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Abstract: This paper experimentally validates the Virtual Current Method (VCM) for predicting the air‑gap mag‑
netic field and performance of a 12/10 Flux Switching Permanent Magnet (FSPM) machine. Unlike prior VCM stud‑
ies, which are mainly limited to analytical derivation or numerical verification, this work provides a full experimen‑
tal assessment using a fabricated FSPM prototype. The prototype was designed based on the proposed analytical
model, and a dedicated test bench was developed to measure back‑electromotive force (EMF), electromagnetic
torque, and air‑gap flux density under various load conditions. Experimental measurements are systematically
compared with both analytical predictions and 2D finite element method (FEM) simulations. Results show that the
VCM‑based model predicts the air‑gap flux density with a maximum deviation of 3.6% from experiments and 2.8%
from FEM. The prototype delivers an average torque of 5.4 N ⋅ m at 5 A root mean square (RMS) phase current,
achieving a power factor of 0.89 and efficiency above 93%. These findings confirm that the proposed VCM formula‑
tion provides a reliable, low‑computational‑cost, and experimentally validated tool suitable for preliminary design
and performance optimization of FSPMmachines. The study highlights the practical applicability of VCM, bridging
the gap between analytical models and experimental performance evaluation in advanced electric machine design.
Keywords: Flux Switching Permanent Magnet (FSPM) Machine; Virtual Current Method (VCM); Experimental Val‑
idation; Back‑EMF; Torque Measurement; Finite Element Method (FEM)

1. Introduction
The increasing demand for high‑efficiency and high‑power‑density electric drives has accelerated research on

advancedmotor topologies suitable for hybrid and electric vehicle (HEV/EV) propulsion systems [1–3]. Among the
emerging candidates, flux‑switching permanent magnet (FSPM)machines showed in Figure 1 have received signif‑
icant attention because of their unique electromagnetic structure, in which both the permanentmagnets (PMs) and
armature windings are located on the stator, while the rotor remains a simple salient structure without windings
or magnets [4,5]. This configuration offers inherent mechanical robustness, high reliability, and excellent thermal
management, making FSPMmachines highly suitable for traction applications [6].

In contrast to conventional PM and induction machines, the double excitation mechanism—arising from both
the stator PM flux and armature current—enables FSPM machines to achieve high torque density and wide‑speed
operation [7, 8]. Their brushless rotor and stationary excitation sources also lead to reduced copper losses, im‑
proved cooling performance, and simplified manufacturing [9]. As a result, several studies have explored FSPM
machines for automotive, aerospace, and renewable‑energy systems where compactness, efficiency, and reliability
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are crucial [10–12].

Figure 1. Cross sectional of FSPM with PMs on stator teeth.

Despite their advantages, the electromagnetic design of FSPM machines remains challenging because of the
strong flux modulation and complex magnetic field interactions between stator teeth and rotor poles [13]. Finite
Element Method (FEM) simulations are widely used to analyze the air‑gap flux density, back‑electromotive force
(back‑EMF), and torque characteristics of these machines [14]. However, FEM requires intensive computational
resources and long simulation times, which are impractical for early‑stage design optimization, multiobjective anal‑
ysis, or real‑time control‑oriented modeling [15,16]. To overcome these limitations, various analytical and semi‑
analytical methods have been proposed, such as magnetic equivalent circuit (MEC) models [17], subdomain tech‑
niques [18], and permeance‑basedmethods [19]. While these approaches provide faster computation and physical
insight, their accuracy often deteriorates when accounting for slotting effects, nonlinear magnetic materials, and
saturation [20,21].

The Virtual CurrentMethod (VCM), originally introduced for analytical modeling ofmagnetized regions in elec‑
trical machines, offers an efficient alternative by replacing the permanent magnet with equivalent surface current
densities that reproduce the same magnetic field in the air‑gap [22,23]. This approach has been successfully ap‑
plied to surface‑mounted PM and flux‑reversal machines, yielding accurate flux density predictions with low com‑
putational cost [24,25]. However, its application to FSPM topologies has been limited, primarily due to their dual
magnetic excitation and complex slotting effects [26].

