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ABSTRACT Multiphase machines are commonly analyzed using vector space decomposition modeling
technique, where the original phase variables are decomposed into multiple orthogonal subspaces. The
machine torque production and, therefore, its dynamic response are mainly decided from the «—8 funda-
mental subspace. In the available literature, other non-fundamental subspaces are commonly regarded as the
non-flux/torque producing subspaces while mainly contributing to the extra winding joule losses. Although
the primitive harmonic-free models are usually assumed for these secondary subspaces in the asymmetrical
six-phase induction machines, a clear evidence to include or discard the effect of the low-order space
harmonics of the air gap flux distribution under different neutral configurations has not been established
so far. To this end, this paper investigates the effect of the induced air gap harmonics mapped to the x-y and
zero subspaces on the dynamic modeling and, hence, the dynamic response of an asymmetrical six-phase
induction machine. An improved space harmonic model is, then, proposed to better explore/simulate their
effect under both healthy as well as fault conditions. The proposed model is experimentally validated using
a 1.5-kW prototype induction machine.

INDEX TERMS Asymmetrical six-phase, induction machine modeling, low-order space harmonics, scalar
control, fault-tolerant, open phase, neutral configuration.

Nomenclature
i Current s Stator
v Voltage +  Rotor
A Flux linkage m  Magnetizing
R Winding resistance
L Self or magnetizing inductances
l Leakage inductance L. INTROPUCTION . .
P Number of pole pairs fl"he.multlphase rpachmes have re.cently proved. to prevail
T, Developed torque in high-power adJustE}ble speed drives and .multl—megav&'/att
. number of stator phases wind energy conversion systelps that enFall.t.lle operation
m, number of rotor bars ugder high performance an.d rigorous rellabqlty standards
Ny number of turns per stator phase a.hke [1]-[:5]. For these appllcathgs, the superiority of mul-
Koy stator winding factor for a harmonic orderf: tTphase drive systems over traditional three-phase alterqa—
Kyew(n  cage rotor skew factor for a harmonic orderh tives cannot be oveltlo.oked. Thence, the re?search commun.lty

Subscripts has devoted a prodigious effort to shed light on the myriad
h Harmonic order privileges of this technology in different applications [1].
o« B Fundamental subspace components Undoubtedly, the dqal three.-phasg mgchines are one of the
X,y Secondary subspace components most pqpular practlca.l pptlons in different 1ndustry. sec-
0,,0_  Zero sequence components tors, owing to the possibility to employ the well-established
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three-phase technology, ensuring that the required hardware
modifications shall be in an acceptable tight window.
The literature has demonstrated that a dual three-phase
machine with a spatial phase shift of 30° between both
three-phase sets, which is commonly recognized as asym-
metrical six-phase (A6P) machines, leads to an improved
flux distribution and, therefore, a higher torque quality [6].
The two three-phase winding sets can either be connected
with isolated (2N) or connected (1N) neutral configurations,
as shown in Fig. 1.

C2 C2
C1 C1

by b1
(a) (b)
FIGURE 1. Possible neutral configurations for asymmetrical six-phase

stator winding. (a) Isolated (2N) arrangement. (b) Connected (1N)
arrangement.

Generally, mathematical modeling always pops up at
the top of the research topics’ list when investigating any
practical system. The multiphase machine modeling has,
therefore, met considerable attention among the research
community since early stages and hitherto [7]-[16]. It is
quite fair to acknowledge that the so-called vector space
decomposition (VSD) modeling approach [6] is the most
employed technique in utmost recent literature, where the
n-phase machine variables are decomposed into a single
o — B torque producing subspace and multiple orthogo-
nal secondary subspaces. A widely employed assumption is
to regard these secondary x-y subspaces as non-flux/torque
producing subspaces [6]. This assumption originates from
the fact that the higher the number of phases is, the more
sinusoidal flux distribution will then be, even for concentrated
single layer windings. However, this assumption can suffi-
ciently be valid under only healthy condition, where the effect
of all secondary subspaces is ideally nullified.

