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Abstract: - This paper presents a generalized connectivity rule for the serial interconnection of multiple
polyphase asynchronous machines, enabling independent torque and flux regulation for each machine via a
single voltage inverter. The methodology builds on well-known vector control methods that use Clarke and
Park transformations. It also introduces a new phase transposition method that ensures the current components
are distributed orthogonally across connected machines. The proposed method is applicable to any N-phase
system with an odd number of phases equal to or greater than five, unlike previous studies, which are limited to
specific configurations (e.g., five- or eleven-phase systems). This study not only examines the theoretical side
of things but also how to put these topologies into practice, with a focus on coordinating phases and separating
signals between machines. The suggested method is a scalable and efficient way to handle multimotor drive
architectures in situations where the number of converters, wiring complexity, and system reliability are all
very important. Simulation examples of five-phase and eleven-phase machines validate the connectivity
matrices and demonstrate the versatility of the proposed method.
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1 Introduction modeling results in a formulation in which only two
Since the inception of the first polyphase (five- components (a, B; a stationary o-f axis using the
phase) induction machine in 1969 [1], [2], there has Clarke transfgrrnatlon) are dlregtly 1nvolvgd n
been a marked increase in interest regarding electromechanical conversion, while the remaining
converter-fed polyphase drive systems [3], [4], [5]. components gx, Yy, 0) represent additional degrees. of
A notable characteristic of these machines is that freedom. This scenario persists even after applying
their dynamic the rotational Park transformation [6].
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This transformation facilitates the vector control
of torque and flux using only the two components of
the stator current axis (d, q), while the axis (X, y)
components offer additional degrees of freedom [7].
Consequently, it becomes feasible to connect the
stator windings of multiple machines so that one
machine perceives the (d, q) components, whereas
the others perceive (x, y), thereby enabling
independent control of multiple machines using a
single voltage inverter [8]. This is accomplished
through a specific phase-transposition method that
ensures that the same current components do not

simultaneously = generate torque in multiple
machines.
Recent investigations into electromagnetic

interference (EMI) [9], [10] and electromagnetic
compatibility (EMC) [11], [12] have underscored
the importance of precise modeling and mitigation
of conducted emissions, particularly in inverter-fed
machines [13], [14], [15]. For instance, several
studies have concentrated on modeling differential-
mode [16], [17] and common-mode [18], [19], [20]
impedances in single-phase and three-phase
machines [21] to predict EMI behavior and inform
filter design [22], [23]. Although most EMC-related
research has focused on three-phase systems [24],
single-phase  [25], [26], and multiphase
configurations [27], [28] are gaining relevance due
to their application in cost-effective and compact
environments, such as household appliances and
light-duty  industrial machines [29], [30].
Furthermore, high-frequency modeling [31] of AC
motors [32], [33], the role of inverter-cable-motor
interactions [34], [35], and comparative analysis of
EMI [36] behavior in motors [37], [38] provide the
foundation for extending the analysis to multiphase
[39] multimotor configurations [40], [41]. In
addition to these advancements, several recent
publications have bolstered research on electrical
machines and inverter-fed systems, including
multiphase  transformer  design [29], EMI
characterization in converters [36], differential-
mode impedance analysis [37], serial connection of
induction machines [39], and observer-based control
strategies for electrical machines [41]. Moreover,
additional studies from 2025 have examined the
electromechanical behavior of induction motors
[42], stator flux orientation under NPC inverters
[43], and dynamic model simulations incorporating
real-world measurements in generator systems [44],
reflecting ongoing progress in the advanced
modeling and control of electric drives. Despite
these advancements, the principles of connectivity
for arbitrary N-phase systems remain fragmented
and unexplored, [45].
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The present study seeks to address this gap by
establishing a generalized connectivity rule
applicable to any number of phases and machines
connected in series. This enables the complete and
independent control of multiple machines via a

single inverter, contributing to both power-
electronics design and EMC  performance
optimization.

The objective of this study is to demonstrate the
methodology for calculating the phases to be
connected for any N-phase machine. This
methodology was subsequently applied to the
connection of two machines with five and eleven
phases, respectively.

