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Open Fault Detection in Variable Phase-Pole
Machines Based on Harmonic Plane Decomposition

Yixuan Wu
Claes Henriksson

Abstract—Maultiphase electrical machine are inherently fault
tolerant due to the higher number of phases. An important step
in achieving a fault tolerant control is the ability to detect and
identify the fault. In variable phase-pole drives, which are a class
of multiphase machines that change the number of pole pairs dur-
ing real-time operation, there are further unexplored possibilities.
Based on the harmonic plane decomposition theory for variable
phase-pole machine, a fault detection and identification algorithm
is proposed, which analyzes the spatial harmonics of the current
distribution. The fault detection is fast, operation independent,
noninvasive, parameter-insensitive, and computationally simple.
Experimental tests validate the proposed method.

Index Terms—Discrete Fourier transform, fault detection,
harmonic plane decomposition, multiphase electric machines,
variable phase-pole machine.

NOMENCLATURE
Variables
m Number of phases.
P Number of pole pairs.
Q] Number of slots.
vy Spatial phase shift between magnetic axes.
) Dirac delta function.
X[ Real-valued vector of [
h Harmonic plane.
xp) Generic signal that may be replaced by a state

or input variable.
t Time.

X [ Complex notation of space vector x|
Nmw Number of minimum windings.
Kow Factor for machine coil or toroidal coil.

U Angle of space-vector quantity.

W] Rotational frequency.

Vde Pole-to-pole dc-bus voltage.
T electric frequency.

UL O] Time-domain voltage/current.
Tshaft Shaft torque.

k,l Running number.
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T'th Amplitude threshold.

ton, Loff ON and OFF thresholds of time hysteresis.

Rdetect Harmonic plane for detecting existence of
fault.

hg Set of harmonic plane for localizing the fault.

Kactect Set of identified faulty minimum winding
indices.

Kdetect Identified faulty minimum winding index.

ke Faulty minimum winding.

1, Time period.

tdetect Detection time: from fault impact to detec-
tion.

tlocked Locking time: from fault occurrence to turn-
ON of post-fault controller (PFC).

ttault Time instant of fault impact.

q Counter for number of consecutive faulty
PWM periods.

R, Ly, Lo, Rr Electrical machine parameters in the inverse
I" model.

ek, Rg, Fyn, F1)  Parameters of fault detection methods in lit-
erature.

C’[.] Clarke transformation matrix.

Subscripts

xf Faulty.

ah Healthy.

Th Harmonic plane.

T, Rotor.

T Stator.

T1923 123 fundamental reference frame.

T80 Stationary 50 reference frame.

T dq0 Rotary dqO0 reference frame.

1. INTRODUCTION

ULTIPHASE electrical machines (MPEMs) are becom-
M ing more and more important in the industrial and scien-

tific world because of their high reliability, current sharing ca-
pability between inverter legs, low torque ripple, and potentially
high power density as compared to the prevailing three-phase
machines [1], [2], [3], [4]. Variable phase-pole machines (VPPs)
additionally offer the capability to change the pole-pair number
by means of control without any physical hardware reconfig-
uration [5], [6], [7], [8], [9], [10], [11]. Performing pole-phase
modulation (PPM) [10] extends the torque-speed characteristics
of VPPs, such that the applications requiring high torque at low
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speed and high speed with low torque become potential appli-
cations. Electric traction applications are potential use cases for
VPPs as described in [6] and [7]. Compared over the entire drive
cycle, IMs can match or even outperform the energy efficiency
of synchronous machines with surface magnets (PMSMs) [12].
This is mainly due to the higher efficiency in the field-weakening
region, corresponding to highway driving. The same holds
for multiphase IMs [13]. VPPs must, however, be carefully
designed, especially concerning the stator winding structure
in relation to the desired phase-pole configuration (PPC). For
example, the machine designs in [5], [6], and [7] increase the
degrees of freedom to a maximum by allowing for individually
controllable currents in each stator slot. This design allows a
plethora of PPCs. However, the benefits of pole changing are
already achieved with a lower number of phases. The presented
VPPs in [8] and [11] have nine phases and allow two PPCs:
[m=3,p=06] and [m =9,p = 2]. Raj et al. [14] presented,
based on the drive cycle of a heavy-duty electric vehicle, a similar
design with two PPCs, [m = 3,p = 3] and [m = 9,p = 1], and
showed the potential increase in power density as compared
to a conventional three-phase machine. Although it is possible
to create a VPP with six phases, it is not recommended due to
high lateral forces on the bearings during the pole transition in
a change from odd to even number of pole pairs as illustrated
in [10].

