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Abstract—This paper exploits the torque-speed operat-
ing limits of a dual three-phase interior permanent mag-
net synchronous machine (ADT-IPMSM) during post-fault
operation for different neutral configurations. To achieve
the maximum permissible torque-speed limits, the study
proposes software and hardware modifications to the latest
fault-tolerant techniques using: (i) an offline optimization
that takes into account simultaneously the voltage and cur-
rent constraints during post-fault operation and (ii) a simple
hardware addition that modifies the neutral points configu-
ration to either isolated (1N) or connected (2N) based on the
operating torque and/or speed. Compared to literature, the
proposed study considers the field-weakening operation,
extending the permissible achievable speeds. A 2.5 kW
ADT-IPMSM prototype validates the theoretical findings.

Index Terms—Dual three phase, fault-tolerance, IPMSM,
post-fault control.

NOMENCLATURE

Notation

R, N Set of real and natural numbers

n,meN Number of rows and columns

CeR Real scalar

¢eR” Real vector (bold), expressed as ¢ =
(Cla CQa cey C’n)T

[I<]] Euclidean norm of ¢

[1<]] 00 The maximum norm of ¢, i.e. ||¢|lcc =
max{|§1|, |<2|""7 |<n‘}

Z € Rmxm Real n x m matrix (capital bold)

Subscripts and superscripts

ar Transpose operator applied to vector or
matrix

O Phasor description of a variable at steady
state

Us Subscript ’s’ denotes referencing to the
stator

oM Superscripts A’ and ’\’ are arbitrary vari-
ables representing the coordinates of a
subspace (A € {dq, XY,0T0"}, X €
{dg, XY, 070"}, and A # \)

General

Tysp € R6%C  Vector space decomposition matrix
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T, (¢) € R*?*? Park’s transformation with angle ¢ € R

T, € R6%2 Optimization matrix

kR, k? Scalar optimization parameters in T}, of the
I' € {X, Y} coordinate

J € R?%2 Rotation matrix

U Electrical voltage (V)

) Electrical current (A)

P Flux linkage (Wb)

(e ¢ RS  Stator space  vector expressed in
the (aibici-agbgce)  frame,  where
¢ e {u i}

Ude DC-link voltage (V)

Me Electromechanical torque (N-m)

Me max Maximum torque for a given neutral point
configuration (N-m)

Mioad Load torque (N-m)

Np Pole-pair number

We Electrical angular speed (rad/s)

QMTPA Speed trajectories per every permissible m,
of the MTPA criteria (rad/s)

QFw Speed trajectories per every permissible 1,
of the FW criteria (rad/s)

wg W Maximum speed within the QFW loci
(rad/s)

De Electrical angular position referred to refer-
ence flux axis of phase a; (rad)

v Viscous friction coefficient (N-m-s)

Me Coulomb friction torque (N-m)

Miric Total friction torque (N-m)

] Mechanical inertia (kg-m?)

R Stator electrical resistance (£2)

LM € R?*2  Inductance matrix of the A\ subspace (H)

Ld, L4 Inductance of the d- and g-axis (H)

Lda Cross-coupling inductance of the dg sub-

space (H)

[. INTRODUCTION

OMPARED to the standard three-phase industrial drives,

multi-phase drives are an attractive alternative owing to
their inherent fault-tolerance capability, enhanced efficiency,
and rating reduction of the employed voltage-source inverter
(VSD [1[]-[3]. Such drives are common for high-reliability-
demanding applications as ship propulsion, avionics and elec-
tric vehicles (EV); where prolonged operation in the presence
of faults is expected [1], [3]], [4]]. Accordingly, fault-tolerant re-
search studies of different types of multi-phase drives received
significant attention in the last decade [4]|[7]], especially those
faults related to the VSIs, being the most common sources of
faults [8]]. Assuming that the fault is detected and cleared,
several post-fault control strategies have been proposed for



one or more open-phase faults (OPFs) [4]], [6]]. For machines
with distributed windings, if the number of phases is divisible
by three, then the multi-phase machine can be obtained out
of a former three-phase machine [9]]. Thus, six-phase, also
known as dual three-phase machines (DTMs), are one of the
promising topologies of multi-phase drives. In that case, a
spatial phase shift of 7/3 or /6 between the two three phase
windings lead to symmetrical or asymmetrical configuration,
respectively, where the latter is the type discussed in this paper.