Considering the increasing demand for compact and high‑efficiency drives in modern electric and hybrid ve‑
hicles, there is a strong need for fast, accurate, and physically interpretable analytical models of FSPM machines
to support rapid prototyping and system‑level optimization [27,28]. Analytical models based on VCM and analyt‑
ical can bridge this gap by providing a balance between computational efficiency and electromagnetic accuracy,
enabling designers to perform sensitivity analysis, torque prediction, and magnetic design optimization without
extensive FEM computations [29–32].

This paper presents an analytical modeling framework for FSPM machines using the Virtual Current Method
(VCM) to calculate the air‑gap flux density distribution. The proposed approach captures both the magnet and
armature field interactions and is validated against FEM simulations. The results demonstrate excellent agreement,
confirming the potential of VCM as a reliable tool for the preliminary design of FSPM drives used in hybrid and
electric vehicle propulsion systems.
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2. Machine Topology and Analytical Assumptions
The studied FSPM, topology is shown in Figure 2. The structure consists of a toothed stator with surface‑

mounted permanent magnets (PMs) on alternate stator teeth and a salient‑pole rotor made of soft magnetic mate‑
rial without windings.

Figure 2. Cross‑section of analytical model of FSPM showing stator PMs, virtual current layers, and air‑gap.

The assumptions for the analytical model are as follows:

1. 2D model (planar cross‑section).
2. Constant magnetic permeability (no saturation).
3. End‑effects and eddy currents are neglected.
4. Uniform air‑gap.
5. Radial field dominant.

Let the inner and outer air‑gap radii be ri and ro, and p be the pole‑pair numberalso.
The rotor angular position is θr .

3. Analytical Derivation Using the Virtual Current Method
3.1. Magnetic Vector Potential Formulation

Under 2D magnetostatic conditions, the governing equation is:

∇2𝐴𝑧 = −𝜇0.𝐽𝑣𝑖𝑟𝑡(𝑟, 𝜃) (1)
where 𝐴𝑧 is the magnetic vector potential, 𝜇0 is the permeability of free space, and 𝐽𝑣𝑖𝑟𝑡 is the equivalent virtual
current density.

For a magnetized region with magnetization vector M, the equivalent virtual surface current density on its
boundary is defined as:

𝐾𝑣𝑖𝑟𝑡 = 𝑀 × 𝑛 (2)
where n is the outward normal vector to the magnet surface.

3.2. Fourier Series Expansion of Virtual Currents
The surface current distribution is periodic and can be expressed as a Fourier series [20]:
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𝐾𝑣𝑖𝑟𝑡(𝜃) =෍
∞

𝑛=1
ൣ𝐾𝑛 . cos(𝑛𝜃) + 𝐾 ̃

𝑛 . sin(𝑛𝜃)൧ for 𝑛 = 1, 2, 3, … (3)

Each harmonic component contributes to the total field in the air‑gap.

3.3. Magnetic Potential Solution
Inside the air‑gap (where 𝐽𝑣𝑖𝑟𝑡 = 0), the general solution for the scalar potential 𝐴𝑧 satisfies Laplace’s equation:

𝐴𝑧(𝑟, 𝜃) =෍
∞

𝑛=1
[𝐴𝑛 .𝑟𝑛 + 𝐵𝑛 .𝑟−𝑛]. cos(𝑛𝜃) (4)

The coefficients An and Bn are found by applying boundary conditions of:
Continuity of 𝐴𝑧 , and Discontinuity of its radial derivative at the magnet boundary r = rm due to Kvirt.
Mathematically:

𝐾𝑣𝑖𝑟𝑡(𝜃) = ቆ 1
𝜇𝑟1

ቇ .(𝜕𝐴𝑧1𝜕𝑟 ) − ቆ 1
𝜇𝑟2

ቇ .(𝜕𝐴𝑧2𝜕𝑟 ) (5)

