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Abstract: This paper studies effects of changes in saliency ratio on the electromagnetic torque performance of
Interior Permanent Magnet Synchronous Motors (IPMSMs). The saliency ratio (g-axis to d-axis inductance ratio)
Lo/La has a decisive impact on the formation of both the magnet and reluctance torque in the IPMSM. A MATLAB
dg-axis dynamic equations simulation model was developed to assess the torque response with different saliency
ratios. The results reveal that as the saliency ratio increases, the average and peak torque increase on the whole,
mainly because the contribution of reluctance torque becomes considerable. A motor produces only magnet torque
at the saliency ratio of unity, and the reluctance torque becomes dominant as Lq becomes larger than Lg. It can be
seen by the time-waveform of the electromagnetic torque higher torque values obtained by larger saliency ratio.
Besides the torque improvement, the simulation showed that the torque ripple increased slightly which means a
trade-off between performances and smoothness. Additionally, when analyzing the stator current dynamics it was
observed that as the saliency value increases iq remains rather the same, although iq is outlined with more dynamics,
resulting in profound transients in higher saliency ratios. The simulation also generated characteristic curves of
saliency ratio versus average torque, peak torque and torque ripple. These results validate that the saliency ratio
greatly affects the performance and dynamic characteristic of IPMSMs. This knowledge can be used to optimize
rotor design for high performance electric drive applications. The MATLAB model developed in this work is a
flexible platform for design assessment and can also be used for testing control strategies or for validating
experimental outcomes.

Keywords: Electromagnetic torque, interior permanent magnet synchronous motor, MATLAB simulation, saliency
ratio, stator currents.

I. INTRODUCTION

Permanent Magnet Synchronous Motors (PMSMs) have gained widespread popularity in modern electric drive applications
due to their superior efficiency, compact size, and high torque-to-weight ratio. These motors are especially attractive for
applications in electric vehicles, industrial automation, and aerospace systems, where performance and reliability are
paramount [1 — 4]. Among the various configurations of PMSMs, the Interior Permanent Magnet Synchronous Motors
(PMSMs) are widely used in recent electric drives due to their high efficiency, compact size and high torque to weight
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ratio. These motors are particularly suitable for many of the applications in electric vehicles, industrial automation, and
aerospace systems for high performance and reliability reasons [5, 6] is one of them and is exploited for its unique rotor
topology, as depicted in Figure 1. The magnets are buried at the rotor core instead of being mounted on the surface in
IPMSM. This internal location leads to geometric saliency which will cause disparate inductances on the d-axis and g-axis.
Hence, the IPMSMs enjoy presence of an extra torque component, called reluctance torque, which supplements the torque
produced by permanent magnets [7 — 10]. The electromagnetic torque of an IPMSM is the sum of magnet torque and
reluctance torque. The force that arises from the reluctance torque component is dependent on the saliency ratio, which is
the ratio of the g-axis inductance to the d-axis inductance (Ld/Lg). A larger saliency ratio results in a larger difference of
these inductances and therefore reinforces the reluctance torque contribution. This feature gives a possibility of torque
optimization without torque increase in the current and magnetic flux [11 — 15]. However, the design compromise in raising
saliency ratio is not always obvious. Although a large saliency ratio can produce more torque, torque ripple occurs and
control becomes more complex. Thus, it is crucial to provide a comprehensive explanation for the influence of saliency
ratio on torque performance in order to support knowledge-based motor design as well as control design [16, 17].

Rotor

Permanent
Magnets

Figure 1: Structure of IPMSM

However, few works are available in literature concerned with the quantitative simulation-based analysis of saliency ratio
impact on torque in IPMSMs. This deficit is intended to be filled in this work, by performing a systematic study using a
MATLAB dg-axis model. Its purpose is to model the impact of variations in the saliency ratio on different torque variables,
such as average torque, peak torque, and torque ripple, thereby offering practical insights for motor designers and control
engineers.

1. METHODOLOGY

The transient behaviour of PMSM which is usually modeled by a set of equations written in a rotor reference frame as
shown in Equations (1) to (13) [18 — 20].

