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Abstract: This paper presents a comprehensive design and analysis methodology for a Per-
manent Magnet Linear Synchronous Motor (PMLSM), with a focus on evaluating different
inductance modeling approaches. The motor design begins with analytical dimensioning
based on defined design parameters. A two-dimensional finite element analysis follows this
in ANSYS Maxwell to verify magnetic saturation, back-EMF, flux linkage, and electro-
magnetic performance under full load conditions. The inductance parameters are calculated
using both conventional and look-up table (LUT) based models. In the conventional model,
seven different methods are tested under static and dynamic conditions, as well as in non-
salient and salient scenarios, and their results are compared. In the LUT model, current-
dependent inductance values are extracted from flux linkage maps. The motor designed in
Maxwell, along with the calculated inductance data, is integrated into a dynamic coopera-
tive simulation (co-sim) model controlled by an inverter in Simplorer to analyze the thrust
force. The results show that the LUT model provides outputs that are closer to the co-sim
reference than the traditional model. Furthermore, performance curves based on the Maxi-
mum Torque Per Ampere strategy are generated, and the force-speed and power-speed char-
acteristics derived from both inductance models are compared. The findings emphasize the
importance of accurate inductance modeling in capturing the actual electromagnetic behav-
iour of PMLSM under dynamic operating conditions.

Key words: cooperative simulation, d-q inductance calculation, finite element analysis
(FEA), park's transformation, permanent magnet linear synchronous motor (PMLSM)

1. Introduction

Permanent Magnet Linear Synchronous Motors (PMLSMs) have attracted significant interest
in both academic and industrial fields due to their high efficiency, direct drive capability, and
suitability for precision motion applications such as transportation, automation, and magnetic
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launch systems. However, designing these motors requires meeting strict requirements regarding
response time, thermal performance, and compactness [1]. In the preliminary design of
PMLSMs, magnetic equivalent circuit models are widely used to represent magnetic behaviour,
including saturation and harmonics, with sufficient accuracy [2].

Numerous studies have focused on double-sided Permanent Magnet Linear Synchronous
Motors (DS-PMLSMs) due to their suitability for high-acceleration applications, particularly in
systems where high thrust density and dynamic response are critical. In railway applications,
researchers continue to conduct comparative analyses of single- and double-sided PMLSMs
while seeking configurations that maximize efficiency and performance under constrained mass
and space requirements. Wu and Lu [3] analyzed the current-dependent armature inductance and
evaluated the performance of a water-cooled DS-PMLSM driven by a servo system employing
Space Vector Pulse Width Modulation (SVPWM) under various operating conditions. Kim et al.
[4] proposed a dual-line, double-sided vertical structure providing similar thrust to two single-
line models while enhancing the thrust-to-weight ratio. Additionally, Garcia-Tabarés et al. [5]
analyzed different motor types for Hyperloop propulsion. While PMLSMs offer high efficiency
and controllability, they also have disadvantages such as cogging force, thrust ripple, and
dependence on numerous magnets. To address these issues, optimization of end effects and the
adoption of alternative synchronous motor topologies have been proposed.

One of the most critical aspects in modeling, control, and optimization of these motors is the
accurate determination of direct-axis (d-axis) and quadrature-axis (g-axis) inductances. Various
methods have been developed to analyze the nonlinear and position-dependent behaviour of
inductance in PMLSMs. Ma et al. [6] proposed a method to calculate the uncertainty range of
d-q axis inductances using both finite element analysis (FEA) and multi-loop analysis. This
approach provides a more realistic understanding of variability under operating conditions. Li et
al. [7] investigated mutual and self-inductance behaviours in three-phase windings and validated
inductance measurement techniques by comparing them with FEA results. Zhang et al. [8], in
the context of a single-phase PM linear actuator, used eight-node hexahedral elements in FEA
and verified the accuracy of inductance and flux linkage calculations through experimental
comparison.