The up-to-date literature has demonstrated a thorough
investigation of time-harmonic mapping among different sub-
spaces of multiphase windings [17], [18]. These studies have
been the baseline on which multi-frequency current control
was then proposed to compensate for these parasitic harmonic
current components [19]-[21]. On the other hand, the interest
to investigate/model the effect of different space harmonics
in multiphase winding has not met the same attention so far.
This indifference was logically driven by the well-established
assumptions made in the literature that the harmonic flux
components produced by the secondary subspaces can be
ignored. However, regardless the current waveform is being
sinusoidal or distorted, space harmonic mitigation can only
be carried out through innovative winding layouts rather
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than current control. The harmonic current compensation will
actually help prevent the distortion of the developed torque
profile with more undesirable ripple torque components.
Thus, a clear evidence to discard the effect of these low-order
space harmonics on the machine dynamics has not evidently
been yet confirmed.

Recent studies have, however, shown a notable effect
of these low-order harmonics especially under fault con-
ditions [22]-[24]. The study given in [22] has proven that
the induced third harmonic air gap flux component in an
AG6P IM under zero-sequence current excitation affects the
accuracy of the input impedance estimation of this sub-
space. Being a stationary flux component in nature, this third
harmonic component will expectedly introduce a subsyn-
chronous speed point in the torque-speed curve under fault
conditions at one-third the machine rated synchronous speed.
Recent studies also have shown a notable third harmonic
induction under fault conditions for the five-phase induction
machine case [23], which likely affects the machine dynamic
performance [24], [25]. The first attempt to include the effect
of third harmonic flux component in the mathematical model
of a symmetrical six-phase induction machine in order to
better estimate the steady-state phase current waveforms has
been introduced in [26], [27]. To the best of the authors’
knowledge, no further attention has been paid to investigate
the effect of low space harmonics on the mathematical model
of induction machines with other six-phase winding layouts
under the two possible neutral arrangements.

This paper first introduces the effect of different stator
excitations of the air gap space harmonics of an A6P stator.
An improved low-order space harmonic model for the three
subspaces is, then, proposed in Section III. The dominant
low-order harmonics, namely 3™, 50, and 7% order air gap
space harmonics, commonly mapped to the x-y and zero
subspaces, are included in this proposed model to better
estimate the machine dynamic performance under healthy as
well as fault conditions. Experimental validation to the pro-
posed model is given in Section IV using a 1.5kW prototype
induction machine. Finally, the main conclusions behind this
study are reported in Section V.

Il. DOMINANT LOW-ORDER SPACE HARMONICS IN
DIFFERENT SUBSPACES OF ASYMMETRICAL

SIX-PHASE WINDINGS

It is a matter of fact that the air gap flux distribution of
the primary subspace of any multiphase winding contains
numerous undesirable space harmonic components among
them are the phase belt harmonics of order i = 2¢gj &= 1 [28],
where j is any positive integer, ¢ = 180° / 8, and § is the
winding phase belt angle.

From a practical perspective, an A6P winding can be con-
structed from a traditional three-phase stator by simply split-
ting the winding phase belt into two halves, yielding § = 30°.
Based on the space harmonic order, different harmonics are,
therefore, mapped to specific subspaces. The o — 8 subspace
holds the 6j &+ 1 harmonics, where j = {0,2,4,6,...},
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the 67 & 1 harmonics are mapped to the x-y subspace, where
i=1{1,3,5,...}, while the 0,.0_ subspace is concerned with
the triplen harmonics (3", 9™, 15" .. ).

The lowest order harmonics will, thus, be the 111 and 13t
under « — B current excitation. In case of x-y secondary
current excitation, the 5™ and 7™ low-order harmonics repre-
sent the dominant harmonics of this subspace. The magnitude
of these space harmonic components will largely depend
on the stator winding layout. For a sinusoidally distributed
winding, these harmonic components shall theoretically be
eliminated. For the zero-sequence subspace, the air gap flux
distribution experiences a stationary third harmonic compo-
nent with a magnitude depending on the employed wind-
ing layout as well. Practically, a 5/6 double layer winding
is commonly employed in A6P induction machines [29] to
minimize the stator leakage inductance [30]. However, it has
been demonstrated in [22] using a 5/6 double layer A6P
winding that the harmonic spectrum of the zero subspace
explores non-negligible third harmonic component. Based on
the notable magnetomotive force (MMF) component of this
third harmonic component, an improved equivalent circuit
has been proposed to help identifying the machine different
leakage inductance components in higher accuracy.
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FIGURE 2. MMF spectra under different sequence excitations.

