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Abstract: Direct-torque-control-driven permanent magnet synchronous machines eliminate the need
for a position sensor while providing improved torque dynamics. However, the structure, regulation
principle and nature of compensation of hysteresis-based controllers used in direct torque control
impacts performance under faulty operating conditions. This paper analyzes the reaction of direct
torque control to the presence of various faults that occur in permanent magnet synchronous machines.
The analysis presented reveals that the direct torque control injects a negative sequence voltage and
manipulates the torque angle to meet the control objectives when a fault occurs. The co-simulation of
finite element analysis and a multi-physic circuit simulator is used to validate the response of the
hysteresis-based controller to the machine health. The results indicate that the hysteresis comparators
have the ability to mask the impact of the faults in the direct-torque-control-driven permanent magnet
synchronous machines.

Keywords: demagnetization; direct torque control; eccentricity; field-oriented control; high resistance
connection; symmetrical components; turn-to-turn short circuit; permanent magnet synchronous machine

1. Introduction

Permanent magnet synchronous machines (PMSMs) are widely used in various
industries such as transportation, manufacturing and renewable energy [1,2]. The simple
structure of direct torque control (DTC), coupled with its encoderless operation and fast
dynamics, are of great interest for PMSM [3]. Nevertheless, the occurrence of faults, such
as turn-to-turn short circuit (TTSC), high resistance contact (HRC), static eccentricity and
partial demagnetization, remains a concern [4]. As PMSMs are increasingly utilized in
safety critical applications, it is important that the controller can maintain a safe, stable
operation independent of the machine health state [5]. As discussed in reference [6],
variations in stator resistance and measurement errors can degrade performance and
result in torque oscillations at the electrical frequency. Under heavy load or high speed, it
has been shown in reference [7] that DTC cannot satisfy both the flux and torque control
requirements simultaneously, resulting in the torque losing control. Considering that
the presence of faults impacts the characteristic parameters of the PMSM, faults can
prevent the smooth drive operation of DTC and potentially lead to catastrophic losses if
not detected and mitigated in their early phases. Hence, fault diagnosis in DTC-driven
PMSM is paramount to ensuring reliable drive operation.

Most of the fault diagnosis algorithms for inverter-driven PMSMs were developed
for field-oriented control (FOC) drives [8-13]. However, it is important to consider that
the different structure, regulation principle and nature of compensation for controllers can
affect the fault diagnosis. As shown in reference [4], the controller type impacts the use
of motor voltage signature analysis (MVSA) for fault diagnosis. The MVSA diagnostic
strategy has lower accuracy for the DTC-driven PMSM than the FOC-driven PMSM. The
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lack of a consistent trend in the frequency spectrum of the voltage command for the DTC-
driven PMSM under faulty operating conditions leads to higher incidence of incorrect
fault classification.

Understanding the impact of faults on drive operation and its corresponding reaction is
a fundamental aspect of developing effective fault detection and separation methods. This
becomes especially critical in the context of inverter-driven PMSM, where the compensatory
capability of the drive system impacts the fault detectability [14]. In the case of DTC-driven
PMSM, the electromagnetic torque error and stator flux linkage error are compensated
directly through hysteresis comparators. Therefore, it is essential to comprehensively
examine the nonlinear behavior that arises from the utilization of flux and torque hysteresis
comparators, both in healthy and faulty conditions. Some efforts have been made to
develop fault diagnosis techniques suitable for DTC-driven PMSMs [15-22]; however, the
existing literature still lacks a comprehensive understanding of the potential ramifications
of these faults on the operation of DTC-driven PMSMs.

This work analyzes the operation of DTC-driven PMSMs under four common faults:
TTSC, HRC, static eccentricity and partial demagnetization. The analysis provides insight
into the response of DTC to faulty motor conditions and its effect on fault detection, fault
separation and control stability. The major contributions of this work are as follows:

(1)  Its thorough analysis of the DTC reaction to the faulty operation of a PMSM; and
(2)  Its summary of the challenges in stability for DTC-driven PMSMs.

