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Abstract—Multiphase motor drives have undergone significant
advancements in recent years, particularly in safety-critical
applications like wind energy conversion systems, more electric
aircraft, or ship propulsion. Compared to their three-phase
counterparts, multiphase machines offer several advantages,
including reduced per-phase current, lower torque ripple, and
inherent fault tolerance. Attractive topology solutions are multi-
three-phase (M3PH) machines since they can exploit standard
three-phase power electronics technologies, and the know-how
related to the three phase drive solutions. The literature proposes
several control approaches to deal with M3PH machines, such as
vector space decomposition (VSD), multi-stator (MS), and
decoupled multi stator (DMS) with its adaptive variant (A-DMS).
However, applying these approaches for accurate machine
modeling is still challenging, particularly in faulty conditions, and
very few articles investigated their systematic implementation in
simulation frameworks. Therefore, this paper presents
comprehensive and accurate digital twin (DT) models for M3PH
machines, ensuring accurate flux and torque production
modelling under all potential operating conditions, including
open-three phase fault scenarios. The proposed DT models have
been developed and validated through simulations on a quadruple
three-phase permanent magnet synchronous motor (PMSM).

Keywords—Multiphase machine modeling, multiphase
electrical drives, modular and fault-tolerant machine models,
permanent magnet synchronous motors

I. INTRODUCTION

Multi-three-phase (M3PH) motors feature multiple three-
phase winding sets operated in parallel, resulting in usefulness
for safety-critical applications thanks to their modularity and
robust fault tolerant design [2] [21]. The machine stator consists
of independent three-phase windings with isolated neutral
points, each fed by a dedicated three-phase inverter unit, as
shown in Fig. 1. This way, the consolidated three-phase
technologies can be used [13], [8], significantly reducing costs
and design time. Moreover, in the case of a fault, the faulted
three-phase winding set is turned off using circuit breakers,
stopping the PWM, or actively forced into short-circuit [10],
allowing a straightforward post-fault drive configuration.
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Fig. 1. View of a generic M3PH drive with n three-phase units.

Literature provides different control approaches for M3PH
machines (VSD, MS, DMS, A-DMS) [1], [3], each presenting
specific pros and cons. However, although these control
approaches are well-known in literature, there is almost a
complete lack of comprehensive digital twins able to accurately
predict the behavior of M3PH machines in normal and faulty
conditions, as well as their implementation in simulation
frameworks [4], [14].

These models are crucial for implementing DT simulations
of M3PH motor drives, which are pivotal for artificial-
intelligent applications performing real-time monitoring, fault
detection, predictive maintenance and other tasks. Therefore,
this paper proposes novel and accurate DT models of M3PH
motors by exploiting the control approaches reported in the
literature, i.e., VSD, MS, and A-DMS.

This paper is organized as follows: Section II outlines the
key aspects of each of the control approaches considered as
base layer for the DT models, then deeply described in Section
III. Indeed, this section describes DT models in terms of block
diagrams, focusing on the core features of each of them,
highlighting pros and cons. The simulation results, performed
on a quadruple-three-phase permanent-magnet synchronous
motor (PMSM) are depicted in Section IV, while Section V
concludes this paper.
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Fig. 2. Steady-state equivalent circuit(s) exploiting VSD modeling on a
generic multiphase PMSM. Main dg subspace (top), harmonic and homopolar
subspaces (bottom).

II. BACKGROUND

When it comes to modelling and control of a generic
multiphase synchronous machine, different methods with
unique features can be found in literature. The two widely
discussed approaches are Vector Space Decomposition (VSD)
and Multi-Stator (MS), also referred to as multiple d-g
modelling [7]. Indeed, they group the two main transformations
applied to the phase variables of a multiphase machine, i.e., a
full-order matrix transformation, as the case of VSD, and a set-
by-set transformation, as happens when modelling with MS. In
essence, the VSD approach models the machine as an
equivalent three-phase machine, whereas the MS treats it as
multiple three-phase ones. The VSD approach is simple to
implement but the result is an average machine equivalent
model, which doesn’t account for flux and torque production of
each of the three phase sets, and post-fault configuration is not
straightforward. Moreover, this approach cannot deal with
irregular stator winding configurations as it is valid only if it is
either symmetrical or asymmetrical [15]. On the other hand, the
MS approach enhances modularity and post-fault drive
configuration is trivial. However, those features come at the
cost of heavy cross-coupling between winding sets [12]. The
decoupled multi-stator (DMS) control approach, together with
its adaptive variant (A-DMS), overcomes this drawback
introducing a decoupling transformation, with a similar
meaning to the VSD one. The following subsections aim to
better understand the core features of the control approaches
used for the DT models then described in Section III.

