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Abstract: A multiphase induction machine model using
vector space decomposition provides insights into many space
harmonics through decoupled reference frames. These decou-
pled reference frames host specific space vectors related to par-
ticular space harmonics. Based on the physical winding con-
figuration, these vector spaces can be excited independently
or simultaneously for the production of torque. Each torque-
producing vector space generates a unique number of magnetic
pole pairs and has independent torque-slip characteristics. In
most literature, the transition between these magnetic pole
pairs is achieved by magnetizing a desired vector space and
then performing the torque transition. This approach results in
beat oscillations due to interference between magnetized vec-
tor spaces. This paper proposes a solution that eliminates these
beat oscillations during magnetic pole-pair transition while
optimizing the stator current peaks. The effectiveness of this
synchronized phase- pole modulation solution is experimen-
tally verified on a 9-phase induction machine in comparison

to the standard magnetic pole-pair transition methods.
Index Terms—multiphase electric machines, online phase-pole
transition, inter plane magnetic cross coupling

I. INTRODUCTION

Multiphase electrical machines (MPEMs) are becoming
more and more present in drive applications [1], [2]. They
have the potential for higher torque and power density [3]
and are inherently fault tolerant under certain conditions [4].
These unique properties of MPEMs make them suitable for
applications such as aerospace [5], marine propulsion [6],
electric generators [7] and electric vehicles [8]. A special
category of MPEMs, i.e phase-pole modulating induction
machines (PPMIMs), allows changing the number of magnetic
pole pairs without any hardware reconfiguration [9], [10].
To achieve this, the physical winding of the MPEM can be
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configured in many ways, and the choice is crucial [11]-
[13]. Winding types are categorized into symmetrical winding
(SW) and asymmetrical winding (ASW) configurations [14].
Multiple vector spaces can be controlled depending on the
choice of winding configuration. These vector spaces are
composed of multiple space harmonics [9], [15] which are
independent within the linear region of the MPEM. Current in
each vector space generates a unique number of magnetic pole-
pairs [9], thus having a unique torque-slip characteristic. These
decomposed vector spaces can be excited simultaneously to
produce additive torques [9], increasing the torque density,
or transitioning between them to access a unique torque-slip
characteristic [10], [16]-[19], extending the operating range of
the MPEM. However, due to the interaction between magnetic
flux produced by different vector spaces in the non-linear
region (saturated core) of the MPEM, the pole transition gen-
erates significant torque ripples. This phenomenon is mainly
due to inter-plane cross-coupling (IPXC) [20]. IPXC is the
magnetic cross-coupling between transitioned vector spaces
due to the saturation of the shared stator and rotor iron core.
Furthermore, the interaction between vector spaces during
transition produces interference patterns resulting in amplitude
modulation at a beat frequency on the MPEM’s electrical
quantities. This destructive and constructive interference of
rotor flux is observed as torque ripples at the shaft of the
MPEM. In order to avoid the adverse effects of IPXC and
beat frequency oscillations, [3] provides a generic solution by
distributing the torque reference in between different vector
spaces such that the slip frequencies of different vector spaces
are controlled with unique relationship. [3] also provides a
generalised phase relationship between different vector spaces
which will minimize the peak amplitudes of a given space
vector I, and .. However, the proposed solution is not capa-
ble of performing a magnetic pole change. This paper builds
upon the state-of-the-art established by [3] and introduces
the capability of pole transition while minimizing the stator
current peaks. The proposed improvements are experimentally



validated using a 9-phase induction machine (IM) laboratory
setup, and the results are compared with earlier results using
pole pair transition approach described in [10].

II. MULTIPHASE INDUCTION MACHINE MODEL

SW and ASW configurations of a MPEM can be modeled
using either vector-space decomposition (VSD) or harmonic
plane decomposition (HPD) [10]. However, in this paper VSD
is used for modeling a given MPEM. The VSD transforms the
space-vector quantities from the fundamental 123 reference
frame [21] to the stationary (3~ reference frame as follows:
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In (1), K = 1 for amplitude-invariant transformations, while
K = 0.5 for power-invariant transformations, and J is the
angle between each magnetic phasor represented in half-wave
symmetry [14]. This a8y transformation decouples the space
harmonic contents of the space-vector quantity distribution
along the stator circumference, including a homopolar com-
ponent (i.e. ) for an odd number of phases, which is not
considered in this paper and set to zero. Furthermore, the
MPEM is assumed to be magnetically balanced reducing the
even vector spaces to zero [9]. Thus, only odd vector spaces
are available, i.e. v € {1,3,5,... £}, where £ is the largest odd
number less than or equal to the total number of phases (i.e.
m). These vector spaces are independent under the condition
that the MPEM is not magnetically saturated.