The d- and g-axis voltage equations are given by:

) d

Vq = Rig + a(Aq) + wAg (1)
) d

Va = Rslg + Aq) — wrAg (2)

Where the g- and d-axis flux linkages in the rotor reference frame is
Aq = Lgiq ?3)
Aq = Lalqg + A (4)
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Substituting Equations (3) and (4) in Equations (1) and (2),

d
Va = Rig + (Lgiq) + @ (Laig +Am) (5)
cood .
Va=Rig + (Laig + Am) — o (Lgiq) (6)
Resolving further,
d .
Vg =Rs + an)lq + w.Lgig + 0 AL (7
d
Vd = —(L)quiq + (RS + aLd) id (8)
Am = Agr = Ll €©))

Solving Equations (7) and (8) further gives the following:

%_ Ry, wlg, Vg wiy

=——ig— +—=- 10
dt - Lyl L 4TIy L (10
did (l)qu RS Vd
_4_ - 4 — 11
at - Ly LT, an
In terms of mechanical rotor speed, the d- and g-axis current can be expressed as
di 1 R L ApPw
q S . d . m rm
—A ==V, ——ig——P - 12
At Lg 9 L9 Ly omldT T (12)
dig 1 R Lq
— =V, ——i;+—P i 13
dt Ld d Ld Iq + Ld (*)rmlq ( )
The general mechanical equation for the motor is:
d
Te = T] + Td + B(,l)rm +]a(,l)rm (14)

Electromagnetic torque of the motor in terms of d- and g-axis flux linkages, rotor flux linkage, and d- and g-axis inductances
as stated in [21 — 24] is given as:

Te = 1.5P(Agiq — Aqiq) = 1.5P[Aniq + (La — Lq)iaiq] 15)

where:
Ay

dt
Vg and Vg: g- and d-axis voltages
ig and ig: - and d-axis currents

Lq and Lq: g- and d-axis inductances
Aq and Ag: g- and d-axis flux linkages
Rs: Stator resistance
wr: Electrical rotor speed
om: Mechanical rotor speed

Am: Rotor flux linkage
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P: Number of poles

B: Viscous frictions coefficient

J: Inertia of the shaft and the load system
Tq: Dry friction torque

Ti: Load torque

Te: Electromagnetic torque

0r: Electrical Rotor angular position

Orm: Mechanical Rotor angular position

The saliency ratio is given as: L—q (16)
d

This equation shows that the reluctance torque is dependent on the difference between the d- and g- axis inductances. When

the two inductances are the same, there is not reluctance torque, and only the electromagnet torque contributes to the entire

output. With the increasing of the saliency ratio, the reluctance torque component becomes more remarkable, especially

with the presence of both iq and iq [25 — 28].

A MATLAB simulation model utilizing a dynamic dg-axis approach was constructed to study the impact of saliency ratio
on the electromagnetic torque of IPMSMs. The dg-axis frame model was selected as it successfully represents the time-
varying characteristics of stator currents and the effect of the rotor saliency on the electromagnetic torque.

The simulations were carried out based on a typical machine parameter as given in Table 1.

Table 1: Motor parameters for Interior Permanent Magnet Synchronous Motor (IPMSM) Motor

Parameter Value

Rated power, P 2 kw

Rated voltage, V 240V

Rated speed, ® 1500 rpm
d-axis inductance, Ld 0.015H

g-axis inductance, Lg 0.015 H to 0.060 H in steps of 0.01 H
Rotor flux linkage, Aaf 10.18 Wb
Number of poles, P 4

Stator resistance, Rs 1.2Q

Stator core resistance, Rc 18Q

Inertia coefficient, J 0.00021 kg/m2
Load torque, Tl 12 Nm

Dry friction, Td 0 Nm
Frequency, f 50 Hz

Viscous friction coefficient, B 0.015 Nms

The fourth-order Runge-Kutta method was utilized to solve the coupled d- and g-axis current differential equations to
simulate the time-domain behavior. These equations were obtained from the voltage balance in the synchronous reference
frame with the assumption of constant V4 and V. A simulation time of 0.5 s was used to obtain transient and steady-state
behavior of the motor.

Different Ly was employed for each simulation, with L4 fixed. This permitted systematic changes in the saliency ratio
(Lg/Lq), which made it easy to appreciate the effect of the ratio on the torque characteristic. The standard torque expression
of IPMSMs was employed in the model to calculate the electromagnetic torque at each step.
Page | 49
Novelty Journals



https://www.noveltyjournals.com/
https://www.noveltyjournals.com/

- - Novelty Journals ISSN 2394.7349

International Journal of Novel Research in Engineering and Science
Vol. 12, Issue 1, pp: (46-54), Month: March 2025 - August 2025, Available at: www.noveltyjournals.com

Post-processing of the simulation results were used to obtain the average torque, peak torque and torque ripple values for
each saliency ratio. These numbers quantitatively afforded a measure to evaluate the role of saliency in the behavior of a
motor’s torque. The data were plotted to clarify the trend and to demonstrate the trade-offs among different saliency ratios.
This approach provided a comprehensive, repeatable framework for evaluation which could be used to guide motor design
decisions.