A. Vector Space Decomposition (VSD) Approach

The VSD approach employs a full-order matrix
transformation that decomposes the original machine into
multiple orthogonal subspaces, thus defining a new equivalent
machine model. According to [1], the VSD transformation
matrix can be computed for any multiphase machine where the
stator windings configuration is well known, either
symmetrical or asymmetrical. The algorithm proposed in [1]
allows to create a VSD transformation matrix constructed by
vertically stacking three submatrices, namely [T} ,¢], [T5] and
[ZS], as expressed in (1).

[T‘HZS]
[T7s] (1)
[Z5]

[Tyspl =0

Following the generalized decomposition principles
originally introduced by Fortescue in the context of polyphase
networks [9], [10], the VSD matrix (1) is arranged in a way that
the first components are non-zero-sequence subspaces,
followed by zero-sequence subspaces and at the end zero-
sequence homopolar subspaces [1]. The constant o defines
whether the matrix is power or amplitude invariant. The
submatrices arrangement in (1) allows to understand the
meaning of VSD transformation in terms of resulting
subspaces: the main aff subspace governs electromechanical
energy conversion and the equations are the same as an
equivalent three-phase machine, while time and spatial
harmonics, as well as homopolar zero-sequence patterns, are
mapped into predefined secondary subspaces, thus exploiting a
full decoupling between harmonic subspaces. This approach
leads to the equivalent circuit depicted in Fig. 2, for
fundamental and secondary subspaces. The secondary
subspaces are modeled as RL circuits, with stator contributions
of resistance and leakage inductance. The transformation is
applied directly to the machine variables in phase coordinates.
Let Z denote a column vector representing a generic stator
quantity (e.g., voltage, current, or flux linkage). The VSD
mapping reads:

Zvsp.ap = [Tvspl * Zpn )

where the left-hand side Zygp, 4 collects the VSD subspaces
in stationary coordinates with sequentially ordered
components: the first two entries correspond to the of
components of the fundamental subspace, followed by the x and
y components of each harmonic subspace in order. On the other
hand, z,, contains the stator quantity expressed in the original
phase domain, whose structure is the following:

Zoh = {Zays s Za s Zoys s 2o, s Zeps e n Ze, b (3)
where 7 is the total number of three-phase units of the machine.
The full order transformation provided by VSD enables an
equivalent 3-phase machine with the related know-how in terms
of modeling, at the cost of handling an average model, in which
flux and torque contributions of each 3-phase winding set are
not highlighted. Indeed, when modeling with VSD, the
electromagnetic equations are representative of all stator phases

[1], and the overall torque production is expressed as:
T= % "p- <Xs,dq A Es,dq) (4)

According to (4), modularity is not preserved. If one or
more open three-phase faults occur, the drive reconfiguration is
not straightforward, since there is need to define a new VSD
matrix from scratch. Furthermore, a faulty event is likely to

bring the machine into an irregular stator winding
configuration, making VSD transformation not feasible
anymore.
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Fig. 3. Steady-state (dg) equivalent circuit exploiting MS modeling of a
generic multi-three-phase PMSM.

B. Multi-Stator (MS) Approach

The MS approach can be applied only to multi-three-phase
machines, since the resultant model is represented by multiple
three-phase sets operating in parallel, interacting with each
other and the rotor. For each k'!" three-phase set (k=1-+n), the
Clarke transformation is applied [2], thus leading to:

Esk,(xﬁ = [Ck] : Eabc,sk (5)

specifically, a different Clarke transformation is applied for
each of the three-phase sets, as expressed in the following:

2

cos Yy +27/3
=3 vt

sin 9y + 27/3

cos g, cos Vg +4m/3 6)

sin J, sin 9y + 47/3
where the matrices Cy are strictly dependent on the
characteristic angle of the k" set, i.e. 9, the displacement
between the first phase of the k™ set and the a-axis. The latter is
conventionally aligned with the first phase of the first set (as1),
so that the matrix C| receives 951 = 0°, thus being the same as
the Clarke conventionally employed in 3-phase machine
modeling (see Fig.4).

