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Abstract: Fault probability rises with an increase in the number of current sensors in multi-phase
permanent synchronous motor (PMSM) drives. This paper proposes an improved axis rotation
method for fault diagnosis and tolerant control to make the multi-phase PMSM drives against current
sensor loss signal and gain faults. This method can effectively diagnose and distinguish faults without
selecting a threshold value, and the degree of fault can be further estimated. The proposed method
makes current sensor fault diagnosis and tolerant control become an integrated module. The validity
and accuracy of the proposed method is verified by different fault diagnoses and tolerant control
experiments of a 9 kw nine-phase PMSM drive.

Keywords: multi-phase motor drives; improved axis rotation; current sensor faults; fault tolerant
control; faults degree estimation

1. Introduction

Multi-phase motor drives have strong application requirements in the high-reliability
of multi-electric aircraft, ships and EVs due to their higher power density, lower torque
ripple and superior fault tolerant capability [1-3]. However, the fault probability rises with
an increase in the number of current sensors. In the operation process of multi-phase motor
drives, over-voltage, over-current, aging and other harsh working environments may cause
the current sensor output signal to be inaccurate [4,5]. The current sensor faults should
be diagnosed and tolerated rapidly and effectively in applications with high-reliability
requirements. The different current sensor faults will cause a different degree of distortion
in the current feedback signals. It is necessary to accurately detect different types of faults
in order to design corresponding fault tolerant control strategies. Therefore, it is significant
to study the diagnosis and tolerant control of current sensor faults in multi-phase PMSM
drives [6-8].

Current sensor faults have been effectively diagnosed and located in many existing
literatures. The extended Kalman filter is suggested to detect the loss signal fault in [9].
The Kalman filter is merged with a system reconfiguration under the faults of the current
sensor methods in [10] to diagnose the faults. A valid sliding mode observer (SMO) is
adopted in [11] to diagnose the current sensor loss signal fault in PMSM sensorless control
systems. The current error module is built based on the estimated signal error of the
other health current sensors. Three reliable observers are suggested in [12] to observe the
real-time state of three current sensors, therefore the loss signal fault can be located by the
observers. Ref. [13] proposes an observer-based strategy relying on the adaptive threshold
for fault location and tolerance. However, these observer models are easily affected by
the motor parameters and operating environments. The signal-based methods need no
complex calculation; only by signal processing can accurate sensor fault detection and
tolerant control be obtained. Current signal analysis is combined with an SMO in [14], and
the sensor loss signal fault is diagnosed through the space vector error-projection algorithm.

Energies 2022, 15, 4671. https:/ /doi.org/10.3390/en15134671

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15134671
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-7312-4205
https://doi.org/10.3390/en15134671
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15134671?type=check_update&version=2

Energies 2022, 15, 4671

20f15

The phase and line voltage signal deviations strategy are presented in [15]. The loss signal
faults can be diagnosed and isolated rapidly in both rectifier and inverter mode.

The above methods are only for current sensor loss signal fault detection and tolerant
control. In addition to loss signal faults, the gain faults should also be detected and tolerated
effectively. Fortunately, many efforts have been devoted to the research of loss signal and
gain fault diagnosis. The state-observer-based algorithm shows its positive performance in
current sensor loss signal and gain fault detection in [16,17]. In [18], the current estimations
from an improved open-loop observer are adopted to obtain the fault detection and tolerant
control. An algorithm programmed into the FPGA as a general controller is considered
in [19]. For the three-phase PMSM systems, the fault diagnosis range in [19] is extended to
loss signal and gain faults. The signal-based detection method with normalization in [20,21]
has been widely used to achieve fault detection and tolerant control. The AC component of
current analysis error is extracted by an improved filter in [22], and gain fault of the linear
motor system is distinguished with other faults by the different frequency components. A
modified algorithm combining a delay function and the current space vector is addressed
in [23], which can detect and isolate loss signal and gain faults. Axis rotation is adopted
in [24] for deciding the correct estimated value of the fault current sensor, and it shows
good characteristics in the field of electric vehicle sensor fault detection and fault tolerance.