I1l. RESULTS AND DISCUSSION

Comparison results indicate that there is a good relationship between the saliency ratio and the electromagnetic torque
performance of IPMSMs obtained through simulations. When the g-axis inductance (Lq) was from 0.015 H to 0.060 H (L4
was 0.015 H), the average and the peak torque were improved considerably. This improvement was due largely to the
increase in the reluctance torque term at more negative values of (Lq - Lg).

Electromagnetic Torque vs Time
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Figure 2: Electromagnetic torque versus time for varying saliency ratios

Figure 2 presents the electromagnetic torque waveform over time for different saliency ratios. A progressive increase in
torque magnitude is observed with higher L, values. The waveforms show both transient and steady state behaviours,
providing insight into the stability and dynamic performance of the motor.

80 Stator Currents vs Time (Lq = 0.045 H)
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Figure 3: g-axis and d-axis stator currents (i_q and i_d) for saliency ratio Lq = 0.045H

Figure 3 shows the stator currents iq and ig for a representative Ly value of 0.045 H. The iy current, which is primarily
responsible for generating magnet torque, demonstrates a relatively stable trend, while iy, which is more strongly linked to
reluctance torque, shows transient oscillations. These oscillations become more prominent at higher saliency ratios, which
contributes to torque ripple.
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100 Average Torque vs Saliency Ratio
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Figure 4: Average electromagnetic torque as a function of saliency ratio

Figure 4 illustrates the relationship between the average torque and saliency ratio. It confirms a monotonic increase in
average torque as Lgq rises. At unity saliency ratio, where Lq equals Lq, the reluctance torque contribution is zero, and the
motor operates purely on magnet torque. As the saliency ratio increases, the reluctance torque adds significantly to the
overall torque.

Peak Torque vs Saliency Ratio
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Figure 5: Peak torque versus saliency ratio

Figure 5 captures the peak torque variation with saliency ratio. Similar to average torque, the peak torque exhibits a rising
trend with increasing L, indicating improved transient torque capability. This is particularly advantageous in applications
that demand rapid acceleration or dynamic load response.

400 Torque Ripple vs Saliency Ratio
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Figure 6: Torque ripple versus saliency ratio
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Figure 6 focuses on torque ripple, calculated as the difference between maximum and minimum torque values during the
simulation period. As saliency ratio increases, torque ripple also grows slightly. While this increase remains within
acceptable limits for most applications, it suggests a tradeoff between higher torque output and the smoothness of operation.

g-axis Current (iq) vs Time
Lg=0.015 H
Lq=0.025 H
o Lg=0.035H
Lg=0.045 H
0 . . . Lq=0.055 H
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d-axis Current (id) vs Time
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Figure 7: Time-domain profiles of iq and ia for multiple saliency ratios

Stator currents iq and ig fluctuate wildly over time for various saliency ratios considered in the analysis as shown in Figure
7. Lq increases and dynamic behaviour of both currents becomes more pronounced indicating stronger coupling and
significant nonlinearities in system pretty rapidly. Robust control strategies are crucial when employing IPMSMs with
extremely high saliency ratios under various operating conditions effectively.

In summary, at unity saliency ratio where Lq equals Ld only magnet torque is present but reluctance torque becomes
significant with increasing Lq raising average torque substantially and peak torque moderately. Moderate saliency ratio
increases are beneficial for enhancing torque. Very high saliency ratios may introduce significant control challenges due to
excessive torque ripple and severe current oscillations. Simulation findings align fairly well with theoretical expectations
confirming saliency ratio's pivotal role in bolstering IPMSM performance remarkably well. They provide crucial insights
for designers seeking balance between torque output and operational smoothness with overall stability in various
applications.

IV. CONCLUSION

The work presented here shows that the saliency ratio plays a key role in fine-tuning the torque output of interior permanent
magnet synchronous motors. When the ratio rises, reluctance torque steps in more forcefully, lifting both the average and
peak torque levels. That boost makes IPMSMs with high saliency ratios sought after in areas needing tight torque packs,
from electric cars to fast industrial drives. Yet the same feature can also stir up extra torque ripple and quick swings in
current that designers must face. Careful control strategies-such as online filtering and adaptive current shaping-are needed
to tame those rough edges and keep the machine calm. The findings highlight a sweet spot where saliency ratio lifts torque
without letting stability slip away. To explore that spot, the team built a MATLAB simulation toolbox that quickly shows
how different design choices affect motor behaviour under real-world loads. By swapping material constants, stator slot
angles, or rotor geometry, users can spot trade-offs without waiting for costly physical prototypes. The model is set up to
plug in advanced methods such as vector control or direct-torque control, letting engineers gauge their value in the same
virtual testbed.