These contributions facilitate the further development of DTC schemes that are robust
to the presence of faults in PMSMs.

2. Faulty Operation of DTC-Driven PMSM

The schematic diagram of DTC drive, developed for PMSMs in reference [23], is shown
in Figure 1. Measured currents (is = [ia, ig]) and estimated voltages (vs = [va,vg]) in
the stationary frame are required to estimate the stator flux linkages (A; = [)\,X, )\5] ), as
described in (1).

As = /(vs — reig)dt + Ag, (1)
where, (5) is the phase resistance and (As,) is the initial condition for flux linkage estimation.

Consequently, the electromagnetic torque (f.) is estimated using the cross product of the
current and stator flux linkages, as described in (2), where (P;) is the number of pole pairs.
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Figure 1. Electromagnetic torque and stator flux linkage control loops in DTC-driven PMSM.
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Machine currents or voltages will include additional harmonics as a result of the
comparator’s response to the fault occurrence. Therefore, a thorough analysis of the
reaction of the flux and torque hysteresis comparators upon a fault occurrence is essential.
However, it is known that the nonlinear nature of the hysteresis comparators in DTC poses
challenges to addressing this problem analytically [24-26]. Here, the behavior of the current
under faulty conditions is described analytically to investigate the DTC reaction.

The initial consequence of the fault occurrence is the generation of a negative sequence
component in addition to the positive sequence of the machine stator currents. The resulting

machine current space vector (is) is given in (3).

Q= ‘ 1l ’ej(w5t+¢ip) n ‘ 1 ‘e*/'(wstwm) 3)

The variables I Ijj and | l{] represent the magnitudes of the positive and negative sequence
components of the machine currents, while ¢;p and ¢;5 represent their phase angles,
respectively. As the stator current is required for the flux linkage estimation in (1), the
resulting stator flux linkage space vector is described in (4).

;; - ‘ A ‘eﬂwstwp) + ‘ A ’e—j(wstﬂw) + A )

where, /\{j and A{\] are the positive and negative sequence component of the stator flux link-
ages while ap and ay are their phase angles, respectively. Since the electromagnetic torque
is a function of the stator currents and flux linkages of the machine, as described in (2), the
resulting electromagnetic torque would be the sum of three parts, given in (5).

te = tmechanical + tstatic + tdynamic @)

The machine output torque, t,,.cnanical, i produced by the interaction of the positive
sequence components of the machine current and flux linkage, described in (6).

tinechanical = % (‘HZ’ ‘A{?‘ Sin(¢iP - ’XP)) (6)

The DC component of the torque fg4;c, described in (7), is a function of the negative
sequences introduced by the fault occurrence.

baaic = 2 (|| [ 4 sin(an — gin) )

Finally, t4,1amic is a torque component oscillating at double fundamental frequency
(2f5), as shown in (8); it is introduced in the machine output torque by the fault.

bdynamic = % ((1{,‘ ‘/\{V’ sin(2wt + ¢ip + ) + ‘IM ‘/\{3] sin(2wt + gy + zxp)) ®)

It is worth mentioning that the errors in the stator flux linkage and machine torque
due to a fault occurring, described in (4) and (5), are derived prior to the DTC reaction and
compensation for them.

3. Response of Flux and Torque Comparators

The DTC technique employs hysteresis comparators to regulate the magnitude of
stator flux linkage and electromagnetic torque. The bandwidth in the DTC scenario is
determined by the torque and flux hysteresis bands (AT and AA), respectively. Figure 2
presents the torque and flux variation within the hysteresis bands.
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Figure 2. Torque and stator flux linkage variations due to hysteresis comparators. (a) Actual torque
variation within torque hysteresis bands. (b) Actual flux variation within flux hysteresis bands.