In the pre-fault case (i.e. healthy case), the non-fundamental
subspace currents are regulated to zero to ensure balanced
currents and high-performance operation [[10]. On the other
hand, in the post-fault operation, fundamental currents are
forced into the non-fundamental subspaces; with an aim to
keep the same magneto-motive force in the air-gap [S[, [7],
[8]. The amplitudes and phase shifts of such forced currents
are determined based on the neutral point configuration (i.e.
isolated (1N) or connected (2N)) and, accordingly, the carried-
out post fault optimization. Given that the objective during
post-fault operation is to generate the desired uninterrupted
electromagnetic torque, such optimization is divided in litera-
ture into three types: minimum Joule losses (ML), maximum
torque (MT), and a hybrid minimum losses maximum torque
(MLMT) [5]I, [[7]. The main difference between such optimiza-
tion techniques lies in the defined optimization constraints,
which affect how the amplitudes and phase shifts of the forced
fundamental currents are scaled in the different subspace
coordinates. The ML optimization constraints minimize the
total stator Joule losses for a given reference torque, leading
to limited torque-production capability and unequal loading
of different phases [[11]. MT maximizes the electromagnetic
torque through maximizing the stator currents up to the rated
current value. This results in equal loading for the healthy
phases at the expense of higher total copper losses, when
compared with ML [5]]. It was proved in [7] that the hybrid
MLMT optimization is capable of combining the merits of
ML and MT, such that minimum losses is ensured for every
permissible torque reference.

To the best of the authors’ knowledge, the available pub-
lications focused on optimising the production of the desired
torque, under the following assumptions:

o The neutral configuration IN is the preferred neutral point
configuration from fault tolerance point of view [5], [7];

o The DC-link voltage reserve is not taken into account in
the optimization algorithm. This implies that the rated
stator voltage would not be violated and the machine
can be driven at the same speeds as in the healthy case.
This assumption is unachievable and critical as for some
applications, operating the drive in the overspeed region
(i.e. field-weakening (FW)) is inevitable as in EV [12];

Given the aforementioned limitations and assumptions, this
paper takes into account the stator voltage as a constraint
within the optimization algorithm, which in turn affects the
operational speeds of the drive, as seen in the recent study in
[13] which focused only on three-phase induction machines.
A comparison between the torque-speed characteristics of 1N
and 2N configurations is carried-out. It will be shown that
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Fig. 1. Post-fault fundamental and harmonic current controllers with the
corresponding resonant frequencies [10], [14].

TABLE I. Parameters of the ADT-IPMSM drive.

Parameter Value
Stator resistance R,=1.10Q
X-axis leakage inductance® LX =242 mH
Y -axis leakage inductance® LY =2.04 mH
0*-axis inductance® LY =27 mH
0™ -axis inductance” LY =261 mH
Pole-pair np =3
Inertia © = 0.01 kg'm?

v =0.8 x 1073 N-m-s
me = 0.2725 N-m
Z's,rated = 41\/5 A

Viscous friction coefficient
Coulomb friction
Rated stator peak current

Rated stator peak voltage di‘fmted =170V/2 v
Rated torque Mg rated = 10.6 N-m
Rated mechanical speed 2300 RPM
Sampling and switching frequencies fow = 8 kHz

* Average of the corresponding inductances in [[14].

the 2N connection is capable of extending the overspeed
region compared to the 1N connection, which was favoured
previously in literature in terms of torque production [6].
Furthermore, a hybrid neutral point connection is proposed
to combine the merits of both 1N and 2N connections based
on the torque-speed operating point. The effect of the PM
harmonics as well as the discrete time delay are taken into
account within the employed current controller; to ensure high-
performance stable operation within the entire permissible
speed range. The concluded results for one OPF can be
extrapolated to various multi-phase machines and for other
OPFs. The optimization algorithm has been validated on a 2.5
kW ADT-IPMSM setup.
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Il. ASYMMETRICAL DUAL THREE PHASE IPMSM MODEL