Wau et al. [15] introduced the harmonic plane decomposition
(HPD) as a modeling approach for VPPs and demonstrated its
virtue to perform a seamless phase-pole transition. Since the
HPD theory is built upon the winding structure of the machine
independently from the number of phases and poles currently
in operation, it appears also as a suitable candidate for fault
detection in VPPs.

There has been a long tradition of considering faults in electric
drives. Already in the last century, Hanna and Prabhu [16]
reported that users identify semiconductor converters contribute
to a large degree to a faulty drive. Although the technology has
come along way and the failure rates are sinking, semiconductor
power devices are still responsible for 31% of drive failures
according to surveyed users [17]. As MPEMs have an increased
amount of terminal connections and power electronic switches,
open-phase faults (OPFs) are more likely in MPEM drives. On
the contrary, short-circuit faults have their origin in failures in
the winding insulation. These are not necessarily different in an
MPEM as compared to a three-phase machine, i.e., the existing
approaches for conventional drives apply. Therefore, this article
focuses on OPFs.

As a subgroup of MPEMs, VPPs offer the capability for
true fault tolerance, i.e., post fault operation with continuous
torque without increased ripple as compared to the healthy
state. This is a direct consequence of the increased amount
of phases where even a fault does not prevent creating a con-
stant rotating magneto-motive force (MMF). The first step on
the way to achieve true fault tolerance is the detection and
localization of the fault. Recent review papers [18] and [19]
summarized all the approaches made for MPEMs on the field
of fault tolerance, with the focus on OPFs in [18]. Although
intended for fixed-pole MPEMs, some methods are highlighted
below.
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According to [18], [20], [21], and [22], fault-detection algo-
rithms should hold the following conditions:

R1) have a short detection time (shorter than one fundamental
period), which is critical for post-fault control;

R2) be independent from operational conditions;

R3) be independent from machine parameters;

R4) be noninvasive, without requirements of extra hardware;

R5) avoid complex implementation.

The authors in [23] and [24] presented the phase-current-
based fault detection (PHCFD) for conventional three-phase
machines, and Duran et al. [20] showed its adaptation to a six-
phase machine, however, argued that PHCFD has the following
significant disadvantages.

1) The fault indicators e are nonzero for a healthy phase

during faulty operation.

2) A high precision estimation of the fundamental period 7’
is necessary, otherwise the fault indicator ey, is nonzero in
healthy operation.

3) A moving average is needed, i.e., the lower boundary for
the detection time is one fundamental period 7.

In order to mitigate the aforementioned shortcomings,
the authors in [20] and [21] proposed the vector-space-
decomposition fault detection (VSDFD). It leverages the in-
creased number of phases by detecting the fault in the zy
vector-space. With the assumption of a perfectly sinusoidally
distributed stator winding, the components in the xy vector space
should always be zero as they do not contribute to the torque
production [20]. However, this is not the case of generic MPEMs
and VPPs, where all harmonics up to the number of phases can
produce torque with the exception of zero sequences [25]. The
authors of [21] and [22], as an extension of [20], made the same
assumption for a five-phase machine with distributed windings.
In the Clarke transformation, the zy vector-space resembles
the harmonic plane h = 2 in the HPD theory. The simplicity of
the fault indicators Ry is a consequence of the fact that there are
only two harmonic planes in both machines. It is notable that the
authors in [21] and [22] pointed out that the fault indicators Ry,
differ with the machine configuration, i.e., PPC. In fact, the fault
indicators also depend on the choice of the Clarke transformation
matrix. Therefore, this method is less suitable for VPPs, as fault
indicators for each PPC are necessary.