The bands can either have fixed values, that remain constant regardless of oper-
ating conditions [27], or they can be percentages of a preset value based on operating
conditions [28]. Alternatively, they can be variables that enable nearly constant switching
frequency [29]. The utilization of wider hysteresis bands leads to a reduction in bandwidth
and switching frequency due to the infrequent violation of the hysteresis bands during the
control cycle. Conversely, a high controller bandwidth necessitates narrow bands, leading
to increased switching frequency due to the likelihood of torque and flux errors exceeding
the hysteresis bands during a significant portion of the control cycle. In general, DTC
permits deviations in the estimation of flux and torque, provided that they fall within the
predetermined tolerance margin established by the hysteresis band. Nonetheless, the esti-
mated torque and flux linkage should follow the reference ones regardless of the machine
condition, whether it is healthy or faulty.

3.1. Flux Comparator Response

Since a negative sequence component appears in the flux linkages due to its presence
on the current, the flux comparator should cancel it by imposing another negative sequence

component (A.) in the flux linkage, as described in (9).
Ae = ‘A{\]‘g*f(wst+ﬁw) )

As aresult, even in the presence of the fault, the actual flux linkage of the machine
would follow the reference flux linkage:

M= M = e = [Aplei(stron) 4 2, (10)

Considering (1), the DTC drive injects a negative sequence component on the reference

voltages to inject the cancellation term (A;). As a result of (9), the static torque error in (7)
and the first term of (8) are cancelled. However, the second term of the torque dynamic
error in (8) remains.
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The flux hysteresis band limits the maximum acceptable change in the stator flux
linkage, which, in turn, limits the negative flux linkage sequence component that can be
generated by applying a negative voltage sequence, as expressed in (11).

Mzzm

‘)\{3’ |AS‘

(11)

The upper limit of the negative voltage sequence that the DTC flux comparator can
apply in response to the flux linkage error is directly related to the flux hysteresis band, as
described by (12).

|[VN| _ 2AA
Ve[ |7l

(12)

3.2. Torque Comparator Response

The regulation of output torque in DTC drive is achieved through the use of a torque
hysteresis comparator. As a result, it is expected that the output torque will conform to the
torque reference regardless of the condition of the machine. However, the flux comparator
response does not eliminate all the consequences of the fault, as the second term of the
torque dynamic error in (8) remains. This error is tolerated by DTC as long as this error
falls within the hysteresis band of the torque comparator. However, if the error exceeds the
maximum allowable torque error, the torque comparator must find an alternative method
to compensate for it.

The variables that DTC can adjust to maintain the desired torque can be known by
considering the torque equation given in (13).

3P,

te=
¢ 8LyL,

As[2ApaLg sin(6) + As(Lg — Lg) sin(26)] (13)

where, (Lg, L;) are the inductances in the synchronous rotating frame; (Apyy) is the magnet
flux linkage; and (J) is the torque angle, which represents the difference between the stator
flux linkage angle (65) and the rotor flux linkage angle (0;). It is clear that the two variables
that DTC can adjust are As and 0. DTC has the capability to adjust the stator flux linkage
vector during the transient conditions to either accelerate it to increase the torque angle
and generate additional torque, or decelerate it to reduce the torque angle and produce less
torque. Under steady-state conditions, the stator flux linkage vector rotates at the same
speed as the rotor flux linkage vector, such that the torque is constant. However, A; is
almost fixed as it is controlled by the flux comparator. Therefore, the only option for DTC
to respond to the torque error is by manipulating the torque angle.

According to [30], the PMSM torque ripple exhibits harmonic orders that are multiples
of the sixth harmonic, f;, , = 6-k- fs, where f; is the machine electric frequency and
k=1,2,3,.... The frequency spectrum, obtained through Fast Fourier Transform (FFT), of
the torque produced by an IPMSM driven by Field-Oriented Control (FOC) and DTC are
provided in Figure 3. It is evident that the FOC driven PMSM exhibits significant magni-
tudes of the 6th and 12th harmonics in its output torque, whereas such high magnitudes
are not observable in the case of DTC. However, if the magnitude of the second term in (8)
increases the torque beyond the hysteresis bands (2AT), DTC will attempt to compensate
for it in order to maintain the torque error within the band. Since the DTC drive provides
the ability to adjust the torque angle (§), any induced harmonics are expected to manifest
in the torque angle instead of the torque. This can be observed in the frequency spectrum
of the torque angle depicted in Figure 4.
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Figure 3. Frequency spectrum of the IPMSM torque magnitude under both FOC (left) and DTC
(right) drives. The 6th and 12th harmonics are not observed in the DTC drive.
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Figure 4. Frequency spectrum of the torque angle in DTC-driven PMSM.