Furthermore, Shin et al. [9] used a subdomain analytical model offering simplified
calculations for end inductances, predicting the armature reaction field and validating the results
with 3D FEA and experimental data. Cheng et al. [10] examined inductance characteristics in
combined iron-core PMLSMs and developed a linear thrust model based on lumped parameters
to reduce thrust ripple and improve control. Shi et al. [11] studied air-core PMLSMs for null-
flux electromagnetic suspension vehicles and evaluated the effects of vertical offsets on thrust
performance using dynamic tests and an analytical model based on virtual displacement. Lee et
al. [12] proposed a fast and efficient analytical field projection method combined with a coil
separation technique to determine winding inductance without the need for comprehensive FEA.
Similarly, Chang at al. [13] reviewed inductance calculation methods and proposed an improved
FE-based approach that uses the same field solutions as torque calculations, eliminating the need
for additional simulations; the method was validated on a 30 hp PMSM under various load
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conditions. The Fixed Permeability Method (FPM) has been used to investigate air gap flux
density and cross-coupling effects in Interior Permanent Magnet Synchronous Motors
(IPMSMs), yielding high accuracy under magnetic saturation conditions when compared with
experimental and FEA model results [14]. According to Lee et al. [15], calculating inductance
is critical for designing a Flux-Concentrating Permanent Magnet Synchronous Motor
(FCPMSM). To address this, a d-q axis magnetic equivalent circuit was developed, considering
the rotor’s nonlinear relative permeability, and validated through FEA.

Wang et al. [16] tackled modeling challenges caused by structural asymmetry in low-speed
PMLSMs by developing a nonlinear state-space model and examined the effect of air gap
variation on inductance using both FEA and experimental data. Additionally, they proposed a
nonlinear, asymmetric, and variable-parameter state-space model for PMLSMs requiring
parameters such as self-inductance, mutual inductance, and flux linkage [17]. Zhang et al. [18]
further explored the impact of different slot/pole number combinations and winding structures
on the electromagnetic behavior of AL-PMSMs, revealing that such design variations
substantially influence saturation and flux distribution. Inspired by the segmented PM pole
configuration explored in [19], this study investigates the impact of pole structure on inductance
characteristics and overall thrust behavior. Xu et al. [20] also investigated the role of phase
number and consequent-pole configuration in five-phase PMSLMs, highlighting their influence
on inductance behavior. Moreover, Sun et al. [21] examined the variation in d- and g-axis
inductances in DTP-PMLSMs and its impact on the accuracy of sensorless control, emphasizing
the critical role of parameter sensitivity. Lastly, Zhang and team [22] presented a comprehensive
framework for estimating leakage inductance in high-speed double-sided linear synchronous
motors, accounting for factors such as slotting, harmonic components, end winding geometry,
and tooth tips.

Although various methods have been proposed in the literature to characterize the inductance
of PMLSMs, comparative studies that incorporate different saliency conditions and evaluate
force generation under full-load conditions are still limited. Moreover, there is a need for
comprehensive approaches that assess the impact of constant and variable inductance models on
the dynamic behavior of these motors. In particular, studies addressing the effects of different
saliency conditions under full-load operation remain limited.

To respond to these gaps, this study systematically analyzes the influence of various
inductance modeling strategies on force generation during the PMLSM design process. The
proposed methodology begins with a rigorous preliminary design procedure, combining
analytical calculations with 2D FEA simulations in ANSYS Maxwell to evaluate
electromagnetic and performance parameters under magnetic loading, no-load, and full-load
conditions. Subsequently, L, and L, inductance values are obtained under salient and non-salient
conditions using both conventional and look-up table (LUT) based models. These values are then
integrated into an inverter controlled cooperative simulation (co-sim) model to analyze the
dynamic force output.

The main contribution of this study is that it bridges the gap between d-q axis inductance
modeling and dynamic performance evaluation. The results demonstrate not only the accuracy
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of the modeling approaches but also their practical applicability for drive systems, highlighting
the critical role of inductance parameterization in ensuring reliable force generation.
2. Materials and methods

It is possible to control a linear motor in the same manner as a rotary motor by supplying
sinusoidal three-phase current to each coil [23]. The surface-mounted PMLSM developed in this
study demonstrates behaviour analogous to that of conventional rotary type Permanent Magnet
Synchronous Motor (PMSM). The proposed methodology is summarized in the flowchart shown
in Fig. 1.
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Fig. 1. Flowchart of the proposed PMLSM design process incorporating inductance modeling approaches

