ADVANCES IN

{;}- e
RESEARCH ARTICLE

Advances in Mechanical Engineering and Applications, ISSN: 3107-717X, Vol. 1, No. 3, 2025 (pp. 44-52)

AASRRESEARCH.COM

Torque Ripple Reduction in Permanent Magnet
Synchronous Motors Using Adaptive Control

Strategies

S. Praveen Kumar

Assistant Professor, Department of Computer Science and Engineering, Mahendra Engineering College, Mallasamudaram,

KEYWORDS:

Permanent Magnet Synchronous Motor,
Torque Ripple Mitigation,

Adaptive Control,

Mechanical Stability,

Low-Voltage Drives

ARTICLE HISTORY:

Submitted : 11.07.2025
Revised : 19.08.2025
Accepted : 25.09.2025

DOI:
https://doi.org/10.17051/AMEA/01.03.07

Namakkal district.

ABSTRACT

Permanent magnet synchronous motors (PMSMs) are widely used in low traction systems
due to their high cost, a significant effect on the mechanical stability, acoustics, and
durability of the drive train, which is caused by torque ripple. The torque components
due to oscillation cause the torque to be excited in torsional dynamic and increases
vibration harmonic behaviour especially during change in dynamic loads. This paper
suggests an adaptive amplitude-controlled HFI control algorithm to reduce the ripple of
the torque, and maintain precise rotor position feedback in sensorless PMSM drives. In
contrast to the traditional solution that uses a fixed amplitude injection schemes, the
proposed method is a dynamical adjustment of injection amplitude to the real-time
behaviour of torque ripple, and therefore better electromagnetic smoothness is
achieved without sacrificing estimation strength. The dynamic model of PMSM is
defined on MATLAB/Simulink and tested within a 5003000rpm operating range with step
and sinusoidal disturbance loads. The measurements of mechanical performance are
torque ripple factor, speed ripple percentage, and frequency domain vibration
spectrum analysis. Through simulation findings, it has been seen that there is 43
percent decrease in torque ripple factor and about 48 percent decrease in speed ripple
as compared to the fixed-parameter control. Harmonic analysis shows that major
dominant 6 th -order torque harmonics have been reduced, which contributes to better
torsional stability. The results validate that adaptive amplitude control of injections
improves the mechanical integrity and smoothness of operation of small electric
mobility systems. The recommended framework offers a viable low-voltage control
structure to the condition of low-voltage traction low-voltage Permanent magnet motor
demands enhanced NVH dynamic action, and reliability in structure.
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1. INTRODUCTION

Permanent Magnet Synchronous Motors (PMSMs) find
wide application in the small-scale electric mobility
due to their high efficiency, torque density, high
dynamic response, and minimum maintenance needs
[1][2]. AU of that allows PMSMs to be very appropriate
to low-voltage traction systems, like electric scooters,
light electric vehicles, and robotic mobility systems.
Nevertheless, torque ripple is a vexing weakness of
their electromagnetic strength, of which mechanical
stability and structural long life are minor concerns.
Torque ripple is a periodic cyclic variation in the
electromagnetic torque which can be observed even
with constant operating conditions. At low voltages in
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traction, these oscillatory torque components pass
directly into the mechanical drive train, producing
vibration of torsional shafts, higher load variation in
bearings, acoustic radiations and cumulative fatigue in
low voltage traction [3], [4]. Focusing on the long
term, these types of oscillatory actions hasten
mechanical wear, as well as, deteriorate ride comfort
and operational suitability. Thus, the problem of
torque ripple mitigation cannot be a control
refinement issue but rather a mechanical
reliability/structural durability issue. The main forms
of torque ripple are cogging torque caused by the
interaction of slot and rotor magnets, slotting
harmonics, inverter switching distortions, magnetic
saturation, and control induced current harmonics as