The application of the MS leads to a system of n
electromagnetic equations, thus highlighting the contributions,
in terms of flux and torque, of each of the n three-phase set of
the machine. The MS equivalent circuit is depicted in Fig.3.

Indeed, the overall electromagnetic torque is the sum of the
contributions of the n sets interacting with the rotor, as
expressed:

T = T, =—--p-

n
(Ask,dq A isk,dq) (7)
=1 k=1

n
k=

N | W

where T, is the torque contribution for the k™ set; same
considerations for the k™ set contributions of flux (A 4,) and

current (fsk’ ), while A stands for the operator of outer
product.

Modularity is the key feature of the MS modeling approach,
which also provides beneficial in the case of one or more open-
three phase faults, since it corresponds to zeroing the MS
currents of the faulty winding. Analyzing the magnetic model

of the machine [2], the following relation applies for each set 4:

dq

Ba

) 4

Fig. 4. Generic configuration of a multi-three-phase PMSM: angle
displacement between magnetic axes; (dq) reference frame.

- ,, My 07 - A
/\skdq = Llsk : Zskdq + |: 0{ ]\/f :| : 2 :Zsz.dq + [ Om:I (8)
a4 z=1

where Ly is the k'" set leakage inductance, M, and M, the

magnetizing inductances, and A, represents the amplitude of
the PM flux linkage, considered as univocal since the sets share
the same number of winding turns.

It is noted from (8) that flux linkage of each set is influenced
by dg currents of the others (z = 1-+n), thus leading to a
significant magnetic coupling. Decoupling strategies must be
added and implemented to get rid of the coupling terms. The
problem can be mitigated considering advanced approaches
like the Decoupled Multi-Stator Approach, as described in the
next subsection.

C. Decoupled Multi-Stator (DMS) Approach

The DMS approach inherits all the benefits described for the
MS, since it is performed starting from MS variables. A
decoupling transformation is applied to MS variables to remove
the coupling between the three-phase sets. The machine’s
original space is decomposed into multiple parallel subspaces,
similarly to the VSD. The resulting model is again an
equivalent three-phase machine, decomposed into a torque-
producing subspace, i.e., the common-mode one, and several
differential-mode subspaces, whose meaning is to map the
unbalances between the three-phase sets, in terms of currents,
fluxes and torque. However, according to [1], [2], differential-
mode subspaces do not possess the same properties as VSD
harmonic subspaces in terms of time-harmonic decoupling [3].

Despite this, DMS equivalent circuits are formally identical
to those of VSD modelling, depicted in Fig.2. According to [2],
the decoupling transformation matrix can be computed
following the structure in (10). It has a power coefficient equal
to the number of sets n, thus exploiting its amplitude invariant
property. Furthermore, it is a sparse matrix, so its
implementation on digital controllers is straightforward. The
coefficients w;, and z;, k=1,...,n—1 are computed as:

_ n- n—k _ n
Wy, = V n—k+1 ’ k= \/ n—k - n—k+1 (9)
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wy zZ2 Ao 21 21 21
0 w9 Z9 e z9 Z9 Z92
[Td} — % . 0 0 ws - Z3 zZ3 Z3 (10)
0 0 0 Wn—2 Zn—-2 Zn-—2
L 0 0 0 0 Wn—1 2Zn—1]

Therefore, a similar equation as (2) can be written:
Zpms,dq = [Tul - Zus,dq (11)

where Zp g 44 collects DMS components in terms of common
and differential mode, in rotating dq coordinates, even though
it can be referred to any generic reference frame. On the other
hand, Zyg 4, represents dg components of each of the three-
phase sets, once the specific Clarke and rotational
transformations are applied. Also, the transformation equation
can be written as:

Escm,dq ( Esl,dq \
Zsdm—1,d | Zeodq |
~sdm—1,dq _ S q
; = [Tal - 21 (12)
_ | |
l Zsdm n—1 quJ \ zsn,dq )

where the left-hand side contains the resulting DMS
components, after the transformation matrix is applied to MS
variables. Given this feature, modularity is preserved, since
(12) shows that common- and differential-mode vectors are
computed as numeric linear combination of MS variables.