The parameters of the PMLSM are first calculated analytically [24]. After the initial decisions
on motor dimensions are made, magnetic field analyses are performed using 2D FEA model.
Then, the performance analysis is conducted using data obtained through both conventional and
LUT based inductance calculation approaches.
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2.1. Preliminary design and coordinate transformation

In the preliminary design stage of the motor, no dimensional constraints were imposed other
than the stator width (Lg). The main objective of the design is to achieve the required thrust
and efficiency while operating within the voltage limits of the available power source and
avoiding magnetic saturation in the core materials. The key design parameters considered during
the initial dimensioning of the PMLSM are summarized in Table 1. Using the input power (P,),
motor speed (9), efficiency (n,), output power (P,,.) and thrust force (F,,;) the analytical
equations used for motor sizing are also provided. [25] [26].

Pout = Foutﬁl (1)
Pin = Pout/Na- 2
Given the phase voltage (V,,,) and power factor (cos ¢), the phase current is defined:

[ — Pin
ph 3Vphcose’

3
Since back-EMF ratio (yems) and V,,, are known initially, back-EMF per phase (E,,) can be

calculated using the following expression
Yemf = Eph/Vph' (4)

The total flux (¢ora1) is divided by the number of slots (Ny) and poles (p) to find the flux per
slot and per pole:

@st = Protal/ Ns, 5)
Op = Protal/D- (6)

The stator tooth area (A, ) is obtained by dividing the flux through that tooth by the allowable
maximum flux density (Bg max):

Ag = (pst/Bst,max- (7

Assuming the stator length (L) is known, the slot width (wg) can be determined by
subtracting the total tooth area (A,.) from the stator area.

_ LsLgtk—NsAst (8)

w,
sS NsLg

The induced phase voltage is the product of the flux linkage (1) and electrical angular speed
(w,). Also, the flux linkage depends on the winding factor (k,,), number of turns (N¢,p),
frequency (f) and flux per pole (¢,):

Eph =2 jwe, )
A = kyNepn@p- (10)

The required number of turns per phase (N¢,y) is calculated based on the target EMF:
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The conductor cross-sectional area is the ratio of the carried current (4,,) to the selected
current density (Js):

A, =3 (12)

The area of a single coil side in the slot (A.,) is calculated using the winding fill factor (kgy;)

and number of turns per coil (N,.). Since a double-layer concentric winding is used in this study,
there are two coil sides per slot, and the total slot area (4y) is:

Aca = (NecAw) /s (13)
As = 24.,. (14)

The height of the coil is calculated based on the placement area of the coil sides in the slot
and the coil width (w,):

de = Aca/We. (15)

The stator yoke (hs,) and rotor yoke height (h,.,,) are calculated based on the maximum flux

density in the stator yoke (B, max) and rotor yoke (B, max):
Bt = Bsy,maxhsyLstkl (16)

st
2
P
7p ~ Bry,maxhryLstk- (17)

Table 1. Design parameters for the PMLSM

Parameters Values Parameters Values
Fout 570N N 12
Pout 3.7kw P 16

9 6.55 m/s Lotk 80 mm

Vpn 121V Js 4 Almm?
n 90% Leap 1mm
Bay 0.68T Bst max 180T
Core material M19-24G Bgy max 150T
Magnet grade N38-20C Bry max 150T
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Due to their structural characteristics, PMLSMs exhibit nonlinear and strongly coupled
electromagnetic behaviour. To simplify this coupling and enable effective control, using the
Clarke—Park transformations are applied from the three-phase a-b-c system (ABC) to the
stationary a-f reference frame (SRF), and subsequently to the synchronous rotating d-q reference
frame (RRF). When modeling in the d-q frame, assuming the d-axis current (i;) to be zero
enables thrust force control solely through the g-axis current (i;). This assumption not only
simplifies the mathematical representation of the system but also facilitates direct control over
thrust production.

In this study, the d-q reference frame was used to model the electromagnetic behaviour of
PMLSM. This transformation plays an effective role in both establishing the force equations
during the design stage and interpreting the results from FEA model [27].