The torque comprises two components: the magnetic torque (t,;) and the reluctance
torque (), as shown in (14).

te =t + tre

tm = A-sin(d) = Im [Aej‘s}
te = B -sin(26) = Im [Bef”}
_ 3Pn/\s)\PM

4y

 B3PuA3(Lg — Ly)

B 8L4L,

(14)
A

The 6th and 12th harmonics are introduced into the torque angle for both the magnetic
and reluctance torque equations given in (14), as shown in (15) and (16).

tm, =A -sin(0 +m) = Im [ Ae]‘(5+m)] )
m =xgcos(6d + vg) + x12 c0s(126 + ¥12)

tre, =B -sin(20 +d) = Im [Bej(2‘5+d)} 16)
d =2x4cos(6d + 7v¢) + 2x12 cos(126 + v12)

The terms x4, X12, Y6, and 712 correspond to the amplitudes and phases of the 6th and
12th harmonics present in the frequency spectrum of the torque angle. The trigonometric
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identity described in (17) is used to expand the electromagnetic and reluctance torque
equations as shown in (18) and (19).

sin(x + y) = sin(x) cos(y) + sin(y) cos(x) (17)
tm, = tmcos(m)+ A - cos(d) sin(m) (18)
tre, = trecos(d) + B - cos(26) sin(d) (19)

By considering the presence of the 6th and 12th harmonics in the torque angle fre-
quency spectrum, it can be observed that the magnitudes of ¢,, and t,, are subject to multi-
plication by cos(m) and cos(d), respectively. Besides that, additional terms are present in
tm and tr.. These offset terms are A - cos(9) sin(m) and B - cos(25) sin(d). In the presence of
the fault, the torque of the machine would attempt to follow the reference torque through
variations in the torque angle.

4. Impact of Variations in Stator Flux Linkage Angle

The robustness and tolerance of DTC can also be attributed to its discrete control
action, which involves selecting a finite set of possible actions rather than continuous
modulation. The finite set of actions, namely the voltage vectors, is chosen based on
heuristics and system dynamics, whereby an exact position of the stator flux linkage vector
is not necessary. Figure 5 presents the sector partitions and voltage vectors available for
selection in DTC. It consists of six voltage vectors (V] — V;) within six sectors (S; — S¢) that
are displaced by 60°. The appropriate voltage vector is chosen as shown in Table 1.

Figure 5. Sector partitions and the available set of voltage vectors in the DTC drive.

Table 1. Voltage vector selection table used in DTC-driven PMSM.

Sector
Oa, o, S1 Sz S3 Sy Ss Se
+1 +1 Va V3 Vy Vs Vi %]
+1 -1 Vs 1% \%) V3 Vy Vs
-1 +1 V3 Vi V5 Ve Vi 1%
-1 -1 Vs Ve 1% 1%} V3 Vy

As described in reference [18], the accurate estimation of the flux of a faulty PMSM
requires additional terms that are not included in (1). Provided that the actual and estimated
stator flux linkage vectors are in the same sector, identical voltage vectors will be applied.
However, if they are situated at the boundaries between sectors, different voltage vectors
are applied, which will lead to a deviation in both desired torque and flux. For illustration
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purposes, the error in estimating the flux caused by the fault has been assumed to result
in the estimated stator flux linkage vector (|A|.st) being in the second sector, while it is
assumed that the actual vector (|A|4:) is in the third sector, as depicted in Figure 6. It is
clear that the estimated value of || is higher than the reference value, which requires
the selection of a voltage vector that can reduce the estimated value of |A;|. By assuming
that the electromagnetic torque should be increased at this instant, the voltage vector (V)
should be applied to the estimated stator flux linkage based on Table 1 since it lies in the
second sector. Figure 7 presents the trace of (|A|est) where (Vy) results in moving the vector
from the second sector to the third one. Subsequently, a varying pattern is introduced now
between V; and V5 to the estimated stator flux linkage vector, which is located in the third
sector, in order to align it with the reference vector.