Similar to the Clarke’s transformation for three-phase drives,
the vector space decomposition (VSD) transformation [6],

Vi _\3
1 -3 -3 % —% 0
Vi _ 3
1 0% - 3 & -1
_ Vi 3
TVSD—g 1 -5 -3 =% % 0], (1)
Vi 3
0-% % 3 3 -1
11 1 0 0 0
o0 o0 1 1 1

decomposes the a1 by ci-asbsco asymmetrical six-phase quanti-
ties f217¢2, where f € {u, ¢, i}, on three orthogonal planes
(F28, FXY, 9" = fovsp = Tysp &7, namely the
equivalent a3 subspace, "0" subspace representing the zero
sequence components from both three-phase sets (i.e. f9 =
(fOF, f97)T), and the XY subspace, which relates to the
degree of unbalance between the two three-phase sets [4],
[6], [8]], [14]]. Moreover, different harmonics are mapped to
such subspaces, where a3 plane holds the 12y 4 1 harmonics,
where v = {1, 2, 3, ...}, XY is concerned with the 6§ + 1
harmonics, where § = {1, 3, 5, ...}, and 070~ is responsible
for the triplets harmonics 39. Applying Park’s transformation

IR i il
to the fS“B quantities, the ADTM-IPMSM dynamic model can
be written in a compact vector form as

2)

d _ - d d ,.d
udd = Ryi% + we JYpda + Lopda,
XY XY XY d; XY | d,,XY
u; Roag " + LY 18" + pv8
0 _ -0 0d;0, d,,0
Uy = Rstg + Lygeg + E"/)s’ 3)
O dw .dg T d
ET; = 3npzsq stq —Mload — Miric,
—_———

=Me

L4 (mH)

it (A)
(b)

(b) LY (c) LE within the domain ||529]| < i rated.

where J = T,(3)"', L¥Y = diag(L¥, LY), LY =
diag(L9", L9") and mpic = v £ 4 me. The ADT-IPMSM
parameters are shown in Table 134 models the fundamental
flux linkage, while XY and 0 represent the harmonic
flux linkages as excerpted from [14]. The post-fault control
structure is depicted in Fig. [I] The model considers non-linear
flux linkages variations of 1994, leading to differential dg-axes
inductances L%, LY and the cross-coupling inductance L9,
which are dependent on 397 (see Figs. [2| and [3) [[15, Chapter
14]. This improves not only the modelling from simulations
point of view, but also enhances the current controller and
dynamical modelling [14]], [16]. Even if such non-linearity is
neglected (i.e. assuming linear flux linkages), the philosophy
of the proposed optimization, shown later in Sect. [T} would
still hold. The upcoming discussion assumes the knowledge of
the faulty phase(s). The reader is referred to [[17]] for studying
the transition from the healthy to the post-fault operation and
the detection of the faulty phase(s), which is not exploited in
this paper.

[1l. POST-FAULT TORQUE-SPEED EXPLOITATION

A. Post-fault subspace and phase currents

As proved in [5]], the fundamental subspace (i.e. dg and
af) in the post-fault operation is still the one responsible for
the torque production, where in this case m, still depends on
relation with the fundamental currents (i.e. m, in @ holds).
The upcoming analysis lays its foundation on the presented
post-fault analysis and the equations introduced in [5[], [7],
[18]], where the optimization relied on injecting fundamental
currents in the XY subspace for the 2N connection and in
both the XY and 070~ subspaces for the 1IN connection.
Accordingly, in the post-fault operation, assuming a fault in



phase aj, then 4 yvsp can be related to i%° at steady state as
(7], (18]

