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ABSTRACT The fault of current sensors in AC electric drives can cause inaccurate tracking of the
control reference and torque oscillations, that can lead to damage of mechanical components. Therefore, the
development of accurate detection techniques of these faults plays a crucial role for the proper management
of the electric drive and for the fault isolation and estimation. In the paper, a model-based method for the
detection of phase current sensor gain faults in a Permanent Magnet Synchronous Motor (PMSM) drive
with Field Oriented Control (FOC) is proposed. At first, a mathematical model is presented, which allows
an accurate determination of the analytical closed-form expression of the steady-state stator currents, taking
into account the effects both of the current control regulators and of any current sensors gain faults. Starting
from this model, a low-computation algorithm has been carried out, which allows not only to detect and
isolate the current sensors affected by the gain fault, but also to estimate the gain values starting from the
measured phase currents and motor speed. The model and the diagnostic algorithm performance is verified

by means of numerical and experimental results.

INDEX TERMS Current sensor fault, PMSM drives, fault diagnosis.

I. INTRODUCTION

The high-power density and efficiency requirements of elec-
tric drives for electrified vehicles have led to a rapid spread
of permanent magnet synchronous motors (PMSM) [1]-[4].
The performance of a PMSM drive strongly depends on the
accurate measurement of electrical and mechanical quanti-
ties, such as motor phase currents, speed, and rotor posi-
tion. However, these measurements can be affected by faults
and deterioration of sensors performance, which can intro-
duce offset and gain errors in the measured values [5], [6].
This is often due to the internal aging of the components
of the sensor which are accelerated by external factors as
humidity, extreme enviromental conditions, or are caused
by electromagnetic interferences or mechanical vibrations.
In recent years, issues related to the risk of cyber-attack
have been investigated as well, as sensors are a vulnerable
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part of electric vehicles which can be manipulated to induce
system failures [7]. Installation of redundant sensors can
help to mitigate issues related to sensors’ faults; however
this is not feasible for many applications due to cost and/or
volume limitations. Therefore, the development of diagnostic
algorithms for the detection and isolation of sensor faults are
required to guarantee the proper performance of an electric
drive [8]. Various approaches for sensor faults’ diagnosis
have been proposed in literature; they can be classified into
data-driven and model-based methods [9], [10]. Data-driven
algorithms are not strictly dependent on the type of drive, but
require to be trained with a large amount of data covering both
normal and abnormal operating points of the drive [10]-[12].
These data are not always available and could be affected
by noise and disturbances. Therefore, the performance of
data-driven algorithms is heavily depending on the variety
and quality of the data used to train the diagnostic algo-
rithm. In several instances the data used for the algorithm
calibration are derived from virtual experiments due to lack
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of experimental results [13]. Model-based approaches are
very well accepted diagnostic techniques which are based
on the knowledge of the electric drive behavior and related
modeling description [14], [15]. Model-based algorithms are
often augmented with estimators or observers to cope with
model uncertainties, parameter variations and response of the
control loops.

In the context of sensor failures, special attention must
be paid to the ones involving current sensors, due to their
importance for the control and the monitoring of electric
drives. A faulty phase current sensor can deviate from the
true value because of an offset and/or a gain fault, as well
as complete loss of the signal is possible [16].

This paper focuses on the study of the effects of the gain
faults of the phase current sensors in a surface-mounted
PMSM (SMPMSM) drive. These faults introduce variations
in the measured motor currents with respect to the healthy
sensor case, determining errors in the calculation of control
reference commands, which give rise to torque and speed
oscillations. Many solutions have been proposed in literature
for the diagnosis of gain faults in phase current sensors.
In [17], a comparison between three different machine learn-
ing algorithms based on linear regression, decision tree and
neural network is performed for the diagnosis of phase current
gain faults. Three features are extracted from virtual exper-
iments data, such as peak to peak difference and variance
of the phase current measurement. Other literature describe
techniques able to compensate this type of fault in the con-
trol. A complex vector analysis of the phase current sen-
sor gain-deviation errors is described in [18]. The proposed
model is used to heuristically estimate the gain error and to
develop a compensation algorithm. In [19] a method based on
the Discrete Fourier Transform is proposed. By extracting the
second harmonic component of the g-axis voltage command,
the diagnostic algorithm is able to detect the phase current
sensor gain fault. In [20] the compensation of gain error is
carried out through the estimation of the voltage error from
the control equations of the PMSM.

Many papers are devoted to the fault tolerant aspect as
well. The aim of fault tolerance is to prevent faults from
leading to system failure. To achieve this, techniques for
identification, isolation and estimation of faults are com-
bined with those for dealing with and compensating their
effects [16], [21].

Unlike the approaches proposed so far in literature, this
paper first develops the solution of the mathematical model
of a SMPMSM drive with field oriented control (FOC),
including also the effects of current control regulators, which
is able to express in analytical closed form the steady-state
motor currents when current gain sensor faults occur. Starting
from this solution, a low-computation intensity algorithm is
carried out, which allows not only to detect and isolate the
current sensors affected by gain fault, but also to estimate
the gain values of each sensor, starting from the measured
phase currents and motor speed. Numerical and experimental
results confirm that the proposed algorithm gives a good
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FIGURE 1. Schematic of the considered SMPMSM drive with field
oriented control and SVM.

estimation of the gain values which can be directly used to
provide a fault indicator index.