S3| .S

ol
Y L
Sz %* X
2
\

v,

Figure 6. Illustration of the error between the actual and estimated stator flux linkages after the

occurrence of a fault.

Figure 7. Path of the estimated stator flux linkage based on the voltage vector selection table shown
in Table 1.

Nonetheless, when dealing with the actual stator flux linkage vector, the voltage vector
(V5) must be utilized because the flux vector is situated in the third sector. This decision
is supported by the information provided in Table 1, where a decrease in flux linkage is
required while simultaneously increasing torque. Figure 8 depicts the trace of the actual
stator flux linkage vector in the case that the voltage vector (V5) is applied first.
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Figure 8. Optimal path of the actual stator flux linkage based on the voltage vector selection table
shown in Table 1.

As the feedback loop of DTC relies on the estimated stator flux linkage signal instead
of the actual one, the actual stator flux linkage vector will follow the same voltage vector
pattern illustrated in Figure 7. However, this can cause inaccuracies in the control process,
leading to differences between the actual stator flux linkage magnitude and the desired
reference value, as shown in Figure 9, even if the estimated value is shown to be properly
regulated. The actual stator flux linkage will be adjusted to a new reference position that
takes into account the offset caused by the erroneous control action. Nonetheless, if the
error is not substantial, it may be within the hysteresis bands. Hence, the unmodeled
fault dynamics in the flux estimation lead to unobservable effects of the fault that may be
tolerated by DTC. However, if the changes in the PMSM characteristic parameters due to
the fault violate (20), the controller may become unstable, as discussed in reference [31].

A <‘ by
P Lg— Ly

Apm (20)

&
g\‘b
o
X

*
S

Figure 9. Path of the actual stator flux linkage based on the voltage vector selection table shown
in Table 1.

5. Numerical Results

The validation of the DTC response to the presence of faults is conducted numerically.
A co-simulation study of the DTC drive and finite element model of a PMSM within ANSYS
software is conducted.
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5.1. Numerical Setup

The DTC-driven PMSM is simulated for both healthy and faulty cases. The specifica-
tion of the finite elements model (FEM) of the simulated PMSM in MAXWELL simulator
are listed in Table 2 while the settings of the implemented DTC drive in SIMPLORER
simulator are listed in Table 3.

Table 2. Specifications for the IPMSM used in the co-simulation.

Parameter Value
Rated power 3.8 kW
Rated RMS phase current 18 A
Rated RMS line voltage 480V
Phases/Poles/Slots 3/10/12
Turns per slot 150
Phase resistance 20
Magnet flux linkage 0.287 Wb
Residual flux density 12T

Air gap length 1 mm

Table 3. Settings of the DTC-Driven PMSM

Controller Settings Symbol Value

Flux hysteresis band AA 0.05 - |A%]
Torque hysteresis band AT 0.09 - t;
Sampling frequency fsample 25 us
Initial conditions (Aag, Aﬁo) (0.287, 0) Wb
Operating points (5, |AL]) (20 Nm, 0.52 Wb)