Considering different current sensor fault diagnosis and tolerant control for multi-phase
PMSM drives, this paper proposes a method to diagnose both loss signal faults and gain
faults based on improved axis rotation. Different from the existing literature, this signal-based
method can accurately diagnose and effectively distinguish the loss signal and gain faults
without additional hardware. By eliminating the selection of threshold value, the adaptability
of this method to different operating conditions is also enhanced. Moreover, the degree of gain
faults can be estimated quantitatively and it can be used to further tolerant control. Different
types of current sensor faults are matched with corresponding fault tolerant control strategies.
The method makes current sensor fault diagnosis and tolerant control become an integrated
module. This article is structured as follows: The topology of nine-phase PMSM drives is
introduced in Section 2. The influence on currents of current sensor loss signal faults and
gain faults are analyzed in Section 3. The proposed diagnosis and tolerant control method
are illustrated in Sections 4 and 5, respectively. The corresponding experiments of a 9 kw
nine-phase PMSM are carried out to verify the effectiveness and accuracy of the proposed
method in Section 6. A conclusion is drawn in Section 7.

2. Influence of Current Sensor Faults on Drive Systems

The nine-phase PMSM in this article is composed of three sets of three-phase open-
end windings which are spatially shifted 7t/9 degrees. Each phase is equipped with an
independent current sensor. An H-bridge inverter circuit drives nine-phase effectively
with more control, reliability, and independence. Figure 1a shows the nine-phase PMSM
windings structure, and Figure 1b shows the nine-phase H-bridge drive topology.
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Figure 1. (a) Winding structure of nine-phase PMSM; (b) H-bridge drive topology.
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The probability of faults increases with the number of current sensors required for the
nine-phase PMSM drives. The fault diagnosis and tolerant control of nine-phase PMSM
drives are shown in Figure 2.

Control
System

| Fault Diagnosis and i Current
i Tolerant Control ! Sensors
Figure 2. Diagram of diagnosis and tolerant control of nine-phase PMSM drives.

3. Influence of Current Sensor Faults on Motor Drives

Based on the frequency of faults and the degree of negative impact on the motor drives,
the typical current sensor faults distinguished by output characteristics can be classified as
gain fault and loss signal fault. Taking phase-A; current sensor faults as an example, the
measured phase currents of each sensor can be expressed as:

ia1 = AMi* a1 = Alam cos(wt + Oqy)
ing =1"p2

1)
ic3 =1i"c3

where, i a1,1 a2 ... i c3 are the real phase currents, ia1, iz . . . ic3 are the measured values
by nine-phase current sensors, A is the gain coefficient of fault current sensor, I, is the
phase current amplitude, 0,,; is the initial phase angle and w is the electrical angular
frequency respectively.

In normal conditions, A = 1; when loss signal faults occur, A = 0; when gain faults
occur, A > 1. The expression of iy and 741 in the d-q coordinate is in Equation (2).

|:id1:| _2, [ cosf, ... cos(0,—14m/9) fA1 2
in 9 |—sinf. ... —sin(f,—141/9) ics

Assuming that the fault of the phase-A; current sensor in the multi-phase motor drives
has little effect on the normal phase current amplitude, Equation (1) is substituted into
Equation (2), then the measured value of ig;_y, can be expressed.

iglm =ig — % % (A —1)*ipg *sinf, — % * sin 6,
o (A=D) L sinQwt 4 64pi) (A — 1) Lyy Sin(B,r;) 3
=lIg1— 9 + 9 3)

AC DC

1. Innormal conditions, A = 1, DC component is zero, so i, is equal to i51_,, with no
bias.

2. When loss signal faults occur, the real phase currents are not measured by current
sensors. The AC component are zero-mean pulsations; DC component is a bias less
than zero due to A = 0.