The organization of the paper is as follows: Section II
describes the proposed modeling approach of the SMPMSM
drive with FOC, when one or more current sensors gain faults
are considered. The Section II is devoted to the numerical
validation of the proposed model. The model-based algorithm
for current sensor gain faults detection, isolation and esti-
mation (FDIE) is described in Section IV, while Section V
includes the numerical and experimental validation of the
proposed FDIE algorithm. The conclusions are reported in the
Section VI. Eventually, in the Appendix the detailed formulas
on which the proposed algorithm is based are given.

Il. MODELING OF SMPMSM DRIVE WITH GAIN FAULTS
OF CURRENT SENSORS

A. MATHEMATICAL MODEL DEFINITION

Reference is made to a SMPMSM fed by a Voltage Source
Inverter (VSI) and controlled by means of FOC strat-
egy with Space Vector Modulation (SVM) (Fig.1). Making
the well-known simplifyng assumptions, the mathematical
model of a SMPMSM drive can be expressed by the following
set of equations [22], [23]:

dig ; .
vda = L— + Rig — pwLig

dr 1
di M
Vg = Ld—;l + Rig + pwyLig + paxd

where vq, vq, i4, iq denote the d- and g-components of motor
voltage and current space vectors in the rotor flux reference
frame, R and L are the stator resistance and inductance, wy is
the motor speed, p the pole pairs number, ¢ the rotor flux, and
t the time.

The d- and g-axes voltage references, v}; and v;';, are gener-
ated by two PI controllers, having as input the errors between
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the reference current components iﬁ, if;, and the measured
ones igm, iq,m. 10 take into account of the cross-coupling
terms in (1) a decoupling block is required, which is defined

by the following equations:

kek k .
vy =vj— pwiLigm

. @

vy v;‘ + pwxLigm + pwrd

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

V= O+ g el 3)

where 6 is the rotor mechanical angle, and j represents the unit
imaginary number. Including the feedback control action of
the PI controllers, the model of the drive becomes:

t
kpa(E% — i) + kig / (i — igm) df — porLiqm
0

dig . .
= L— + Riqg — pw;Lig
d : )
kpq(i(’; —iqm) + qu/ (iz —igm) df + pwLigm
. 0

dig ) )
= LE + Rig + pw;Lig

where kpq, kpq, k1d, k1q are the gains of the PI controllers. If all
the phase current sensors are healthy it is:

id,m =14 iq,m = iq (5)

and the solution of (4) allows to determine the current com-
ponents iq and iq provided that the motor speed is known and
constant. When a fault occurs in the sensor of the A-th phase
current, the measured current i, m, and the actual current i,
will be different, and therefore it will be also:

iqm # iq ©)

To solve (4) when a sensor current fault occurs, the d- and
g-components ig ;m and ig  of the measured currents have to
be determined as a function of iy and ig. To get this result,
if the phase current sensors are affected by gain fault, the
measured currents can be expressed as:

id,m # id

inm = knin with h=1,2,3 7

where the coefficient kj, represents the gain of the i-th current
sensor. Obviously, if & is equal to one, the sensor is healthy.
In @ and B stator coordinates, denoting with i and iy, the
space vectors of the actual and of the measured motor current,
respectively, it is:

3
.2 . 2 .
125211163(h 1):10[—}—]1/3 ®)

h=1
2 3 2
im = 3 ,;ih'm eFh=D +jig.m 9)

while in terms of d- and g-axes components it is:
i = (g +jig) " im = Gigm +jigme™  (10)
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Combining (7), (8), (9), (10) gives:

CARRERE |4 T
ig,m wa s—wi | |iq

with:
w1 = gcos(2pf) + r sin(2pH) (12)
wo = rcos(2pf) — g sin(2pH)
and
= 1k 1(k + k3)
q= 3 1 6 2 3
V3 (13)

r= ?(—/Q + k3)
1
s = §(k1 + ky + k3)

Equation (11) allows to express ig m and iq,m as a function of
ig and ig. If constant speed is assumed, that is:

0(t) = w,t (14)
substituting (11) in (4) and taking the derivative gives:

di3 dig di

q . . o
d —d - —k
a2 + 21 ar + 2 ar + 2314 + z4iq idig s
diczl iq diq . . ok
Lo g Hyags +ysia+ yalg = kiglg
where
21=R4+ w1 + S)kpd + wopw,L
22 = wokpa — (W1 — s + DpwxL
23 = 2wapwrkpd — 2 wip*@fL + (W1 + $)kia
24 = —2wiparkps — w2(2p* 0L — kig) a6)

y1 = wakpq — (w1 + 5 — DpawrL
»=R—(w — S)kpq — wapwL
V3 = —2wipwrkpg — wa(2p @] L—kiq)