Other strategies for detecting an OPF based on the analysis
of the stator currents were presented in [26] and [27]. De-
spite being developed for PMSMs, the same analysis holds
for the stator windings of an induction machine-based VPP.
Applying the superposition approach of a set on faulty cur-
rents with the healthy set of currents models the faulty be-
havior of the machine. Analyzing the harmonic faulty currents
in the zy vector-space identifies a distinct direction for each
single faulty switch. The directions depend on the number of
phases, the order of the harmonic plane, and the location of the
fault.

First, Wang et al. [26] detected the existence of a fault by
observing the amplitude of the current space-vector in the xy
harmonic plane, which corresponds to h = 5 in the HPD the-
ory. If the amplitude exceeds the threshold of 1A, the exis-
tence of a fault is detected. Next, the average of all possible
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predefined axes is computed over one fundamental period 7T
with the axis with the smallest component to be perpendic-
ular to the faulty winding. This sets the fault detection time
to exactly 7 which the authors show in their experimental
results.

Trabelsi et al. [27] dealt with a PMSM with potentially
nonsinusoidal back-electromotive force and also disregarded the
assumption of sinusoidal stator windings, it cannot be generally
assumed that I_wy is zero. The proposed centroid-based fault
detection and isolation (CBFDI) computes the average location
of a centroid spanned by the current space-vector I, xy With the
a-axis. The resulting minimum detection time takes at least
about one fundamental period T, contrasting with requirement
R1.

A recent article [28] proposed a method to observe the oscil-
lation of the fundamental current space vector with respect to the
output angular position of a PLL. The oscillation originates from
the compensation actions of the controller based on a so-called
magnetic field pendulous oscillation (MFPO). This approach
requires as well one fundamental period for the detection of a
fault.

All the abovementioned fault detection strategies have in
common that they are intended for fixed-pole MPEMs. The
number of phases have a maximum of six. Consequently,
there is one unexcited harmonic plane, often called the zy
plane, next to a homopolar axis or plane. This limits the fault
detection time to one fundamental period T, as only after
one period the direction of the faulty current space-vector can
be identified with certainty. In contrast, reasonable VPP de-
signs have at least nine phases, and thus, at least four har-
monic planes. Moreover, these IM-based VPPs always have a
magnetizing current, facilitating current-based fault detection
methods.

This article proposes a fault detection method based on the
HPD, taking advantage of the increased amount of harmonic
planes and, thus, filling the gap in fault detection for VPPs.
According to the authors’ best knowledge, there exist no liter-
ature targeting VPPs specifically. It modifies the superposition
approach from [26] and [27], by leveraging the HPD theory.
Instead of observing the current space vector over time, the
harmonic-plane-decomposition fault detection (HPDFD) uses
the spatial current distribution. This shortens the fault detection
time to lower than one fundamental period by omitting the
computation of the centroid or the average value. It fulfills all
the abovementioned requirements (R1 — R5) and is generally
valid for any PPC of a VPP.

The HPD theory from [15] provides the healthy machine
model for this work. Section II derives the impact of a fault
from the inverse Clarke transformation. Further, it describes the
model based on a superposition of healthy and faulty currents.
Section III describes the detection of an open fault in two
steps: 1) existence of the fault and 2) its location. Experimental
results in Section IV show a loaded OPF and open-switch fault
(OSF) with the proposed fault detection in place. In addition,
comparative results show the shortened fault detection time due
to the shift from time to spatial information. Finally, Section V
concludes this article.
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The proposed fault-detection algorithm can be applied in
combination with the fault-tolerant controller in [29] mini-
mizing the stator copper losses. This work is a continua-
tion of the conference proceedings [30] with experimental
data.

II. OPEN-SWITCH/PHASE FAULT IN HARMONIC PLANE
DECOMPOSITION

This section describes the constraints introduced by an OSF
or OPF to the machine model using the HPD theory.