However, if one or more open three-phase faults occur, the
corresponding MS currents are set to zero, and the decoupling
transformation can still be applied to the resulting post-fault MS
variables. This means that differential mode currents are
different from zero, because the open three-phase fault
corresponds to a current unbalance between the winding sets.

Then, as the case of VSD, secondary subspaces
(differential- mode ones for DMS) must be properly controlled
to keep the machine within balanced operations. Alternatively,
if a fault occurs in one or more three-phase units, the DMS
transformation can be adapted to consider only the healthy units
[2], since there are no constraints on the stator windings
configuration. The faulty winding set quantities are neglected,
the total number of differential mode subspaces is reduced, and
the transformation matrix (10) is recomputed according to the
number of active three-phase units. The resulting common and
differential modes are automatically adapted, and they are
always kept at zero. This approach leads to the so called
Adaptive — Decoupled Multi Stator (A-DMS), that allows to
model a generic multi-three-phase machine into a three-phase
equivalent, regardless of the machine operating conditions,
whether healthy or faulty. Based on the control approaches
described so far, the following section presents the proposed
DT models in terms of block schemes, providing an immediate
and practical representation that can be explicitly implemented
within simulation frameworks to get accurate digital twins of
M3PH machines.

Vabc 1 iabc 1
—
| |
|
Vabc k 0 M3PH 0 Labe),
Digital Twin |——
| Model I
|
Vabe, Labc
_ J

Fig. 5. Generic CCG structure of the proposed DT models.

III. DIGITAL TWIN MODELING OF M3PH MACHINES

The need to develop multiple DT models for M3PH
machines based on different control approaches arises from the
distinct core features required to properly simulate the motor
drives. These features include: /) modularity, i.e., flux and
torque contributions highlighted for each of the three-phase
winding set; ii) implementation complexity; #ii) post-fault
analysis, i.e., how the simulation model adapts to one or more
open three-phase faults; and iv) harmonic modelling, i.e., the
ability to properly model time and spatial harmonics, as well as
torque ripple.

The starting point for each proposed DT model are the set
of machine phase variables, in particular, the voltages of each
three-phase unit v,p, (K = 1,...,n). Also, from the circuital
point of view, these DT models correspond to a current-
controlled generator (CCG) representation where the state
variables are the flux linkages [6]. The generic motor structure,
globally valid for all the models, is depicted in Fig. 5, where the
inputs are the phase voltages, the motor speed and an external
configuration signal (case) that defines the machine supply
configuration (whether healthy or faulty), so the model can
adapt to it in a way that will be discussed further in the paper.

Regardless of the control approach used as the base layer
for the DT model, an accurate direct current-to-flux and inverse
flux-to-current model must be employed. This enables the
following models to also handle highly saturated machines,
where these magnetic models can be extremely nonlinear [11].

Furthermore, incorporating the rotor electrical position into
these mappings is crucial, since synchronous machines can be
significantly influenced by harmonic components of the
magnetic field [6], which may lead to distortions in the back-
EMF and generate torque ripple [14], even more pronounced in
faulty conditions [5]. This dependence, combined with
nonlinear saturation and slotting effects [13], leads to angular
variations that must be captured to ensure accurate modeling of
the machine’s electromagnetic response under all operating
conditions [12], [16]. According to Fig. 4, if the a-axis is taken
as reference, the rotor electrical position coincides with the d-
axis.