Y4 = —2wapwikpg 4 2wip* @’ L — (Wi — $)kiq

B. STEADY-STATE ANALYTICAL SOLUTION

Assuming that the inverter modulation is ideal, the solution
of (15) allows to analytically determine the current compo-
nents iq and iy for any value of the gains ki, k> and k3 of
the current sensors, taking into account the gains of the PI
controllers. It should be noted that, despite the presence of the
decoupling block in the control loop, the two equations of the
system (15) are no longer decoupled when a gain fault of
one or more phase current sensors occurs. For determining
the steady-state solution of the system (15) in analytical
closed form, the method of undetermined coefficients can be
used [24], [25]. Thus, a steady-state solution has the form:

n

iq(t) = Z[ad’h cos(2hpwyt) + ba j sinhpw,1)] + cq

h=1
n

iq(1) = Z[aq,h cos(2hpw, 1) + bq i sin2hpw,1)] + cq
h=1
(17
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with

lim ad,n = 0 lim bd,h =0
h—o00 h—o00 (18)
lim aqp =0 lim by =0

h— 00 h— 00

In other words, when a gain fault of one or more current
sensors occurs, the d-g current components are given by the
sum of a series of harmonics having 2hpw, angular frequency,
with £ integer. The coefficients aq p, bd n, aqn, bq,n, cd, ¢q
are functions of motor parameters, motor speed, controller
gains, and current sensor gains, and they must be determined
in such a way that the currents ig(t) and ig(¢) given by (17)
are solutions of system (15). Imposing this condition yields:

n+1

> [fak cospkert) + gax sinpkert)] + fu.0 = kiai

k=1
n+1

> [fak cos@pkart) + gq sinpkort)] + fr.0 = kigil
k=1
(19)

where fq.0, fq,0, fd ks &d,ks fq,k» &qk are linear functions of
the coefficients aq n, bd,n, aq,h» bg,h» cd, ¢q> Which have to be
determined by solving the following system:

fa.0 (ad,hs ba,ns ag,hs bg,hs €as €q) = kiaiy
0.0 (., ba hs aq s ba.hs cds ¢q) = kigiy
fak (ad.n, ban, aghs bg.ns ca, cq) =0
8d.k (ad,is ba,ns ag,is bg,hs €as ¢q) =0
fak (aan, ban, agn, bgn, cd, cq) =0
8q.k (ad,is ba,ns ag,s bg,ns €as ¢q) =0

(20)

withh e {l,...,n}and k € {1, ..., (n + 1)}. The analytical
expressions of the functions f4,0, fq,0, fa.k» &,k fq.k» 8q.k are
given in the appendix.

Equations (20) represent an overdetermined system of
linear equations, having (4n + 6) equations and (4n + 2)
unknowns. It can be expressed in matrix form:

Ax=0b 2D
where the system matrix A is a (4n + 6) x (4n + 2) matrix,
and where:

T

x' =[ca cq aan ban aqn ben] (22)

b" = [kiaij kigii 0 0 0 0] (23

4(n+1) zero elements

To solve the system of linear equations (21), a new system
matrix A’ has to be considered, which must be a square
submatrix of the matrix A, having order (4n + 2) x (4n + 2),
chosen in such a way that its rank is (4n + 2) and that the
resulting system of equations has a solution other than the
trivial one. It is immediate to verify that the last four equations
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of system (20), obtained for k = n + 1, always contain only
the unknowns aq p,, bd n, aq,n, bq,n, thatis:

fd,n+1 (ad,n, bd,nv aq,n» bq,n) =0
8d,n+1 (ad,}’h bd n, aq,n, bq,n) =0
fq,n-i—l (ad,na bd,n’ Aaq,n, bq,n) =0
8q,n+1 (ad,na bd,m aq,ns bq,n) =0

(24)

and are linearly dependent, because the rank of the matrix of
the homogeneous system (24) is always less than four, which
implies that the number of solutions of system (24) is infinite.
Moreover, due to (18) these equations are the least significant
ones of system (20). Therefore, as matrix A" the one obtained
eliminating the last four equations from system (20) can be
assumed. Thus, it yields:

-1

x = (A)"'b (25)

As regards the choice of n, that is the number of terms to
be considered for the analytical determination of the currents
iq and iq expressed by (17), it should be noted that if the two
PI controllers are the same, that is if:

kpd = kpq kig = kiq (26)

the exact solution of equations (15) is obtained for n = 1,
that is the d-q current components contain only the harmonic
having 2pw, angular frequency.

In the most general case, that is when (26) is not satisfied,
the solution of (21) is the better approximated the greater is
the value of n in (17). Obviously, the degree of approximation
of the solution found for a given value of n depends on
the values of the functions fqnt1, &d,nt1, fqnt1, &qnt1 in
correspondence of the solution found. In fact, if:

E‘d,E‘q,c_ld,h,Bd,h,c_lq,h,Bq,h withhel,...,n (27)

is the solution of (25), and f n+1, 8d.n+1»fg.n+1» 8q.n+1 are the
corresponding values of the functions fq n+1, &d,n+1> fqn+1s
8q,n+1, then the absolute values of the maximum errors in the
determination of ig and iy, made assuming (27) as solution
of (21), are given by:

_ [72 -2 .

edn = \/finp1 T 8ips1 foria (28)
_ [72 -2 .

€q,n = fq,n-i-l + gq’n_H for lq

Ill. MODEL NUMERICAL VALIDATION

In order to validate the proposed model, a numerical analysis
has been performed on the SMPMSM drive of tab. 1. The
motor is fed by a VSI with SVM and controlled by means of
FOC strategy according to the scheme of Fig.1. A simulation
has been implemented in Matlab® Simulink and includes the
d-q axes model of the SMPMSM, the FOC control loop, the
two-level VSI, the phase currents measurement with the pos-
sibility to injecting the phase current gain faults. Both ideal
modulation and SVM have been considered. In particular,
arealistic model of the SVM inverter has been implemented,
considering symmetric modulation, time delay due to the
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acquisition, quantization error due to the 8-bit discretization
of the modulation unit. All simulations have been carried out
by using a maximum step size equal to 100 us.