To simulate the faulty conditions of DTC-driven PMSM, modifications are made to
both the geometry of the studied machine and its drive circuit. To model the TTSC fault
occurring within the coils of the phase A winding, the coil area is divided into two separate
parts: one comprising the healthy turns and the other consisting of the shorted turns, as
described in Figure 10. The shaded section within the slot, allocated for phase A winding,
represents the turns, located near the air gap, shorted through a fault resistance. The TTSC
severity is indicated by the number of faulty turns (Ny) and the short circuit resistance
(R¢). The non-shaded section within the slot indicates the remaining healthy turns of the
phase A winding. To mimic the HRC fault, a resistance (Ars) is connected in series with
the phase resistance (r;). Here, the fault is implemented in phase B, and the severity of the
fault is indicated by varying the magnitude of Ar;. To model the partial demagnetization
fault in the PMSM, the remnant flux density of selected magnets is reduced. Each pole in
the studied machine includes two magnets of V-shape. The material of the demagnetized
magnets is replaced with a new material having zero flux density, while the other properties
remain unchanged. To implement the static rotor eccentricity, the rotor and its rotation axis
are moved in the direction of the fault while keeping the stator coordinates fixed. The fault
severity is determined by shifting the components along the positive Y-axis, using different
values (€) relative to the length of the air gap (g,). The severity levels of each fault are given
in Table 4.
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Figure 10. Machine model in MAXWELL coupled with DTC circuit in SIMPLORER including the
TTSC fault circuit on phase A winding.

Table 4. Severity levels of the studied faults.

Fault Type Severity Value
(15,05 )
IS¢ (Nf/Ry) (30,025 Q)
100%
HRC (Ars /1) 150%
. N 1 Magnet
Partial Demagnetization Number of Affected Magnets
3 Magnets
. - 40%
Static Eccentricity (€/8a) 60%

5.2. Flux Comparator

To evaluate the response of the flux comparator to fault presence in DTC-driven
PMSM, the symmetrical components of the commanded voltages are studied. The positive,
negative, and zero sequence components of the commanded voltages (Vp, Vy, V) are
computed using (21).

Vp 11 e a?] [V,
Vo 11 1||v

where 2 = 1/120°. Under normal operating conditions, the negative sequence component
is absent because the commanded voltages are balanced, as shown in Figure 11.

In the event of a fault, the commanded voltages become unbalanced, which causes
the negative sequence voltage component to appear for TTSC, HRC and demagnetization
faults, as shown in Figures 12-14. This component helps to mitigate the effect of the fault
on the stator flux linkage magnitude. However, the negative sequence voltage is nearly
zero under eccentricity fault, as shown in Figure 15. The absence of the negative sequence
voltage under eccentricity fault is similar to the healthy case, Figure 11. It is expected
that the operation of the DTC-driven PMSM will remain stable despite the presence of an
eccentricity fault. Nonetheless, this may lead to challenges in detecting the eccentricity
fault in DTC-driven PMSM.
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Figure 11. Sequence components of the commanded voltages in DTC-driven PMSM under healthy
operating conditions.

Reference ABC Voltages in TTSC: Case [1] Reference ABC Voltages in TTSC: Case [2]
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Figure 12. Sequence components of the commanded voltages in DTC-driven PMSM under TTSC
fault with different severity levels. The healthy sequence components, from Figure 11, are shown in
the faded color. (a) Case 1: (15, 0.5 Q). (b) Case 2: (30, 0.25 Q).
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Figure 13. Sequence components of the commanded voltages in DTC-driven PMSM under HRC fault
with different severity levels. The healthy sequence components, from Figure 11, are shown in the
faded color. (a) Case 1: 100%. (b) Case 2: 150%.
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Figure 14. Sequence components of the commanded voltages in DTC-driven PMSM under demagne-
tization fault with different severity levels. The healthy sequence components, from Figure 11, are
shown in the faded color. (a) Case 1: 1 Magnet. (b) Case 2: 3 Magnets.
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Figure 15. Sequence components of the commanded voltages in DTC-driven PMSM under eccentricity
fault with different severity levels. The healthy sequence components, from Figure 11, are shown in
the faded color. (a) Case 1: 40%. (b) Case 2: 60%.