A. Flux-to-current Model

The current-to-flux model, i.e., /\(1q(Id»Iq»79d)> has been
obtained through the finite element analysis (FEA) reported in
literature [5] and mapped with SyR-e [18] for healthy and
several possible open-set derating conditions [19]. In order to
exploit the dqV maps formulation, the flux maps are computed
over a regular square current domain, with a fine rotor step
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Fig. 7. Inverse normalized magnetic model for a fixed value of 94, for the
healthy configuration (left) and a faulty configuration (right).

condition (rotation of 2 electrical degrees between each
simulation). The inverse model is computed from the direct
model. Unfortunately, the flux domain in such maps is very
irregular (see Fig.6), regardless of the supply configuration.
This means that its implementation and interpolation in both
simulation environments and digital controllers is nontrivial. A
domain regularization strategy must be implemented. Let’s
assume that, for a given value of the rotor electrical
displacement, the flux in d axis is expressed in per-unit (p.u.),
where 0 stands for its minimum value, 1 for its maximum. On
the other hand, flux linkage in ¢ axis is normalized in the same
way, but for each value of 94 and 44. This way, a square flux
domain is obtained (Fig. 7), and the resulting inverse model can
be easily interpolated as a look-up table (LUT). According to
the above description, reference flux in both axis is computed
in corresponding pu values following (13).

19d Ad,min ﬁd lq,min
IDLUT |—» Ay 2D LUT
ﬂ-d,max 19d
IDLUT [—> Ag mas
2 2DLUT [—»
P
Ai,min
*
}-i + ¥ — 1 }.*
=
per-unit
Ai,max (13)
0
+ A —
i=dq
Ai,min

Fig. 8. Maximum and minimum flux profiles interpoolation (top); per-unit
flux computation in the generic i axis (i = d,q) (bottom).

*
)‘i_’\i,min

ANy = 3

i,pu A

(13)

i,max ™M, min

Minimum and maximum values of the flux linkage, in d and
q axis are obtained by interpolation of LUTs, whose block
diagram is depicted in Fig. 8 (top).

The flux inputs of the normalized inverse maps are retrieved
from (13), as shown in Fig. 8 (bottom). Finally, such maps are
interpolated using linear 3D interpolation methods, whose
implementation is straightforward [11]. The results, exploited
for both healthy and faulty configuration, are depicted in Fig. 7.

The following subsections will finally describe the
proposed DT models, making clearer the importance of the
inverse magnetic model.

B. VSD-based DT Model

The first proposed DT model builds upon the VSD
approach, previously introduced in Section II-A. The complete
implementation of this model for a generic M3PH is illustrated
in Fig. 9, which shows the entire simulation structure based on
this method.

Starting with the supply voltages of each three-phase set,
the corresponding flux linkages in phase coordinates are
dynamically computed, exploiting the voltage equation:

Vabe, = Rs ' iabck + %Aabck (14)
it is noted that (14) is valid under all operating conditions,
including open-three-phase faults. The VSD transformation is
thus applied to flux linkages of each three-phase set, according
to (2) and (3). At this point, the resulting subspaces can be
treated separately, thus exploiting the full decoupling feature
among VSD subspaces. The currents related to the fundamental
subspace are obtained from the normalized inverse magnetic
model in dg reference frame, once the per-unit reference values
of flux are computed following Fig. 8. Furthermore, thanks to
the case signal externally imposed, the model will
automatically adapt the fundamental subspace to a possible
fault scenario, thus interpolating different inverse models
according to the supply configuration. Same considerations
apply for the electromagnetic torque. The currents of the
multiple harmonic subspaces are instead modeled to include the
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Fig. 9. Proposed DT model based on VSD control approach.

harmonic flux contribution imposed by the PM field, as
described by:

>‘h7xyi =A - Ll‘ "l

XYi 5 XY

i=1,..., n—1 (15)
where, for each harmonic subspace, a constant leakage
inductance is considered.

Starting from (15), a look-up table has been developed to
include this flux contribution for every machine operating point,
including faulty scenarios.

This LUT is interpolated from the feedback of dg currents in
the fundamental subspace, and the rotor electrical displacement.

Finally, the machine currents in phase coordinates, for each
of the three-phase sets, are obtained from the inverse VSD
transformation. Such currents are fed back to the voltage
equations (14). Although the model depicted in Fig. 9 is easy to
implement, it does not emphasize the flux and torque
contributions of each individual three-phase winding set.