2 System Modeling Tools

2.1 Clarke-Concordia Transformation
Consider a balanced N-phase machine in which the
phase windings are uniformly distributed, with each
phase shifted by an electrical angle of %ﬂ

To facilitate analysis and enable vector control, it
is advantageous to define two orthogonal axes, a
and [, within the stationary reference frame, as
illustrated in Figure 1.

1

3

Fig. 1: Flow projection axes
Source: created by the authors

These axes form the foundation of Clarke’s (or
Concordia) transformation.

The d-axis is aligned with the initial phase,
which serves as the reference or origin. To examine
the electromechanical behavior of the machine, the
magnetic flux produced by each phase winding was
projected onto the d-q reference frame. This
projection converts the multiphase system into a
simplified set of components—typically two active
components (d and q) and N—2 zero-sequence or
non-sequential components—facilitating efficient
torque and flux control.
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Let the instantaneous flux vector of the machine be:
®(t) = [@1(1), P2 (D), ..., ON (D] (1
where T denotes the transpose.
The flux projections onto the stationary axes a and 3
are as follows:
&, = Y=V @, cos(6)) 5
{% = SN o, sin(6) ?
where 6; denotes the electrical angle of phase i
relative to the reference phase.
When the phases are evenly distributed in space,

0; =i.2n/N, the angular positions can be
expressed as:
by = D420 Py cos(i*27)
IZN-1 g i i T 3)
Pp =Xizo D sin(i* 2-)

Consequently, the projection vectors o and f in the
canonical basis are:

at = (1,cos (2%), ..., COS ((N —1)* 2%)

Bt = (0, sin (2 %) .., sin ((N —1) % 2%) @

The orthogonality of the two projection vectors,
denoted as d and q, can be readily verified.
Together, these vectors span a two-dimensional
subspace known as the Clarke—Concordia plane,
also called the electromechanical conversion plane.
This plane is particularly significant because only
the components projected onto it directly contribute
to torque generation. In the specific instance where
N=3, this projection simplifies to the classical
Clarke transformation.

However, it is important to note that this basis is
not inherently normalized. To address this issue,

each vector was scaled by a factor /(2/N),

facilitating the construction of an orthonormal basis
within the Clarke—Concordia plane:

The complete vector space of the N-phase
system is achieved by incorporating N-2 additional
orthonormal vectors, which are mutually orthogonal
and orthogonal to the o’ and ' components.

The general method for constructing these vectors is
as follows:
“i “is even:

)

e; = [cos(0), cos (i * (1/N)), ..., cos (i * ((N - 1)« %)] (6)
“i “is odd:
e; = [sin(0),sin ((i + 1) * (/N)), ...,sin ((i + 1) * ((N -nx5) (D)
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In this context, i=0 corresponds to the
homopolar vector, while i=1 and i=2 represent the
Clarke vectors (a, B). The indices i = =3, ..., N—1
are associated with the non-sequential vectors. This
configuration yields a comprehensive orthonormal
basis for the entire system's state space.
Consequently, the transformation matrix from the
phase frame to the Clarke—Concordia frame is
established as follows:

1 cos (%n) . cos (Z(NI;D”
0 sin (%n) . sin (Z(N;Dn)
c=| 1 cos (2 %ﬂ) cos (2 Z(N;Un) (8)
0 sin (2 %n) sin (2 Z(Nl;l)ﬂ)
2z V2
> 2 2

This matrix is orthogonal, meaning that its
inverse is simply its transpose. The flux vector in
the Clarke—Concordia frame is then obtained as:

Do p = C (1) €)

This approach simplifies the N-phase system to
a two-dimensional plane (d-q), facilitating
straightforward control of torque and flux, while
managing higher-order components separately.
Upon establishing the orthonormal basis, the
corresponding transformation matrices can be
systematically constructed using the specified
algorithm, thereby ensuring independent control and
decoupled  representation of all  machine
components.

2.2 Homopolar and

Components
The components that are orthogonal to the Clarke—
Concordia plane can be categorized into two distinct
types: homopolar and non-sequential.

Non-Sequential

2.2.1 Homopolar Component
The homopolar component refers to the scenario in
which all phase quantities are identical at any given
moment, analogous to the three-phase case
(Ga:Gb:Gc)-

In an N-phase system, the homopolar current is
defined as:

i (t) =~ 2N i (t)

(10)

This corresponds to a vector aligned along the
homopolar direction:

1
eo = 711, 11" (11)
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The projection of the phase current vector i(t) onto
this homopolar vector yields:

. ) 1 .
in(0) = i) = =N i®  (12)

The homopolar component primarily generates
magnetic flux through the machine's leakage paths
and does not contribute to net torque.