As regards the choice of n for the motor of tab.1, Fig.2,
Fig.3 and Fig.4 show the maximum errors eq , €q,, defined
by (28) as a function of n for different values of the speed and
of the current gains. In particular, the Fig.2 shows the errors
in the case of zero gain of a single sensor, while the Fig.3
and Fig.4 are related to the case of reduction and increase
of 50% of the gain of a single sensor, respectively. From
the inspection of these figures it is immediate to note that
the contribution of the terms obtained in (17) for n > 3 is
very low. Therefore, n = 3 can be assumed with a very
good approximation. In this case, if the solution is evaluated
according to eq. (25), vectors x and b are given by:

aagn ban aqn  bgn) (29)
h=1,2,3
b" = [kiai} kigii 0 0 0 0] (30

12 zero elements

x = [cd Cq

while A’ is a 14 x 14 matrix. The steady-state d- and g-current
components will be given by:

[ia iq] =x"H = (A)"')"H (31)
with:
_ | 0 _
0 1
cos(2pawyt) 0
sin(2pwyt) 0
0 cos(2pwyt)
0 sin(2pwt)
cos(4pwyt) 0
H =1 sinpmr) 0 (32)
0 cos(dpwyt)
0 sin(4pawxt)
cos(bpwyt) 0
sin(6pwyt) 0
0 cos(bpwyt)
i 0 sin(6pawyt) |

For the motor of tab.1, Figs.5, 6 and 7 show the comparison
of the current components ig and iq obtained by simulation
and by means of the proposed model for different values of
the current gains in the case of ideal modulation. In particular,
the Fig.5 is related to the case of a complete loss of one
current sensor, while in Figs.6 and 7 are depicted the trends
of the currents when the gains of one current sensor have
a change of —50% and +-50%, respectively, with respect to
the healthy case. As it is well highlighted by the reported
trends, the proposed model accurately estimates the motor
d-q current components, with a negligible error in the case of
ideal modulation (RMS error less than 0.043%). Removing
the hypothesis of ideal modulation, the results of iy and ig
obtained for a SVM are reported in Figs.8, 9 and 10. The
SVM has been numerically simulated considering a switch-
ing frequency of 20 kHz (tab.1). Also in this case, it is
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possible to note a good agreement between the model and
the simulation results unless the unavoidable differences due
to the ripple introduced by the SVM.

VOLUME 10, 2022



C. Attaianese et al.: Modeling and Detection of Phase Current Sensor Gain Faults in PMSM Drives

IEEE Access

2 J
g 1
— 0 - - - 8
— i simulation
af —— i, model 1
2 I I . . I I . I I
29 29.005 29.01 29.015 29.02 29.025 29.03 29.035 29.04 29.045 29.05
Time [s]
8 T T T T T T T T T
7
— 6 R
=
.._.TS 4
i_simulation
4 [p——— i model 1
3 I I . I I . I I

I
29 29005 29.01 29.015 29.02 29.025 29.03 29.035 29.04 29.045 29.05
Time [s]

FIGURE 5. Current components iy and iq obtained by simulation (gray)
and by the proposed model (red) in the case of ky =1,k =0, k3 =1,
ideal modulation, load torque 3.4 Nm, and angular speed 1000 rpm.

0.5 /\ 1
< 0 |
- iy simulation

05 ————— [ model
A L L L L L L L L L
29 29.005 29.01 20.015 29.02 29.025 29.03 20.035 29.04 29.045 29.05
Time [s]
4.5 T T T T T T T T T
4 I /\ p
<
= iq simulation
351 ———— i, mocel ]
3 L L . L L L

29 29.005 29.01 29.015 29.02 29.025 29.03 29.035 29.04 29.045 29.05
Time [s]

FIGURE 6. Current components ig and iq obtained by simulation (gray)
and by the proposed model (red) in the case of ky =1,k = 0.5, k5 =1,
ideal modulation, load torque 3.4 Nm, and angular speed 1000 rpm.

0.5 T T T T T T T T T
=, /\
= e |, simulation
———— ‘Ld model
.05 I I I I I I ! ! !
29 29.005 29.01 29.015 29.02 29.025 29.03 29.035 29.04 29.045 29.05
Time [s]
3k ]
= /\
~T25} 1
i _simulation
q
- i model
q
2 L L L L L L | | |
29 29.005 29.01 29.015 29.02 29.025 29.03 29.035 29.04 29.045 29.05

Time [s]
FIGURE 7. Current components iy and iq obtained by simulation (gray)

and by the proposed model (red) in the case of ky =1,k = 1.5, ks =1,
ideal modulation, load torque 3.4 Nm, and angular speed 1000 rpm.
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IV. DETECTION, ISOLATION AND ESTIMATION OF
CURRENT SENSORS GAIN FAULT

The model developed in previous section can be used to set up
an algorithm for detection, isolation and estimation (FDIE)
of gain faults of the phase current sensors, based on the
measurement and processing of the motor currents. In fact,
combining (31) with (9) and (11) yields:

[i“’"’] - Q[G[((A/)‘b)TH]T] (33)

I8.m
where, according to (9) and (11), it is:
G:|:s+W1 wp i| (34)
w2 S — Wi
__|cos(pwxt)  — sin(pawyt)
0= |:sin(pwrt) cos(pwyt) } (35)

Therefore, the motor measured currents will be:

il,m - ia,m + io,m

. 1 V3, .

m= _Ela,m + TZﬂ,m + io,m (36)
. 1 V3, .

