter variations are considered,
as shown by the numerical results. Starting from the proposed
model, an FDIE algorithm has been developed, which is capable
of assessing if an offset fault is present, on which phase/s, and
which is the entity of the fault. Experimental results have con-
firmed the validity of the proposed FDIE scheme. The proposed
algorithm can be used for both online and offline assessment
of the faulty condition, thanks to the simplicity of the proposed
approach. Moreover it can be utilized for self-commissioning
and compensation of the offset errors.



ATTAIANESE et al.: MODEL-BASED DETECTION AND ESTIMATION OF dc OFFSET OF PHASE CURRENT SENSORS

6325

[1]

[3]

[4]

[8]
[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

REFERENCES

S. Choi et al., “Fault diagnosis techniques for permanent magnet ac
machine and drives—A review of current state of the art,” IEEE Trans.
Transp. Electrific., vol. 4, no. 2, pp. 444-463, Jun. 2018.

D. G. Dorrell, M.-F. Hsieh, M. Popescu, L. Evans, D. A. Staton, and
V. Grout, “A review of the design issues and techniques for radial-flux
brushless surface and internal rare-earth permanent-magnet motors,” [EEE
Trans. Ind. Electron., vol. 58, no. 9, pp. 3741-3757, Sep. 2011.

J. De Santiago et al., “Electrical motor drivelines in commercial all-electric
vehicles: A review,” IEEE Trans. Veh. Technol.,vol. 61, no. 2, pp. 475-484,
Feb. 2012.

K. D. Hoang and H. K. Aorith, “Online control of IPMSM drives for
traction applications considering machine parameter and inverter non-
linearities,” IEEE Trans. Transp. Electrific., vol. 1, no. 4, pp. 312-325,
Dec. 2015.

M. Cheng, J. Hang, and J. Zhang, “Overview of fault diagnosis theory and
method for permanent magnet machine,” Chin. J. Elect. Eng., vol. 1,no. 1,
pp. 21-36, 2015.

J. del Olmo, F. Garramiola, J. Poza, and G. Almandoz, “Model-based fault
analysis for railway traction systems,” in Modern Railway Eng., London,
UK.: IntechOpen, 2018.

C. Attaianese, P. De Falco, A. Del Pizzo, and L. P. Di Noia, “Bearing
failure prognostic method based on high frequency inductance variation
in electric railway traction motors,” in Proc. IEEE Texas Power Energy
Conf., 2021, pp. 1-5.

LEM Components, “Isolated current and voltage transducers -
characteristics-applications-calculations,” 2004.

R. Portas and L. Colombel, “Accuracy of hall-effect current measurement
transducers in automotive battery management applications using current
integration,” Automot. Power Electron., pp. 1-8, 2007.

M.-S. Yoo, S.-W. Park, H.-J. Lee, and Y.-D. Yoon, “Offline compensation
method for current scaling gains in ac motor drive systems with three-phase
current sensors,” IEEE Trans. Ind. Electron., vol. 68, no. 6, pp. 4760-4768,
Jun. 2021.

H. Henao et al., “Trends in fault diagnosis for electrical machines: A
review of diagnostic techniques,” IEEE Ind. Electron. Mag., vol. 8, no. 2,
pp- 3142, Jun. 2014.

S. K. El Khil, I. Jlassi, A. J. M. Cardoso, J. O. Estima, and N. Mrabet-
Bellaaj, “Diagnosis of open-switch and current sensor faults in PMSM
drives through stator current analysis,” IEEE Trans. Ind. Appl., vol. 55,
no. 6, pp. 5925-5937, Nov./Dec. 2019.

S. K. Kommuri, S. B. Lee, and K. C. Veluvolu, “Robust sensors-fault-
tolerance with sliding mode estimation and control for PMSM drives,”
IEEE/ASME Trans. Mechatronics, vol. 23, no. 1, pp. 17-28, Feb. 2018.
X.Wang,Z. Wang, Z. Xu, M. Cheng, W. Wang, and Y. Hu, “Comprehensive
diagnosis and tolerance strategies for electrical faults and sensor faults in
dual three-phase PMSM drives,” IEEE Trans. Power Electron., vol. 34,
no. 7, pp. 6669-6684, Jul. 2019.

S. K. El Khil, I. Jlassi, J. Estima, N. Mrabet-Bellaaj, and A. M.
Cardoso, “Current sensor fault detection and isolation method for PMSM
drives, using average normalised currents,” Electron. Lett., vol. 52, no. 17,
pp. 1434-1436, 2016.

J. Zhang, H. Yao, and G. Rizzoni, “Fault diagnosis for electric drive
systems of electrified vehicles based on structural analysis,” IEEE Trans.
Veh. Technol., vol. 66, no. 2, pp. 1027-1039, Feb. 2017.