2.2.2 Non-Sequential Components
In contrast, the non-sequential components are, by
design, orthogonal to both the Clarke—Concordia
plane vectors (e. , eg) and the homopolar direction
(e0).

By definition, the sum of the components of each
non-sequential vector is zero:

el () = 0

Where: j=1, ..., N-3

(13)

Although nonsequential components do not
contribute to flux generation or torque production,
their presence may still influence system behavior.
Ideally, one would remove or suppress these
components to simplify control and modeling;
however, this process is not straightforward and will
be addressed in a subsequent section.

2.2.3 Complete Phase Current Decomposition
Combining all components, the total phase current
vector i(t) can be decomposed as:
) — i ; ; N=-3:() ()
i(t) =igeg +igeq tigegtdisi insens  (14)
Where:
iy is the homopolar component
ig, ig : are the Clarke—Concordia components
i,%): are the non-sequential components
This decomposition establishes a comprehensive
orthonormal basis for the N-phase system,
effectively distinguishing the torque-generating
components from those that do not contribute,
thereby facilitating systematic analysis and control.

2.3 Park Transform
When a balanced N-phase flux system is projected
onto the Clarke—Concordia reference frame (Figure
2), it results in a rotating vector centered at the
origin. The corresponding component expressions
are:

Gocos(wt + @)

Can®) = Gosin(wt + ¢)

(15)

Where:
Gy: is the amplitude of the rotating vector,
w: is the electrical angular frequency,
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¢: is the initial phase.

q

Fig. 2: Park's marker
Source: created by the authors

To facilitate control and analysis, the reference
frame was rotated in synchrony with the vector.
This was achieved through the application of the
Park transformation matrix:

[ cos(8)
P(O)= [—sin( 0)

Applying P(8) to the o-f components yields the
vector in the synchronous rotating frame (d-q):

Gaa(®) = PO)6as © = )|

sin(@)] (16)

cos(6)

(17)

Substituting G (t) from (15):

Gq(0)] _[cos(8) sin(0)][Gocos(wt + @)
[GZ(t)] N [—sin(G) cos(@)] [GZsin(a)t +¢) ] (18)

By choosing the rotor-aligned angle 6 = wt, the
transformation simplifies to:
Gy(t) Gycos(p)
[Gq(t)] = [Gosin(qb) | (19)
The constant DC values in the d-q frame are
derived through the classical Park transformation,
which effectively converts sinusoidal AC quantities
into DC signals within a synchronous reference
frame.
For an N-phase system, the Park transformation can
be extended by initially projecting the phase
quantities onto the Clarke—Concordia plane as
follows:

o] =

Then, the same rotation matrix P(6) can be applied
to yield the d-q components:

igq = P(0)iqp

_ 2m(k-1)
- N

ZIIX=1 Ik COS(QK)] 0, (20)

ZIIX=1 [ sin(6y)

ey

This method effectively reduces the N-phase
problem to a two-dimensional synchronous frame,
thereby capturing all torque-producing components.
In contrast, the remaining N—2 components, which
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are homopolar and non-sequential, remain
orthogonal and do not contribute to torque. Within
this transformed frame, the d-axis current
component aligns with the magnetic flux,
facilitating straightforward field-oriented control,
while the g-axis current aligns with torque
production. By converting AC quantities to DC
values, this approach enables simple PI regulation of
both torque and flux, significantly simplifying the
overall control strategy.

3 Fortescue Transformation
The concept of symmetrical components was
introduced by Fortescue in 1918 as a method for
decomposing complex, steady-state phasors [46].
Although originally developed for three-phase
systems with sinusoidal time-domain behavior, this
technique forms the theoretical foundation for
transforming arbitrary instantaneous variables in
multiphase systems. Fortescue’s method can be
generalized to an N-dimensional framework as
follows: In this context, we operate within a
Hermitian space, where quantities are classically
represented in complex exponential form as:
G(t) = Gyel@t=¢) (22)

The present analysis is confined to systems with
a prime number of phases, in which the phase
displacements are uniformly distributed by 2m/N
radians.