3m= _Ela,m - Tlﬂ,m + io,m

where i, is the measured homopolar current, defined as:

. 1. . .
lom = g(ll,m +im+ l3,m) (37)

As a consequence of (33), (36) and (37), when a gain fault
of one or more current sensors occurs, while the d-g current
components are given by the sum of a series of harmonics
having 2hpw, angular frequency, with & integer, the motor
phase currents are instead expressed by the sum of a series
of harmonics having (2 — 1)pw, angular frequency.

Starting from the measured currents i1 m, i2,m, i3,m, the set
of equations (33), (36) and (37) can be regarded as a set of
three equations in the unknowns ¢, r and s, which in turn
allow to evaluate the gains k1, k> and k3 of the current sensors
by means of (13). Therefore, from a strictly mathematical
point of view, to determine the gains of the current sensors it
is sufficient to acquire the measured phase currents i1 m, i2,m,
i3.m at a given time instant *, and solve the system formed
by the set of equations (33), (36) and (37) in the unknowns ¢,
r, s. Then, by means of (13), the values of k1, k2, and k3 can
be determined. However, in this way the estimate of k1, k2,
and k3 would inevitably be affected by the noise due to the
modulation. To overcome this problem, the estimate of k1, k7,
and k3 was carried out by acquiring more samples of the
measured phase currents in a given time interval, performing
the FFT, and determining k1, k2, and k3 in such a way to
minimize the function:

3

> ionm = Ihon)’ (38)
h=1

where Ij (pw,),m and fh,(pw,) are the amplitudes of the first
harmonic of the current measured in the A-th phase, and the
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(33), (34). (35), (36)
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]
3
min [Z (lh,(pmy).m e ih,(pwr))zj|
k=1
Y
kg

kl ]22

flr(l-"dr) iz-(pwv-J' i3v(pwf)
y

FIGURE 11. FDIE algorithm scheme for the sensor gains estimation The
subscript por denotes the first harmonic of the measured and estimated
currents.

one calculated by means of the proposed model, respectively.
Figure 11 shows the proposed FDIE algorithm scheme.

From a theoretical point of view, since the proposed algo-
rithm can calculate the value of each gain of the phase current
sensors, it would also be able to compensate for sensor faults
allowing the drive to continue operating, provided that the
execution time of the algorithm is sufficiently small, in order
to avoid damages due to the high torque oscillations. Because
the fault tolerant control is not part of this work, the proposed
algorithm has not been optimized as regards the execution
time. It has been tested using a computing machine hav-
ing an Intel CoreTM 17-10700 @ 2.90 GHz. It requires to
acquire at least one period of the phase currents fundamental
waveforms, while about 10 seconds are needed for the post
processing.

V. EXPERIMENTAL VALIDATION OF THE PROPOSED FDIE
ALGORITHM

The validation of the proposed FDIE algorithm has been
performed by means of an experimental test bench. In partic-
ular, experimental tests have been carried out on a 1.23 kW
three-phase SMPMSM manufactured by Control Techniques
UNIMOTOR (Model: 95SUMB300CACAA), whose parame-
ters are given in Tab.1. A two-level three-phase VSI based
on Mitsubishi PM100DSA120IPMs is adopted to drive the
SMPMSM. The load is provided by a hysteresis dynamome-
ter MAGTROL, Model HD-715-8NA. The inertia of the load
is emulated through the coupling between the dynamometer
and a flywheel. The motor is driven using a closed-loop
torque control based on FOC strategy, according to the
scheme of Fig.1. The control has been implemented using the
DS 1006 processor board of a dSPACE modular system, while
the symmetrical modulation has been carried out by means of
an Altera CPLD EPM7160SLC8410. The dSPACE proces-
sor is run with a 100us synchronization signal: during this
period, T, the control unit generates the inverter modulation
pattern S; (withj=1, ..., 6) which will be imposed in the next
T, by the digital I/O board DS4003. The motor angular speed
is measured using an incremental encoder, with 4096 ppr and
a measurement quantization error of 1.92 rad/s. The output
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FIGURE 12. Experimental test bench adopted for the validation of the
proposed model and FDIE algorithm.

TABLE 1. Parameters of the SMPMSM drive and of the control system.

