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The dual inverter and dual stator system is suitable for air mobility due to its redundant system. Motor analysis for transportation
should encompass not only electromagnetic characteristics but also drive and multiphysics systems to account for real operating
conditions. To reduce the considerable time of system integrated analysis, especially those involving drive and multiphysics
systems, a parameter-based model can be employed as a substitute for the finite element analysis (FEA) co-simulation. Therefore,
an accurate and fast parameter-deriving method is required. The conventional method, the frozen-permeability method, is accurate
but time-consuming because the dual stator system has doubled inputs. In this article, a parameter estimation method based on the
incremental method is proposed to consider a dual stator motor. Subsequently, the frozen-permeability method and the proposed
method are compared to assess their accuracy. The results show that the proposed method can acquire accurate data faster than
the frozen-permeability method. In addition, experiments are conducted to validate the parameter-deriving methods.

Index Terms— Dual stator, frozen-permeability, incremental inductance, parameter-based model.

I. INTRODUCTION

UAL stator motor has improved characteristics over other

motor types such as high power density and robust
fault tolerance [1]. It can be adjusted in a dual inverter
system because windings are separated. These characteristics
are suitable for air mobility because of its redundant system
that can be dealing with fault conditions. Some motors are
separated by dual winding in single stators [2], [3] and others
are dual winding in dual stators [1], [4].

Analysis of motors for transportation should consider more
complex conditions than other applications to ensure safety.
There is ongoing research in system-integrated analysis,
including motor drive analysis, thermal analysis, and vibra-
tion and noise analysis, to address real operating conditions.
Co-simulation between motor and drive can consider motor
control performance and switching fluctuations [5], [6]. There
is the problem of being time consuming because the switch-
ing frequency is higher than the frequency of the motor
source when using finite element analysis (FEA). In addition,
drive cycle analysis for driving efficiency tests should be
conducted [7]. Whole vehicle performance is simulated by
system-integrated simulation including motor, battery, control
unit, and so on [8]. However, a common problem is the long
duration of FEA.

A parameter-based model, utilizing a lookup table dataset
acquired through pre-simulated FEA, can reduce the time
required for determining motor performance. The parameters
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include flux-linkage, inductance, and loss data represented as
a lookup table. It is utilized to control integrated analysis and
multiphysics analysis because of its simple data volume and
fast data interaction. It is utilized in some motor research
because of its accurate and convenient usage [8], [9], [10].
In addition, the exact estimation of parameters enhances
fault tolerance and improves control performance. Therefore,
accurate parameter prediction should be a prerequisite for
system-integrated analysis.

Conventional methods of estimating parameters are the
frozen-permeability method [11] and incremental induc-
tance [12]. The frozen-permeability method involves utilizing
preexisting permeability data in FEA. Each phase winding is
excited with the unit current to determine its inductance. This
method is accurate and reliable; however, the time required for
loading permeability data can be time-consuming. The incre-
mental inductance method involves using small flux changes
corresponding to small changes in current. This method is
faster than the frozen-permeability method due to the absence
of the permeability loading process. In a dual stator system,
an additional cross-coupling inductance matrix between each
stator should be taken into consideration. This cannot be
considered in the conventional incremental inductance method.

In this article, a modified incremental inductance method
that considers the mutual inductance between dual stators is
proposed. To distinguish between self-inductance (within a
single stator) and mutual inductance (between dual stators),
an offset flux separated by the ratio of self and mutual flux
is suggested. The advantages and features of the proposed
method are introduced by comparing it with the frozen-
permeability method, along with experimental results. As a
result, the proposed method is as accurate as the conventional
method and provides a faster process for estimating the
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Fig. 1. Mechanical structure of the dual stator PMSM.

parameters of a dual stator permanent magnet synchronous
motor (PMSM) for air mobility.

II. ANALYSIS MODEL

In this chapter, a model of a dual stator PMSM is intro-
duced. In addition, the voltage and torque equations of the
motor are presented. The equation of the dual-stator motor is
referenced from [1].

The conceptual model is depicted in Fig. 1. The stators
are positioned on the inner and outer sides, with each stator
having windings that are electrically separated from each other.
The rotor, comprised of a retainer and permanent magnets,
is positioned between the inner and outer stators.