Advances in Mechanical Engineering and Applications | Sep - Dec 2025



S. Praveen Kumar : Torque Ripple Reduction in Permanent Magnet Synchronous Motors Using Adaptive Control Strategies

they are known [5], [6]. A number of solutions have
been suggested in order to reduce these effects.
Skewing, segmentation of the magnet, and pole-arc
optimization them are design-based strategies that
decrease the cogging torque at the structural level [7].
The methods are however fixed in nature and will not
be able to adjust to dynamic load changes or non
linearities of inverters. There are control-oriented
methods such as harmonic current injection, repetitive
control, predictive control and the disturbance
observers, which are widely researched [8], [9].
Although they work with certain operating points, a
large number of these methods depend on
predetermined tuning values and are based on known
harmonic properties. Their performance under
different conditions of load and speed can worsen
because of parameter drift or other disturbances that
cannot be modelled. Sensorless PMSM drive High
frequency injection (HFI) procedures have widely been
used to estimate rotor position at low frequencies
[10], [11]. In spite of the fact that HFI enhances the
robustness of estimations, fixed-amplitude injection
may cause the additional electromagnetic harmonics
to be introduced and thus, this increases the torque
ripple in some working conditions. The majority of
currently available HFI-based approaches focus on the
accuracy and stability of estimation, and not much
focus on mechanical vibration or the smoothness of
torques [12], [13]. Adaptive HFI policies have been
studied to enhance estimation in case of parameter
variation but injection amplitude control toward
torque ripple reduction and mechanical performance
has not been adequately studied.

Therefore the research gap is to establish the adaptive
control framework to dynamically control the injection
amplitude using the real-time behaviour of torque
ripple and at the same time not to compromise the
accuracy of rotor position estimation. Additionally,
most of the previous researches assess performance
mainly based on electrical parameters, and they do
not directly relate ripple rejection to mechanical
vibration signals. In order to overcome these
shortcomings, the present paper will introduce the
adaptive  amplitude-controlled  high  frequency
injection scheme to PMSM torque ripple reduction and
alleviation under dynamics load. The suggested
strategy offers the regulation of ripple behaviour on
amplitude of injection and, as such, reduces
oscillatory torque effects at the expense of preserving
estimation fidelity. Torque ripple factor and
frequency-domain vibration spectrum analysis are
quantitative methods of mechanical performance so
that it correlates with mechanical engineering.

The key findings of this paper are summarised as
follows:

1. Closure of an adaptive amplitude regulation
closed-loop control of HFI-based PFIM drives.
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2. Dynamic load conditions Drive-based
quantitative assessment of torque ripple suppressions.
3. Vibration spectrum analysis of electromagnetic
behaviour to mechanical stability.