3. When gain faults occur, the AC component is still zero-mean pulsations, but the DC
component is a bias greater than zero due to A > 1.
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Therefore, the i51_,, impacted by the DC component can be used as the characteristic
quantity to distinguish normal conditions, loss signal faults and gain faults. In addition to
the fault type, the location of the fault point is also essential, so it is necessary to further
propose a perfect diagnosis strategy combined with igq_,.

4. Diagnosis for Current Sensors Faults
4.1. Improved Axis Rotation

From the transformation matrix of the semi-symmetric nine-phase PMSM natural
coordinate system to the synchronous stationary coordinate system (Clark), it can be seen
that in the standard transformation shown in Figure 3, Aj-axis and «1-axis are in the same
direction. The component of phase current ip; on $1-axis is zero and the component on
wp-axis is 100% ia1.

Figure 3. The standard Clark transformation.

Therefore, from the iy1 and igy in Equation (4), only the current sensor fault of phase-A;
has the least influence on ig; and the largest influence on i,; among all nine phases.

i1
i,ﬂ_l o g " 1 cos g ... COs MTH iAZ (4)
igr1] 9 [0 sing in 157
Bl_1 Smy ... SsIn-g R

Ic3

where, iy1_1 and igy_; are fundamental wave currents of « and  when phase-A; is used as
reference axis.

In general, regarding the other phases, when different phase-N is selected as the
reference axis, the Clark matrix will shift different angles 6y, and current sensor faults
of reference phase-N has the least influence on the corresponding ig;_y, and the largest
influence on iy1_n. The general formula of iy1_y and ig;_y can be obtained in Equation (5).

i1
ivi-n]| _ [cos(0—0y) cos(Z —0y) ... cos(3E—0N) | |iaz )
igi_n]  |sin(0—6y) sin(Z—6y) ... sin(%T—06y)

ics

where, the 6y of stator windings of semi-symmetric nine-phase motor system can be

expressed as:
2 4n 6m 7nm 8m 127 137 147
velo F F 5 F F F F T (6)

When different phases are selected as reference axes, the expressions of iy1_ny and ig1_n
can be obtained in Equation (7).
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(1011 [ ia1*1+ipp*xcosm/9+...+ic3*cosldm/9
ivi—2| | ia1*cos7t/9+iap k14 ... +ic3*cos13m/9
[ 1419 ] Lia1 % cos147T/9 +ipp % cos 137w /9+ ... +ic3*1
- - = . . . . 7)
p1-1 ia1 *0+ipp xsinr/9+... 4+ icg *sinl4m/9
ipr—2| _ | —iar*sint/9+in*x0+...+ic3*sin137/9
_iﬁ1—9_ __iAl xsin147/9 — iAZ xsin137w/9 — ... — ic3 * 0

Therefore, the above formula shows that the iy; 1 changes the most in all i1 y when

loss signal fault (ia1 = 0) occurs in phase-Aj, which is equivalent to the i1 1 losing 100%
of i1 and ixq_7 has the lowest mean value in all iy;_n. Also, ig1_1 has the smallest change
inall igy_n, and the other eight igy_y have lost sin7t/9, sin27t/9 ... sinl47/9 times of ia1,

respectively.

1.  Innormal conditions, nine i,1 y have the same mean value, and so do nine i B1_N-

2. When loss signal fault (ip; = 0) occurs in phase-A;, the above formula shows that the
ix1_1 changes the most in all 7,1 x, which is the equivalent to the iy 1 losing 100%
of in1, and ix1_1 has the lowest mean value in all 74 _y. Also, igy_1 has the smallest
change in all ig;_y, and the other eight ig;_y have lost sin7t/9, sin27t/9...sin147/9
times of iy1_1, respectively.