Due to its dual-stator (winding) structure, this model
exhibits a more complex inductance matrix. In this article,
the inductance within a single winding is referred to as self-
inductance (L). Furthermore, the inductance between the inner
and outer windings is denoted as mutual inductance (M). The
details of the inductance matrix are shown below

Laiav Laigt Laizt Maiaz Marg2 Maiz2
Lyar Lgigt Loz Maar Mapg Mgio
quz — Lzldl Lzlql Lzlzl ledz leq2 lezZ
Mapar Margt Mazst Lanaz Lazg2z  Laz2
Mpar Mgt Myo1 Lgzaz Lg2g2 Lg22
Mapan Moy Mpa Lpar Lpg Lo

e))

The subscripts “d” and “q” refer to the d — g trans-
formed axis, while “z” signifies the zero-sequence component.
The zero-sequence component is disregarded when the wind-
ing connection is grounded. Therefore, in this article, the
zero-sequence component term is not used. In addition, in the
subscript notation, the number “1” corresponds to the outer-
side winding, while the number “2” corresponds to the
inner-side winding

Aai i1 Wrg
;L 1 i 1 w 1
g = | 5 | =Lag x | 4 |+ | 77| 2
4 Ad 4 ia> W o @
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The next step involves flux linkages, determined by the
inductance matrix, d — ¢g transformed currents, and the flux
linkages of the permanent magnet. Flux-linkages, A, of dual
stator PMSM are divided into set 1 and set 2. Normally,
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Fig. 2. Flowchart of frozen-permeability method for inductance.

zero-sequence components are ignored because these are not
affected by torque generation. In (2), Ly, is identical to (1)
without zero-sequence components. W4, is the flux-linkage
of the field. The flux-linkage matrix consists of the product of
inductance and current and the sum of the fluxes by the field

Voi2 = \/Vozdl,Z + V()2q1,2 = w\/kjl,z + qul,z' 3)

Following that, the output voltage (V,) term without resis-
tance voltage drop is derived from the flux linkages and the
rotational speed

Py Voariar + Vogiigt + Voaziaz + Vogaig2

T = — =
w w

3 . . . .
= EI’P(Adllql + Agiiar + Aapign + lqzldz)- €]

The torque is determined by dividing the output power (P,),
which is the product of voltage and current, by the rotational
speed. Here, a 3/2 term is required because parameters are
determined by magnitude invariance assumption. pp represents
the pole-pair.

III. METHODS OF DETERMINATION OF INDUCTANCE

In this chapter, methods for determining inductance are
introduced. The first method is the conventional frozen-
permeability method, and the second method is a proposed
incremental inductance method modified to account for the
dual stator structure. To explain each method, a flowchart is
presented initially, followed by the key mechanism. Finally,
analytical torque and FEA torque results are compared to
validate the accuracy of the parameters.

A. Method 1: Frozen-Permeability Method

The frozen-permeability method employs FEA. Its mech-
anism involves saving the permeability of each element
according to the total analysis time steps. PMSM has two
excitation sources: one is the winding current, and the other is
the permanent magnet source. As a result, frozen-permeability
analysis should be conducted twice to account for each exci-
tation source. The detail of this method is shown in Fig. 2 as
a flowchart.

Fig. 3 shows the key function mentioned in Fig. 1. Follow-
ing the non-linear magnetic analysis, the permeabilities of all
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Fig. 3. Key function of frozen-permeability at single time step.

Fig. 4. Torque determined by frozen-permeability method and FEA.

elements are saved. The time required for saving and loading
differs based on the number of elements and time steps.

To assess the accuracy of parameters determined by frozen
permeability, a torque comparison is conducted. The reference
is the torque determined by FEA, while the torque determined
by frozen permeability is calculated using (4). Fig. 4 presents
the torque comparison, revealing an average error of 0.65%.
The torque determined by the frozen permeability method
demonstrates accurate results.

B. Method 2: Proposed Incremental Inductance Method

The conventional incremental method is unable to consider
the mutual inductance coupling between the inner and outer
windings of dual stators, particularly the g-axis inductance,
due to the absence of offset flux, such as PM flux. There-
fore, this article proposes a modified incremental method
customized for dual-stator PMSM.

The key mechanism of the incremental inductance method
for dual stator PMSM lies in distinguishing between self and
mutual components at the g-axis. In Fig. 5, the flowchart of
the proposed method is shown.

The proposed method is more two steps than the conven-
tional incremental method. The initial distinction lies in the
incremental current along the g-axis, utilized to ascertain the
incremental inductance (denoted as “inc”) and the offset flux.
The second point involves the definition of g-axis apparent
inductance (denoted as “app”), derived from the incremental
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Fig. 5. Flowchart of proposed method.
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Fig. 6. Description of incremental and apparent inductance.

inductance. The concept of apparent and incremental is well
described in [12] and Fig. 6 shows it briefly. The incremental
method makes incremental flux-linkage and offset flux. The
sum of incremental flux and offset flux is the apparent flux.

The g-axis inductance should be divided into self and
mutual inductance. To achieve this, the offset flux should
also be decomposed into self and mutual components. In this
article, the self and mutual offset flux are divided using the
ratio between self and mutual incremental flux linkages.