4. Relative validation with traditional constant
parameter control policies.

2. RELATED WORK

Reduction of torque ripple in permanent magnet
synchronous motors (PMSMs) has been addressed
widely as it has a direct effect on mechanical
smoothness, traction system longevity and noise-
vibration-harshness (NVH) behaviour in traction
systems [1]. Torque pulsations generated at different
frequencies by the electromagnetic fields cause
torsional vibrations in the shaft-coupling system,
enhance variations in bearing loads, and lead to
acoustic emissions, especially in low-voltage electric
mobility systems with small sizes where structural
damping is minimal [2]. Therefore, the mitigation of
the torque ripple has turned into an electromagnetic
optimization problem but transformed into a
multidisciplinary  issue  of electrical control,
mechanical dynamics and structural response. The
current methods can broadly be divided into machine
design  optimization, control based harmonic
suppression, adaptive drives train aware methods and
sensorless high frequency injection (HFI) methods.
Geometric adjustments are the main focus of design
oriented methods which aim at reducing cogging
torque, permeance harmonic and includes: skewing of
stator slots, optimization of pole-arc coefficient,
segmentation of magnets and shaping of air-gaps [3].
Optimisation models based on finite element analysis
(FEA) and response surface model have been
extensively employed to reduce cogging torque, and at
the same time maintain average torque density [4].
Though these methods are suitable on a structural
level, they are fundamentally static and are unable to
address the nonlinearities of inverters, parameter drift
or loads-related harmonic amplification. Moreover,
after the machine is designed, geometric optimization
is not able to adjust to different operating conditions.
Control-based ripple suppression plans are oriented at
the minimization of the current harmonics and
periodic disturbs in the course of operation. The
harmonic  current injection techniques apply
compensating harmonic currents incoherent to nullify
the torque-inducing distortions of spatial and time
harmonics [5]. Periodic torque fluctuations have also
been reduced using repetitive control and model
predictive control (MPC), which learns the patterns of
disturbance per successive cycle [6]. Current loop
related control methods based on disturbance
observers and the harmonic suppression using notch
philtres have depicted attenuation of lower-order
harmonic contents of torque, especially the 5th and
7th harmonics, which frequently dominate ripple in
behaviour [7]. Also, the feedforward online harmonic
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flux estimation has been suggested as a form of
compensation scheme that aims to improve torque
smoothness in sensorless PMSM drives [8]. Although
these control-based methods enhance the quality of
the torque waveforms, most of them use constant
tuning parameters or take the hammonic patterns as
constant. They can lose their performance rapidly
when the conditions of the load change or the
parameter uncertainties appear under rapidly varying
parameters. In addition, some studies put the
waveform torque enhancement first without strictly
analysing the metrics of mechanical vibration, making
the  mechanical implication remain largely
unexpressed. Recent studies acknowledge that the
torque ripple has to be considered in a larger drive
train and structure framework. Suppression schemes
based on adaptive ripple suppression that involve
principles of dynamical drives in the automotive
system have been suggested to counter resonance
amplification and enhance vehicle-level smoothness
[9]. These methods take into account the interaction
between electromagnetic torque harmonic and
mechanical resonance. Nonetheless, these therapies
usually result in more algorithmic complexity, and
more mechanical modelling parameters, which are
difficult to apply in low-cost traction systems.
Sensorless control of Permanent Magnets This
approach is also applicable to sensorless control of the
high-frequency injection (HFI) methods, especially at
low frequencies where the estimate of the back-EMF is
uncertain [10]. HFI provides the possibility to estimate
the position of the rotor by taking advantage of rotor
saliency. However, injected high-frequency signals will
always cause added harmonic content in stator
currents and electromagnetic torque. A number of the
works addressed self-adaptive HFI tuning aiming at
enhancing the strength of estimation in conditions of
inductance variability and cross-saturation [11]. High
precision in position estimation in nonlinear magnetic
conditions has been realised by improved saliency
tracking algorithms and compensation schemes based
on lookup tables [12]. Improvements notwithstanding,
the majority of HFl-based studies target estimation
accuracy and stability as opposed to minimising torque
ripple. Selection of injection amplitude is usually done
according to the requirements of sensitivity to be
estimated, and not much thought is given to the
effects on mechanical vibration with it. In mechanical
engineering terms, recent NVH-oriented studies are
based on the idea that the torque ripple, cogging
torque, and radial electromagnetic force harmonics
are all factors that can cause structural vibration and
acoustic radiation [13]. One method that has been
applied in identifying excitation frequencies that
overlap structural resonance modes is frequency-
domain techniques, such as spectral torque analysis
and electromagnetic force harmonic mapping. Such
papers point to the fact that such a ripple mitigation
methods need to be evaluated via mechanical
measures of the mitigation like torque ripple factor,
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amplitude of the vibration spectrum and harmonic
attenuation ratios instead of time-domain torque
plots.

Although design optimization, harmonic compensation
as well as sensorless estimation have made significant
advancement, there are a couple of challenges. Design
based approaches are not flexible to instantaneous
changes in loads. Parameters-based harmonic
suppression schemes have a significant reliance on
pre-set parameter settings and usually do not exhibit
optimum operation over a wide operation range.
Strategies based on HFI give much emphasis to rotor
position estimation and robustness and the injection
amplitude remains a heuristically adjusted or constant
parameter. More importantly, the studies that
regulate injection amplitudes explicitly in a closed-
loop basis to address the behaviour of torque ripple at
the same time evaluate the effect of mechanical
vibration are not many. Hence there is a gap in
research on the creation of an adaptive high-frequency
injection model, which is dynamically controlled to
enhance the injection amplitude based on the
attributes of torque ripple and has a quantitative
measure of mechanical stability via frequency-domain
vibration indicators. The gap should be closed in
dealing with operational smoothness and mechanical
integrity within the low-voltage traction PMSM
systems.

3. METHODOLOGY

This section outlines the entire research process that
will be taken to design and test the suggested
adaptive amplitude-regulated high-frequency injection
(HF1) method of reducing torque ripple of PMSMs. The
approach combines mathematical modelling, torque
ripple measurement, adaptive control development
and simulation analysis of the method under active
load-induced conditions.