For the sake of notational convenience, we
define the complex root of unity as e*”N, which
functions as a fundamental component in the
construction of the transformation matrix.

3.1 Fortescue Base in N Dimension
A unifrequential N-phase system is characterized by
2N degrees of freedom, as each phase vector is
defined by both an amplitude and a phase angle.
These two parameters can be effectively
combined into a single complex phasor. It can be
demonstrated that any N-phase system can be
decomposed into symmetrical components, each
consisting of vectors with equal magnitudes and
uniformly distributed angular separations, along
with a single homopolar component, where all phase
vectors are in phase. Each component in this
decomposition is uniquely defined by its amplitude
and phase angle. Within this framework, the
concepts of direct and inverse sequences naturally
extend to N-dimensional systems. The direct
sequence corresponds to a set of vectors that rotate
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in the same direction as the fundamental system,
with successive phases separated by 2m/N.

For a direct symmetrical system, the vector
representation is given by:

[Gairect(D] = GOe](mt_¢) [1,a"aN2, al]t (23)
Similarly, for a reverse system:

[Ginverse(D] = GOej(wt_(p) [L,a'a%,.. """ (24)

Finally, the homopolar (zero-sequence) vector is
expressed as follows:
[Ghompolar(t)] = Go [1,1,1,...,1]T (25)
Two orthogonal vectors are obtained, typically
representing the direct and inverse sequence
components. To establish an orthonormal basis,
each vector is normalized by multiplying it by the
appropriate factor. To complete the basis in an N-
dimensional space, it is necessary to define N-2
additional orthogonal vectors. These vectors are
constructed to be mutually orthogonal and
orthogonal to both the direct and inverse sequences.
The general algorithm for constructing a complete
set of orthogonal vectors is as follows:

1

o= 7x [1,ala%...,aNDT fori=0,1,2, ..., N-1(26)
e i=0 — homopolar
e i=1— inverse sequence
e i=N-1— direct sequence
e i=2,...,N—2— non-sequential components
This construction yields a comprehensive

orthonormal basis in the Hermitian space, suitable
for the symmetrical component analysis of any N-
phase system with uniformly spaced phases.
However, when N is not a prime number, as
exemplified by a six-phase system or a double-star
machine, the phase vectors are no longer evenly
distributed around the unit circle. This irregularity
introduces coupling effects that cannot be fully
addressed with a single orthonormal basis derived
from the classical root-of-unity method. Instead,
such systems can be modeled as a superposition of
several subsystems, each possessing a prime number
of phases. These subsystems are typically coupled
through mutual inductance, particularly in electrical
machines. By constructing suitable projection bases
for each subsystem, the analytical framework
developed for prime-N systems can still be applied,
facilitating a piecewise analysis of complex
configurations. Based on this, a transformation
matrix, often referred to as the passage matrix, can
be defined in a manner akin to previous
formulations. This matrix is unitary in the Hermitian
sense, implying that its inverse can be obtained by
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taking its conjugate transpose. Such matrices are
essential for decomposing and analyzing
symmetrical N-phase systems, particularly when N
is prime.

3.2 Subsection Vector Properties

Within this framework, the classical components of
the three-phase theory are readily identifiable: the
homopolar, inverse, and direct vectors. Their
fundamental properties align with those observed in
the classical context. Specifically:

e The direct wvector is responsible for
producing useful electromagnetic torque.

e The inverse vector generates torque
oscillations or ripples but does not

contribute to average torque.

e The homopolar vector does not participate
in torque production and generally
contributes only to parasitic effects such as
leakage flux.

In systems where N > 3, additional vectors
beyond the initial three are necessary. These vectors
are referred to as nonsequential components. Unlike
symmetrical sequences, nonsequential vectors lack a
natural order or rotational symmetry. A typical
nonsequential system may exhibit a phase order
such as 1-4-2-5-3, which does not possess the
uniform angular spacing required for the generation
of a rotating field:

Gocos(mt)
Gocos(o)t—ﬂ
8

¢
Go cos[oot — —n]

5

3

5

b1

@27

Gns(t) =
Go cos[mt -—

2
Go cos(mt - 6—}
L 5 .

As a result, these components are unable to
produce a coherent rotating magnetic field and do
not contribute to torque generation. The
characterization and potential filtering of these
components remain subjects of ongoing research.