2.2. Electromagnetic simulations

Following the initial analytical sizing, magnetostatic and transient analyses based on 2D FEA
were conducted to investigate the electromagnetic behaviour of the motor. The methodology
used in this study involves four simulation runs over electrical periods. The solver types and
simulation parameters employed in each analysis are summarized in Table 2.

The primary objective of the initial magnetic loading analysis was to evaluate the air-gap
magnetic flux density (B,,) generated by the permanent magnets. If insufficient, it may hinder
achieving the desired force in steady-state analysis. Figure 2 illustrates the flux density
distribution and flux lines, showing mutual flux paths and limited leakage. The values
corresponding to m,, m,, and my at critical points are presented in the table as 1.698 T for the
stator yoke (Bsy), 1.279 T for the rotor yoke (B,,), and 1.31 T for the stator tooth (Bs,),
respectively, indicating magnetic saturation.

Table 2. Solver types and simulation parameters used in 2D FEA

Parameter Mag. loading No-load Full load Dynamic load
Solver type Magneto-static Transient Transient Transient-simplorer
Excitation None None Current Variable load
Rotor motion No Yes Yes Yes

Stop time — Te Te Application specific
Time step — Te/400 Te/400 Adaptive
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B [tesla]
1.6903

15776
1.4649

1.3523
1.23%
1.1269

Name X Y b4 B

m1 391.171 -2.004 0.000 1.698e+00
m2 330.287 26.849 0.000 1.279e+00
m3 249.465 -62.223 0.000 1.310e+00

Fig. 2. Flux lines and flux density magnitude from magnetic loading simulation

The results of the magnetic loading analysis are presented in Fig. 3.
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Fig. 3. The level of saturation, vector lines and flux density waveforms obtained from magnetic loading
simulation: air gap (a); rotor yoke (b); stator yoke (c)

In Fig. 3(a), the waveform of the magnetic flux density component along the air gap is shown
together with vector field lines, and B, is calculated to be approximately 0.687 T. Figures 3(b)
and 3(c) present the flux density profiles and indicate the saturation behaviour on candidate
paths. In all three figures, the waveform of the magnetic flux density and the vector field lines
exhibit a periodic structure that matches the magnet arrangement and the colour distribution. The
maximum values reached along the candidate path are 1.266 T in the rotor yoke and 1.21 T in
the stator yoke. As is seen in Figs. 2 and 3, the flux density levels in the iron parts remain below
the design limits set for Bg. max, Bsymax and By, max cONfirming that the saturation levels are
acceptable.

After the magnetic loading analysis, a no-load analysis is performed, in which no excitation
is applied to the stator windings, and the rotor moves at a constant speed under the magnetic
field generated solely by the permanent magnets. The k, was updated using an iterative
approach to achieve the E,, value. As shown in Fig. 4(a), the maximum flux linkage (Apyax)

10
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value of 0.175 Wb observed in each phase also represents the magnet-induced flux linkage
component (4). In Fig. 4(b), the rms value of the induced voltage is calculated to be
approximately 102.9 V. According to the figures, the sinusoidal waveforms obtained for each
phase are symmetric with a 120° phase difference. This indicates that the magnets provide a
uniform magnetic field distribution across the air gap, resulting in minimal harmonic content,
which in turn positively affects the motor’s performance.

As shown in the schematic view in Fig. 5, the d-axis flux linkage value (1,) originates from
the permanent magnets. The g-axis is perpendicular to the d-axis. In motor control, phase A is
typically used as the reference phase; accordingly, the phase A winding axis is aligned with the
stator’s a-axis [28, 29]. The angle w, represents the electrical angle between the d-axis and the
A phase winding axis. If the rotor’s d-axis does not coincide with the phase A winding axis when
w.t = 0, then the initial alignment angle is incorrect. Therefore, we must make sure that the
d-axis is aligned with the centre of the phase. The angle between the current vector and the stator
a-axis (0y) is equal to the sum of the angle between the current vector and the rotor’s d-axis (6,.)
and w,t. To achieve proper alignment, a constant alignment angle (6,) is introduced as shown
in Eq. (18), and this adjustment is implemented within the FEA software.