A generalized Park transformation brings the space-vector
quantities from the af reference frame to the rotating dg
reference frame. Leveraging the independence of the vector
spaces allows to apply a rotational transformation to each
of the space vectors independently. This rotational reference
frame is defined by (j)gy), and the resulting Park transformation
matrix is given by

cos ¢§”) —sin g'/))
Tagsdaq = sin ((bgu)) cos (¢gy)) ()

Thus, the machine model in each vector space resembles
the one for the conventional three-phase machine, shown in
Fig. 1 and described by (3), which is given in the rotor flux
(i.e.wﬁv)) reference frame.
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Fig. 1. Inverse-I" equivalent circuit of vector space v.
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III. MAGNETIC POLE-PAIR TRANSITION (MPT) BETWEEN
DECOMPOSED VECTOR SPACES

Depending upon the winding configuration, few of these
decomposed vector spaces can produce useful torque [9].
Each of these torque-producing vector spaces generates unique
numbers of magnetic pole pairs given by p*) = v.p(1) [9],
where p(*) is the number of magnetic pole-pairs generated
by vector space v, and p!) is the number of pole-pairs
generated by the fundamental vector space. As an example, lab
measurement of 1 — 3 MPT is shown in Fig. 2 implementing
the asynchronous MPT technique proposed in [10]. The MPT
is handled by a state machine that manipulates the %7 ) *
in order to achieve pole pair transition. Here the superscript
“*” corresponds to the reference quantities. The function of
MPT’s state-machine is divided into three steps:

Step 1: Pre-magnetizing of vector space 3 by increasing ig @,
Step 2: Transferring torque from vector space 1 to vector space
3 by reducing il @) and increasing 72 )

Step 3: Demagnetizing vector space 1 by reducing il
Zero.

During Step 1, significant torque ripples are observed. This is
mainly due to the constructive and destructive interference of
two magnetic fields (i.e. 1 and 3 vector space), saturating and
de-saturating the iron core with a beat frequency [3]. This
results in the fluctuations in the parameter of the PPMIM
resulting in torque oscillations. However, during Step 3 the
impact of interference is negligible. The reduction in the large
magnetic field component in vector space 1 causes the core to
de-saturate, thereby reducing the torque ripples.

Similarly, the amplitude of the stator current is modulated
with the beat oscillations due to constructive and destructive
interference between the currents of vector space 1 and 3.
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Fig. 2. Asynchronous 1 — 3 MPT technique

This interference results in current peaks risking an over-
current fault and increase losses. The same phenomenon can be
observed in stator voltage which might trigger field-weakening
of the PPMIM. All of these phenomena are undesired and
can be avoided by applying proposed ripple free pole-pair
transition (RFPT).

IV. RIPPLE-FREE POLE-PAIR TRANSITION (RPFT) USING
SMOOTH REFERENCE FRAME TRANSITION (SRFT)

The beat oscillations due to non-synchronous vector spaces
as explained in [3]. They can be avoided by synchronizing the
slip frequencies (i.e. wgz’)) of each vector space as given by

I A ©
Wy 3 g
This synchronization is achieved by distributing the torque ref-
erence (i.e. 7*) between the vector spaces to be synchronously
transitioned. The amount of torque distribution is a function
of rotor flux linkage (1»*)) and is given by
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However, the control topology proposed in [3] requires a
master vector space whose rotor flux vector is used for
reconstructing the reference frames for the rest of the available
vector spaces, and thus can not be demagnetized. This paper

improves upon the given control topology and implements
torque sharing driven by (7) and combines it with modified
MPT proposed in [10]. This combination of torque sharing
and MPT is terms as RFPT. Furthermore, the smooth reference
frame transition (SRFT) reconstructs the reference frame for
each vector space by combining the reference frames of active
vector spaces thus, eliminating the need for a master vector
space. This is achieved by a we1 hted transition between
normalized slip frequencies (i.e. w! ) of active vector spaces
and is given by
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The quantities with “”” are the estimated quantities obtained

from the flux observer described in [22]. Using @y, the stator

frequencies i.e. wg “) and transformation angle i.e. ¢>§ of each
vector space is calculated by

