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Abstract: To address the torque ripple and consequéiie vitration induced by inter-turn
short-circuit (ITSC) faults in high-speed permanern: maugnet synchronous generators
(HSPMSGs), an HSPMSG incorporating a single phase correction winding configuration
is employed for torque ripple suppression. This paiiicular winding configuration enables
effective mitigation of the torque ripplz cacsed by ITSC faults. An analytical
magnetomotive force (MMF) model under I''SC fault conditions is established based on
the winding topology of a back-wound HSPMSG. Through this model, the critical
parameters that govern torque riynl¢ ara1dentified, and torque ripple together with vibration
characteristics under ITSC faults a1y expetimentally measured on a prototype. Subsequently,
a dedicated suppression methol' for torque ripple is proposed after detailed examination of
the ripple components.aris'ng ‘rot .« the fault, and the optimal suppression strategy is derived
accordingly. Finite-element analysis is performed to compare torque ripple and vibration
performance before vid afizr the introduction of the correction winding. Results confirm
that, upon the occurre. ¢ of an ITSC fault, the proposed configuration can effectively
suppress torque ripple and significantly reduce vibration levels in the generator.

Key words: high-speed permanent magnet synchronous generators, inter-turn short-circuit
faults, single-phase correction winding, torque ripple

1. Introduction

High-speed permanent magnet synchronous generators (HSPMSGs) are increasingly applied
in aerospace, medical equipment, and military systems because of their compact structure and
high-power density [1]. Their high specific power and efficiency make them attractive for
integrated power units where volume and mass are strictly constrained [2]. In addition,
HSPMSGs have been widely adopted in electric spindles, aerospace actuators, precision machine
tools, and high-performance compressors to meet the demand for high-speed and high-power-
density energy conversion [3]. As these applications continue to push toward higher rotational
speed and higher power density, machine reliability is no longer judged only by nominal
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efficiency and torque quality, but increasingly by the ability to maintain stable operation under
incipient faults and avoid catastrophic escalation in tightly integrated systems [4].

Among various failure modes, stator inter-turn short-circuits (ITSC) faults are particularly
critical because the local shorted loop can induce a large circulating current, leading to severe
localized 1?R loss and rapid thermal deterioration that may escalate to irreversible winding
damage within a short time [5]. At the system level, the same fault mechanism also introduces
asymmetric magnetomotive force (MMF) that distorts the air-gap field distribution, which can
degrade generator output voltages and increase harmonic components—often unacceptable in
practical electricity generation systems where power quality and electromagnetic compatibility
are strict requirements [6].This reality exposes a key bottleneck in the field: most fault-related
studies emphasize detection or post-failure analysis, but there is still a lack of a practical and
physically grounded method that can actively reshape the fault-induced electromagnetic
excitation to keep the machine mechanically stable during the short Lot decisive period before
shutdown/maintenance. Even when thermal runaway and voltag< iiarmonics are recognized as
primary concerns, the electromechanical consequence of ITSC faults—pronounced torque ripple
and unbalanced electromagnetic forces—can immediately excite mechanical resonance,
aggravate vibration, accelerate bearing wear, and comoiumise rotor—stator air-gap integrity,
especially in high-speed machines where vibretian margins are small [7]. Therefore, mitigating
fault-induced torque ripple and vibration is not a secondary “comfort feature”; it is a mechanism-
level lever that reduces dynamic stress 2nd imgaroves mechanical survivability during fault-
tolerant operation. In healthy-condijtionneration, many torque ripple reduction techniques have
been developed through design ortnirizaticn and electromagnetic shaping, including multi-
objective optimization to refine rotc:/stacor geometry under mechanical constraints [8] and rotor
auxiliary slots to reshape“tne Qir-y=p field and reduce torque pulsation [9]. Magnet skewing,
notching, and flux-shapi a rethods have also been used to suppress cogging torque and improve
back-EMF waveform quali2#[10]. For high-speed PM machines, magnet segmentation is a
practical approach to reduce parasitic effects and losses [11], and retention sleeve thickness
optimization further balances electromagnetic performance with mechanical strength [12].
Reluctance slots and multi-layer magnet arrangements have been investigated to improve flux
distribution and robustness [13], while segmented skew poles and related rotor arrangements
have been explored in PM-assisted synchronous reluctance generator/motor topologies to
enhance electromagnetic performance [14]. Novel flux-barrier designs and stator slot adaptations
have also been reported to reduce high-frequency losses and improve torque characteristics [15].