05 = wot + 0, + 6,. (18)
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Fig. 4. No-load simulation results: flux linkage waveforms (a); induced voltage waveforms (b)

Accordingly, the analysis performed to determine the value of 6, indicates that the maximum
flux linkage of phase A, as shown in Fig. 6, is approximately 0.17 Wb. The electrical angle value
at which this maximum point occurs is the angle at which the magnet is fully aligned with the
phase A winding. Hence, the electrical angle at this point 331.27¢ is taken as the value of 6,.
Since this angle is behind the d-axis relative to the phase A axis, it is taken as negative. This
means that the axis is shifted by 28.73°.

11
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In the final stage of the electromagnetic simulations, the parameters listed in Table 1 were
implemented in the simulation environment, and the electromagnetic performance of the
PMLSM under full-load operating conditions was comprehensively analyzed. Then final
geometrical parameters and output variables were calculated.

In the analysis of PMLSMs, mathematical modeling is carried out in the d-g synchronously
rotating reference frame [30]. Accordingly, the dynamic equivalent circuits for the d-q axes are
defined, and the corresponding voltage equations are given as follows. Here, V; and V, are the
voltages, i, and i, are the currents, and L, and L, are the inductances in the respective axes:

A pole pitch (), which is the distance between two consecutive magnetic poles:

r=2 (19)

Accordingly, the electrical angular velocity (w,) of the PMLSM can be expressed as:

we =", (20)
Va = Ryig + L 32— 201yl (21)
Vo = Reiq + Lg S+ (Laia + M) 79, 22)

12
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Maximum force is achieved under the condition where the g-axis current component vector
is perpendicular to the magnet flux linkage (1,,) vector (8, = 90°). The electromagnetic thrust
force is calculated using:

Fom = 22 [Aag + (La — Lq)ialiq. (23)

The force in Fig. 7(a) is close to the 570 N target, confirming 6, and 8,- alignment parameters
validity with good FEA and analytical agreement. As seen in Fig. 7(b), the maximum force
occurs at 6, = 90° consistent with theory. Final geometry and outputs are listed in Table 3, with
simulation results summarized in Table 4. As seen in Fig. 7(b), the maximum force occurs at
6, = 90° consistent with theory. Final geometry and outputs are listed in Table 3, with simulation
results summarized in Table 4.

Table 3. PMLSM final design parameters for full load 2D FEA

Geometrical parameters Output variables

Parameter definition Symbol | Value Parameter definition Symbol | Value
Slots number Ns 12 Yoke flux (tesla) By 1.28
Pole number p 16 Tooth flux density (tesla) Bt 1.69
Stator width (mm) Lstk 80 Total motor mass (kg) m 26.3
Stator length (mm) Ls 396 Motor speed (m/s) ) 6.55
Stator height (mm) Hs 73.25 Frequency (Hz) f 132
Slot width (mm) Ws 13 Thrust force (N) Fem 565.6
Slot depth (mm) hs 53.25 Output power (W) Pout 3705
Tooth width (mm) Wt 20 Copper loss (W) Pcu 139
Stator yoke (mm) hsy 20 Solid loss (W) Psolid 113
Rotor yoke (mm) hry 15 Core loss (W) Pcore 346
Air gap length (mm) Lgap 1 Phase resistance (Q) Rs 0.323
Magnet width (mm) Wm 30 Power factor cosp | 0.895
Magnet height (mm) hm 20 Stator RMS current (A) Ip 12
Magnet depth (mm) dm 80 Number of turns per slot Ntc 45
Magnet spacing (mm) bm 7 Number of turns per phase Niph 180

13
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Fig. 7. Analyzed and calculated force curve (a); static force curve (b)

Table 4. PMLSM output parameters under full load 2D FEA in ABC, SRF and RRF

ABC SRF RRF
Output variables Symbol
a,b,c a p d q
Induced voltage (V) Erms 11758 | 117.58 | 117.70 | -76.32 | 147.83
Flux linkage (Wb) Amax 0.20 0.20 0.20 0.175 0.097
Current (A) Imax 16.97 | 16.97 | 19.97 0 16.97
Phase voltage (V) Vrms 121.04 | 121.04 | 121.04 | -76.32 | 153.31