&) = (Wm + Dstm) p) (1)

P = / @ dt (12)

A control block diagram implementing the proposed RFPT
for a PPMIM having £ vector spaces is shown in Fig.3,
while the implementation of SRFT is shown in Fig. 4. In
Fig.3, “CC & FF” implements simple PI current controllers
(CC) and feed-forward (FF) based on (3), taking care of the
decoupling between d and ¢ axes of each vector space. The
“1/1#’) Observer” constructs the rotor flux vector z[?ﬁ”) and
estimates the slip frequencies @i’l’) explained in [22] for a
standard IM. The proposed MPT is achieved by changing the
magnetization level of the vector spaces to be transitioned.
This transition is handled by RFPT state machine shown in
Fig. 5. The input to the state machine is the desired number
of pole pairs (i.e. p* € {1,3,...,£}). At the startup, this p*
is set to a default value (i.e. p?) which defines the initial pole
pair configuration of the state machine. When a new pole pair
configuration is requested, the state machine first ramps up the
igl ) of the corresponding vector space to a nominal level (i.e.
i)™ Once the i ™ reaches steady-state, all other vector
spaces are demagnetized by reducing their i¢ to zero. During
this whole procedure, the 7(*) * is defined by (7) achieving a
RFPT.

Finally, the peak optimization of a resultant vector quantity
of PPMIM e.g. stator current (i,), stator voltage (us), stator
flux linkage (1)), or rotor flux linkage (¢,.) is implemented as
explained in section IV-A of [3]. This resultant vector quantity
is the geometrical sum of all active space vectors. At a time,
only one resultant vector can be optimized, and the choice is
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Fig. 3. Overview control topology for ripple-free magnetic pole-pair transition (RFPT)
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Fig. 5. Flow chart of RFPT state-machine

dependent on PPMIM’s operating point. In this paper, only
the peak optimization of the resultant stator current will be
demonstrated during RFPT, which is valid for other vectors
as well.

V. EXPERIMENTAL VALIDATION

The above-proposed method of ripple-free magnetic pole
transition of a PPMIM using SRFT is evaluated on an exper-
imental setup consisting of a 9-phase IM drive.

A. Experimental Setup

The experimental test setup, shown in Fig. 6, consists of four
3-phase converters (i.e., C1, C2, C3, and C4) controlled by a
real-time controller (Opal-RT OP5700). These converters have
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Fig. 6. PPMIM experimental test bench.

a common DC-link voltage powered by a 22 kW regenerative
load drive (ABB ACS880). The load drive also controls a
15 kW 3-phase 1 pole-pair IM which is mechanically coupled
to the test machine. Furthermore, the controller is interfaced
with a 1000-pulse encoder and a torque transducer to measure
rotor speed and output torque.

The test machine [23], which was a standard three-phase
induction machine with 36 stator slots and 28 rotor bars, is
retrofitted with the individual coils to form a multiphase wind-
ing set of different pole-phase pair combinations. The stator
winding is composed of 18 coils (i.e., open-end distributed
winding, full-pitched single slot machine coils) with a return
path shifted by 180° mechanical degrees. This type of coil
distribution provides the freedom to physically configure the
windings into 3, 6, and 9-phase arrangements producing a
fundamental magnetic field of 1 pole pair as discussed in [23].

To evaluate the proposed concepts in this paper, this test
machine is configured as a 9-phase SW IM, requiring only
three 3-phase converters. The SW configuration is chosen due
to the advantage of more usable vector spaces of a 9-phase
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Fig. 7. Coil connections of the open-end distributed winding for the 9-phase
symmetrical windings.

TABLE I
MEASURED ELECTRICAL PARAMETERS (INVERSE-I") OF THE TEST
MACHINE CONFIGURED AS 9-PHASE SW.

v Rs [mQl] LsmH] Lm,[mH] Rr[mQ]
1 285 7.3 175.8 192.6
3 285 5.0 17.4 106.8
5 285 39 4.8 67.4
7 285 3.1 2.0 45.5

SW machine [9]. Fig. 7 shows the coil connections of the test
machine for the 9-phase SW arrangement, and its fundamental
and higher order vector space equivalent circuit parameters are
given in TABLE 1. These parameters are obtained using an
offline parameter estimation method for multiphase induction
machines elaborated in [23].