To recall this phenomenon, Fig. 2 depicts the different
MMF spectra under the three possible excitations of an A6P
stator using a 12-slot/pole-pair stator and a winding pitch
of 5/6. Under x-y subspace excitation, the 5 and 7 harmon-
ics have 5.4% and 4% magnitudes relative to the fundamental
component. While under zero sequence excitation, the 3™
harmonic component has a relative magnitude of 24.4%.
Hence, neglecting these harmonic components may cause
a notable deviation in the predicted machine performance,
especially under transient operation, in comparison to the
obtained results based on the widely used harmonic-free
model.

llIl. PROPOSED VSD MODEL

The dynamic modeling for multiphase machine is mostly
based on VSD modeling. The n-phase Clarke’s transforma-
tion is used to decompose the phase quantities (i.e., current,
voltage, and flux linkage) into orthogonal stationary sub-
spaces. For an A6P machine, the six-phase quantities are
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FIGURE 3. Experimental Setup.

decomposed to three orthogonal planes, namely the o« — 8
subspace, the x-y subspace, and the 0;0_ subspace. The
o — B subspace is the main torque producing subspace. For
a balanced healthy winding, the other two subspaces will
be nullified; their effect, therefore, appears mainly under
unbalanced conditions. The VSD matrix employed for an
AG6P stator is defined as,

1

(T] NG

1 —-05 —-05 0866 —0.866 O

0 0866 —0.866 0.5 0.5 -1
« 1 —-05 —-05 -—-0866 0866 O

0 —0.866 0.866 0.5 0.5 -1
05 05 0.5 0 0 0

0 0 0 0.5 0.5 0.5

ey

It is recognized that including more harmonics in the
machine model will certainly improve the modeling accu-
racy at the cost of model complexity and computational
burden. The best compromise is to consider only the domi-
nant low-order phase belt space harmonics in each subspace,
which will likely affect the average torque as well as torque
ripple production. Higher order harmonics will, therefore,
be neglected in this study. The general assumptions that will
also be made are as follows:

1) The magnetic circuit is assumed linear, and the effect
of hysteresis, as well as eddy current losses, will be
discarded [31].

2) The effect of slot harmonics is neglected.

3) All sources of winding asymmetries will be ignored.

Based on these assumptions, the ¢« — B subspace will
be responsible for the fundamental torque producing flux
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FIGURE 4. Open-loop free-running mode results for the healthy case. (a) Speed. (b) RMS phase current. (c) Average torque components.

component, the x-y subspace will represent the effect of the
5t and 7™ space harmonics, and the 0,0_ subspace will
account for the effect of the air gap third harmonic flux
component.

A. MACHINE VOLTAGE EQUATIONS

The proposed machine model will comprise three decou-
pled subspaces. Since the fundamental torque producing
component is mapped to the fundamental @« — B sub-
space, the conventional voltage equations of a traditional
three-phase system will hold.

Vas = Rylys + phas ()
Vs = Rsiﬂs +p)¥ﬂx 3
0 = Rriar + phar + wrhpr )
0 = Ryigr + prgr — Wrhar (@)

The flux linkage equations for this subspace are given by

has = (1 + L) las + Lintiar (6)
Ags = (Is1 + L) igs + Lpnigr @)
har = Litigs + (1 + Lin1) lar (®)
Agr = Litigs + (i1 + Lin1) igr )

For the x-y subspace, the same x-y stator current components
will give rise to 5 and 7" order harmonics in the air gap flux.
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Hence, the suggested voltage equations for this subspace,
which is inspired from the traditional three-phase case [32]
to represent the effect of low-order space harmonics, will be
as follows:

Vs = Rylxs + phxs (10)
Vys = Rylys + phys (11)
0 = Rysixys + phars + SwrAyrs (12)
0 = Rysiyrs + phyrs — Swphxrs (13)
0 = Ry7ixr7 + pAxr7 — Twrdyr7 (14)
0 = Ry7iyr7 + pAyr7 + Twrdir7 (15)

In this representation, the stator circuit is represented by two
voltage equations, while the rotor circuit is modeled using
four equations (two for each space harmonic). The corre-
sponding flux linkage equation for this subspace will be as
follows;

Axs = (lsxy + Lps + Lm7) ixs + Linsixs

+ Ly7ixe7 (16)

Ays = (lsxy + L5 + Lm7) Iys + Linsiyrs + Lin7iy7 (17)
Axrs = Lysics + (Irs + Liys) s (13)
Ayrs = Lisiys + (s 4 Lins) iyrs (19)

A7 = Lyy7ixs + (lr7 + Lm7) Lar7 (20)
)Lyr7 = Lm7iys + (y7 + Ly7) iyr7 2n
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FIGURE 5. Open-loop free-running mode results for phase a; case and isolated neutrals (2N). (a) Speed. (b) Average torque components.