[ 1 0
0 1
- Fe o By | s
s,vSD = o 5|7, 4)
) ky kY S
—1-kg —k2
BRI
::Tk' c RGXQ

where the accent "[0" is the phasor description of a variable
at steady state. T}, is the optimization matrix, varied to fulfill
the necessary constramts (1ntroduced later in Sect. [[lI-C). The
parameters k-, k5 % kS, and k are scalar parameters resulting
from running the optimizer fmmcon in Matlab upon passing
the cost function and the constraints as seen shortly in Sect.
[MI-C| For the 2N connection, the path for zero sequence
currents is blocked (i.e. open circuit). Thus, z = zg =0,
which when substituting in (@) leads to kg = —1, k% = 0. For
either neutral connection, the phase currents can be expressed
as 3], [7]

1070 = Todo Ty 180, (5)

B. Post-fault voltages

The post-fault analysis studies at steady state the effect of
injecting of fundamental currents in the non-torque-producing
subspaces. Thus, the study of the voltage evolution in the dif-
ferent subspaces deals only with the fundamental component.
Although the flux linkages model in (3) is a function of the
PM harmonic components [14], such harmonics will be dealt
with during the implementation of the stator current controller
(see Fig. E]), as seen later in Sect. Thus, for a given m,
and w,, the post-fault fundamental steady state model for the
different subspaces can be deduced from (3] as

udt = Ri% +w, Jypdd
afy = R zg{y + weJLsXY zsxyv (6)
@ = R+ wJLOR.

Using the phasor representation of the a3 in terms of the
dq variables (i.e. derived from (2)) and the relation between
the different subspaces in (@), one can rewrite in polar
coordinates as

ZLoag
éd’dq - g
k| Lbag — ba
k57| 4% — by — 3
kS| Zoag — do
kot P\ ZLag — do —

The mathematical manipulations are omitted for space lim-
itations and hold under the following definitions ¢4 =

tan=1(i2/id); ¢y = tan_l(ki/kX) ¢y = tan™}( /kg’})

o = tan~ (K3 /(1 + k%)); = (k)% + (KR

R ] 9

15, VSD

k2] o= ()2 + ()% IRGE] o= /(L4 k)2 + (k)2

Upon computing the subspace voltages in (6) and the phasor
voltage in the a3 subspace @S” out of ud?, it is possible to
compute the corresponding stator phase voltages by applying
the inverse of the VSD matrix in (I)) leading to

a7 = Tygp Ts,vsD- ®)
It is necessary to mention that the unbalance that took place
with one or more OPFs may require the application of un-
balanced voltages in order to sustain the desired magneto-
motive force and, hence, the developed electromagnetic torque.
Accordingly, it is essential to ensure that the line-to-line stator
voltages of the healthy phases @ S L« for the 2N case

01-10 0 0
—1-l _ 00 O 1 -1 0 —a]—>C2
Ug oN = [oo 0 0 1 —1}'“5 ) )
000 —10 1
=T € R4x6
and ﬁi‘llN for the 1IN case
r01—-10 0 0~
010 -10 0
010 0 —10
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—1 _ 001 -10 O —a1—3Co
UsiN= | 901 0 -1 0 | Us ’ (10)
001 0 0 —1
000 1 —10
000 0 1 —1
Loo o -1 0 14
=Tl € R10X6

would not exceed the rated peak value us lrated, which deter-
mines the required . In (9), the line-to-line voltages in @}y
consider the voltages of the two three-phase sets separately;
since the neutral points are isolated. As for (T0), all possible
voltage combinations, excluding the faulty phase(s) should be
considered, owing to the unbalanced voltages in the post-fault
operation. Taking such voltages & S and uS 5N into account
ensures also that the dual three- phase inverter will not be

driven into the over-modulation region [9].

C. Post-fault optimization

Given the modelled post-fault currents and voltages for both
IN and 2N connections in Sects. and defining the
sets of phases as S € {ay, ..., c2}, faulty phases iy and the
healthy phases h := S\ hy (i.e. h N hy = @); the generalized
objective function can be formulated at a given speed as

p\T 2h
) & (11
6(Zs,rated)2

subject to the following constraints:

min pcy =
nin. pou

.h
g1 is! = 0,

g2: >, il =0,
yEh
g3 Me = Me ref, (12)
94 - HZhHoc < Z's ,rated
gs : ||u’<; Inlloo < us ‘atedr 1N case,
’ ||Us 2N||oc <ab lrated, 2N case,



Step 2: S - Step 1:
Post-processing ) Optimization in
the results and | v Sect.[[MI=C]
plotting Load the if‘l loci of 1 yef, start with the MTPA
point "+ "on "——" in Fig.[5] and set w, = 0.