3.1 PMSM Dynamic Modeling Framework

It initiates the investigation with the creation of
nonlinear dynamical model of PMSM in the synchronous
rotating dq reference frame. The equations of the
stator voltage can be written as:

. di .
V, = Riiy +Ldf—wequq (1)

) di, ]
V, = R, +LqE+WeLdld + W Af (2)

where R, represents stator resistance, Lq and L, denote
d- and g-axis inductances, A is the permanent magnet
flux linkage, and w, is the electrical angular velocity.

The electromagnetic torque may be defined as:

3
To = 5p[Arig + (La = Lg)ialy] 3)
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p is the number of pole pairs.

There is a rotational law about which the dynamics of
mechanical processes are modelled with the help of
Newton:

dw

TZTe_TL_BWm (4)

where J is rotor inertia, B is viscous friction
coefficient, T, is load torque, and w,, is mechanical
angular velocity.

The above coupled nonlinear differential equations are
modelled in MATLAB/Simulink with a discrete-time
numerically integrated system with Sampling time of
Ts= 50us. The control structure used is field-oriented
control (FOC) which serves as the fundamental current
regulation control structure.

3.2 Torque Ripple Quantification and Spectral
Analysis

Torque ripple is the definition of the oscillating
definition of the average electromagnetic torque:

Te (t) = Tavg + Tripple (t)—(S)
Torque Ripple factor (TRF) is calculated as:

Toax — Tomi
=12 T x100% (6)

TRF
2T g

Frequency-domain analysis is carried out with Fast
Fourier Transform (FFT) to get harmonic properties
that cause mechanical excitation:

N-1
j2mkn

TR =Y Twe N ()
n=0

N is used to indicate the number of points sampled.

Dominating harmonic magnitudes, specifically the 6 th
and 12 th order templates are peeled off as these
normally resonate with structural resonance modes in
the traction systems. Speed ripple is evaluated as:

_ Winax — Whin

SR = X 100% (8)
ZWm,g

A combination of these measurements is the measure
of smoothness of the electromagnhetic space and
mechanical stability.

3.3 Adaptive Amplitude-Regulated High-Frequency
Injection Strategy

High-frequency injection (HFI) is added to stator
voltage reference where sensorless estimation of rotor
positions can be done at low frequencies with field-
oriented control (FOC) compatibility. Injected voltage
signal can also be defined as:

Vinj (£) = Agyjsinifwy,; 6)_ (9)
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where A;y; is the injection amplitude and wi,; is the
injection frequency. In the suggested implementation,
the d-axis voltage component is exposured to the
injection signal to take advantage of magnetic
saliency.

Traditional methods of HFIl use a constant injection
amplitude. Constant amplitude can however add extra
harmonic components of torque at the conditions of
dynamic loading which adds to torque ripple and
mechanical vibration. In order to reduce this effect,
adaptive amplitude regulation mechanism s
presented.

| is revised on the discrete time basis as follows:

Apj (k+ 1) = Ay (k) — y(TRF (k)
- TRFref) (10)

where y>0 is the adaptation gain and TRF.s is the
desired ripple threshold.

To ensure the excitation is not too small or the
harmonic distortion is too large the amplitude is
limited within fixed limits:

Amin = Ainj (k) = Amax (12)

The adaptive controller parameters applied in this
paper are summarised in Table 3. The initial injection
amplitude will be determined to be 3 V with a range of
1V to 6 V to provide consistent excitation of saliency
without providing any undue harmonic excitation. The
reference ripple threshold value is chosen as 9 percent
which is a little lower than the base ripple into which
corrective action is taken under dynamic loading.
Sensitivity tuning was performed to choose y=0.15, so
that the oscillatory amplitude updates could be
avoided, and to ensure that the monotonic
convergence of a torque ripple factor. Amplitude
oscillations were generated by relatively large values,
and slow convergence by relatively small values. The
selected gain had constant ripple suppression under all
the operating conditions.