3.3 Case of

Systems
In the following analysis, we restrict our attention to
systems containing harmonic components. Each
quantity can thus be expressed as:

G=XYi: G et

Multi-Frequency Balanced

(28)

The complex phasor, denoted as G, , represents
the harmonic of order i, encompassing both its
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amplitude and phase. The phase reference is
established relative to the fundamental component.
From this perspective, the entire system can be
interpreted as a superposition of multiple
unifrequency subsystems, each corresponding to a
specific  harmonic  order. These harmonic
components can be classified into four distinct
categories based on their ranks:
e Direct harmonics: harmonics of order kN+1
e Inverse harmonics: harmonics of order
kN-1
e Homopolar harmonics: harmonics of order
kN
e Non-sequential harmonics: all  other
harmonic orders not fitting the above
categories

N denote the number of phases in the system, and k
is a non-negative integer.

The classifications are intrinsically linked to the
spatial phase progression within each harmonic
subsystem. The terminology employed denotes the
type of phase sequence generated by each harmonic,
which subsequently influences its role in torque
production and electromagnetic behavior.

4 Connection Principle of a Polyphase
System

The system under examination comprises a
polyphase voltage-source inverter operating under
pulse-width modulation (PWM) control (Figure 3)
and supplying multiple machines connected in
series.

& Machine2

Fig. 3: Block diagram with a proposed command

structure
Source: created by the authors
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4.1 General Conditions
As established in the preceding sections, the current
space of an N-phase system can be decomposed into
mutually  orthogonal subspaces. Only the
components lying in the Clarke—Concordia plane
(d,q) contribute to torque production, whereas the
nonsequential ~ components  (X,y,...)  remain
orthogonal and do not affect the electromechanical
conversion process. This property enables the
interconnection of multiple machines in series such
that each machine receives a distinct projection of
the inverter currents. The key idea is that the stator
phases of successive machines must be assigned
such that the (d,q) components of one machine map
into the non-torque-producing subspaces of the next
machine, and vice versa. When this condition is
satisfied, each machine operates in an independent
vector subspace of the NNN-dimensional current
space, enabling full and decoupled control, even
though all machines share the same inverter.
For an odd number of phases N, the maximum
number of machines that can be connected in this
manner is N-1/2.

Figure 4 illustrates this configuration, where
(N—1)/2 stator windings are supplied by a single
current-controlled N-phase inverter.

_'+_ 1 H— 1 1
A T 2 L
4 —_— o ’— o
3 H— o 3 v ]
o a1kl i S an
i ] .g | T !
b g 9
N_14O+ mi g m-1 g m-1
0 0
o A UG

Fig. 4: Series connection of (N—1)/2 machine stator
windings powered by an N-phase current-controlled

voltage source inverter (assuming N is odd).
Source: created by the authors

The connectivity rule that determines the
appropriate phase assignment for each machine is
encapsulated in Table 1 and depicted in Figure 5.
According to this rule, phase N of one machine is
connected to phase N+(N—1) of the subsequent
machine, with all indices considered modulo N.
This cyclic permutation ensures that each machine
perceives a distinct orientation of the Clarke—
Concordia plane, thereby receiving orthogonal
current components. As a result, the torque and flux
can be independently regulated for each machine in
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the series, without any mutual electromagnetic
interference.

Table 1. Connectivity rule for the general N-phase

case
Machine Phase
Machine 1 | N
Machine 2 | N’=N+N-1=N+1*(N-1)
Machine 3 N”’=N’+N-1=N+1*(N-1)+H(N-1)=N+2*(N-1)
Machine m | N”'=N+(m-1)*(N-1)

Source: created by the authors

Machine m-1 Machine m
Fig. 5: Principle of connection of two successive

machines
Source: created by the authors

This principle serves as the basis for constructing
the general phase-transposition rule and the
associated connectivity matrices for any odd-phase
system  with N> 5.