These studies collectively establish powerful tools for improving torque smoothness in
normal operation. Control oriented strategies likewise target ripple suppression under inverter-
fed conditions, such as variable-switching-frequency PWM methods [16] and online parameter
identification (e.g., recursive least-squares inductance estimation) to improve robustness across
operating points [17]. Perfect tracking control has been developed to improve current tracking
and torque smoothness [18], and winding arrangement optimization combined with magnet step-
skewing can suppress specific ripple components [19]. Independent multi-winding supply
configurations further enhance controllability and fault tolerance in precision applications [20],
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while parameter-based instantaneous torque estimation and flux-based instantaneous torque
estimation have been introduced within advanced control schemes to reduce ripple beyond
conventional PI control [21], [22].

However, most existing ripple-reduction methods are developed for healthy operation and
are not explicitly designed for the ITSC fault mechanism. Under an ITSC fault, the additional
fault-induced MMF interacts with the permanent-magnet fundamental air-gap field and
introduces dominant low-order electromagnetic excitation, which appears as pronounced torque
ripple and related force harmonics, thereby aggravating vibration and potentially accelerating
fault progression. As such, mitigation strategies that act on the fault-induced electromagnetic
excitation become particularly relevant for ITSC conditions.

To address this problem, this paper investigates an HSPMSG equipped with a single-phase
correction winding. The correction winding injects a controllable. MMF that counteracts the
dominant fault-induced ripple component, enabling torque-ripple.cuppression without major
changes to the main winding. An analytical MMF-based mod'='+i= Ueveloped to quantify the
relationship among the ITSC short-circuit loop effect, correction current magnitude and phase,
and torque ripple. The resulting strategy is validated by tinic-element analysis and prototype
tests, showing reduced torque ripple and reduced vibiado=ander ITSC conditions.

2. Structure of the high-speed permaneii-magnet synchronous generator

A 2-pole, 36-slot HSPMSG s takan ‘as an example in this paper. The structure of the
prototype and the connection diagram of the main winding are shown in Fig. 1. The main
parameters of the prototype are lisied in-labie 1.

The prototype primarity-consisis of a stator core, permanent magnets, a main winding, and a
correction winding. The Laain winding is symmetrically distributed over the full 360° mechanical
angle of the stator, whereas *he correction winding is placed in three slots.

Conventional power

generation winding Corregtion
/ winding
| Sh?ft

PM Rotor core

Stator core

Fig. 1. Three-dimensional structural diagram of the generator
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Table 1. Generator structural parameters

Parameters Value Parameters Value
The number of turns of the 5 The number of turns of the 5
main winding correction winding

Pole number 2 Winding connection method Y
Rotor outer diameter (mm) 66 Stator slot fill ratio 68%
Slot number 36 Stator length (mm) 275

The rotor employs a surface-mounted permanent magnet configuration with a rotor jacket to
ensure mechanical integrity at high rotational speeds exceeding.20 000 r/min. As shown in
Fig. 1, the permanent magnets are evenly segmented and bondes-o110 .he rotor core, providing
a nearly sinusoidal air-gap flux distribution for the fundamep#=!"con.ponent.

The correction winding is concentratively arranged in three crnsecutive slots within one pole
pair and is excited by a controllable current, as shown n Fig. 1. Due to the orthogonal spatial
arrangement, the mutual inductance between the main winding and the correction winding is
negligible, which enables independent contro. withour compromising the fundamental torque
production.

In terms of slot utilization, the stator \as 36'slots and the correction winding is associated
with three of these slot positions, corresganding to 3/36 of the slot positions. In the prototype,
the stator slot fill ratio is 68%.leaving_an installation margin in the slot area. During
implementation, the correction.canc:ictors are accommodated mainly by this available margin
and by locally adjusting.tne conductor size in the corresponding slots while keeping the main-
winding turns unchangea. This errangement allows the correction winding to be embedded while
retaining the torque-producii g conductors in the same slots. With this arrangement, the proposed
configuration introduces minimal additional volume and loss while significantly reducing torque
ripple, thereby making the generator suitable for high-performance aerospace servo systems
[23].