3.3.1 Sensorless Rotor Position Estimation

Rotor position estimation at lower speeds is also done
using the injected signal of high-frequency voltage.
This current response is then band-pass filtered and
synchronised demodulated; after this, the response
will undergo low-pass filtering and a phase-locked loop
(PLL) to get the estimate rotation angle. A, implies
that to sustain the robustness of estimation in cases of
adaptive amplitude change, saliency excitation should
be adequate. The accuracy of estimation is
determined using the comparison of the estimated and
actual rotor positions during simulation. In n=10 runs,
the RMS position error was found to be less than 1°
electric, and it was less than 1.2° during load
transients which indicates that sensorless performance
of adaptive amplitude regulation does not suffer.
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Adaptive Amplitude

Adjustment
A (k+1)T Airj (K)
i, i Vini(t -
i“—iq> FOC Ol e injection |YeYal | pmsm
dy Igq
Fy
W0
Stator Te, TRF(K) m
Currents

Torque Ripple

Estimator

Fig. 1. Adaptive Amplitude-Regulated High-Frequency Injection (HFI) Control Architecture for PMSM Torque Ripple Mitigation

Block diagram of incorporating the field oriented
control (FOC), high frequency injection (HFI), torque

ripple estimation and adaptive amplitude regulation in
the closed loop PMSM drive system.

Table 1. Adaptive Controller Parameters

Parameter

Value

Initial Injection Amplitude A;y; (0)

3V

Minimum Amplitude A,

1V

Maximum Amplitude Aax

6V

Adaptation Gain y

0.15

Reference Ripple TRF s

9%

Sliding Window N,,

200 samples

Injection Axis

d-axis voltage

3.4 Control Algorithm Implementation

The adaptive control approach is a discrete time
approach based on the sequential process as shown in
Fig. 2 which represents the flowchart of the proposed
adaptive amplitude controlled HFI control algorithm.

1. The dg-axis dynamic model is used to measure the
stator currents and estimate the electromagnetic
torque.

2. Torriani ripple is calculated at an instant using a
sliding window of length N,, which is used to
represent short-term oscillatory deviation.

3. The signal of torque is subjected to a Fast Fourier
Transform (FFT) in order to arrive at the
predominant magnitudes of harmonic signals that
constitute mechanical excitation.

4. The adaptive regulation law in (10) is used to
update the injection amplitude with the bounded
constraint in (12).

5. The high frequency injection signal which has
been renewed is fed to the stator voltage
reference in the FOC model.

6. The field-oriented current regulation and rotor
position estimation is carried on in closed loop.

The algorithm is compiled with a fixed-step discrete
solver in MATLAB/Simulink so as to ascertain numerical
and real-time stability. HFI block is incorporated in the
stage of the FOC architecture of the voltage reference
generation, represented in Fig. 2 such that the

4 |

injection amplitude can be continually adjusted
without breaking the primary control loop of current.

Measure Stator Currents

A 4

Estimate Torque
Ripple Factor (TRF)

}

no

A4 l A 4

Measure Stator Currents

Compute Torgue Increase Injection

Factor (TR Amplitude
A A
Decrease Injection
Repeat Amplitude
A 4
Apply HFI

Injection Signal

Fig. 2. Flowchart of the Adaptive Amplitude-Regulated HFI
Control Algorithm

Flowchart of the sequential flow of estimating the
torque ripple, comparison with reference threshold,
update of adaptive injection amplitude and closed
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loop implementation as a part of the PMSM control
system.

4, Simulation Setup

In a bid to prove the effectiveness of the proposed
adaptive amplitude-regulated high-frequency injection
(HFl) strategy, a detailed time-domain simulation
model of the PMSM drive system was created in
MATLAB/Simulink. The simulation will encompass the
nonlinear dqg-axis motor model, field oriented control
(FOC), high frequency injection block, torque ripple
estimation unit and adaptive amplitude update
element as presented in Section 3. The point of this
section is to specify all electrical, mechanical, and
control parameters to guarantee reproducibility and
allow making quantitative comparison of the proposed
and the baseline control strategies.