Plot efficiency l
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Fig. 4. (a) Post-fault flowchart of the proposed optimization in Sect.[llI-C|
applied for the 1N and 2N configurations along with (b) an exemplary
representation showing the evolution of z';iq points for a loaded me
parabola. Points similar to z; (i.e. on the MTPA loci and beyond the
FW limit) violate g in (T2), while points similar to z2 (i.e. on the FW loci
and beyond the FW limit) violate g4 and gs.

where pcy is the normalized stator copper losses with respect
to the healthy case. Note that the constraints g1 — g4 in (I2)
were already covered in [7]], while the constraint g5 has been
introduced to take into account the effect of the limited voltage
reserve, especially when the machine is driven into the FW
region. Although the upcoming optimization is carried-out for
one OPF (i.e. phase a;), the presented methodology can be
extrapolated to cover the remaining unique OPFs shown in [6].
Considering gs, unlike in [7]], [18]], will achieve in the post-
fault operation limited speeds per every permissible torque,
termed QMTPA | which defines the loci of the maximum speeds
corresponding to the Maximum-Torque-per-Ampere (MTPA)

criteria. The maximum field-weakening (FW) speed trajecto-
ries for every torque is termed QFW, while the maximum
achievable speed within QF W is w WV, . which is the maxi-
mum FW speed at no-load. The optimization begins by setting
the reference torque M. yof = 0 and loading the corresponding
429 loci for such torque. The algorithm is initialized with 194
at the MTPA point. Starting from standstill, w, is varied while
ensuring the constraints in (I2) are satisfied and recording
the parameters in T}. Moreover, the remaining %9 points
are swept and the corresponding parameters in T} are stored.
Afterwards, the reference torque is increased while repeating
the similar process, as previously explained, till reaching the
point that the initializing MTPA point does not satisfy g4. The
proposed optimization is summarized in the flowchart shown
in Fig. fa) with the aid of Fig. f{(b). In Fig. f[(a), the decision
block for gy — g3 is to ensure that the constraints of the
physical system g; and go are not violated, as well as the
produced torque matches me ref (i.€. g3), when searching for
a feasible T}. By running the optimization function fmincon
in Matlab, it was concluded that failure to find a feasible T}
per every iteration would result from violating g4 and/or gs.
The post-processing of the optimization involves plotting Figs.
for IN and 2N, extraction of the QMTPA and QFW loci,
and the maximal speed limit w!Y, . The outcomes of such
optimization, represented in Figs./ BlOl are detailed in the next
Section. It is worth to mention that even though the effect of
saturation was taken into account in the proposed optimization
in (T2), by invoking the non-linear 197 in (6) (see Figs. [2[and
[), the effect of varying Ry (i.e. due to aging or overheating)
would not lead to different outcomes than those presented
shortly in the next section. This is due to the fact that practical
multi-phase machines address high power applications with
negligible stator resistance compared with the machine stator
impedance.

D. Torque-speed characteristics

Upon completing the proposed optimization in Sect[lI-C|
the relation between the permissible torques, speeds, currents
and the corresponding parameters in T}, can be graphically
represented as shown in Figs. [5]9} respectively. Figs. [5[a)-(b)
highlight in 3 the post-fault FW permissible region of the 1N
and 2N connections, respectively. The current loci indicated
by "+" represent the corresponding loci when applying the
algorithm in [[7]]. The derating is clear with respect to the pre-
fault (i.e. healthy) case.