SPMSM
Rated power 1.23 kW
Rated torque T, 3.9 Nm
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
Rotor flux ¢ 0.27 Wb
Motor inertia J 25e-4 kg m?
DC-link voltage Vg, 600 v
Load
Rated torque 6.5 Nm
Maximum speed 2,500 rpm
Maximum power 3.35 kW
Flywheel inertia () 0.06 kg-m?
Control System
kpd, k14, kpqgs> 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

of the encoder is transmitted to the DS3002 encoder board
of dSPACE, while the DS2004 A/D board acquires the three
phase currents measured by three LEM Current Transducers
LA 25-NP, and the DC link voltage measured by a LEM
Voltage Transducer CV3-1500. The experimental test bench
is depicted in Fig.12 and the scheme of the control set-up is
shown in Fig.13, including the proposed FDIE algorithm.
For the purposes of the following analyses, the gain faults
of the phase current sensors are emulated by modifying the
gains of the current sensors after the measurement chain in
the DS1006 control code, as shown in Fig. 13. This allowed
for easy estimating the performance of the proposed model
and of the FDIE algorithm for different operating conditions.
The main control system parameters are given in Table 1.
The comparison between the model and the experimental
results obtained for different conditions of load and sensor
gain values are reported in Figs.14, 15, 16 and 17. In particu-
lar, the figures show the comparison between the components
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FIGURE 13. Structure of the control set-up including the FDIE algorithm
implementation.
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FIGURE 14. Current components iy and iq obtained by experimental
test (gray) and by the proposed model (blue) in the case of k; =1,
ky = 0.5, k3 = 1, load torque 2.3 Nm, and angular speed 1000 rpm.

iq and iy of motor currents calculated with the proposed model
and measured ones by experimental tests when the motor
speed is 1000 rpm and torque od 2.3 Nm and 3.4 Nm are
considered. As already obtained from the comparison with
the simulation results, also the experimental results highlight
the good performance of the proposed analytical model.
Using the same condition of load, angular speed and sen-
sor gain values, the developed FDIE algorithm has been
tested. The good agreement between the FDIE algorithm
and experimental results are confirmed by the comparison
between the measured phase currents obtained for different
gain faults, and the phase currents estimated by the pro-
posed model considering the values of the current sensors
gains calculated by the algorithm. In particular, the trends of
the measured and estimated phase currents are depicted in
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Time [s] 0.04 0.05 0.06 0.07 0.08 0.09 0.1
FIGURE 15. Current components iy and iq obtained by experimental Time [s]
test (gray) and by the proposed model (blue) in the case of k; =1,
ky = 1.5, k3 = 1, load torque 2.3 Nm, and angular speed 1000 rpm. FIGURE 18. Phase currents measured by experimental test (continuous

line) and evaluated by the proposed FDIE algorithm (dotted line) in the

case of k; = 1, k = 0.5, k3 = 1, load torque 2.3 Nm, and angular speed
1000 rpm. The values of the current sensor gains estimated by the FDIE
algorithm are: k; = 1.040, k, = 0.510, k3 = 1.033.
iy exp 3 T T T T T
i, model Meastied currents FDIE algorithm currents
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FIGURE 16. Current components iy and iq obtained by experimental LW %,
test (gray) and by the proposed model (blue) in the case of k; =1, b= ik = 15: ks = 1 Ty = 0.999; %y = 1.535: ky = 0.097
k, = 0.5, k5 =1, load torque 3.4 Nm, and angular speed 1000 rpm. 3 : : :
0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time [s]
04f
0.2 FIGURE 19. Phase currents measured by experimental test (continuous
= line) and evaluated by the proposed FDIE algorithm (dotted line) in the
=0 case of ky =1, k = 1.5, k3 = 1, load torque 2.3 Nm, and angular speed
- 0zl 1000 rpm. The values of the current sensor gains estimated by the FDIE
e algorithm are: k; = 0.999, k, = 1.535, k5 = 0.997.
-04 L 1 1 L L 1 1 L L 1
0 001 002 003 004 005 006 007 008 009 041
Time [s] The dotted lines depict the estimated currents. Besides,
in these figures the estimated values of current sensors gains
3 NW\/WW\/’ are reported as well. As it is possible to note, the diagnostic
z ol ] algorithm based on the proposed model gives very accurate
- J— results, with a maximum percentage error of about 4%. Sim-
s —l 1 ilar results are obtained under other values of load torque,
o . . ‘ ‘ . . ‘ ‘ . speed and faults of the sensors gains.
0 001 002 003 004 005 006 007 008 009 04
Time [s]
FIGURE 17. Current components iy and iq obtained by experimental A. VALIDATION FOR LOW GAIN VALUES
test (gray) and by the proposed model (blue) in the case of k; =1, In order to avoid mechanical damages on the test bench, the

kz =1.5, ks = 1, load torque 3.4 Nm, and angular speed 1000 rpm. cases corresponding to zero or near zero sensors gains have

not been investigated in experimental tests. In fact, these con-
Figs.18, 19, 20 and 21, for some values of the load torque, ditions determine high values of oscillation on iy, which are
of the injected gain faults, and angular speed 1000 rpm. directly responsible of large torque oscillations on SMPMSM

80114 VOLUME 10, 2022



C. Attaianese et al.: Modeling and Detection of Phase Current Sensor Gain Faults in PMSM Drives

IEEE Access

5 T T T T T T

Measured currents

FDIE algorithm currents

Phase currents [A]

FIGURE 20. Phase currents measured by experimental test (continuous
line) and evaluated by the proposed FDIE algorithm (dotted line) in the
case of k; = 1, ky = 0.5, k3 = 1, load torque 3.4 Nm, and angular speed
1000 rpm. The values of the current sensor gains estimated by the FDIE
algorithm are: k; = 1.034, ky = 0.507, k5 = 1.032.