4.1 PMSM Parameters

The model motor is simulated motor, a low-voltage
traction-type PMSM, having a rated power of 2 kW and
four pole pairs. This motor is fed by a bus 48 V DC,
which is compatible with small-scale electric mobility.
The stator resistance (ohm) is 0.45Q and the d-axis
and q-axis inductance (mH) equals 3.2 and 3.5,
respectively. The minor difference in inductance is an
indicative of the realistic saliency attributes
applicable in high fusion injection-based rotor relative
position estimation. The core flux linkage that is
permanently magnetized is 0.075 Wb. Mechanical
subsystem has 0.002 kg. m? rotor inertia and a viscous
coefficient 0.0008 N m s. These are a lightweight rotor
design with an intermediate value of damping which
can exhibit visible oscillations in speed in response to
torque ripple excitation. The summary of all
parameters will be in Table 2. The chosen value of the
inertia is such that the torque ripple the value causes
a measurable speed ripple so that mechanical
performance evaluation can be done under dynamical
conditions.

Table 2. PMSM Electrical and Mechanical Parameters

Parameter Symbol | Value

Rated Power Prated 2 kW

Stator Resistance R, 0.45Q
d-axis Inductance Ly 3.2mH
g-axis Inductance Lq 3.5 mH
Permanent Magnet Flux Linkage | A¢ 0.075 Wb
Number of Pole Pairs p 4

Rotor Inertia J 0.002 kg-m?
Viscous Friction Coefficient B 0.0008 N-m-s
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4.2 Simulation Configuration

The switching frequency of the inverter is determined
to 10 kHz as the representative of a feasible traction
inverter in the form of a PWM. High-frequency
injection signal is at 1 kHz, which is high enough as
compared to the fundamental electrical frequency, to
allow saliency-based rotor position detection but not
exceed in inverter bandwidth. The simulations are
operating at speed of 500-3000rpm with a time horizon
of 2s. This is a range of operation which covers both
the low-speed operation in which HFI is most essential
and the operation under dynamic loading with
moderate loading velocity. Table 3 summarises the
entire simulation setup and control factors.

In order to simulate real traction disturbances, the
load torque is outlined as:

T, ()
= lrated + O'ZTrated Sin(znfdt) (13)

where fy represents disturbance frequency. Besides
the sinuoidal perturbation, step changes in the load
torque are also used to test the ability of the transient
response and adaptive regulation.

In order to guarantee numerical stability and sufficient
implementation of the adaptive control law, a fixed-
step discrete solver with a sampling time of 50 ps is
utilised.

There are two configurations of controls that are
compared:

1. Traditional control
(baseline)
2. Suggested adaptive amplitude-regulated HFI
control.
To evaluate the performance, the quantitative
measures are presented in the following metrics:

e Torque Ripple Factor (TRF)

e Speed ripple percentage

e Harmonic attenuation ratio of main spectrals

e Short-term settling time after the disturbances

to the load.

fixed-amplitude  HFI

Torque ripple percentage stated is calculated as:
TRFfixed - TRFadaptive

TRFfixed
x 100% (14)

%Reduction =

This assessment structure provides actual comparison
between the responses of control strategies and
objective mechanical performance indicators.
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Table 3. Simulation Configuration and Control Parameters

Parameter Symbol | Value
DC Bus Voltage Ve 48 V
PWM Switching Frequency | fq, 10 kHz
Injection Frequency finj 1 kHz

Speed Operating Range —

500-3000 rpm

Load Disturbance Model To(t)

Trated + 0-2Trated Sin(ZT[fd t)

Simulation Duration —

2s

Sampling Time Ts

50 s

Control Baseline —

Fixed-Amplitude HFI

Proposed Strategy —

Adaptive Amplitude-Regulated HFI

5. RESULTS AND DISCUSSION

This part provides the comparative analysis of the
suggested adaptive amplitude-regulated HFI control
with traditional fixed-amplitude HFI. To measure
smoothness of performance of torque, harmonic
rejection, and mechanical stability of the dynamic

loads, performance is measured both in time and
frequency domains. To enhance statistical accuracy,
all n=10 repeats of simulations with a variation of %5
per cent in stator resistance, inductance and load
disturbance frequency were performed. Reported
outcomes are in the form of mean+ deviation.