(c) Simulated RMS phase currents. (d) Experimental RMS phase currents.

Clearly, from the voltage equations of this subspace, there
will be two subsynchronous speed points at one-fifth and
one-seventh the fundamental synchronous speed. The speed
voltage terms that correspond to the 5 and 7" harmonics
have also different signs to account for the opposite directions
of these two space harmonics.

When the stator is fed from a zero-sequence excitation,
the main dominant air gap harmonic will be the third. Sim-
ilarly, the proposed voltage equations for this subspace will
be as follows,

Vos+ = Rslos+ + phos+ (22)
vos— = Rsios— + pros— (23)

0 = Ry3ior+ + pror+ + 3wrkor— (24)

0 = R,3i0r— + pror— — 3w, Aor+ (25)

The flux linkage equations will be then

Aos+ = (Is3 + Lm3) los+ + Lm3ior+ (26)
ros— = (I3 + Ly3) ios— + Lizior— 27
Aor+ = Lpsiosy + (3 + Lu3) ior+ (28)
Aor— = Lpsios— + (I3 + Lin3) ior— (29)

The torque components corresponding to the three sub-

spaces are calculated from;
T:jw = pLm (iﬁsiar - imiﬂr) (30
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Tc;'cy = SPL'"S (iysier - ixsiyrs) + 7me7 (iysix” - ixsiyﬂ)

(31
0,10_ L .
T, = 3pLu3 (ios—ior+ — igsyior—) (32)
The total torque is then given by
To = T3P +TY + 1 (33)

It is worth mentioning that the torque components ij and
T;*O’ are usually neglected in all available literature. Includ-
ing the effect of these components in the machine dynamic
performance estimation will, therefore, represent a main con-
tribution of this proposed model.

B. PARAMETERS OF NON-FUNDAMENTAL SUBSPACES

An important step to properly model different subspaces
is to identify the magnetizing as well as the rotor circuit
parameters of all subspaces. The study introduced in [22]
proposed an improved equivalent circuit to the zero subspace,
which was also shown effective to better identify the machine
different leakage inductance components. It has been also
proved in [23] that the ratio between the magnetizing cou-
pling inductance corresponding to any space harmonic of
order, A, and the fundamental magnetizing inductance of
a multiphase winding is inversely proportional to the har-
monic order squared. This fact introduces a practical limi-
tation to properly identify the rotor circuit parameters of the

VOLUME 7, 2019
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FIGURE 6. Open-loop free-running mode results for phase a, case and connected neutrals (1N). (a) Speed. (b) Average torque components.

(c) Simulated RMS phase currents. (d) Experimental RMS phase currents.

non-fundamental subspaces based on experimental measure-
ments. In [22] and [33], a simple technique is employed to
roughly estimate these parameters from those of the funda-
mental circuit. This is carried out by first representing the
rotor circuit parameters of different subspaces as functions
of the cage circuit parameters using:

4n ( NpnKywn 2
m=—(l¥ﬂ>W (34)

my Krkew(h)

4n [ Nk, 2
m=l<ﬂlﬂ>@ (35)

my \ Kskew(n)

where rpe and /. are the equivalent bar and end ring segment
resistance and inductance, respectively.

Based on (34) and (35), the rotor circuit parameters
referred to the stator side can be represented as functions of
those of the fundamental subspace as,

Ry = CpiRy1and by, = Chilry (36)

where Cj is defined as

K K. 2
Cri = ( wih) skew(l)) 37)
Kway Kskewn
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The magnetizing inductance of each space harmonic can also
be approximated using the following relation [23],

Lo (K \, G38)
mh th(l) ml

The techniques employed in [22] or [34] can simply be
used to decide the parameters of the « — § as well as the
zero subspaces. Then, the rotor parameters of the remaining
x-y subspace are then calculated based on (36), while the
magnetizing inductances of different space harmonics are
estimated using (38).