A. Harmonic Plane Decomposition

The basis for the here proposed fault detection algorithm has
its foundations in the HPD theory [15]. The theory creates a
unified model for all possible PPCs in a VPP by analyzing the
spatial harmonics of a space-vector quantity. For the work in
this article, the stator currents are analyzed in the stationary
a0 reference frame. The stator side transformation matrix in
(1) transforms the measured currents in 123 reference frame [31]
to the oS0 reference frame

9 \K 5 \1-K
() C, X123 X123 = (n) CT x,p0

XaB0 —
o Nmw mw
T123-080 Top0-123
1 cos(1ly) cos (2v) cos ((Nmw — 1)7)
0 sin(17) sin (2v) sin ((mw — 1)7)
1 cos(2y) cos (4v) cos ((Nmw — 1)27)
0 sin(2y sin (4~) sin ((Nmw — 1)27)
C, =
1 cos ("”é‘“’ A/) cos (2 "’g“’ A/) .. cos ((nmw — 1) "‘;‘W v
0 sin (M%) sin (228 y) . sin ((Rmw — 1) 28y

™
Y=
menmw

ey

B. Open-Switch/Phase Impact

This work considers the following types of open faults:

F1) OPF—no current in faulty winding k¢;
F2) upper OSF—no positive current in faulty winding ky;
F3) lower OSF—no negative current in faulty winding k.

Fault F1) typically appears when the windings are damaged,
the terminal connection is lost or the driving circuit fails. F1)
can also be a combination of the faults F2) and F3).

In case of F2) and F3), the upper or lower switch malfunctions.
The cause may be a semiconductor failure, affecting both switch
and diode in antiparallel. Another reason is a fault in the driver
circuit, preventing the switches to turn on. However, in both
cases, the winding cannot be connected to the dc+ (F2) or dc—
(F3) leading to a lack of positive (F2) or negative (F3) current.

Despite having different origins, the consequences of all faults
F1), F2), and F3) are similar. In the faulty steady state, F1)
prevents any current flow, whereas, F2) prevents positive and F3)
prevents negative current flow in the faulty minimum winding.

In case of an open fault, the system describing the VPP reduces
in rank. As an example, (2) shows the additional constraint
introduced by a fault in minimum winding k¢ = 1. This can
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be derived by examining the inverse Clarke transformation in
(1) as follows:

"L112\w
is1=0="Y an )
h=1

The formerly decoupled harmonic planes become, therefore,
coupled; in this case, the a-components sum to zero.

C. Superposition of Healthy and Faulty Current

As Trabelsi et al. [27] already suggested, the currents after the
occurrence of an OSF or OPF can be divided into two parts in
the fundamental 123 reference frame: 1) a healthy set of currents
iZ’123 and 2) a faulty set of currents i£‘123

h .f
5,123 T 15 123

[z'f’l,ifg,...if T 3)

s7n]IlW

15,123 =1

f _

I5123 =
By separating the healthy from the faulty part, the detection
relies on the analysis of the faulty space-vector currents i£7123.
Considering a fault in a single minimum winding k¢, the faulty
set currents are as follows:

g =il ik =k
LSETY 00 else.
4)

For each time instance, this is in fact a Dirac d-function shifted
by k; with varying amplitude

il = =il 0 (ke — k).

FLF2:i", >0 FLF3:i", <0

As the generalized Clarke transformation from (1) performs a
discrete Fourier transformation (DFT) as explained in [15], the
faulty current space-vectors in each harmonic plane I @ B0,k kg 1S
described by

Nmw

= . s 27
Iiﬁo,h,kf - Z _Z?’k(; (k — kg) & (D)1
k=1
- —ig,kfe e (Bt =1)h Z‘;”kfeimnw(’“ Dh
= [cos (V) + Jsin (I )] 82 4,
ﬁh,k:f = h’y(kf — 1)
2T
Y= ®)
an

It can be seen that the current space-vector I/ 0,1k COTTESpOnds

to the projection of the current zf _, on the harmonic plane 2 with
the phase angle 9}, 1., which is a function of the harmonic plane
order h and the position of the minimum winding k¢ where the
fault occurred. Fig. 1 visualizes this relation (5) in one harmonic
plane in the «80 reference frame.