The summary and equations of the proposed method are
shown in Fig. 7. The upper subscript “prime” means incre-
mental inductance of the g-axis. The total process is divided
into the d-axis and g-axis. First, the d-axis is considered,
and the incremental inductance is defined. Subsequently, the
offset flux, represented as field flux-linkage, is defined. The
d-axis process concludes at this step with (5)—(7). Second,
the g-axis is considered, and incremental inductance is defined
with (8), (9). Then, g-axis offset flux is defined and, self and
mutual components are divided using incremental flux ratio
with (10)—(12). Finally, the sum between incremental flux and
offset flux makes apparent inductance with (13) and (14).

Derived parameters using the proposed method are validated
by comparing the torque with FEA.

Fig. 8 shows the torque results. Whole points show little
difference between the torque of the proposed method and
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Fig. 7. Flow and equations of proposed method.
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Fig. 8. Torque determined by proposed method and FEA.

FEA. Total average is 0.26%. It means that the whole torques
determined by the proposed method are accurate.

C. Differences Between Frozen-Permeability and Proposed
Method

The incremental inductance method ignores the
cross-magnetization between the d-axis and the g-axis.
In contrast, the frozen-permeability method considers the
entire inductance matrix. To illustrate this difference, this
section presents the inductance matrix.

First, of comparison, the inductance matrix is shown below

)*dqffrozen
Lyat Laigt Mgz Mago || ian Vg
_ | Laar Lggt Mgiaa Mgig2 || ig " Wig1
Mapa1 Mag1 Lanaz  Lazg2 a2 Wi
Mpar Mpg1 Lgoaz Lgog2 ig2 Wi
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Equation (15) shows the flux matrix using the frozen-
permeability method. The whole inductance matrix including
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Fig. 9. Flux-linkages determined by frozen-permeability method and

proposed method.

TABLE I
FEATURES COMPARISON BETWEEN FROZEN-PERMEABILITY
METHOD AND PROPOSED METHOD

Method Computlng Estimation d-q cross
Time Accuracy components
Frozen Slow Moderate Considered
Proposed Fast Moderate Ignored

d —q cross-magnetizing components (Lqq, Mg, Lya, Myq) can
be estimated

}qufproposed

Linat 0 Mgae O iq1 Vg
| Maar 0 Lppgr O ia )
0 quq] 0 quqz iqz 0
(16)
Equation (16) shows the flux-linkages matrix of the
proposed method. In this inductance matrix, d — ¢

cross-magnetization components are ignored. The incremen-
tal inductance method has the assumption that is field
flux-linkages only on the d-axis. Therefore, field flux-linkages
are only d-axis component.

Although the inductance matrix differs between the two
methods, the calculated flux-linkages of the d — g-axis are
identical in both approaches. Fig. 9 shows flux-linkages and
consumption of time. The proposed method can reduce anal-
ysis time by approximately 24.2%.

In Table I, a summary of the differences between the two
methods is shown. The proposed method has a faster comput-
ing time. The accuracy of flux-linkage is at the same level as
shown in Fig. 9. It is faster than the conventional method
but cannot consider d — g cross-magnetizing components.
However, the total flux-linkage estimation is accurate.

IV. VALIDATION

In this chapter, inductance determination methods are val-
idated with experiment data. A test motor is manufactured
to establish a laboratory test environment. This motor is a
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Fig. 11. Comparing the torque according to deriving methods.

reduced-power model with a 2 kW rating, while maintaining
the structure of the motor introduced in this article. Fig. 10
shows the setup of the test motor.

Fig. 11 shows a comparison of torque data between the
experiment, the frozen-permeability method, and the proposed
method. The test conditions are set with identical magnitudes
of currents, where the current phase is denoted as beta, and
the speed is set at 1000 r/min. The average torque error when
using the frozen-permeability method is 1.77%, while it is
1.88% when employing the proposed method. As we did not
consider no-load iron losses and friction losses, the results
appear reasonable.

This experiment is conducted at a slow speed to avoid
errors caused by rotating harmonics, mechanical losses, and
iron losses. This condition relatively reduces the error between
measurement and estimation.

V. CONCLUSION

In this article, an incremental inductance method for
dual-stator PMSM is proposed. This method overcomes the
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limitations of conventional incremental inductance methods
that do not consider mutual components between two sta-
tor windings. In addition, the computational time is faster
compared to the frozen-permeability method. The accuracy
of the proposed method is validated through comparisons
with the frozen-permeability method and experimental results.
By utilizing this method, a parameter-based model can be
determined with both accuracy and fast analysis time.
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