2.3. Calculation of Inductances in the d and q axes

Inductance characterizes a coil’s ability to store and release magnetic energy. In this study,
the idealized synchronous machine model assumes a constant and a position-dependent air gap
permeance component to reflect saliency and the L, — L, difference. Additionally, only the
fundamental component of the air-gap flux is considered, neglecting spatial harmonics to
simplify inductance calculations [31]. In this study, two inductance modeling approaches were
used: a conventional model and a LUT model derived from flux linkage maps. The conventional
model examined seven inductance calculation methods, using the results as constant Ly and L,
values. In contrast, the LUT model used current-dependent inductance data structured as tables.
The methods in the conventional model are systematically classified in Table 5 and were
performed using a magneto-static solver for time-dependent/stationary conditions and a transient
solver for current-dependent/moving conditions.
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The values presented in Table 6 were obtained as inductance results for conventional model
methods under different conditions. In the static condition, magnets are modeled as vacuum to
exclude their effect, while dynamic simulations include them. To eliminate geometric influences,
the secondary surface is symmetrized, referred to as the non-saliency condition, while the normal

saliency condition includes this asymmetrical. The table, which also includes magnetic energy
(W,,), magnetizing inductance (L,,), and mutual inductance (L,,,). To calculate the L, value, the

rotor electrical angle 6, must be set to zero. As seen in Fig. 10(e), the g-axis flux linkage (1) is
zero, while the d-axis flux linkage (44) increases linearly. To calculate the L, value, 6, must be

set to 90°. As shown in Fig. 10(f), in the dynamic simulation with magnets included, 1; = Ay,
while A, increases linearly with the i, component.

Table 5. Inductance calculation methods for the conventional model

No Method Definition Solver type Model
1-m| Linear inductance Ly = Aa _ Au Magneto-static
/le Linear
1-t | Linear inductance Ly= i_q Transient
q
i
2 Energy W,=1L f idi = 1/2 Li? Magneto-static Linear
0
3 Local inductance L % Magneto-static l_\lon-
di linear
Find Te; L =Ry X T,
di .
V= ]i 3+ R
) _R Transient (DC excitation | Non-lin-
_ _ t
4 Step response it) = R (1 eL ) only, no motion) ear
L
T, =—
e RS
L=RsT,

. 1-[ .
Vd = Rsld _;19quq

5 AC sianal = M Steady state transient Non-lin-
9 Welq (Equivalent circuit solution) |  ear
Vg — Rslg — Ay we
Ld e —
Welg
6 | Inductance matrix-1| A, = (La — Lgp — Lge + 0,251, Magneto-static
+0,25L, 2 Non-lin-
7 Inductance matrix-2 +0,5Lpc % 3 Steady state transient ear
Xig+ AM)
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Table 6. L, and L, results for conventional model methods under different conditions

Lg (mH) Lq (MH)
Normal saliency| Non-saliency Normal saliency| Non-saliency
s | = Q Q _ L Q
2 .é g e g e .é & o E o
@ S I S I S IS s IS
& & | & gl s |&| &8 | & 2| &
1m|Lgym| 562 | 562 | 550 | 550 [Lggm| 579| 562| 567 550
1t|Lgqy | 5.634 | 5.615 5.485| 5500(Lyq.| 5793 5623 5.669 5.500

Ly, | 5.346| 5.146| 5.245| 5.146| L4, 5.346| 5.146| 5.24| 5.146
L4s3 | 5.67 5.62 5.49 5.50 | Lg3 5.79 5.62 5.67 5.50
5.770| 5.665| 5.552| 5.454| Lgs | 5.678| 5.694] 5.552| 548
Lys | 5.627| 5614 5485 5499 L,s | 5.633| 5622 5506 5.499
Ly | 5.624| 5601 5.507| 5484 L | 5.627| 5607 5505 5.486
Lyg; | 5.626| 5.611| 5506| 5.492| Lg7 | 5.628] 5.611) 5.509| 5.492

N|o|g|r|ed
I~
a
£y

According to the analysis results, the overall comparison of the methods is presented in
Fig. 8. Method 4 demonstrates high sensitivity to magnetic saturation, producing a significant
difference in L, under normal saliency conditions, whereas the difference in L, remains
relatively small. This indicates that the method effectively captures the impact of saturation.
Additionally, the fact that the L, and L, differences remain below 0.18 mH for all methods
indicates that geometric symmetry is successfully achieved in the no-saliency condition. In the
current study, considering that there is a slight saliency for PMLSM, the method that best

demonstrates the saliency effect in analyses conducted under normal saliency-dynamic
conditions is the 1 m method, which has the highest difference between L, and L, at 0.17 mH.