4.2 Number of Machines to be Connected in

Series
This suggests that in a configuration involving
(k=(N-1)/2) stator windings from multiphase
machines, the interconnection must be arranged
such that the current components perceived as — (d-
q) by one machine are perceived as — (x-y)
components by another, and vice versa. Under these
conditions, it becomes feasible to achieve fully
independent control of each of the (N-1)/2 machines
while the entire drive system is powered by a single
current-controlled voltage-source inverter [4].
4.3 The Connection Principle and

Connectivity Matrices for any Phase
By decomposing the N-phase system into mutually
orthogonal subspaces, such as Clarke—Concordia,
Fortescue, and non-sequential components, it
becomes feasible to articulate a general connectivity
rule. This rule specifies the assignment of stator
phases for successive machines when they are
connected in series and powered by a single N-
phase inverter.

For a given reference phase index N, the phase
of the inverter that must be connected to phase i of
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the m-th machine is obtained from the following
relation:

N=N+(m-1)*(N—-1) (29)
Where:

e N; is the inverter phase number connected
to phase i of machine m,

e N is the phase index of the reference phase
of the first machine,

e me({l,?2,...,(N-1)2} is the machine index
in the series connection.

By taking the modulus over N, the phase
numbering is cyclically wrapped, ensuring that each
machine receives a unique cyclic permutation of the
inverter-phase sequence. This phase permutation is
crucial for achieving decoupling, as it ensures that
the torque-producing current components (d, q) of
one machine are transformed into non-torque-
producing components (X, y,...) of the subsequent
machine, and vice versa. As a result, each machine
operates within a distinct orthogonal subspace of the
N-dimensional current space.

Consequently, (29) offers a systematic and
general rule for constructing the connectivity
matrices for any number of machines and any odd-
phase configuration, N > 5. This approach obviates
the need for case-by-case derivations (such as five-,
seven-, and eleven-phase configurations) and
extends the method to arbitrary N, thereby
facilitating scalable multimotor architectures using a
single-voltage inverter.

5 Application on Five-Phase and
Eleven-Phase Machines

5.1 Coupling Series Two Five-Phase
Machine

Two machines can be connected in series when (k =

(5-1)/2).

To facilitate the analysis of this configuration,
we employ the following notation: the inverter
output voltages are designated with uppercase
indices (A, B, C, D, and E), while the phase
voltages and currents of the two machines are
indicated using lowercase indices (a, b, c, d, and e).
The subscript '1' denotes the first machine, and '2'
denotes the second machine [8]. With @ = 2m/N.
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iy = ig = V2I; sin(wt) +V2I, sin( w,t)

ip = iy = V2I, sin(wt — @) + V21, sin( w,t — 2a)

ic = igy = V21, sin(wyt — 2a) + V21, sin( w,t — 4a) (30)
|ip = iz = V21, sin( w,t — 3a) + V21, sin(w,t — a)
kiE =i, = V21, sin( w,t — 4a) + V21, sin( w,t — 3a)

( iy = igy = V21, sin(w,t) + V21, sin( w,t)
| ipy = ip = V2I, sin( it — 3@) + V21, sin( w,t — @)
iy = ip = V2Isin(wyt — @) + V21, sin(w,t — 2a) (3 1)
ig; = ip = V2I, sin(w,t — 4a) + V21, sin( w,t — 3a)
iep = ic = V2I sin(wt — 2a) + V2, sin(w,t — 4a)

The reference currents for the inverter are defined as
shown in Table 2 and illustrated in Figure 6.

Table 2. Connectivity matrix, five-phase case

A B C D E

M1 1 2 3 4 5

M2 1 3 5 2 4
Source: [6]

15t Machine 20d \achine

Source

&,

|
L]
3

Fig. 6: Connectivity of two five-phase machines
Source: [6]

5.2 Coupling Series Five Eleven-Phase
Machine

Five machines can be connected in series when (k =

(11-1)/2).

Table 3 delineates the connectivity matrix for a
system comprising five eleven-phase asynchronous
machines arranged in series. This matrix explicitly
specifies the allocation of each inverter output phase
to the stator phases of the individual machines,
thereby ensuring non-overlapping and orthogonal
current paths. Such a configuration enables each
machine to operate independently within its own
vector subspace while being powered concurrently
by a single voltage inverter.
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Table 3. Connectivity matrix for the eleven-phase
case

N ORORaE

Ml 1] 2 |3|4|5|6|7]|8]9]10]11
M2 1|3 |57 ]9(11|2]|4] 6| 8|10
M3 (1| 4 |7]10{2 |5 |8 |11|3]6]|9

M4 1| 5 (9|26 |103 |7

M5 (1| 6 (11| 5104 |9 |3 |8 ]| 2|7

Source: created by the authors

This configuration shown in Figure 7 verifies
that phase interleaving has been accurately executed
to prevent torque coupling and electromagnetic
interactions  between the  machines. The
generalization of this connectivity rule facilitates
scalable multimotor architectures and substantiates
the theoretical model for any odd-phase
configuration, thereby significantly enhancing the
applicability of serially connected multiphase-drive
systems.