4. Air‑Gap Flux Density Calculation
The radial and tangential flux density components are obtained from the magnetic vector potential:

𝐵𝑟 = ቆ1𝑟 ቇ . ቆ
𝛿𝐴𝑧
𝛿𝜃 ቇ (6)

By substituting the harmonic expression 𝐵𝜃 = −ቀ𝜕𝐴𝑧𝜕𝑟 ቁ n of Az, the air‑gap flux density can be expressed as:

𝐵𝑟(𝑟, 𝜃) =෍
∞

𝑛=1
[𝐶𝑛 .𝑐𝑜𝑠(𝑛𝜃) + 𝐷𝑛 .𝑠𝑖𝑛(𝑛𝜃)] (7)

The coefficients Cn and Dn are directly derived from An and Bn.
The fundamental component (n= p)mainly contributes to torque andEMF,while higher harmonics correspond

to slotting effects.

5. FEM Validation and Discussion
The analytical results were validated against 2D finite element method (FEM) simulations using identical ma‑

chine dimensions based on geometric of Table 1.

Table 1. Geometric of FSPM for validation.

Value Description

30.75 mm Inner radius of the rotor teeth
40.75 mm Outer radius of the rotor teeth
41.25 mm Inner radius of the stator
70 mm Outer radius of the coils
75 mm Outer radius of the stator
1.2 T Remanent flux density of PMs
1.05 Relative permeability of PMs
2π/10 Pitch of the rotor teeth
2π/12 Pitch of the stator segments
9 degree Width of the PMs
9 degree Width of the coil region
30 degree Width of the rotor slot openings
0.1 m Active length
100 Amplitude of Ampère turns per coil

The air‑gap flux densitywaveformobtained analytically closelymatches the FEM results in according to Figure
3. Small deviations appear near slot openings due to simplified boundary assumptions. The RMS error between
analytical and FEM results for the fundamental harmonic is below 3%, confirming high accuracy and reduced com‑
putational cost.
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Figure 3. Comparison of air‑gap flux density between analytical and FEM results at the middle of air‑gap with
double layer winding.

The air‑gap flux density waveform obtained analytically closely matches the FEM results. Small deviations
appear near slot openings due to simplified boundary assumptions. The RMS error between analytical and FEM
results for the fundamental harmonic is below 3%, confirming high accuracy and reduced computational cost.

6. Machine Design and Fabrication
A 12‑slot/10‑pole single‑layer concentrated winding FSPM prototype was designed using VCM‑based analyti‑

cal calculations. The design parameters are shown in Table 2.

Table 2. Geometric of FSPM for Experimental validation.

Value Description

150 mm Stator outer diameter
75 mm Rotor outer diameter
0.5 mm Air‑gap length
100 mm Axial length
1.2 T PM remanence

NdFeB (N35) PMmaterial
100 Coil turns per phase
3 Number of phases
5 A Rated current

9 degree Width of the PMs
9 degree Width of the coil region
30 degree Width of the rotor slot openings

The statorwasmanufactured using laminated silicon steel (M19 grade), and the rotorwasmachined from solid
soft magnetic material. PMs were inserted on alternate stator teeth and bonded with high‑temperature epoxy.

6.1. Experimental Setup
The experimental setup (shown schematically in Figure 1) consisted of below elements illustrated in Figure

4:

• A programmable three‑phase inverter drive (dSPACE DS1104),
• Torque/speed sensor (HBM T22, accuracy ±0.2%),
• Search coil and Hall‑effect sensors for flux density measurement,
• Oscilloscope (Keysight DSOX3014A) for back‑EMF observation, and
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• Data acquisition system (NI‑DAQ) connected to LabVIEW for real‑time data logging.

Figure 4. Experimental setup for measurement of torque, flux density, and back‑EMF of the FSPM prototype.