3. When gain fault (iz; =Ai"a1) occurs in phase-Aj, ix1 1 has the largest change in all

ix1 N, equivalent to iyq 1 increased by 100% “(A — 1)ia1”, which has the largest mean
of all iy1_n. Additionally, igy_1 has the smallest change in all ig;_y. The other phases
have gained sin7t/9, sin27t/9 ... sinl4n/9 times of (A — 1)ia1, respectively. i;%l,l has
the smallest mean in all igy_N.

Therefore, if the mean value difference of each iy1_n and ig1_y is selected for compari-

son, the difference corresponding to the fault phase is the largest, which can be used as the
characteristic quantity for locating the fault phase. Taking phase-A; faults as an example, in
combination with Equation (7), the reference vectors of ix1_y and ig;_y in each axis rotation
coordinate system are shown in Figure 4.

i1 lal-9

(©) (d)

Figure 4. (a) iy1_p in loss signal fault; (b) ig1_n in loss signal fault; () ix_n in gain fault; (d) ig1_Nin

gain fault.
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The proposed method is based on the principle of axis rotation; i1 n and ig;_n always
change in reverse direction after a fault, so the diagnosis variables can be designed by
combining them.

4.2. Diagnosis Strategy

Based on the above derivation, this paper proposes a fault diagnosis method of current
sensor based on improved axis rotation. The fault diagnosis of a multi-phase motor can
be realized by analyzing the sampled current information of the system. Its diagnosis
principle is shown in Figure 5.

S e

TI":'\I I

! g l

Calculate

Park

iqlim

l‘aliN and iﬂLN

M [iqlfm]
Mean:
M[‘i}ﬂi.’v‘] > M[‘l‘nlgv\] A 4
-]
Diagnosis and
Location of
current faults ,

Determine the
Oy and a-f8 Fault degree
system calculation

Figure 5. Block diagram of proposed method.

Step 1: The rotation angle 6y of different phases in the multi-phase motor should
be determined, and the expressions of iy _y and ig;_y with different reference phases as
n1-axis should be established according to 6. Nine-phase motors correspond to 2 x 9
expressions.

Step 2: iy1_n and igy_y are respectively defined as ix1 N = Iamicos(wt — On), ig1_N
= Iimpsin(wt — Oy), where I, and Iy are the current amplitude. M[ iy y 1] and
M[lig1_n ] are respectively obtained by the absolute-mean processor in Equation (8).

27
MWM_NH = %fozw | Iam1 cos(wt — Oy )|dt = %Iaml

MlliginI] = 5% Jo* am2 cos(wt — On)|dt = 2 Ly

®)

When current sensor fault occurs, the absolute-mean difference between iy y and
ig1_n is the largest in the axis rotation coordinate system corresponding to the fault phase.
Therefore, the difference of M[ liy1_n ] and M[ lig1_n|] can distinguish between fault and
health phases.

Step 3: The fault phase of the current sensor can be located by diagnosis variables
“Dn = Max(IM[ ligy_nI]-M[lix1_n1])” after screened by the maximum calculator. The
proposed method eliminates the selection of threshold value, and the phase with the
strictest maximum in the all Dy corresponding to the nine-phase currents is the fault phase,
which greatly reduces the probability of misdiagnosis.

Step 4: The above algorithm realizes the location of the fault current sensor. However,
to distinguish between gain faults and loss signal faults, the g;-axis current i1 _, is used.
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After processed by a mean processor and combined with Equation (3), the expression of
M[ig1_] can be obtained:

2n
Mligt m] = £ [, g mdt
! 0 O = 1) Lo sin (200t + O) (A = 1) Lam sin(8ori)
= Mlipy] - M| . |+ M] . .
MIAC] M[DC]

_ iql + (A—l)langlsin(Gori)

1. Innormal conditions, A =1, DC = 0, M[ig1_j] = ig1_nu- There was no change in igq1_y.

2. When loss signal fault occurs, A = 0, M[AC] is a zero-mean value. So, M[ig1_ ] =
z'ql—Iumsin(Gm-)/Q

3. When gain faults occurs, A > 1, M[AC] is still a zero-mean value, but M[ig1_,] =51 +
(A — DIamsin(8y,) /9.

Therefore, M[i;1_;,] will be biased with different properties when the current sensor
fault occurs, and the bias caused by loss signal faults and gain faults must be opposite.
Therefore, the next key is to determine the DC component “Iymsin(f,,;)/9”.