IV. MODEL VERIFICATION

A. EXPERIMENTAL PROTOTYPE SYSTEM

The proposed model is investigated using a 1.5kW prototype
induction machine, which has been constructed by rewind-
ing a standard 4-pole, 380V, 50Hz, three-phase IM while
preserving same rated current. The new winding maintains
the same total number of conductors per slot and the same
conductor cross-sectional area. The 24-slot stator is equipped
with a double layer winding with 5/6 winding pitch. The
new machine rated values after rewinding process are given
in Table 1. The machine is fed from two three-phase inverters
connected to the same dc-link and controlled using tradi-
tional sinusoidal pulse width modulation (PWM) at a SkHz
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FIGURE 7. The machine speed profile under optimal current control and phase a1 open. (a) MT2N. (b) ML2N. (c) MT1N. (d) MLIN.

TABLE 1. Prototype IM specifications.

Rated phase voltage (V) | 110 Rated frequency (Hz) 50
Rated Power (kW) 1.5 Rated speed (rpm) 1420
Rated phase current (A) 34 Pole number 4

switching frequency. The whole experimental setup is shown
in Fig. 3. The technique given in [22] is used to estimate the
machine parameters and are given in Table 2.

TABLE 2. Estimated machine parameters of different subspaces.

Subspace Tsk Lok Tk Lk -
/Harmonic (Q) (mH Q) (mH (mH
0~ k=1 2 11.4 1.95 12.9 161
0.0. | k=3 2 7.8 0.995 6.58 14.4
k=5 2 1.46 0.195 1.29 0.934
k=7 2 1.46 0.39 2.58 0.242

Itis worth noting that the effect of low-order space harmon-
ics is mainly showing up under transient conditions and fault
conditions. The best way to explore this effect is to simulate
the machine starting up condition under open-loop speed
control with one phase disconnected. For this case, the torque-
speed curve will exhibit clear subsynchronous speed points as
aconsequence of the presence of the low-order space harmon-
ics. This will mainly affect the motor acceleration and speed
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starting up profiles due to the corresponding induced parasitic
torque components. Under closed-loop speed control, these
problems can easily be compensated for [35]. Hence, it will
not be recruited in this validation study. It is also fair to
say that the harmonic free model can properly simulate the
machine under steady-state conditions since the effect of
these secondary subspaces will be merely neglected [34].
Therefore, the simulation, as well as the experimental vali-
dation, will only be given for the motor starting period where
the target phenomenon will be evident.

In the following subsections, the simulation results
obtained based on the proposed model are validated
using experimental measurements under both open-loop
free-running mode and optimal current control based on
scalar V/f control given in [36].

B. FREE-RUNNING MODE

In this case, the inverter reference fundamental frequency is
set to S0Hz, while the applied voltage is set to a reduced
stator voltage (50V) to avoid high inrush starting currents,
which saturates the current measuring boards. The friction
torque will dominate in this case. For the sake of com-
parison, the machine is simulated under the same condi-
tions. Interestingly, the voltage magnitude reduction will
only increase the starting time but has no notable effect

VOLUME 7, 2019
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FIGURE 8. The simulation and experimental results of machine RMS phase current profiles under optimal current control and phase a1 open.
(a) MT2N. (b) ML2N. (c) MT1N. (d) MLIN.

on the speed profile if core saturation is to be ignored,
which is the assumed case for this study. The increase in
starting time due to voltage reduction will also be valuable

to better depict the machine transient due to these small
space harmonic components by prolonging this transient
period.

VOLUME 7, 2019 6873
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Figs. 4(a) and (b) compare the simulation and experimental
profiles for both speed and RMS phase current, respectively,
under healthy conditions (shown here as a benchmark case).
It may be fair to assume that the simulation results coin-
cide with a satisfactory degree to the experimental results,
which validates the proposed model under healthy conditions.
The simulated average torque components during starting are
shown in Fig. 4(c). Clearly, all torque components otherwise
fundamental (¢ — B subspace) will add to zero under this
case.

Figs. 5 and 6 show the same comparison for the fault case
with phase a; disconnected and under isolated and connected
neutrals arrangements, respectively. As a matter of fact, phase
loss will reduce the maximum achievable torque due to the
reduction in fundamental voltage components [34]. There-
fore, the machine takes a longer time than the healthy case
to reach its final steady-state speed. Under open-loop cur-
rent control, a notable magnitude diversion between different
phases is evident, which also gives rise to secondary torque
components, as shown in Figs. 5(b) and 6(b).