The above analysis is a generalization of the reference direc-
tions in [26] and [27]. Applying v = 72° for the symmetrical
five-phase machine and analyzing the harmonic plane h = 3
according to the HPD theory yields exactly the same result as
in[27]. Similarly, applying v = 30 ° and examining h = 5 yields
the same result as in [26], once the windings are transformed into
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Fig. 1.  Directions of faulty current space-vector I 4 in harmonic plane

aB0,h, k¢

h for a faulty minimum winding k¢. The polarity of ¢ determines the

-f
5,123 k¢

direction of IfBo Bk

the 123 fundamental reference frame. The presented strategy
recognizes the existence of further harmonic planes, which
improves the detection speed and robustness in the same time.

III. FAULT IDENTIFICATION PROCESS

This section elaborates on the HPDFD. It examines the su-
perpositioned fault current z{ 123 1, i0 the @30 reference frame
using the HPD theory. The proposed HPDEFD is divided into the
following two steps.

1) Detection of the Existence of an Open-Switch/Phase Fault:
The first step is to identify the existence of a fault. Any fault is
recognized as an imbalance in the spatial current distribution,
which is, therefore, analyzed.

The HPD theory is exclusively based on the defined minimum
windings n.,, Of the stator in order to unify all possible PPCs.
In fact, one PPC does not excite all harmonic planes A during
healthy operation, i.e., some harmonic planes remain with zero
currents. It is highlighted that the unexcited harmonic planes de-
pend on the chosen PPC. Hence, choosing one of these harmonic
planes for detection, called hgeecr, and observing the current
space-vector’s amplitude ||,30 4., May detect the existence
of an significant imbalance, e.g. a potential fault.

In reality, all machines inherently have some imbalance, in
addition to omnipresent measurement noise. Consequently, the
amplitude of the current space-vectors in the harmonic plane
haeteet deviate from zero even in healthy state. To account for
these factors, an amplitude threshold 7y along with a time
hysteresis [ton, torr] are set for the detection. Fig. 2 shows the
schematic for the complete algorithm to detect the existence of
a fault in each PWM period. A counter ¢ increases in case the
current space-vector |I]x30,hy iN Pdetect €Xceeds the threshold
7t (6). When the counter reaches ;Sw , the state is set to faulty and
the counter is limited, which is equal to the fault being present
for at least toy. In case |7]o30. .., falls below ry, the counter g
decreases until it reduces under a value ji’ﬁ and the state is set to
healthy. Together a time hysteresis is reached for the detection
of the existence of a fault

|I_| a0, hgetect > T'th- (6)

Choosing the homopolar in the machine of interest as hgegect
has the benefit that in healthy control, the current space-vector
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New New
PWM ——[ Healthy ] [ Faulty }— p
yes no
SO O oo O o I
g < LiE
yes yes
Fig. 2. Algorithm for detection of the existence of a fault with amplitude

threshold and time hysteresis in each PWM period.

is close to zero. The choice of the hysteresis time thresholds, ¢,
and %, poses a tradeoff between robustness and detection time.

2) Detection of the Fault Location: Knowing the existence
of a fault, it is possible to determine its location. Utilizing
the dependency of ¥, in (5), the instantaneous angle of
I, 80,h,k; Teveals the faulty winding, if & is not excited.

However, measurement noise, as well as the impact of the
healthy current controller, may displace I, 80,h,k; from its ideal
direction. In order to be certain about the fault location, previ-
ously presented fault detection strategies without the assump-
tion of sinusoidal winding distribution observed the angle of
I, 80,h,k; over one fundamental period. Leveraging on the virtue
of VPPs that they have at least four harmonic planes, the
proposed HPDFD achieves a shorter fault detection time by
extracting the spatial current distribution over a set of unexcited
harmonic planes hg. In this work, the average of the instanta-
neous relative angles between the harmonic planes hy are used.
Consequently, the more harmonic planes hg contains, the more
reliable the detection becomes. If one chooses to use fewer har-
monic planes for fault localization, it is advised to use low order
harmonic planes since the spatial angle resolution is higher, i.e.,
one electrical degree corresponds to fewer mechanical degrees.