Besides, it requires appropriate acting on the supply voltages
to model one or more open three-phase faults since the VSD
transformation matrix cannot be adapted to these scenarios.

C. DMS and ADMS-Based DT Model

The DMS-based DT model follows a similar structure of the
VSD-based one, with the main difference lying in the
transformation ~ domain.  Specifically, the decoupling
transformation (10) is applied to dg fluxes of each three-phase
set after Clarke and rotational transformations, thus exploiting
common- and differential mode fluxes. Furthermore, the
harmonic flux map follows (15), but it is computed considering
the DMS approach, thus obtaining such fluxes in differential-
mode subspaces. Nevertheless, compared to VSD-based model,
modularity is preserved, according to (12). This property allows
to model possible open-three-phase faults by setting to zero the
related MS currents, without acting on the supply voltages.

However, in those cases, additional control modules must be
added to actively control the secondary subspaces. Conversely,
as explained in Section II-C, the DMS approach allows changing
on the fly the decoupling transformation, thus adapting it to the
postfault configuration of the stator windings. The resulting

)
Vabe v .
ber, 2 A 1 - fsem dq (9a)
. Voltage equation abey a1 scm,dg Normalized Inverse >
iabe > Magnetic Model
1 (set 1) Gb LUT) >
| | T.(99)
i e(9a
- L0y ! Ahdq
abe
: Volisge cquation | 4abex Adqx T Asam -1 £sqm -1,
i ge g | Eq.(10) sdm—1dq Harmonic Flux Sn e
abe (set k) Equation (15)
I I
I I
Vabe, , G % X !
. Voltage equation abey dan Asdm—(n-1dg Hamonic Flux | bsdm —(n—1),dq
Labe (setn) A > Equation (15)
A \t !
case
94 C
X 1 ,
. >
case 9y lscm,dq(ﬂd) > A A
i L B 19d¢ Ck
idq@Wa) | Harmonic Flux | #7dai i 2 e Labe,,
T e N B e e P

9, G
i Cn
B

Fig. 10. Proposed DT model based on ADMS control approach.
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Fig. 11. Scheme of the adaptive decoupling transformation.

ADMS model, depicted in Fig. 10, shares the same structure as
the DMS-based one, with the key difference being that the
decoupling transformation block receives the case signal as
input. According to it, the fluxes of the faulty winding set are
simply neglected, and the decoupling transformation is
recomputed only considering the total number of active winding
sets 1, as schematically shown in Fig. 11. As in the DMS model,
common-mode currents are retrieved from the inverse magnetic
model, while differential-mode currents are computed via (15).

Again, harmonic flux maps are computed following the
dedicated A-DMS approach. Finally, given the inverse
decoupling block that follows the same scheme as Fig. 11,
output currents in phase coordinates are computed being the
feedback of voltage equations. According to the A-DMS
approach, output currents of the faulty windings are inherently
set to zero. Finally, it is worth noting that the DMS DT model
can be implemented using the same structural framework shown
in Fig. 10, provided the case signal input is removed and the
harmonic flux mapping is adapted accordingly.

IV. SIMULATION RESULTS

The motor under test is a quadruple three-phase PM-assisted
synchronous motor with an asymmetric winding configuration
(15 degrees of phase displacement between adjacent three
phase sets). The machine’s primary data is collected into Table
I. Imposing a reference operating point in dg frame, sinusoidal
voltage supply is provided for each of the four three-phase sets.



Fig. 12. View of the M3PH prototype (left, blue motor), torque transducer
(middle), and driving machine (right, yellow motor).

TABLE L MACHINE PRIMARY DATA
Machine Data

Phase number 12 (4x3-phase)
Pole number 2
Rated power 60 kW
Rated speed 1000 r/min
Stator resistance 260.8 mQ
Stator leakage inductance 7 mH

The resulting phase current and torque waveforms are
shown in Figs. 13 and 14, respectively. These two simulations
were performed without and with the inclusion of the
permanent magnet (PM) harmonic flux contribution, as
described in (15). This comparison highlights the waveform
distortions introduced by harmonic effects.