Since i41_,; can be considered to be derived from the nine-phase current through Park
transformation in Equation (5), M[ig1_;] is equivalent to the mean action of the nine-phase
currents, that is, M[ig1 ;] = M[cosf, x ia1] + ... + M[cos(f, — 147/9) X ic3]. Therefore,
M[ig1_n] will become “8/9” of its original value after a phase current sensor fault. The
expression of M[iz1_p,] after faults can be obtained:

1. Innormal conditions, i51_;, has no DC component, i51_;; = i41.

2. When loss signal fault occurs, the DC component causes i;1_,, to be 1/9 less than the
ig1_m in normal conditions, that is, I;msin(0,;)/9 = ig1/9.

. ) Tam sin (8o 8. .
3. When gain fault occurs, the DC component causes i;1_, more (A — 1)I;msin(0,;)/9
than ig1_y, in normal operation.

(A = 1) Iam sin(Bori)
9

()‘ B 1)iq1
9

M[iql_m] = i,ﬂ + = iql + > iql (11)

Therefore, the loss signal faults and gain faults can be distinguished by comparing the
bias direction of M[iz1_y,] after the faults occur.

Different from the loss signal faults, if the gain coefficient A can be obtained when
the gain fault occurs, the fault tolerant operation can be realized only by adjusting the
factor of current sampling. From Equation (11), it can be concluded that the gain fault
causes the fault ig;_,, to be (A — 1)ig1/9 larger than normal i1 ;. So A can be obtained by
Equation (12).

IMlig1_m] —ig1)

qu

A= +1 (12)

Combining with the diagnosis variables Dy and M[ig1_y,], the current sensor gain and
loss signal faults can be distinguished and located, the gain coefficient A of fault degree
is obtained, which is prepared for fault tolerant in the next stage. The diagnosis method
proposed in this paper is shown in Figure 6.
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Figure 6. Flowchart of proposed method.

5. Tolerant Control of Current Sensors Faults

According to Section 2, i51_,; will produce different forms of pulsation and bias when
the current sensor faults occur, thus affecting the stable operation of the control system.
Therefore, the key to fault tolerant of current sensor depends on the correct estimation of
feedback current i ;; and i*ql. i1 and iy are derived from igy_y and ix1_p, S0 as long as
the correct i*,gl_N and i’y y is estimated by the appropriate algorithm, the fault tolerant
operation of current sensors can be realized.

The fault diagnosis in Section 3 can locate the corresponding phase of the fault current
sensor, and then determine the corresponding 641 of axis rotation system. Taking phase-A;
as a fault example, in its corresponding rotation system, the phase current ig;_; remains
unchanged before and after the fault, so ig1_1 can be used as the Bi-axis fault tolerant
current i*ﬁl after the fault. The calculation of wq-axis fault tolerant current i ,; is discussed
as follows. According to Equation (10), the M[izq_j] after loss signal fault and its value in
normal conditions meet Equation (13):

. 9. ..
ig1 = gMlig1_] (13)

So 1-axis fault tolerant current i 51 can be obtained by the anti-Park matrix in Equation (13).

i*, = [cos(0e — 0a1) —sin(fe — Oa1)] {gMi[jzi_m]} (14)

Among them, the rotation angle 61 of the transformation matrix in Equation (14)
should be selected in accordance with the 81 determined by the fault diagnosis module.