Equation (7) shows the angle differences between harmonic
planes within the set h. The resulting vector of angle differences
AYy, (1), therefore, contains one entry less than hg

Ady, (1) = £ (liﬁ(),hg(Hl),kf) £ (l{vﬂo,ho(l)ykf)

l e [1, |h(]‘ — 1] . (7)

Further, (8) normalizes the angle differences A with the
minimum winding pitch angle v and the set of harmonic orders
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hy yielding the inversion of the expression for ¥}, 1, in (5)
A9y, (1)
2. OSSN
e o(I+1)—ho(1)y 1 ]
detect,j ho| — 1 + (8)

Itis noted that (8) rounds the index to the nearest integer number
as the computation may result in noninteger results. Moreover,
kdetect,j 1s the computed location in the jth PWM period.

In a final step, choosing the most recurring value of Kgegecr as
in (9) over all previous PWM periods increases the reliability of
the localization of the fault.

kdetecl = mode (kdctcct,ja kdctcct,jfla kdctcct,jfb cee ) (9)

Consequently, the longer the detection is allowed to settle, the
more reliable the HPDFD becomes. This poses another tradeoff
between fault detection time and robustness. After a defined time
tiocked, the identified faulty winding is considered sufficiently
certain and the drive may switch to a PFC. It is noted that
the HPDFD does not depend on any particular PFC. Once the
fault is locked, the PFC remains operational until a scheduled
maintenance is performed.

B. Fault Detection Time

The proposed HPDFD’s detection time has a lower boundary
set by the amplitude threshold 7, the time hysteresis (ton/tofr)
from Section III-1 and the locking time ¢jockeq from Section I11-2.
In the theoretical analysis in [30], an instantaneous fault detec-
tion was achieved due the instantaneous spatial harmonics of
the current distribution. Different from [20], [21], [22], [23],
[24], and [27], the underlying theoretical root of this algorithm
does not require any averaging over a fundamental period T
nor a moving average over a predefined time 7;,,. However, the
proposed method requires at least two harmonic planes for the
fault detection and a third one producing the torque. The more
harmonic planes are available to the fault detection, the faster it
may become.

The practical implementation of the HPDFD has a nonzero
fault detection time. The addition of the time hysteresis
and the majority vote improve the robustness and counteract
measurement noise and inherent machine asymmetries. Thus,
the tradeoff is to set these times such that the ubiquitous noise
floor does not trigger false-positives and simultaneously it is
acceptable for the drive to operate without proper PFC within
the minimum detection time. However, this can be very appli-
cation specific. The same tradeoff between detection time and
robustness was reported in [20], [21], and [27].

IV. EXPERIMENTAL RESULTS

In this section, the proposed algorithm detects an OPF
and an OSF in a VPP with individual solenoidal windings
in each stator slot. The drive uses the controllers described
in [15] and the PFC from [29] with minimum stator copper
losses.

Fig. 3 depicts the experimental setup, and Fig. 4 schematically
depicts the terminal connections. In addition, a circuit breaker
(blue) or an IGBT switch (pink) is inserted between the converter
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Fig. 3.  Solenoidal winding VPP with load machine.

Fig. 4. Schematic of the VPP with Qs = 36 independent stator coils (color
shade) and ;- = 28 rotor bars (brown). For an OPF, a breaker imitates the fault
(blue area). For an OSF, an IGBT switch turns OFF to prevent current flow in
one direction (pink area). Only two inverter legs are shown for clarity.

TABLE I
ELECTRICAL PARAMETERS OF THE VPP

h Rs L, Ly Rg h Rs L, Ly Rg
1 318 56 155 203 10 318 35 32 53
2 318 45 382 126 11 318 35 32 53
3 318 42 165 101 12 318 35 32 53
4 318 39 87 8 13 318 35 32 53
5 318 38 54 68 14 318 35 32 53
6 318 35 32 53 15 318 67 - :
7 318 35 32 53 16 318 63 - -
8 318 35 32 53 17 318 60 - :
9 318 35 32 53 18 318 55 - -

Resistances in [mQ] and inductances in [mH].

output and the winding k¢ to emulate an OPF or an OSF,
respectively. At time instance tg,, = 0 s, the circuit breaker or
the IGBT switch is opened emulating a fault. The direction of the
IGBT determines whether an upper or lower OSF is emulated.
Using an IGBT has the advantage that the shut-off behavior of
a real semiconductor switch is emulated in the experiment.