The fact that the 1N connection covers a larger operating
area within the dg current loci in Fig. Pfa), in comparison
with the 2N connection in Fig. [5[b), adheres to the drawn
conclusions in [5]-[7]. Defining me max as the maximum
torque for a given neutral point configuration, the torque per
ampere capability of the 1N is superior with a recorded M. max
22% higher torque production than that of the 2N connection.

On the other hand, the achievable maximum speeds (i.e.
QMTPA and QFW) in Fig. [f[a) are inferior to the 2N case
as illustrated in Fig. [B[b). This is due to the fact that the
available voltage reserve is distributed among the dg and XY
subspaces in the 2N connection, compared to the IN case,
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Fig. 7. Post-fault efficiency maps of (a) 1N and (b) 2N connections within the (m., we) range of the proposed optimization in Sect. |llI-C

which additionally regulates the 070~ subspace. This property
is crucial, when the demanded speeds and/or the constant
power range (i.e. in the FW mode) are as critical as the applied
electromagnetic torque, as for EV [12]. Compared to the IN
optimization in (7], the proposed optimization in this paper
extends the speed range for the 1N and 2N connections by
16.64% and 25.23%, respectively, when comparing w§ . to
the speed corresponding to the operating point of ¢ max,
which is the maximum operating point obtained in [5]—{7].
It is worth to mention that the maximum achievable speed
in the healthy case for the employed ADT-IPMSM is 1.43

p-u.; owing to the distributed winding configuration and high
characteristic current (i.e. d-axis current required to diminish
the PM flux), is approximately 11 times the current %smted in
Table [I

Since the speed is taken into account in the presented study,
it is of interest to illustrate the post-fault efficiency maps
for both connections. Figs. [/(a)-(b) show the variation of the
experimentally-identified efficiency throughout the permissible
operating range for both the 1N and 2N connections, respec-
tively. The electrical losses used in calculating the efficiency
were limited to the stator copper losses. Core losses were ne-
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Fig. 8. Post-fault parameters in T} within the FW region for the 1N connection (see FW region in Fig. a)) computed using the proposed
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Fig. 9. Post-fault kf, within the FW region for the 2N connection (see FW Fig.

region in Fig. [B{b)) computed using the optimization in Sect. [-C}

glected since they become significant only at high operational
speeds, which is not the case here . It was found out
that the difference in efficiency between both connections is
minor within the common (m,, w,) loci. Nevertheless, it was
concluded that the 1N connection achieves higher efficiency
at low-speed/high-torque regions in comparison with the 2N
connection which achieves relatively higher efficiencies at high
speeds. Owing to the additional degree of freedom of the 1IN
connection for a given torque, the optimization selects lower
values for the parameters of T}, compared to the 2N connection
case. Thus, at low-speed/high-torque operation, the magnitude
of the iXY and 4 currents of the 1N connection are lower
than that of XY of the 2N connection.

The corresponding parameters in T}, for both neutral con-
nections in the FW mode are indicated in Figs. B9 which
represent the necessary variations throughout points to satisfy
the constraints in (12). For the 2N case, since k% -1,
k:éi( =0 (see Sect. , the optimization sets k¢ = 0 as the
optimum value throughout the entire operating range. From
real-time implementation point of view, the 2N connection
could be favourable owing to the lower memory requirements;
as only kg needs to be saved as a look-up-table (LUT)
compared to the 1N connection (i.e. k%, kg( and k§+ should
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Fig. 11. Post-fault comparison between the exploited torque-speed

limits of the proposed H-{N connection and those achieved by the 1N
and 2N connections upon applying the optimization in Sect.l@
be additionally stored as well).

It is possible to combine the merits of both neutral point
connections by installing a neutral point switch altering be-
tween IN or 2N connections (see Fig. [I), leading to a
hybrid neutral connection termed H-(N, where & € {1,2}.
Accordingly, torque-speed characteristics are shown in Fig.



Fig. 12. Test bench: (I) ADT-IPMSM, (ll) induction machine (i.e. prime
mover), (Ill) torque sensor, and (IV) stator and neutral points circuit
breakers.