Comparison of Ld (mH) Comparison of Lg (mH)

Em Normal-Dynamic mmm NoSaliency-Dynamic 5.9 mmm Normal-Dynamic mmm NoSaliency-Dynamic
= Normal-Static mmm NoSaliency-Static 5.8 s Normal-Static mmm NoSaliency-Static

Method 4
Method 5
Method 6|
Method 7

m
o
g
@
=

~N
T
<1
£
@
=

Method 1m b
Method 1t
Method 2 B
Method 3
Method 4 [
Method 5
Method 6
Method 7

@) (b)

Fig. 8. Comparison of inductance values: Lg (a); Lq (b)
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In Fig. 9(a), the inductance values are almost equal for almost all methods.

Comparison of Ld and Lg (No Saliency - Static) 50 Comparison of Ld and Lg (No Saliency - Dynamic)
- ld e g - d  EE g

6.0

58 5.8

5.6

[mH])
[mH

5.4

5.2

50w 1t 2 3 4 5 6 7

(a) (b)

Fig. 9. Comparison of inductances values: non-saliency - static (a); non-saliency - dynamic (b)

This indicates that the methods were correctly implemented in the simulation and that the
calculations were performed accurately. As shown in Fig. 9(b), the analyses conducted under
dynamic conditions include solutions that include harmonic effects.

Methods 6 and 7, using an inductance matrix, inherently account for harmonics and
saturation, resulting in high consistency and low deviation under all conditions. Accordingly,
time-dependent average values obtained from the transient solver are shown in Figs. 10(a) and
10(b), while Figs. 10(c) and 10(d) present the results from the magnetostatic solver for
Is_p, = 1.These results indicate that the values obtained using different methods are consistent
with those from Methods 6 and 7.
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Fig. 10. Results under no saliency, dynamic conditions: time dependent L, values for methods 1 t, 5, and
7 (a); time dependent L, values for methods 1 t, 5, and 7 (b); current dependent L, values for methods

1m, 3, and 6 (c); current dependent L, values for methods 1 m, 3, and 6 (d); current dependent flux
linkage at 6, = 0° (e); current dependent flux linkage at 6, = 90° (f)

The second model for obtaining inductance values is the LUT model, derived from flux
linkage map curves and excluding cross-magnetization, calculates thrust and flux linkage based
on per-unit values of i, and i,. A current-dependent inductance table is generated from this data.
Fig. 11(a) shows that A, decreases with more negative i;, while Fig. 11(b) shows a linear
increase in A, with i,. In addition, on both map curves, the points and intervals required for
calculating local and linear inductances are indicated. Figure 11(c) shows the force contour for
the non-salient case, where force varies only with i,.

The performance curves were generated using inductance values obtained from two different
models. Among the conventional methods, Method 7 was identified as the most suitable option,
and the constant inductance values derived from this method were used. In the LUT based model,
inductance values were applied as current dependent functions derived from flux linkage maps.
In this optimization framework, the resultant voltage (V;) of the V; and 1, components are
defined as a function of the current components i, and iy, as shown in Eq. (24).

v, = \/ (Ryig — wedg)” + (Rsiq + wedy)”. (24)
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Fig. 11. Map curves: D-Flux Map (a); Q-Flux Map (b); Force Map (c)
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This process can be regarded as an optimization method based on the Max Torque Per
Ampere (MTPA) strategy. Currents are evaluated at each speed step, and any operating points
exceeding the motor’s voltage limit are eliminated. The transition to the field weakening region
naturally occurs when the system reaches the voltage boundary. This approach enables
identification of the optimal operating point that provides maximum thrust force at each speed
step along the performance curve. In MTPA-based control, since a negative i, current is applied
in the field weakening region, map curves corresponding to the second quadrant must be
calculated. Figure 12 presents thrust-speed and power-speed performance curves at three current
levels for the PMLSM, using inductances from both the LUT and conventional models. Using
LUT-based inductances, the curves were calculated through FEA, while those from the
conventional model inductances were derived analytically based on an equivalent circuit.