A. Real Time Implementation

For a first experiment, the proposed HPDFD is imple-
mented for real time operation on the drive, which runs in the
[m = 18,p = 1] PPC. Table I lists the electrical parameters of
the tested VPP. The VPP runs in cascaded speed and current
control at w,. = 1001 r/min. The load machine is set such that
Tshaft = 10 Nmis maintained. The dc-bus voltage is vge = 107 V.
An OPF and a lower OSF are introduced to the faulty winding
ks = 10. Table II summarizes the tuning parameters for the
presented experiments in the HPDFD. For the detection of the
existence of an OPF/OSF, the homopolar component hgetect =
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TABLE II
FAULT IDENTIFICATION TUNING PARAMETERS

hdetect Tth tON/tOFF tlocked hO
18 0.15 - 7123 0.1-2%/0.9ton  0.2- 2% [7,...,17]

18 is chosen. For the localization of the fault, the harmonic planes
hy = [7,...,17] are chosen. In this VPP, the harmonic planes
h < 6 can be excited in order to achieve PPCs with at least
three phases. Fig. 5 shows the time domain currents {49, i19, 411 }
along with w, and Tg,p. In the figure, the following four time
instances are marked.

1) Breaker: The breaker is being opened. The current wave-
form becomes distorted but remains nonzero. In case of
the OPF, the contact must disengage entirely, the contact
resistance must rise and any potential arc has to decay. In
case of the OSF, the IGBT has to fully discharge and block
the current flow.

2) Fault: The current in the faulty slot becomes zero.

3) Detect: The fault detection algorithm identifies the correct
slot as faulty.

4) Locked: The fault detection algorithm locks the faulty slot
and turns on the PFC.

In addition, the fault detection time ¢ getect, defined as the time
between Fault and Detect, and the total time before the PFC
tiocked, defined as the time between Breaker and Locked, are
given in milliseconds as well as fraction of the fundamental
period are given in the figure.

The fault detection time tgeect = 13.4 ms in Fig. 5(a) is sig-
nificantly shorter than one fundamental period with 22.3%. The
fault detection time fgerect = 49.3 ms in Fig. 5(b) is closer to
one fundamental period with 82.1%. However, as the current
goes through one positive half-wave, where no fault is detected
since the fault has no impact on the current, the effective time
in which the fault has an impact is much lower. Removing the
time of the positive half-period, the detection time shrinks to
32.1%. The total reaction time for the OPF is tjockeq = 41.6 ms
corresponding to 69.4% of the fundamental period. In case of
the OSF, it is {jocked = 65.9 ms corresponding to 109.8% of the
fundamental period; again there is a healthy half period included
in this number.

In both cases, at time instance Breaker, the torque drops
leading to a dip in the speed. The healthy controller counteracts
the loss of one winding by increasing the current amplitude in
the other remaining windings. In contrast, the PFC maintains the
Tshafe and, thus, w,. with a smaller current peak than the healthy
controller. Tani et al. [29] explained the details of this PFC.

For a more detailed presentation, Figs. 6 and 8 show the nor-
malized average current space vectors I, 80,k for the harmonic
planes hy between Fault and Locked for an OPF and OSF,
respectively. Furthermore, the angles in A1, 1, are marked with
their index [. According to the theory in (5), the expected angles
are U, k=10 = [2m,0, 37, 7, ...]. However, it can be observed
that the current space-vectors are rotated toward the expected
direction. Nevertheless, the angle differences are sufficiently
close to the expected %w. Figs. 7 and 9 show the identified faulty
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Fig.5.  Slotcurrents ¢(g 10,11) for a faulty slot k¢ = 10. (a) Open-phase fault
(OPF). (b) Lower open-switch fault (OSF).

minimum winding in each PWM period kqetect,j following (8)
for an OPF and OSF, respectively. Further, the evolution of
cumulated votes for the two most identified minimum windings
before the majority vote are plotted. In addition, they show
the amplitude of current space vector |I]oz0 hy.., amplitude
threshold 7y, and the identified faulty minimum winding after
majority vote Kgeecr according to (9). The delay in fault detection
from |70,y €Xceeding the threshold ry, are visible for both
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type of faults. From kqetect,j in Fig. 7, it is notable that the
proposed HPDFD outputs the neighboring minimum winding
for some time instances, which can be explained by the current
space-vectors in hg being rotated in comparison to the ideal
directions as depicted in Fig. 6. However, the correct minimum
winding is identified significantly more often and the majority
vote over time solves this issue and assures that the correct faulty
minimum winding is determined.