5

4l Measured currents FDIE algorithm currents

Phase currents [A]

W %
- £y
= At

Br—Like — Laiks — 1 T = 0.993; ks = 1.529; k3 = 0.992
5 i i i
0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time [s]

FIGURE 21. Phase currents measured by experimental test (continuous
line) and evaluated by the proposed FDIE algorithm (dotted line) in the
case of ky =1, ky = 1.5, k3 = 1, load torque 3.4 Nm, and angular speed
1000 rpm. The values of the current sensor gains estimated by the FDIE
algorithm are: ky = 0.993, ky = 1.529, k3 = 0.992.

under test and on the Magtrol brake. However, the proposed
FDIE algorithm is capable to handle faults corresponding to
very low values of the gains as well. As an example, in this
subsection is reported the simulation validation of the pro-
posed FDIE algorithm considering gain values near the zero.
In particular, it is analyzed the case k| = 1, k» = 0.1, k3 = 1,
with angular speed 1000 rpm and load torque 1.15 Nm,
2.3 Nm and 3.4 Nm. The parameters of the electrical drive and
control system are the same reported in Tab.1. The results are
depicted in Figs. 22, 23 and 24, where the simulated currents
are compared with the currents reconstructed by the proposed
FDIE algorithm. In the figures are also depicted two dotted
red lines, corresponding to the maximum peak-to-peak value
of SPMSM motor rated current.
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FIGURE 22. Phase currents simulated (continuous line) and evaluated by
the proposed FDIE algorithm (dotted line) in the case of k; =1, k5 = 0.1,
ks = 1, load torque 1.15 Nm, and angular speed 1000 rpm. The values of
the current sensor gains estimated by the FDIE algorithm are: k; = 0.952,
ky = 0.092, k3 = 0.941. The dotted red lines represent the maximum
peak-to-peak value of the rated current.
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Simulated currents FDIE algorithm currents
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FIGURE 23. Phase currents simulated (continuous line) and evaluated by
the proposed FDIE algorithm (dotted line) in the case of k; =1, k, = 0.1,
k3 = 1, load torque 2.3 Nm, and angular speed 1000 rpm. The values of
the current sensor gains estimated by the FDIE algorithm are: k; = 0.961,
ky = 0.096, ks = 0.951. The dotted red lines represent the maximum
peak-to-peak value of the rated current.

From the results, it is easy to note the correct performance
of the FDIE algorithm also in the case of low gain values: in
fact, the estimated values of gains differ at most of 8% from
the imposed ones. It is interesting to analyze the behavior
at rated load condition, where the low value of the gain
k> determines that the maximum value of currents exceeds
the rated current of the motors, giving rise to an abnormal
heating of the motor and triggering the drive protections.

B. PARAMETERS SENSITIVITY ANALYSIS

The analysis of sensitivity against parameters’ uncertainty
is a crucial point of all model-based algorithms, even if
not always adequately addressed in technical literature.
Of course, motor parameters R and L can be estimated by
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FIGURE 24. Phase currents simulated (continuous line) and evaluated by
the proposed FDIE algorithm (dotted line) in the case of k; = 1, ky = 0.1,
ks =1, load torque 3.4 Nm, and angular speed 1000 rpm. The values of
the current sensor gains estimated by the FDIE algorithm are: k; = 0.970,
ky = 0.097, k3 = 0.962. The dotted red lines represent the maximum
peak-to-peak value of the rated current.
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FIGURE 25. Sensitivity analysis to resistance variations: p.u. deviation
Ak; of the estimated gains k; with respect to the true values k;, with

i €{1,2,3)}, as a function of the p.u. deviation AR of the resistance R

from the true value Ry e, in the case of ky = 1, k; = 0.5, k5 = 1, load
torque 3.4 Nm, angular speed 1000 rpm.

means of accurate short-circuit and open-circuit tests, but
they will inevitably change with operating temperature, speed
and aging of the motor. In order to assess the sensitivity of
the proposed FDIE algorithm to R and L variations, many
simulations have been carried out by imposing deviations
AR, AL of the resistance and of the inductance from the
true values Ryye and Ly, respectively, and evaluating the
correspondent deviations Ak; of the estimated gains ki from
their true values k;, with i € {1, 2, 3}. The results obtained for
the drive of tab. 1 are shown in Figs. 25 and 26, in the case of
ki = 1, kp = 0.5, k3 = 1, load torque 3.4 Nm, and angular
speed 1000 rpm. From their inspection, it can be seen that the
p-u. gain deviations are always less than the corresponding
p.u. parameters deviations. Similar results are obtained for
other operating conditions.
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FIGURE 26. Sensitivity analysis to inductance variations: p.u. deviation
Ak; of the estimated gains k; with respect to the true values k;, with

i €{1,2,3), as a function of the p.u. deviation AL of the inductance L
from the true value Ly, in the case of k; = 1, ky = 0.5, k3 = 1, load
torque 3.4 Nm, angular speed 1000 rpm.

VI. CONCLUSION

In this paper a mathematical model of a SMPMSM drive with
field oriented control has been developed, which is able to
determine in an analytical closed form the steady-state motor
currents, taking into account the effects both of the current
control regulators, and of current sensors gain faults. The
model has been validated by comparing its results with those
obtained by means of a full Matlab® Simulink simulation of
the drive. Starting from this model, an algorithm has been
carried out, which allows not only to detect and isolate the
current sensors affected by gain fault, but also to estimate the
gain values starting from the measured values of the phase
currents and motor speed, by means of a low computational
cost calculation. An analysis of sensitivity to parameters
variations has been carried out as well. The good agreement
between numerical and experimental results confirms the
validity of the proposed FDIE algorithm, which allows to
detect, isolate and estimate the current sensors gain values
with a very good approximation.