[I0] where both the maximum torque and speed of the IN
and 2N connections are realized. The highlighted operating
intersection point "e" (WX, mY) in Fig. represents the
boundary point separating the H-IN and H-2N connections,
where the ADT-IPMSM operates in the 1IN mode only if
we < wl OR me > mY. Otherwise, the 2N connection is
selected. Accordingly, the parameters of T}, are selected as
shown in Figs. [8]and [J] depending on the selected neutral point.
Further illustrations are shown in the experimental results in
Sect.[IV] Finally, the maximum limits in terms of torque-speed
for 1N, 2N, and H-£(N are illustrated as a bar plot shown in Fig.
It is clear that the proposed H-(N connection combines
both merits of IN and 2N configurations, maximizing the
drive’s torque and speed capability in the post-fault operation.

IV. EXPERIMENTAL RESULTS

The proposed post-fault optimization is tested on a torque-
controlled 2.5 kW ADT-IPMSM drive, which is coupled to
a standard three-phase induction machine operating in motor
mode (see Fig.[T2). Circuit breakers are installed between the
inverters and the stator terminals to disconnect the desired
phase (i.e. phase a; in this case) as well as the neutral
points, modifying the connection as desired. The T} maps
in Figs. [8] and [9] are downloaded as a 21 x 21 look-up-table
on the real-time dSPACE DS1007 platform. As for the FOC-
based current controller, the fundamental harmonic controllers
are implemented as shown in Fig. [T} while tuned similar to
the controller in [14]; ensuring stable operation through the
entire speed range. A sinusoidal carrier-based pulse-width-
modulation (PWM) is adopted to dispatch the computed
voltages in Fig. [T] by controlling appropriately the inverter
switches. Employment of other PWM schemes for instance to
reduce common-mode voltages and ground leakage currents
has not been considered in this paper for simplicity [20]. In
this paper, the current controller structure is as that in ,
with a key difference that the reference currents for the XY
and zero subspaces are selected according to (7). The resonant
controllers are discretized using the impulse invariant method
with two samples delay compensation scheme; to ensure stable
operation for all resonant controllers within the operating
speed range [10]. It is worth to mention that the adopted
current controller in [4] is incapable of producing high-quality
stator currents; as the authors in [4] employ two mechanically-
coupled three phase machines as an approximation for the
dual three-phase structure. The fact that the two three-phase

b)). To achieve the maximum possible speed w

sets are magnetically decoupled would diminish the presence
of the XY subspace and harmonic currents control could be
neglected [4]. The presented line-to-line voltages shown later
were computed from the reference phase voltages before being
dispatched to the PWM block on dSPACE.

The presented optimization is tested first for the 1N connec-
tion shown in Fig. [T3] where the torque is set to 0.6 p.u., such
that the speed reference is varied in steps, corresponding to
points lying on QT4 and QFW (see Fig.[13[a)). Afterwards,
the speed is set to the maximum permissible speed wf Y,
for the 1N connection, which in return nullifies the generated
torque. This is evident by the i current in Fig. @b). If
the operating point was set to the maximum permissible
torque of ~ 0.67 p.u., then operating speed points on the
loci OMTPA and OFW would be identical. Owing to the
employed control structure in Fig. [T} the stator currents tracks
the fundamental component while compensating the unwanted
harmonics, as seen in the Figs. ﬂ_?[c)-(d). On the other hand,
the most significant line-to-line voltages of @'\ (i.e. voltages
approaching 1 p.u.) in (T0), are observed in Fig.[T3|e), with its
zoomed plots in Figs. [T3(f)-(h). For different time intervals,
depending on the m, and w, variations, the parameters of
T, manipulate the subspace currents to keep the voltages
within Ip.u. (i.e. satisfying g5 for the 1N case) as well as
satisfying g4, validating the proposed post-fault optimization
for the 1N connection. It should be noted that the line-to-line
voltage distortions increase with speed (see Figs. [I3(g)-(h)),
owing to the increased harmonic content in the stator currents
which subsequently increases the harmonic controllers control
action in Fig. |1 to force sinusoidal 2¢* 2 currents through
the stator terminals [[I4]. On the other hand, a similar test
has been carried-out for the 2N neutral configuration, where a
lower torque reference 0.4 p.u. has been set; since a torque
reference 0.6 p.u. in that case would violate g4 (see Fig.
I for
the 2N case, the maximum current vector was set in the d
current direction, as seen in Fig. Ekb). The stator line-to-line
voltages in that case are shown in Fig. [[4[e), with its zoomed
versions in Figs. @f)—(h). When the machine is brought to
its maximum speed limit, the voltages distortions increase, as
seen in Fig. [T4(h), to inject sinusoidal stator currents shown
in Fig. [14(d). Owing to the RC action at wf Y, . the @ by
in Fig. |14{(h) tend to exceed the 1 p.u. range, yet in a limited
range (i.e. 1.04 p.u.), which is mitigated by raising the PWM
voltage limit through the DC-link voltage ugq. by only 4%.
However, the voltage reserve in the available tests is fixed
and already high enough 580 V compared to the rated voltage
abt . 4 as seen in Table [Il It is worth to mention that even
if a high percentage overvoltage is allowed (at least for low
voltage motors), a significant imminent danger is not overseen;
since the winding insulation is usually designed to withstand
much higher voltages than the rated one. However, overvoltage
operations tend to increase the leakage current to ground point
through the bearings, which in turn decrease their average