In case of the OSF, Fig. 9 shows that the HPDFD identifies
the existence of a fault before Fault because the current imbal-
ance is already significantly large. However, kqetect,j does not
correspond to the actual faulty winding unless the current in kg
reaches zero. This emphasizes the importance of introducing
tiocked- It 1s emphasized that the current waveform between
Breaker and Fault may differ significantly depending on the
root cause of the fault. Nevertheless, the proposed algorithm
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is independent of the root cause as it analyzes the current
imbalance.

B. Comparative Experiments

In the second set of experiments, the drive is configured in an
18-phase full bridge configuration and operated in [m = 18,p =
1] PPC. The drive operates atw,. = 1000 r/min at g, = 10 Nm,
while at tg, = 0 s the breaker is operated for an OPFin k¢ = 10.
For the sake of comparison, the drive continues to operate with
the healthy current controllers. In postprocessing, the proposed
HPDFD and the CBFDI [27] are implemented for the recorded
currents. The CBFDI is chosen as it does not assume sinusoidal
winding distribution, which is a key factor for VPPs.
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TABLE III
FAULT IDENTIFICATION TUNING PARAMETERS FOR HPDFD AND CBFDI
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Fig. 10. Comparative results for an OPF in k¢ = 10 for HPDFD and
CBFDI. The VPP drive is in an 18-phase full bridge configuration and runs in
[m =18,p = 1] PPC.

Table IIT shows the tuning parameters for the HPDFD, which
differ from the previous experiment. Due to the full bridge
configuration, only odd harmonic planes are available, leading
to the different choices for hgeeer and hg. Further, the current
controllers are tuned more aggressively for this hardware con-
figuration, which leads to the decrease of ry. Moreover, Fy, has
been lowered as the steady state value is lower than in [27].
Fig. 10 juxtaposes the results for both fault detection methods.
For the HPDFD, Kgetect,j 1S shown along with the received
votes of the faulty and its neighboring healthy windings. For
the CBFDI, the indicator for a fault in ks = 10, Fion is plotted.
In a direct comparison, it shows that the HPDFD shortens the
fault detection time by 0.0216 s or 79.6% in this experiment.
The reason to this reduction is the shift from current waveform
information over time to spatial current distribution information
along the stator.

C. Computation Time

Finally, the computational burden is measured. The test bench
uses a Xilinx Zyng-7000 SoC ZC706 Evaluation Kit [32] for the
computation. ADC measurement deserialization, clocking, and
modulation are implemented in the FPGA and the CPU executes
the calculations for the closed loop control. The PWM period
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in the presented setup is 125 us. The average execution time
in the CPU is 89.043 us. The average computation time for the
proposed HPDFD is 0.4631 us, corresponding to 0.5201% of the
closed loop execution time and 0.3705% of the PWM period.
With the abovementioned computation time, requirement (RS5)
is considered to be fulfilled.

V. CONCLUSION

This work presents a fault detection algorithm based on the
HPD theory for OPFs as well as OSFs, using information
from multiple harmonic planes that are not used for torque
generation. The algorithm analyzes the spatial harmonics of
the stator currents in a0 reference frame. In experiments, the
proposed algorithm shows that its detection time is shorter than
one fundamental period (R1). Furthermore, the exploitation of
stator current harmonics is always feasible in any operation con-
dition (122) and independent of machine parameters (R3). The
proposed algorithm only requires current measurements, i.e.,
not requiring more hardware than the one used for closed-loop
control (R4). Computationally, it requires one trigonometric
operation next to basic mathematics per harmonic plane (R5).
Thus, it fulfills all the requirements (R1-R5) for an open-fault
detection algorithm.

The proposed method requires at least two unexcited har-
monic planes for fault detection and one harmonic plane for
torque production. Since existing VPP designs have at least nine
phases, the proposed HPDFD is applicable to all of these VPPs.
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