After i y; and i*/gl are determined, the feedback current i*;; and i*q1 can be obtained
from the rotation matrix corresponding to 647.

[’:;11 _ { cos(be — 0a1)  sin(fe — GAl)} FA] (15)

in —sin(fe — 0a1) cos(fe —0a1)] |ip

i'41 and i*ﬂ are incorporated into the control system as fault tolerant feedback to
realize fault tolerant operation of current sensor fault. Thus, a1, i*ﬁl, i g1 and i*ql are
obtained by rotation transformation with the same angle 61. The 647 corresponding to
the fault can be determined only by the fault detection module, that is, fault diagnosis and
fault tolerant operate in the same rotation transformation system, realizing the integration
of diagnosis and fault tolerant. It is worth noting that the combination of fault diagnosis
and fault-tolerant control module needs to consider the correspondence of 6. As a bridge
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connecting diagnosis and tolerance, the selection of 8 determines the accuracy of fault
tolerance current i*ql. Moreover, for gain faults, fault-tolerant control can be realized
directly and accurately only by compensating a calculated gain coefficient A (Equation (12))
for the fault phase current.

The proposed method used stator currents to diagnosis current sensor faults and
obtained tolerant control by estimating and switching the i;1. Therefore, is strongly adapt-
able to a different controller. Additionally, the discussion and verification of the proposed
method in this paper are operated under a vector control system (Figure 7).

Rot
Transformer

Experimental Prototyps

Auxiliary Equipment

DSP-FPGA

Figure 7. Control system of a nine-phase PMSM motor.

6. Experimental Verification
6.1. Experimental Setup

In order to verify the validity of the fault diagnosis and fault tolerant method proposed
in this paper, an experimental platform of nine-phase PMSM was built. The platform
consists of a DC power, a controller, a 9 kw nine-phase PMSM, a DC motor, a speed-torque
measuring instrument, and a voltage source inverter (VSI). The 9 kw nine-phase PMSM
is powered by VSI; H-bridge inverter circuits drive each phase respectively, and the load
shaft is connected with a DC generator. The block diagram of the motor control principle is
shown Figure 7. The parameters of nine-phase PMSM are shown in Table 1.

Table 1. Nine-phase PMSM parameters.

Parameters Value
Power 9 kw
Voltage 234V
Current 46 A
Speed 900 rpm
Torque 95.5 Nm
d-axis inductance 41.2 mH
g-axis inductance 41.2mH
Armature resistance 247 Q)
Magnet flux linkage 0.8524 Wb
pole-pairs 4
Rotational inertia/kg-m? 0.03128

6.2. Loss Signal Fault Diagnosis

Some literature on axis rotation uses the difference between iy 1 and i " 11 as diagnosis
variables [24]. Thresholds are introduced to distinguish normal conditions from current
sensor faults. Because this threshold is so similar in gain and loss signal faults (Figure 8),
the algorithm presented in [24] cannot distinguish them effectively.
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Gain Fault Loss Signal Fault

{l— iaa

4 ok
- lall

Time[30ms/div] ’ Time[30ms/div]
Figure 8. iy; 1 and ia 11 in different faults.

In this paper, the mean value difference of each iy1_n and ig1_y is selected for compar-
ison, the “Dy = Max(IM[ ligy_n 1] — M[lix1_n])” corresponding to the fault phase is the
largest, which can be used to locate the fault without the selection of a threshold.

First, the motor operates stably with 25 Nm load. Then, the output of the phase Aq
current sensor is set to zero through simulation in DSP. The corresponding i i a1 nyandi i BN
are shown in Figure 9.

3 - .
Fault —la_]| — g1
fo1_2} |— ipi2
To1_3) —ip13
Tol_4) —— ip14
Tol_5) 1p1_5)
Tal_ 1p1_6)
To1_7] — 117
of | fal_ ip1_8
—lal_ —ip19
-3 -3
Time(s) Time(s)
(a) (b)

Figure 9. (a) ix1_p in loss signal fault; (b) ig1_p in loss signal fault.