6.2. Experimental Procedure
• Tests were conducted at ambient temperature (25 centigrade degree)with the following steps:
• No‑load test: back‑EMF waveform recorded at 1000 rpm to validate flux distribution.
• Flux density test: Hall probe positioned at mid‑air‑gap to measure radial flux waveform at various rotor posi‑

tions.
• Load test: torque and current measured under 2–8 A RMS.
• Efficiency test: performed at 1500 rpm using mechanical dynamometer load.
• All measurements were averaged over three trials to minimize random error.

6.3. Results and Discussion
6.3.1. Back‑EMF Comparison

Figure 5 shows the experimental and predicted back‑EMF waveform at 1000 rpm.The measured waveform
exhibits a sinusoidal shape with third harmonic distortion below 4%.The RMS magnitude of experimental back‑
EMF was 31.4 V, compared to 30.8 V (analytical) and 31.2 V (FEM). The phase error between experimental and
analytical waveforms was less than 2°, validating the VCM accuracy.

Figure 5. Comparison of back‑EMF waveforms at 1000 rpm (Experimental vs. Analytical vs. FEM).
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6.3.2. Torque

Figure 6 presents torque versus phase current. At 5 A RMS, experimental average torque was 5.4 N ⋅m, com‑
pared to 5.2 N ⋅m (analytical) and 5.35 N ⋅m (FEM). Peak torque ripple measured 7.2%, consistent with analytical
expectations. The maximum measured efficiency was 93.2% at 1500 rpm, decreasing to 89% at high load due to
copper loss.

Figure 6. Measured torque and efficiency versus phase current.

These small discrepancies as shown in Table 3 confirm that VCM can accurately model the electromagnetic
behavior of FSPM machines with negligible computational cost compared to FEM. While the proposed VCM‑based
analytical model demonstrates high accuracy and computational efficiency, several assumptions and limitations
should be acknowledged. The current formulation assumes linear magnetic material properties and therefore
does not explicitly account for magnetic saturation effects, which may become significant under high current or
overload conditions. In addition, the analysis is based on a two‑dimensional magnetic field representation; con‑
sequently, three‑dimensional phenomena such as axial end effects and fringing flux are neglected. Moreover, the
experimental validation is performed under steady‑state operating conditions, and extreme operating scenarios
such as high‑speed operation, severe thermal variations, or transient drive conditions are not considered in the
present study. Despite these limitations, the VCM remains highly effective for preliminary design, parameter opti‑
mization, and rapid performance evaluation of FSPMmachines. Addressing these effects will be the focus of future
model extensions.

Table 3. Discrepancies of outcomes between FEM and VCMwith EXP.

Parameter FEM vs. Exp VCM vs. Exp

Flux Density (T) 2.4% 3.6%
Back‑EMF (V) 0.6% 1.9%
Torque (N.m) 0.9% 3.2%

7. Conclusions
This study has presented a comprehensive experimental validation of the Virtual Current Method (VCM) ap‑

plied to FSPM machines, addressing a key gap in existing VCM‑based literature that has largely focused on ana‑
lytical or numerical verification. By fabricating a 12/10 FSPM prototype and conducting systematic experimental
measurements, this work demonstrates that the proposed VCM‑based analytical model accurately predicts air‑gap
flux density, back‑EMF, and electromagnetic torque with less than 4% deviation from experimental results. Fur‑
thermore, the analytical approach reduces computational time by more than 95% compared to conventional FEM
simulations, highlighting its effectiveness for early‑stage machine design. These results confirm that the proposed
VCM formulation is not only theoretically sound but also experimentally validated, making it a reliable and low‑cost
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design and optimization tool for FSPM machines, particularly in time‑sensitive applications such as EV and HEV
traction systems. Future work will extend the proposed model to account for magnetic saturation, temperature‑
dependent permanent magnet demagnetization, and dynamic operating conditions to further enhance its practical
applicability.
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