lifetime (i.e. operating hours) [21]].

Next, the rIr)lerits %)f botlz and 2N connections are
realized by the proposed H-(N connection, which is tested
experimentally in Figs. [I5(a)-(b). The speed ramps up from
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standstill to the wf 1, . of the 2N case (i.e. wi WV, = 1.2 p.u.),
while the applied torque combines those operating points of
IN and 2N modes in Fig. [[3[a) and Fig. [T4(a) (i.e. 0.6 and
0.4 p.u.), as seen in Fig. [[5[a). The neutral point breaker
should be switched ON/OFF depending on the location of
the operating point in Fig. with respect to (wlY, mY)
point, as explained in Sect. [[IlI-D] and in Fig. [T0] When the
neutral point connection is set to H-2N, then the zero frame
controller in Fig. |1|is deactivated and vice-versa for the H-1N
case. Practically, to avoid switching in the presence of neutral
currents when changing from H-IN to H-2N connection, the
controller first switches to the parameters in T} of the 2N
connection; sets igymf = 0; then the neutral switch state is
toggled; and finally the zero sequence controller is deactivated
(see Fig. [I5(b)). Indeed, improved practical neutral points
toggling schemes could be studied, such as faster toggling
scheme and/or introducing hysteresis band to avoid chattering
if the operating point is located near (wl', mY). However,
such toggling strategies will be considered in future work.
This paper focuses on illustrating the philosophy of neutral
point switching and its effect on both torque and speed. Since
the neutral point controls the flow of only 4, it is expected
that toggling the neutral point status would not affect the
electromechanical torque, as shown in Fig. [I5{a).

V. CONCLUSION

This paper presented a modified offline optimization
scheme, capable of identifying the optimization parameters
throughout the entire torque-speed range and for different
neutral point configurations, unlike literature which only con-
sidered fault-tolerance from the electromechanical torque point
of view for the IN connection. The computed optimization pa-
rameters were put under study for different operating regimes
(i.e. MTPA or FW), where the practical results adhered to
the drawn out expectations. The merits of both 1N and 2N
configurations, in terms of higher torque production and max-
imum speed, respectively, have been combined together within
the proposed H-(N connection. Through the applied torque-
speed profile, the operation in the H-1N, H-2N and transition
between both connections has been illustrated, verifying the
laid-out assumptions. Although the speed enhancement cannot
be quantifiably generalized to all ADT-IPMSM drives, owing
to parameter dependency, the obtained findings are of interest
when both the maximum achievable speed and torque dur-
ing post-fault operation are crucial. Future work will target
investigating PM machine designs, especially with extended
constant-power speed range, to draw broader conclusions.
The verification has been carried-out practically on a 2.5 kW
ADT-IPMSM, confirming the effectiveness of the proposed
optimization scheme.
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