Table 4. Statistical Performance Comparison (n = 10)

Metric Fixed HFl | Adaptive HFl | Improvement
TRF (%) 14.6 + 0.52 | 8.3 + 0.41 43.1%

Speed Ripple (%) 4.8 +0.21 2.5+0.18 47.9%

6th Harmonic Reduction (%) — 39.2+2.3 —

12th Harmonic Reduction (%) | — 34.1+2.0 —

5.1 Electromagnetic Torque Waveform Analysis

Fig.3 shows the electromagnetic torque response when
the load is disturbed by dynamic load, in reference to
the two control strategies. The HFI technique with
fixed amplitude has strong oscillatory components
overlaid on the mean torque especially when changing
between loads. Conversely, the suggested adaptive
strategy has visibly lower levels of torque pulsations.
The  waveform  observations as  quantitative
performance measurements have been summarised in
Table 4 indicating the levels of torque ripple factor,
speed ripple and the levels of harmonic attenuation
under the same operating conditions in Table 4. The
adaptive HFI strategy as depicted in Table 4 gives a
significant decrease in the torque ripple relative to
the fixed-amplitude baseline.

(a) Fixed-Amplitude HFI (b) Adaptive Amplitude-Regulated HFI
Torque T
(N'm) 6.5
65 — Torque (Fixed HFI) 60 — Torque (Adaptive HFI)
6.0 55
Baseline Torque
55 \
- W“ WMM’N M«n 5. ifitekrtiprmtifes
. 45
Baseline Torque
45 40
3.0 25
20 - - - 20 - - :
0.0 0.5 1.0 1.5 20 0.0 0.5 1.0 1.5 2.0
Time (s) Time (s)

Fig 3. Electromagnetic Torque Waveform Comparison Under
Dynamic Load Disturbance

g

Comparison of electromagnetic torque response with
time-domain in case of fixed-amplitude HFI and
adaptive amplitude-regulated HFI control strategies
showing poorer torque oscillations with the proposed
method.

The suggested approach provides reduction in torque
ripple at 43.1 percentage:

] 14.6 — 8.3
%Reduction = —— x 100

=43.1% (15)

This large decrease proves that adaptive injection
amplitude control is an effective way to eliminate
oscillatory parts of torque without reducing the
average torque production. The realised 43% reduction
is competitive in performance in comparison to the
conventional harmonic compensation schemes that
have been reported in more recent PMSM studies
(achieving a typical reduction of 25-35% ripple under
dynamic control), and the implementation simplicity
allows.

5.2 Frequency-Domain Harmonic Suppression

To analyse further the ripple nature, Fast Fourier
Transform (FFT) analysis of steady-state torque
waveform was used. Fig. 4 shows the torque spectrum
of the two approaches to control. The fixed-amplitude
technique has strong harmonics at 6th and 12th
electrical orders which are usually related with
mechanical excitation and structural resonance. Here
the 6 th and 12 th torque harmonics were decreased
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by 39.2% + 2.3 and 34.1% + 2.0 respectively, with n=10
runs. It is especially significant to the attenuation of
low-order harmonics, as they will overlap with drive
traction resonance bands in small traction systems.
These components are directly suppressed with the
resulting effect of enhanced NVH performance. The
proposed approach, as compared to the current
methods of harmonic injection that are static, will
dynamically vary the excitation strength to avoid
overcompensation and amplification of harmonic at
different operating points.

(a) Fixed-Amplitude HFI (b) Adaptive Amplitude-Regulated HFI

Torque
Spectrum
= : -10
gl Torque Spectrum (Fixed HFl) 20 -~ Reference (Fixed HF)
@ -30 -39% o -30 o . Torque Spectrum
= 2 (Adaptive Hrf
£ -40 £ 40k )
2 2 o
g Baseline Torque 3
> w
V601"~ scipalazd W 60
: Y
g -60 ® -2
° G
F-70 F g
-70 ; g 3 -70 - . ;
0 5 10 15 20 2 0 5 10 15 20 24

Harmonic Order Harmonic Order

Fig. 4. FFT Spectrum Comparison of Electromagnetic Torque

Frequency Time -frequency examination of torque
spectra under dynamic loading, such as a reduction in
the harmonic component with the strongest amplitude
by the adaptive amplitude-controlled HFI strategy.

5.3 Speed Ripple and Mechanical Stability
Assessment

The evaluation of mechanical implications was done in
terms of speed ripple during dynamic load. Fig. 5
represents the rotor speed response.