5.3. Torque Comparator

To investigate the response of the torque comparator to fault presence in DTC-driven
PMSM, the multiplication terms and offset terms on the torque signal given in (18) and (19)
are studied. The multiplication terms are cos(m) and cos(d) and they are shown in
Figure 16. It can be observed that their effect on ¢, and t,. is negligible, as their magnitude is
near unity.

The offset terms A - cos(6) sin(m) and B - cos(26) sin(d) are shown in Figure 17. It can
be noticed that these terms mostly offset each other and, hence, their overall effect on the
torque is negligible, as depicted in Figure 17.

In summary, the DTC drive has the capability to incorporate the 6th and 12th
harmonics in the torque angle instead of the torque signal itself. Although these addi-
tional harmonics are present, they have a negligible impact on the torque signal. As a
result, the DTC drive can maintain the torque error within the torque hysteresis bands.
This nonlinear behavior of the torque hysteresis comparator justifies the compensation
of the second term of dynamic torque error in (8) due to the fault presence through the
manipulation of the torque angle.

1 N Z
cos(m)
cos(d)

<
£ 0.999999 - 1
‘g
&0
<
=
0.9999975 : ‘ : :
0 0.5 1 1.5 2 2.5
0 (rad)

Figure 16. The magnitude of the magnet and reluctance torque multipliers, cos (m) and cos (d),
in (18) and (19).
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Figure 17. The magnitude of the offset error in (18) and (19).

6. Conclusions

The impact of various faults on the performance of DTC-driven PMSMs has been
studied. Four types of faults were studied: TTSC, HRC, partial demagnetization, and static
eccentricity. An analytical description of the stator current behavior under faulty conditions
was used to evaluate the response of the flux and torque hysteresis comparators. Faults
introduce negative sequence components in the stator current that impact flux linkage
estimation. The presence of the fault also introduces (1) a DC offset and (2) a double
frequency component in the torque. The flux comparator adjusts the applied voltage vector
to maintain the desired flux linkage by applying a negative sequence voltage to compensate
for the fault effect. However, the negative sequence voltage applied to correct the error
due to the fault is limited by the flux hysteresis bandwidth. If the bandwidth for the flux
comparator is adequate, the DC offset and a portion of the double frequency component
of the torque will be suppressed. The torque comparator manipulates the torque angle to
keep the machine torque within the specified hysteresis bands.

Initially, it may seem advantageous for DTC to compensate for the flux linkage and
torque errors introduced by the presence of the fault. However, excessive variations in the
torque angle and unmodeled dynamics may lead to instability. Ideally, the torque angle
should remain relatively constant to maintain synchronization between the stator and rotor
flux linkage vectors. Additionally, violations of (20) due to the presence of the fault may
cause the controller to become unstable.

As shown in Figures 12-14, low severity faults result in minimal changes to the
negative sequence component of the voltage. As the fault severity increases, the negative
sequence component of the voltage increases. As long as the flux comparator is able to
keep the flux within the specified hysteresis bands, the torque angle variations are minimal.
Moreover, it is observed that the impact of the static eccentricity fault on overall drive
operation is minimal compared to other faults. This indicates that the flux and torque
hysteresis comparators employed in DTC can also mask the impact of faults. Therefore,
the compensatory nature of DTC necessitates the development of fault detection and
separation techniques that are suitable for the DTC structure to deploy mitigation schemes
and maintain stability in the drive system. The results of this work are as follows:

(1)  Provided insight into the DTC reaction to faulty operation of a PMSM; and
(2)  Identified challenges in stability for DTC-driven PMSMs.

Future research should, therefore, focus on other factors that may affect fault detectabil-
ity, such as the controller bandwidth, machine saturation level and sampling frequency.
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Abbreviations

The following abbreviations are used in this manuscript:

DTC Direct Torque Control

FEM Finite Element Model

FFT Fast Fourier Transform

FOC Field-Oriented Control

HRC High Resistance Contact

PMSM  Permanent Magnet Synchronous Machine
TTSC Turn-to-Turn Short Circuit

ZSVC  Zero-Sequence Voltage Component
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