In particular, Fig. 13 shows nearly sinusoidal phase
currents, with a small ripple introduced by the effect of the rotor
electrical displacement. Conversely, Fig. 14 reveals noticeable
distortion in the output phase currents, caused by the presence
of the PM harmonic flux contribution. The output torque
waveform includes ripple components, as it is computed from
dq¥ LUTs (see Section III.A), which inherently captures the
rotor-position-dependent variations in electromagnetic torque
[12]. Tt is noted that all the proposed DT models can simulate
such behaviors, as the results obtained with different
approaches lead to overlapped waveforms. Same
considerations can be made in the case of one or more open
three-phase faults, despite the differences in how each approach
models the system, as discussed in Section IV. Furthermore,
Figs. 15 and 16 illustrate the models' behavior under open three-
phase fault conditions affecting two out of the four winding
sets. Specifically, Fig. 15 refers to the case where sets 3 and 4
are faulted, while Fig. 16 corresponds to the scenario in which
sets 2 and 4 are lost.

According to the finite element analysis reported in the
literature [5], the fault scenario deeply influences torque ripple.

This is mainly due to the different shapes of the airgap flux
density and the additional harmonic generated by uneven
machine supply [19]. Proof of this statement is shown by output
torque waveforms [21]. For both simulations, the average torque
is the same but losing sets 2 and 4 leads to a slightly reduced
torque ripple, with respect to losing sets 3 and 4. Although the
VSD, DMS, and ADMS digital twin models yield to identical
results in terms of output quantities such as phase currents and
electromagnetic torque, the ADMS approach offers significant
advantages from a modeling and control perspective [17].
Unlike VSD and DMS, which require active control of harmonic
or differential-mode subspaces to maintain balanced operations,

time [s]
Fig. 13. Simulation for the healthy configuration without including PM
harmonic flux contibution: supply voltages, output phase a currents, output
torque. VSD (solid line), DMS (dotted line), ADMS (dash-dot line).
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Fig. 14. Simulation for the healthy configuration including PM harmonic flux
contibution: supply voltages, output phase a currents, output torque. VSD (solid
line), DMS (dotted line), ADMS (dash-dot line).

especially under fault conditions, the ADMS formulation
inherently suppresses these subspaces, that are always at zero.
This structural property simplifies the control architecture,
reduces the need for additional regulators, and enhances
modularity, making ADMS particularly suited for scalable and
fault-tolerant implementations of multi-three-phase drives.

V. CONCLUSION

This paper presented a comprehensive framework for DT
modeling of M3PH permanent magnet synchronous motors,
based on established control approaches, like VSD, DMS and
ADMS. Each DT model has been systematically developed and
tested to simulate the motor’s behavior under various operating
conditions, including open-three-phase fault scenarios. Such
models incorporate detailed flux-to-current and current-to-flux
mappings derived from finite element analysis, ensuring
accurate representation of magnetic saturation and rotor position
effects. The simulation results confirm that all the proposed DT
models can accurately replicate the machine’s electromagnetic
behavior in terms of phase currents and torque, both in healthy
and faulty states, including the effects of PM harmonic flux
components. While VSD and DMS-based models offer viable
simulation options, they come with limitations in modularity —



20 P
Z
o 0
3
-20 'Lm U Lﬁz .
1.6 1 8 2 2.2 22 26 2.8 3
time [s]

20

g
2%
F

I, [A]

r VSD - - -DMS
& 180 ‘ ¥ L] L T T T

1.6 1.8 2 2.2 2.4 2.6 2.8 3
time [s]

ADMS

Fig. 15. Simulation with open three-phase fault on units 3 and 4: supply
voltages, output phase a currents, output torque. VSD (solid line), DMS (dotted
line), ADMS (dash-dot line).

as the case of VSD — post-fault adaptability and control
complexity. The ADMS approach, on the other hand, overcomes
these limitations by preserving modularity, automatically
adapting to faulty configurations without structural changes, and
inherently suppressing secondary subspaces. These features
significantly reduce control complexity and enhance scalability.

Therefore, among the proposed modeling approaches, the
ADMS-based DT model emerges as the most versatile and
robust solution, offering an optimal trade-off between modeling
accuracy, modularity, and implementation simplicity for
scalable and fault-tolerant M3PH motor drive systems.
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