Page | 52
Novelty Journals



https://www.noveltyjournals.com/
https://www.noveltyjournals.com/

O’& ISSN 2394-7349

International Journal of Novel Research in Engineering and Science
Vol. 12, Issue 1, pp: (46-54), Month: March 2025 - August 2025, Available at: www.noveltyjournals.com

REFERENCES
[1] Krishnan, R. (2001). Electric Motor Drives: Modeling, Analysis, and Control. Prentice Hall.

[2] Ezeonye, C. S., Osuji, U., Oputa, O. and Obi, P. I. (2025). Linearised Model of Surface-Mounted Permanent Magnet
Synchronous Motor for Stability and Speed Enhancement. UNIZIK Journal of Engineering and Applied Sciences
(UJEAS), Vol. 5, No. 1, pp. 2295-2307.

[3] Pillay, P. and Krishnan, R. (1989). Modeling, simulation, and analysis of permanent-magnet motor drives. Part Il: The
brushless DC motor drive. IEEE Transactions on Industry Applications, Vol. 25, No. 2, pp. 274-279.

[4] Ezeonye, C.S., Onwuka, I. K., Oputa, O. and Obi, P. I. (2023). A Study of Motor Sensitivity to Parameters Variation
in Exterior Permanent Magnet Synchronous Motor. Bayero Journal of Engineering and Technology (BJET), Vol. 18,
No. 2, pp. 84-94.

[5] Alexander, S. (2006). Design and Optimization of a Surface-Mounted Permanent Magnet Synchronous Motor for a
High Cycle Industrial Cutter. Master Thesis. Department of Electrical Engineering, Electrical Machines and Power
Electronics, Royal Institute of Technology, Stockholm, Sweden.

[6] Ezeonye, C. S., Nkan, I. E., Okpo, E. E. and Okoro, O. I. (2022). Dynamic Analysis and Computer Simulation of
Interior Permanent Magnet Synchronous Motor with Intermittent Loading. Nigerian Journal of Technology
(NIJOTECH), Vol. 41, No. 1, pp. 148-157.

[71 Rahman, M. A, Lim, T. S., & Mekhilef, S. (2004). Torque control of an IPMSM using adaptive neuro-fuzzy inference
system. IEEE Transactions on Industry Applications, Vol. 40, No. 6, pp. 1589-1596.

[8] Ukoima, K. N., Ezeonye, C. S., Abara, I. E., and Chikere, N. C. (2020). A Study of the Effects of Proportional, Integral
and Derivative Controller in the Speed Regulation of an Armature Controlled Direct Current Motor. Journal of
Control System and Control Instrumentation, Vol. 6, No. 1, pp. 5-10.

[9]1 Arroyo, E. L. C. (2006). Modeling and Simulation of Permanent Magnet Synchronous Motor Drive System. Thesis
for Master of Science. Electrical Engineering Department, University of Puerto Rico Mayaguez.

[10] Ukoima, K. N., Obi, P. I. and Ezeonye, C. S. (2019). Dynamic Modelling of Excitation and Governor Effect on
Stability of Electrical Machines. 2nd International Engineering Conference, IECON 2019, MOUAU, Umudike,
Nigeria, 2 — 4 September, 2019, pp. 1-11.

[11] Chai, S., Ji, J., Wang, R., & Jiang, C. (2015). Analysis and validation of electromagnetic torque characteristics in
IPMSMs with different saliency ratios. IEEE Transactions on Magnetics, Vol. 51, No. 3, pp. 1-4.

[12] Osuji, U., Ezeonye, C. S., and lzuegbunam, F. I. (2024). Performance Evaluation of Variant Transformer Core
Materials with Variable Frequencies. International Journal of Novel Research in Electrical and Mechanical
Engineering, Vol. 11, No. 1, pp. 106-114.

[13] Babel, A. S., Foster, S. N., Cintron-Rivera, J. G. and Strangas, E. G. (2012). Parametric Sensitivity in the Analysis
and Control of Permanent Magnet Synchronous Machines. 2012 XXth International Conference on Electrical
Machines, Marseille, France, 2-5 September, 2012, pp. 1034-1040.