Force-Speed C i FEA vs Analytical Model Power-Speed Comparison: FEA vs Analytical Model
—FEA Model -1, =57 A
586 —FEA Model -1 =113A 13283
508 FEA Model -1_=17.0A —FEA Model -1 =57 A
~ Analytical Model -1, =57A | || EEAMGI- ) S HIN
ARy B —FEA Model -1_=17.0A
~ Analytical Model -1, = 1134 | (= i e S
z 31 Analytical Model -1, =17.0A (& B9RZ alytical L=
P I e . g Analytical Model - 1_=11.3 A
o o Analytical Model - 1 =17.0 A
S 1 -
w 2 se52 =
Y = o 4534 e \
3 2
\ \ \
\
\ \
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Speed [m/s] Speed [m/s]
(@) (b)

Fig. 12. Performance curves obtained by the FEA model and by the analytical model under different
current levels: force-speed curve (a); power-speed curve (b)

In Figure 12(a), the motor operates in the first region, producing maximum and constant force
as it has not yet reached the voltage limit. When speed increases and V; reaches this limit, the
force begins to decrease, marking the transition from the constant force region to the flux
weakening region. This breakpoint occurs at lower speeds in the analytical model than in the
FEA model. Additionally, the force values from the FEA model are consistent with the target
value defined in the initial design. In Fig. 12(b), V% increases with speed until the transition to
the field weakening region, after which it decreases due to a reduction in power factor at higher
speeds.

3. Dynamic performance analysis

The objective of the dynamic performance analysis is to comparatively evaluate the impact
of different L, and L, values obtained from the electromagnetic design of the PMLSM on the

system’s dynamic force output. For this purpose, both the constant inductance values derived
from the conventional model and the current dependent inductance data obtained from the LUT
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model were employed. Both models were integrated into inverter controlled Simplorer-based
dynamic simulations Fig. 13.
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Fig. 13. General view of the dynamic performance simulation

In this study, the resulting force—time responses were compared using a co-sim model, in
which the PMLSM, modeled in the electromagnetic analysis software, operates in real time and
in coordination with the control model in Simplorer. The dynamic performance analysis was
conducted based on the motor’s speed and position. As a result, the thrust force-time curves
obtained from different modeling approaches were compared, and the system’s dynamic
behaviour, along with load and friction forces, was analyzed. Thus, the critical role of accurate
parameter modeling for force generation has been demonstrated by evaluating the accuracy and
practical applicability of inductance modeling approaches in drive systems. Accordingly, the
calculated force values are presented in the performance curves shown in Fig. 14.
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Fig. 14. Thrust force comparison under dynamic load simulation

When comparing the co-sim, LUT model, and conventional model, the average force values
were determined to be 572.84 N, 560.46 N, and 502.84 N, respectively. The oscillation
characteristics of the models exhibited very similar behaviour. On the other hand, the lower force
level observed in the conventional model indicates that this approach does not adequately
represent the nonlinear effects in the system. The results show that, when considering the co-sim
model as a reference, the LUT based approach yields force values that are closer to it.

4. Conclusion

This paper presented a comprehensive design, analysis, and performance evaluation of a
surface-mounted PMLSM, with a particular focus on the effects of inductance modeling
approaches on dynamic behaviour and thrust generation. Two distinct inductance modeling
techniques, conventional and LUT based, were examined under various conditions, including
saliency and dynamic operation. Seven different methods within the conventional model were
evaluated and classified based on their solver types, input assumptions, and sensitivity to
magnetic saturation. The results demonstrated that inductance values obtained using Methods 6
and 7 of the conventional models provided the most consistent and accurate results among the
tested techniques. However, due to its ability to incorporate current-dependent variations, the
LUT based model more closely represented the system’s nonlinear electromagnetic
characteristics and produced force values closer to those obtained from the co-sim environment.
Performance curves generated under the MTPA strategy further confirmed that the LUT model
offers superior predictive capability, especially in capturing the motor's behaviour across
different speed ranges. Additionally, dynamic co-sim analysis validated the improved accuracy
of the LUT model, particularly under transient operating conditions.
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