Matchine1

pP===

Machine 2

p==-

Machined

p==-=

Machine 5

pP===

Machine3
P

I I _ [

SOURCE

L

| — =
—l | | —

A
B
9
D
E
F
G
H
|
J
K

lemms lomm |looe lomms le==

Fig. 7: Connectivity of five eleven-phase machines
Source: created by the authors

The aim of this configuration is to illustrate a
viable connection scheme for an eleven-phase
machine. The parameter calculations were
conducted using the same methodology as that
employed for the five-phase machine.

6 Practical Implementation
Considerations and Electromagnetic

Decoupling in Inverter-Fed Systems
Implementing the proposed connectivity rule in a
laboratory setting is relatively straightforward,
requiring only precise phase identification and
correct wiring in accordance with Equation (29).
Minor deviations in stator resistances, leakage
inductances, or manufacturing tolerances may
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slightly affect the ideal orthogonality of the current

components; however, these variations can be
effectively managed using standard current
controllers and  conventional = measurement

equipment. No specialized hardware is required
beyond a typical multiphase inverter test bench. In
real inverter-fed systems, constraints such as a finite
switching frequency, dead-time insertion, and
modulation  limits introduce minor phase
asymmetries. The cyclic phase permutation inherent
in the proposed rule distributes these imperfections
uniformly among the machines, thereby preventing
distortion accumulation and maintaining an
effective separation of the current components.

Consequently, the proposed method is fully
compatible with standard PWM strategies and
commercial inverter hardware. Electromagnetic
decoupling occurs because the transposition rule
maps the torque-producing (d, q) components of
each machine into orthogonal subspaces relative to
the other machines. As these subspaces are mutually
orthogonal in the Clarke—Concordia and Fortescue
representations, their magnetic interactions are
negligible to the first order, ensuring that the torque
production in one machine does not influence the
others. Even when the machines aren't working
perfectly, the dominant coupling terms remain
small, indicating that the machines act like separate
subsystems sharing a single inverter.

7 Conclusion

This research presents a comprehensive theoretical
framework for the serial interconnection of multiple
N-phase asynchronous machines powered by a
singular voltage inverter. This research formulates a
generalized connectivity rule applicable to any odd-
phase configuration (N=>5), thereby enhancing
existing methodologies previously confined to fixed
five-phase or eleven-phase systems. The method
uses Clarke—Concordia, Park, and Fortescue
transformations to split the current space
appropriately, allowing each machine to control
torque and flux separately. The connectivity
matrices and phase assignment rules ensure that all
machines operate in mutually orthogonal subspaces.
This stops electromagnetic coupling and unwanted
torque interaction.

The analysis of practical implementation aspects,
along with the theoretical foundations, shows that
the proposed connectivity principle works with
standard inverter-fed drive hardware. The method
works just as well, even with minor flaws such as
phase asymmetries, dead-time effects, and winding
tolerances. This is because the cyclic phase
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permutation evenly distributes these flaws across the
machines. This keeps the current components
orthogonal and prevents them from interfering with
each other, even when in use. So, the suggested
method can still be used with standard lab
equipment and commercially available multiphase
inverters.

The simulation results for both the five-phase
and eleven-phase systems confirm the viability,
accuracy, and scalability of the proposed
interconnection principle. These results show that
the proposed method could simplify hardware, make
systems more modular, and improve the energy
efficiency of multimotor architectures. These
architectures are becoming more useful in modern
industrial and transportation applications. Future
efforts will focus on empirically validating the
proposed connectivity rule in actual inverter-
machine configurations, evaluating fault-tolerant
performance across diverse failure scenarios, and
integrating the methodology into real-time control
systems for sophisticated applications.
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