G. Huang, E. F. Fukushima, J. She, C. Zhang, and J. He, “Estimation of
sensor faults and unknown disturbance in current measurement circuits for
PMSM drive system,” Measurement, vol. 137, pp. 580-587, 2019.

B. Cai, Y. Zhao, H. Liu, and M. Xie, “A data-driven fault diagnosis
methodology in three-phase inverters for PMSM drive systems,” /IEEE
Trans. Power Electron., vol. 32, no. 7, pp. 5590-5600, Jul. 2017.

B. Gou, Y. Xu, Y. Xia, Q. Deng, and X. Ge, “An online data-driven method
for simultaneous diagnosis of IGBT and current sensor fault of three-phase
PWM inverter in induction motor drives,” IEEE Trans. Power Electron.,
vol. 35, no. 12, pp. 13281-13294, Dec. 2020.

H.-S.Jung, S.-H. Hwang, J.-M. Kim, C.-U. Kim, and C. Choi, “Diminution
of current-measurement error for vector-controlled ac motor drives,” IEEE
Trans. Ind. Appl., vol. 42, no. 5, pp. 1249-1256, Sep./Oct. 2006.

M. Kim, S.-K. Sul, and J. Lee, “Compensation of current measurement
error for current-controlled PMSM drives,” IEEE Trans. Ind. Appl., vol. 50,
no. 5, pp. 3365-3373, Sep./Oct. 2014.

[22]

[23]
[24]
[25]

[26]

[27]

C. Wu, C. Guo, Z. Xie, F. Ni, and H. Liu, “A signal-based fault detection
and tolerance control method of current sensor for PMSM drive,” IEEE
Trans. Ind. Electron., vol. 65, no. 12, pp. 9646-9657, Dec. 2018.

B. K. Bose, Power Electronics and AC Drives. Englewood Cliffs, NJ, USA:
Prentice-Hall, 1986.

W. Leonhard, Control of Electrical Drives. Berlin, Germany: Springer,
2001.

W. E. Boyce, Elementary Differential Equations and Boundary Value
Problems, 9th ed. Hoboken, NJ, USA: Wiley, 2013.

K.F.Riley, M. P. Hobson, S.J. Bence, and M. Hobson, Mathematical Meth-
ods for Physics and Engineering: A Comprehensive Guide. Cambridge,
U.K.: Cambridge Univ. Press, 2002.

U. Abronzini, C. Attaianese, M. D’Arpino, M. Di Monaco, and
G. Tomasso, “Steady-state dead-time compensation in VSI,” IEEE Trans.
Ind. Electron., vol. 63, no. 9, pp. 5858-5866, Sep. 2016.

Ciro Attaianese (Senior Member, |IEEE) re-
ceived the Ph.D. degree in electrical engineer-
ing from the University of Naples Federico Il,
Naples, ltaly, 1989.

He joined the University of Cassino and
Southern Lazio as an Associate Professor
of Electrical Machines, Power Electronics and
Electric Drives in 1992. He became a Full Pro-
fessor in 1999. In 2019, he joined the University
of Naples Federico Il. His current research inter-
ests include electrical machines and power con-

verters modeling, electrical drives for renewable energy and e-mobility.

Matilde D’Arpino (Member, IEEE) received the
Ph.D. degree in electrical engineering from the
University of Cassino, Cassino, ltaly, in 2014.

Since 2016, she has been a Research Scien-
tist with The Ohio State University Center for Au-
tomotive Research, Columbus, OH, USA. Her
research interests include high-performance
electric vehicle control strategies, modeling,
control, diagnosis of lithium-ion batteries, and
power flow management for multisource power
conversion systems.

Mauro Di Monaco (Member, IEEE) was born
in Cassino, Italy, on October 11, 1981. received
the Ph.D. degree in electrical and information
engineering from the University of Cassino,
Cassino, ltaly, in 2010. Since 2010, he has
been a Researcher with the Laboratory of In-
dustrial Automation, University of Cassino and
South Lazio, Cassino, Italy. His research activi-
ties mainly include the study of new optimization
algorithms and modulation techniques for mul-
tilevel and multisource power converters in the

fields of renewable energy and e-mobility, new powertrain architectures
for electric vehicles.

d«b

Luigi Pio Di Noia (Senior Member, IEEE) re-
ceived the M.S. and Ph.D. degrees in electri-
cal engineering from the University of Naples
Federico Il, Napoli, ltaly, in 2011 and 2015,
respectively.

Since 2018, he has been a Research Fel-
low of Electrical Machines, Power Electronics
and Electric Drives. His research interests in-
clude the design and control of electrical ma-
chines and drives for electrification of traction
and propulsion, fault diagnosis, and prognostic.

A

Open Access provided by ‘Universita degli Studi di Cassino e del Lazio Meridionale’ within the CRUI CARE Agreement




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