B. Experimental evaluation of proposed RFPT

The two methods (i.e. asynchronous method [10], [16] and
proposed RFPT method) of MPT are evaluated on the labora-
tory test bench described in the section V-A. The asynchronous
method implements the control strategy explained in [10], [16],
while the proposed method implements the control topology
based on RFPT shown in Fig. 3 for 1 < 3 MPT. The
laboratory measurements for both methods are taken under
similar conditions i.e. the torque reference 7* = 45 Nm and
rotor speed n, = 800 rpm. Furthermore, during these tests,
the load machine is operated in speed-control mode, while the
test machine is controlled in torque-control mode. Fig. 2 shows
the laboratory measurement result of the asynchronous method
which will be used as a benchmark, while the experimental
result obtained with the proposed method is shown in Fig.
8. In contrast to the prior art method, the proposed method
transitions from vector space 1 to vector space 3 just in two
steps defined in RFPT’s state machine. These steps are:

Step 1: Vector space 3 is magnetized by increasing i¢ ) Wwhile
ig M i kept constant. Based on the magnitude of 1%3), a part
of the torque is shifted to vector space 3 as defined by (7).

Step 2: Vector space 1 is demagnetized after the “Step 1” by
reducing ig M) while keeping ig (®) constant. It must be noted

Time [s]

Fig. 8. Synchronous 1 — 3 MPT technique using proposed RFPT.

that due to the electrical time constant of each vector space,
the g@ﬁl) does not immediately reduce to zero. Thus, the torque
transition is not completed until the zﬁﬁl) ~ 0. These dynamics
of pole transition can be improved by implementing a simple
1/3,(«1) controller. However, it is out of the scope of this paper.

During the MPT, the total torque is distributed among
vector spaces 1 and 3 as a function of wﬁy) given by (7).
This expression ensures that the wg'{) of both vector spaces
are synchronized (as given by (6)) resulting in a smooth
transition from 1 pole pair to 3 pole pair configuration.
Due to this synchronization between the vector spaces, the
beat oscillations that were observed with the earlier proposed
asynchronous control method are eliminated. Furthermore, by
optimizing the alignment of current vectors of each vector
space as described in section IV-A of [3], the stator current
peaks are minimized, which can be observed during the pole
transition. This reduction in the stator current peaks helps
increase the margin between the converter’s over-current limit.
During the whole procedure, the wg”) is defined by (11).
Before “Step 17 and after “Step 27, the wg’” of each vector
space is solely dependent on the vector space 1 and vector
space 3, respectively. However, during the pole transition i.e.
measurements between “Step 17 and “Step 27, the wg”) is
constructed by combining the reference frame of vector spaces
1 and 3 based on their magnetizing levels. This makes both
flux observers functional even when the corresponding vector
space is not magnetized.

VI. CONCLUSION

This paper proposes an improved magnetic pole-pair tran-
sition (MPT) technique for a phase-pole modulating induc-



tion machine (PPMIM). During the pole transition stage, the
torque is distributed between two pole configurations in such
a way that the normalized frequency of each vector space
stays synchronized. This is achieved by introducing smooth
reference frame transition (SRFT) between the vector spaces
of corresponding pole configurations. Due to this feature, the
beat oscillations that are introduced in the output torque due
to inter-plane cross-coupling (IPXC) are avoided, resulting in
a ripple free pole-pair transition (RFPT). This MPT enables
any PPMIM to have extended torque-speed characteristics,
acting as a virtual gearbox. Furthermore, the performance
of the PPMIM during a pole transition can be improved
by optimizing the peaks of a given resultant vector of the
electrical machine. In this paper, the peak optimization of

the

stator current is demonstrated to increase the margin

between the stator current and the converter’s over-current
limit. All these features of the proposed RFPT based on an
improved SRFT method are evaluated on a 9-phase induction
machine (IM) in a laboratory and lay a solid foundation for
the development of an optimal phase-pole modulation for a
PPMIM.
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