APPENDIX
The analytical expressions of the functions fg ., gd,k, fq,x and
8q.k-Tork € {2, ..., n}, are:

fak = [pork(rkpa — porLq) + 0.5 gkia] aq k-1
+ [pwrk(gkpa + pexLr) — 0.5 rkial ba k—1
+ [pwrk(—gkpa — poxLr) + 0.5 rkigl ag k-1
+ [pork(rkpa — poxLq) + 0.5 gkial bq k-1

+ (—4p2a)r2Lk2 + Skid)ad,k + 2pwk (R + Skpd)bd,k
+2p? WLk (s — 1) bo i (39)

+ [pork(—rkpa + poxLg) + 0.5 gkia] aq k+1
+ |pork(gkpd + poxLr) + 0.5 rkial bd k+1
+ |pwrk(gkpa + porLr) 4+ 0.5 rkig] ag k1
+ [pwrk(rkpa — pocLq) — 0.5 gkia] by k+1

VOLUME 10, 2022



C. Attaianese et al.: Modeling and Detection of Phase Current Sensor Gain Faults in PMSM Drives

IEEE Access

8d.k =

fq,k =

8q.k

[Pwrk(_qkpd — poxLr) + 0.5 rkiq] ad k—1
+ [pwck(rkpa — paxLg) + 0.5 gkia] ba.k—1
+ [pwck(—rkpa + porLq) — 0.5 gkial aq k-1
+ [Pwrk(_qkpd — pwcLr) + 0.5 rkig] b k1

—2pwrk (R + Skpd)ad,k + (—4p2wr2Lk2 + Skid)bd,k

+2p @ Lk(s — 1) agk

+ [pork(—gkpa — poxLr) — 0.5 rkial ag k+1
+ [pork(—rkpa + poxLg) + 0.5 gkial ba k+1
+ [pwck(=rkpa + paxLq) + 0.5 gkial ag k41
+ [Pwrk(qkpd + pwcLr) + 0.5 rkig] bg,k+1
[pa)rk(—qkpq — pawLr) + 0.5 rkiq] ad k-1
+ [park(rkpq — poxLg) + 0.5 gkiq] ba k-1
+ [pwrk(—rkpq + poxLg) — 0.5 gkiql aq k-1
+ [pwrk(—qkpq — pwcLr) + 0.5 rkig] bg k1
—2pw?Lk(s — 1) by

+ (—4p2a)r2
+ [Pwrk(qkpq + pwcLr) + 0.5 rkig] ad k+1
+ [Pwrk(rkpq — palg) — 0.5 qqu] bd k1
+ [pa)rk(rkpq — pwrLg) — 0.5 gkig] agx+1
+ [pa)rk(—qkpq — pwiLr) — 0.5 rkig] bq k+1

= [pwrk(—rkpq + pwrLg) — 0.5 gkiq] ag k-1

+ [park(—gkpq — poxLr) + 0.5 rkig] ba k-1
+ [pa)rk(qkpq + pwxLr) — 0.5 rkig] ag.x—1
+ [pock(—rkpq + parLq) — 0.5 gkiq] by -1
+2p2w?Lk(s — 1) agx

(40)

(41)

Lk* + skiq)aqx + 2pwek (R + skpq) b k

— 2pak (R + skpq)aq.k + (—4p*@f Lk + skiq) b,k

+ [Pwrk(_rkpq + pwxLg) + 0.5 gkigl aq k+1
+ [pwrk(gkpq + pexLr) 4 0.5 rkig] ba k+1
+ [pa)rk(qkpq + pwxLr) + 0.5 rkig] ag,k+1
+ [porxk(rkpg — pwrLq) — 0.5 gkiq) by k+1

(42)

Equations (39), (40), (41), (42) can be used also to determine
fa1s &d.15 fq.15 8q.1> fdn+1,> 8dn+1, fan+1 and gq n+1. In par-
ticular, fq.1, g4,1, fq,1, &q,1 are obtained from (39), (40), (41),
(42), respectively, by setting equal to zero the coefficients
having subscript 0 and adding the following terms:

to (39) :

to (40) :

to (41) :

to (42) :

[2pax(rkpa — paxLq) + gkidl ca
+[—2pa)r(qkpd + pwLr) + rkig] ¢q
[_prr(qkpd + pwcLr) + rkig] cq
+[—2pox(rkpa — pwrLq) — gkial ¢q
[—2pwr(gkpg + poxLr) + rkig] cq
+[—2pa)r(qkpq — pwxLr) — rkig] cq
[_prr(rkpq — pwrLg) — qkiq] Cd
+[2pa)r(qkpq + poxLr) — rkigl cq

(43)

(44)

(45)

(46)

while fa.n11, 8d.nt1, fqn+1, 8qn+1 are simply obtained by
setting equal to zero the coefficients having subscript n 4 2.
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Eventually, the analytical expressions of the functions
Jfa,0 and fq o are:

fa0 = 0.5 kia(gaa,1 + rba,1 + raq,1—qbq,1 + sca)  (47)

fq.0 = 0.5 kig (rad,l —gba,1—qaq,1—rbg,1 + SCq) 48)
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