When ip1 =0, the loss signal fault occurs in phase-Aj. According to the Equation (7),
among the nine iy n and i B1N obtained by the axis rotation system, i, 1 is most affected
and ig1_1 keeps the amplitude almost constant. Thus, it can be seen in the Figure 8 that
ix1_1 becomes the current with the lowest amplitude, and conversely, ig1_1 becomes the one
with the highest amplitude.

Figure 10 shows the M[ | iy; ny|] and M[ | p1_N | ] calculated by absolute-mean proces-
sors. Due to the linear relationship between amplitude and absolute-mean in Equation (8),
the value of M[ liy1_1 1] is the smallest of the nine M[ | iy1_y I]. Similarly, M[1ig; 1 |]is the
largest one of the nine M[ ligy y1].

Figure 11 shows the diagnosis variables Dy and M[iq;_m]. In normal conditions, each
Dy are almost equal and approximately zero. When a current sensor fault occurs, the
difference between M[ liy1_ny I]and M[ lig1_n I] of the fault phase is strictly maximum in
Figure 10. Therefore, D; is the max value of nine Dy, so the fault phase can be located.
Moreover, i;1_m has a negative DC bias “—I;ysin(6,,;)/9”, a zero-mean pulse. Thus, M[ig1_y]
in a loss signal fault is less than it is in normal conditions, so the loss signal fault of phase-A;
current sensor can be diagnosed.
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Figure 10. (a) M[lix1_n!]in loss signal fault; (b) M[ lig;_n|]in loss signal fault.
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Normal Condition Loss Signal Fault —D: Normal Condition Loss Signal Fault
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Figure 11. (a) Dy in loss signal fault; (b) M[i;1_m] and iy1_n in loss signal fault.
6.3. Gain Fault Diagnosis
This fault diagnosis experiment is to verify the validity of the proposed method for
current sensor gain fault. When a 2.5 times gain fault of phase-A; current sensor is set
through simulation in DSP. The corresponding i 41 n and i*ﬁl_N are shown in Figure 12.
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—— M[lim 2l —— M[ligi2l
1.50 | M liasl 150 — M[linsl]
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Time[10s/div] Time[10s/div]
(a) (b)

Figure 12. (a) M[ l iy n|]in gain fault; (b) M[ | ig1_N |]in gain fault.
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When the loss signal fault occurs in phase-A; (ia1 = 251 A1), ix1 1 is most affected
while igy 1 keeps the constant amplitude. According to Equation (7), ix1_1 becomes the
current with the largest amplitude and ig1_; becomes the one with the smallest amplitude.
The M[ lig 1] and M[ | ip1_N IT calculated by absolute-mean processors are shown in
Figure 12. Therefore, the value of M[|i,; 1 |] is the largest of the nine M[ iy n ], and
M[lig1_1!]is the smallest one of the nine M[ lig;_n].

Figure 13 shows the diagnosis variables Dy and M[ig1_,,]. Each Dy are approximately
zero in normal conditions. When the fault occurs, the difference between M[ | i, n|] and
M[lig1_n |] of the fault phase is strictly maximum in Figure 13. Therefore, D; is also the max
value of Dy, so the fault phase-A; can be located. Moreover, i1, has a distinct positive DC
bias “1.5I;msin(6,,;)/9” and a zero-mean pulse. Thus, M[ig1_;] in loss signal fault is greater
than it is in normal conditions, which can be used to further diagnose tolerant control. So,
the loss signal fault of phase-A; current sensor can be diagnosed.

Normal Condition Gain Fault — D1 28 Normal Condition | Gain Fault
D Ju | Mii] ' ’
/ —D; —— iglm
—— D4 . 227
Ds 3:5/ Positive bias
; Ds 20T ‘ ally | ‘
b |
- sl | J\ \‘
[ e
o Wb 111
" " 1.6
Time[10s/div] Time[10s/div]
(a) (b)

Figure 13. (a) Dy in gain fault; (b) M[iy1_n] and i5;_y in gain fault.