[14] Osuji, U., Ezeonye, C. S., Izuegbunam, F. I. and lheaturu, N. (2024). Analysis of Standard Transformer Qil and Variant
Vegetable Oil for Optimum Operation of Transformer. International Journal of Novel Research in Engineering and
Science, Vol. 11, No. 1, pp. 33-37.

[15] Brandstetter, P., and Krecek, T. (2014). Estimation of PMSM Magnetic Saliency using Injection Technique. Journal
of Elektronika Ir Elektrotechnika, Vol. 20, No, 2, pp. 22-27.

[16] Lee, H., Kim, S., & Nam, K. (2011). Torque maximization control of IPMSM considering torque ripple minimization.
IEEE Transactions on Industrial Electronics, Vol. 58, No. 9, pp. 4595-4602.

[17] Osuji, U., Ezeonye, C. S., Izuegbunam, F. I. and lheaturu, N. (2024). Comparative Study on Different Vegetable Oils
as Alternative to Transformer Oil Considering Acidic Properties. International Journal of Novel Research in
Electrical and Mechanical Engineering, Vol. 11, No. 1, pp. 101-105.

Page | 53
Novelty Journals



https://www.noveltyjournals.com/
https://www.noveltyjournals.com/

O’& ISSN 2394-7349

International Journal of Novel Research in Engineering and Science
Vol. 12, Issue 1, pp: (46-54), Month: March 2025 - August 2025, Available at: www.noveltyjournals.com

[18] Ezeonye, C. S., Atuchukwu, A. J. and Okonkwo, I. I. (2024). Comparative Effect of Series and Shunt FACTS on the
Steady State Improvement of VVoltage Profile of the Nigeria 330 kV Transmission System. NIPES Journal of Science
and Technology Research, Vol. 6, No. 2, pp. 31-42.

[19] El Shahat, A. and El Shewy, H. M. (2010). Permanent Magnet Synchronous Motor Dynamic Modeling with Genetic
Algorithm Performance Improvement. International Journal of Engineering, Science and Technology, Vol. 2, No. 2,
pp. 93-106.

[20] Ezeonye, C.S., Atuchukwu, J. and Okonkwo, I. I. (2024). Effect of Unified Power Flow Controller (UPFC) Integration
to Power Transfer on the Nigeria 330 kV Power Network During Line Contingency. International Journal of Novel
Research in Engineering and Science, Vol. 11, No. 1, pp. 1-11.

[21] Onwuka, I. K., Obi, P. I., Oputa, O. and Ezeonye, C. S. (2023). Performance Analysis of Induction Motor with
Variable Air-Gaps using Finite Element Method. NIPES Journal of Science and Technology Research, Vol. 5, No. 1,
pp. 112-124.

[22] Osuji, U., Ezeonye, C. S., Nnaji, G. A., Chukwu, M. M. and lheaturu, N.C. (2025). Characterization of Variant
Vegetable Oil as a Substitute to Power Transformer Coolant. NIPES Journal of Science and Technology Research,
Vol. 7, No. 1, pp. 277-289.

[23] Tiwari, A., & Jain, V. (2018). A review on IPMSM modeling and torque enhancement techniques. International
Journal of Engineering Research and Applications, Vol. 8, No. 9, pp. 34-42.

[24] Ezeonye, C. S., Okpo, E. E., Nkan, I. E. and Okoro, O. I. (2020). Effect of Saliency and Core Losses on the Dynamic
Behavior of Permanent Magnet Synchronous Motor. Bayero Journal of Engineering and Technology (BJET), Vol.
15, No. 3, pp. 124-133.

[25] Osuiji, U., Ezeonye, C. S., Nnaji, G. A., Ohwofadjeke, P. O. and Izuegbunam, F. I. (2025). Transformer Core Materials
Selection by Flux Pattern Mapping Technique using Comsol Multiphysics. NIPES Journal of Science and Technology
Research, Vol. 7, No. 1, pp. 340-352.

[26] Ezeonye, C. S., Oputa, O., Osuji, U., Onwuka, I. K. and Obi, P. I. (2025). Improvement of Power Transfer with Solar
System Integration on Nigeria 330 kV Transmission Grid. NIPES Journal of Science and Technology Research, Vol.
7, No. 1, pp. 265-276.

[27] Ukoima, K. N., Ezeonye, C. S., Umaoma, M. U. and Chikere, N. C. (2020). Rotational Energy Harvesting System:
Power Conditioning, Controller and Observer Design. Journal of Power Electronics and Devices, Vol. 6, No. 1, pp.
33-40.

Page | 54
Novelty Journals



https://www.noveltyjournals.com/
https://www.noveltyjournals.com/