Adaptive strategy reduces the speed ripple by 47.9 per
cent:
.8—-25 100
18
= 47.9% (16)

%Reduction =

Less oscillation of its speed means that it is more
torsionally stable and has less mechanical excitation of
mechanical parts in the shaft and the bearing.

The analysis involving transient response also indicates
that the adaptive approach ensures consistent
convergence without causing the secondary oscillating
modes in loads alterations. Settling time is still
relatively comparable to the baseline control and it
can be established that there is no trade-off between
ripple suppression and dynamic response.
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Fig. 5. Rotor Speed Response Under Dynamic Load
Disturbance

Comparison of rotor speed feedback response to fixed
and adaptive HFI control methods, with lower speed
ripple and better mechanical smoothness with the
proposed one.

5.4 Mechanical Interpretation and Estimation
Accuracy Discussion

The resulting reduction of the torque ripple and the
speed ripple is directly translated to a mechanical
smoothness. The torsional oscillations are reduced by
lower harmonic excitation of the drives and minimise
cyclic stress on bearing components. This minimization
in compact electric mobility designs, where the
lightness of mechanical structures is especially
vulnerable to periodic vibration, increases structural
reliability, decreases vibration propagation, and also
enhances acoustic comfort. The proposed adaptive HFI
control method has similar performing ripple
attenuation as previously utilised ripple suppression
techniques based on either a static harmonic injection
method or computationally extensive model predictive
control, yet it has low algorithm and real-time
implementability. Contrary to the design-based
cogging reduction techniques, which are fixed in
nature once made, the adaptive approach regulates
the amplitude of the injection dynamically and is also
effective in the different load conditions. To be sure
that the impact of torque ripple reduction does not
affect the sensorless control performance, the
accuracy of rotor position estimation was measured in
n=10 runs. Root-mean-square (RMS) position error
made 0.86 o electrical where the maximum deviation
was 1.17 o at times of transient load changes. These
findings confirm that adaptive amplitude regulation
ensures a sturdy performance with regard to rotor
position tracking and enhancement of smoothness in
the electromagnetic torque. In general, the suggested
injection amplitude regulation design attains a
balanced trade-off between ripple reduction and the
robustness of the estimation, which positively testifies
to the applicability of the proposed solution to the
low-voltage PMSM traction.

P
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CONCLUSION

This paper proposed an adaptive amplitude regulated
high-speed injection (HFI) of torque ripple runoff in
permanent magnet synchronous motor (PMSM) motors
in dynamic load situations. The suggested solution
combines the real time estimation of the torque ripple
with closed-loop injection amplitude control, which
allows to suppress oscillatory components of torque,
and maintain the rotor position estimation accuracy in
a field-oriented control structure. The
MATLAB/Simulink nonlinear dqg-axis PMSM model was
used to test the performance within a nonlinear
5003000 rpm operating range with sinuoidal and step
load disturbances. A quantitative analysis showed that
there was a 43 percent decrease in torque ripple
factor and about 48 percent decrease in speed ripple
against the conventional fixed-amplitude HFI control.
Frequency-domain assessment also indicated the
suppression of the high 6 th and 12 th torque
harmonics (noted to be the usual cause of torsional
vibration and mechanical stimulus within traction
systems). Mechanical-wise, less harmonic excitation is
a reduced hysterical stability, decreased cyclic bearing
stress, and add heightened operational smoothness.
The proposed control strategy, in turn, is more
effective under different load conditions, unlike
design-based cogging torque reduction methods with
the latter requiring structural modification. Although
these are positive simulation findings, the current
analysis will be restricted to numerical validation. The
hardware test platform and real time embedded
controller will need to be experimentally implemented
in order to determine practical limits due to sensor
noise, non-idealities in inverters and computational
latency. The proposed future work will be in the area
of  hardware-in-the-loop validation, parameter
uncertainty robustness analysis and optimization of
adaptation gain to achieve better convergence
performance. By and large, the proposed adaptive HFI
results in the study offer a viable and computationally
effective approach to the improvement of
electromagnetic torque smoothness and mechanical
integrity in low-voltage applications of PMSM based on
traction.
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