The threshold selection is eliminated in the whole diagnosis process, and the loss
signal faults can be located by selecting the phase with the maximum value of the diagnosis
variables Dy. M[i;1_n] has an obvious negative bias feature, which makes the distinction
between loss signal and gain faults more accurate.

6.4. Loss Signal Fault Tolerant

In order to verify the effectiveness of the proposed fault tolerant method, the loss
signal fault-tolerant control experiment is shown as follows: iy1_1 and igy_1 are the actual
currents, i*al_l and i*ﬁl_l are the fault tolerant currents. Since ig;_; remains almost constant
when fault occurs, igy_1 can be directly referred to as i*ﬁl_l. And the conversion between
ig1_m and fault tolerant current i q is realized by the switch designed in DSP.

In Figure 14, iy1 1 and igy 4 (" p1.1) have similar amplitude in normal conditions.
However, due to the existence of a correction factor of 9/8 in Equation (12), the amplitude
of the fault tolerant current i*le,l is slightly higher than i1 1 and i p1.1- When the loss
signal fault occurs in Ay, iy 1 is most affected and i p1.1 keeps almost constant but the
tolerant current i*mil has the same amplitude as 7,1 ;1 in normal condition. Before and after
the fault-tolerant control, i', 1 1 can maintain a stable correct amplitude, so that it can be
connected to the system together with i" p1_1 as the fault tolerant current.

Figure 15 shows that igq_,, produces a large pulse due to the DC bias and AC pulsation
when faults occur. At this time, the current ig; connected to the feedback system is still
ig1_m. Then, the switch is given a fault tolerant signal and it selects i 47 to be transferred to
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the output. Therefore, the feedback current ig; is restored to i31_;;; in normal condition, and
fault-tolerant control is realized.

Normal Condition

-l

Loss Signal Fault

- —— =LY

IR IR

-2.5

Fault Tolerant

— fal_1
— i1

— i'p11

Time[15ms/div] Time[15ms/div] Time[15ms/div]
Figure 14. ip1 1,121 1 and i’ 1.1 in different conditions.
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Figure 15. i51_p, i*ql and ig in different conditions.

6.5. Gain Fault Tolerant

The proposed method can estimate the gain coefficient A, which can be used as the
correction factor of the fault phase current sensor, and can achieve fault-tolerant control
directly and accurately.

In Figure 16a, when a 2.5 times gain fault of a phase-A; current sensor is set, the
estimated coefficient A has good tracking effect in normal and fault conditions. Therefore,
fault-tolerant control can be realized by compensating the gain coefficient of the fault
current sensor in DSP. After compensation, the estimated A and i51_j, are both restored to
normal values.

Different from the existing algorithms, the proposed method can estimate the gain
coefficient A, which can be used as the correction factor of the fault sensor. The fault-tolerant
control achieves tolerant accuracy by applying this factor.
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Figure 16. (a) Estimated A and set A; (b) ig1.

7. Conclusions

In this paper, a fault diagnosis and tolerant control method is proposed to differ-
ent kinds of current sensor faults in multi-phase PMSM drives. It is desirable that the
method utilizes the stator currents signal-processing, making it even simpler and less
computationally demanding. It is also worth noting that the diagnosis variables have
distinct characteristics which eliminate (to some extent) the margin of the design of the
threshold. This method can distinguish between loss signal and gain faults effectively
and lacks operating condition dependence. Moreover, the degree of current sensor gain
fault can be quantitatively described by an estimated coefficient. Finally, fault diagnosis
and tolerant control experiments are presented, which show the effectiveness and rapidity
regarding the method. The optimization of diagnosis variables when multiple faults occur
is the next focus.
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