Under the 2N arrangement, the zero-sequence component
is blocked; and hence, the effect of this subspace is nullified.
The total average torque, shown in Fig. 5(b), experiences a
small dip in the torque profile during starting due to the effect
of the 5™ harmonic of the x-y subspace, this effect is high-
lighted by the red dashed ellipse around a speed of 300 rpm
(one-fifth rated synchronous speed). On the other hand, and
under the 1N arrangement, the effect of the zero-sequence
current component comes into play by introducing another
torque dip, but with a larger magnitude, in the accelerating
torque profile given in Fig. 6(b) around a speed of 500 rpm
(one-third rated synchronous speed), which represents the
effect of the 3™ harmonic component. This is highlighted by
the green shaded ellipse in the same figure. Aligned with the
conclusion based on Fig. 2, the effect of the third harmonic
due to zero sequence current components sounds more effec-
tive than the 5 and 7 harmonic. Clearly, the obtained simu-
lation results agree, with a large extent, with the experimental
results, which supports the fidelity of the proposed model to
better explore the effect of these space harmonics under fault
conditions.

C. OPTIMAL CURRENT CONTROL

In this subsection, the simulation model is validated under
open phase conditions, where the remaining healthy phases
are optimally controlled to achieve either maximum torque
per ampere (MT) operation or minimum stator copper
loss (ML) operation [36]. The V/f-based controller given
in [36] is employed in this study. The full controller structure
is detailed in [36], where the reference voltage components
of the fundamental @« — B subspace are generated based on
traditional V/f scalar control. It has been explained in [36]
that based on the selected postfault scenario (MT or ML) and
the neutral arrangement (2N or 1N), there are set of reference
optimal currents that can be achieved by controlling the volt-
age components of the x-y and zero subspaces. The required
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voltage components of the non-fundamental subspaces are
derived from the current error of the corresponding sequence
current components using four proportional-resonant (PR)
controllers.

The experimental results given based on this controller
are compared with the simulations obtained based on the
proposed mathematical model. The fundamental voltage
magnitude is set to 50V at 50Hz frequency. The speed
and RMS phase current profiles under both modes and
with both neutral arrangements are given in Figs. 7 and 8§,
respectively. The good agreement obtained under open-loop
operation is also obtained under optimal current control.
This proves that the mathematical model along with the
estimated machine parameters can properly simulate the
effect of low-order space harmonic on the machine starting
behavior.

Under the 2N arrangements (Figs. 7(a) and (b)), the effect
of the fifth order harmonic can safely be ignored. On the
other hand, the third order harmonic component, caused by
the flow of the zero-sequence component with the winding
configured with a single neutral point, yields a notable speed
dip around one-third the rated synchronous speed as shown
in Figs. 7(c) and (d). This represents a clear evidence to the
notable presence of this space harmonic component and is
also evident from the longer starting time obtained under
this neutral arrangement. The effect of this component also
sounds more effective under the ML rather than the MT
scenario. Comparing the simulation and experimental results
for the RMS phase currents shows very close agreement over
the whole acceleration period, which obviously supports the
validity of the proposed model.

V. CONCLUSION

This paper introduced an improved dynamic mathemati-
cal model for asymmetrical six-phase IMs based on the
well-known VSD modeling approach, which incorporates the
effect of the phase belt harmonics of the stator MMF. The
proposed model was employed to simulate the machine under
free-running open-loop control as well as optimal current
control, and the obtained simulated results were experimen-
tally verified. When compared with the widely employed
harmonic-free model of an A6P IM, the proposed model was
capable of exploring the subsynchronous speed points in the
torque-speed curve due to the effect of the third and fifth
order harmonics, which are typically mapped to the zero and
x-y subspaces, respectively. The former harmonic only takes
place under the single neutral arrangement, while the latter
represents the dominant harmonic for the x-y subspace. The
effect simply appears as multiple speed dips during the speed
starting up under open phase conditions, with a negligible
effect under steady-state operation. This, in turn, prolongs the
machine starting time based on the adopted postfault scenario
and/or the neutral arrangement. It is also fair to say that
the third order space harmonic of the zero subspace sounds
more effective than the fifth and seventh order harmonics
of the x-y subspace. Based on the obtained results, the
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harmonic-free model can still be preserved for the x-y sub-
space but cannot be adopted for the zero-sequence subspace.
This conclusion resonates well with the obtained large ampli-
tude of the third order space harmonic under zero-sequence
excitation compared with those of the other space harmonics.
Nevertheless, the effect of this third order harmonic compo-
nent will only be limited to the transient periods. Therefore,
closed-loop speed control can simply be used to compensate
for this parasitic effect.
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