3. Analysis of torque ripple under ITSC faults

Taking an ITSC occurring in one slot of the phase-A coil as an example, the equivalent circuit
model of the stator winding under the ITSC condition is shown in Fig. 2. In the figure, ra and La
represent the resistance and inductance of coil A under healthy conditions, respectively; rx and
Lx denote the resistance and inductance of coil X under healthy conditions, respectively; rs and
Lsc are the resistance and inductance of the short-circuited loop after the inter-turn short circuit
occurs in coil X; rris the insulation fault resistance of the stator winding; ia is the phase-A current;
and i represents the circulating current in the short-circuit loop.
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Fig. 2. Equivalent circuit model of the IS tanlt

As shown in Fig. 3, when an ITSC fault occurs, a aew!closed loop is introduced into the
original circuit, giving rise to an additional circulatir.g current in the short-circuit loop [24].

Toroidal i
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Fig. 3. Comparison of the short-circuit loop magnetomotive force of the GHSPMSG and the
magnetomotive force of a conventional winding generator

This current produces an additional magnetomotive force (MMF). The MMF waveform
generated by the short-circuit circulating current is subjected to Fourier decomposition, from
which the MMF components produced by the short-circuit loop current are obtained. This MMF
can be resolved into positive-sequence and negative-sequence components. The positive-
sequence component affects only the magnitude of the electromagnetic torque, whereas the
negative-sequence component is the primary cause of electromagnetic torque ripple.

The MMF produced by the short-circuit current is presented in Eq. (1) [25].

O [(Neclse . km Nyei km
F,.(6,t) = Z [(% sin 7) cos k6 + ( ‘;rcksc cos 7) sin kH]
k=1
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= 7“22{\7,1“%‘2,&1 2 [COS (wt — kb — %ﬂ) — cos (wt + k6 + kz—ﬂ)], €Y

k
where F. is the amplitude of the MMF produced by the circulating current in the short-circuit
loop, Nic denotes the number of turns in the short-circuited winding, 6 represents the spatial angle,

and I, is the RMS value of the short-circuit loop current, here & takes on the values of 1, 2, 3,
etc.

3.1. Mathematical analytical model of electromagnetic torque ripple

The electromagnetic torque acting on the stator is always equal in magnitude and opposite in
direction to that acting on the rotor. For an AC generator, the inner bore structure of the stator is
relatively simple compared with the rotor, and the arrangement of the stator winding exhibits
strong regularity. The torque ripple in the generator under ITSC fault conditions investigated in
this paper is caused by the circulating current in the stator short-circitit loop. In this section, an
analytical derivation of the electromagnetic torque of the generator uinder ITSC fault is presented.

During steady-state operation of a three-phase maching, he-normal component b; of the
fundamental air-gap synthetic magnetic field constitutes-arow*ing magnetic field that travels at
synchronous speed. The magnetic flux density is presanted.in Eq. (2).

b1(0,t) = b win(wt = 6s), 2

where B represents the amplitude of the fundan ental magnetic field of the air gap.

The operating principle of a HSPMSG ‘s fundamentally based on the law of electromagnetic
induction. When the stator winding = energized, the resultant rotating magnetic field interacts
with the permanent magnets on tha'roto. inz.ucing electromotive force and delivering electrical
power. Under healthy operating vana'tions, the electromagnetic torque is presented in Eq. (3).

T, = §P2F1r1>sin51. 3)

In the Eq. (3), Te represents electromagnetic torque, P is the number of pole pairs of the
generator, F1 is the amplitude of the stator fundamental MMF, @ is the flux of the resultant air-
gap magnetic field, and ¢ is the angle between the fundamental air-gap magnetic field and the
stator fundamental MMF.

From the electromagnetic torque expression, it can be seen that, to minimize mechanical
vibration and obtain a constant electromagnetic torque without time-varying ripple, both the
amplitude F; of the stator fundamental MMF and the amplitude of the air-gap fundamental
magnetic field B1 must remain constant, the angle J; between them must also be constant, and
no relative motion is permitted between the stator fundamental MMF and the air-gap
fundamental field.

When an ITSC fault occurs in the stator winding, a circulating current appears in the short-
circuit loop. The MMF produced by this current interacts with the air-gap magnetic field, causing
distortion of the field distribution and consequently affecting the torque. Since the permanent
magnets are parallel-magnetized, the fundamental component of the air-gap magnetic field is
dominant, and the influence of higher-order harmonics can therefore be neglected. The
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fundamental component c; of the short-circuit loop is assumed to lag the air-gap fundamental
magnetic field by by an electrical angle s, which is presented in Eq. (4).

=0 [cos (wt -0 — g - 1/1sc) — cos (a)t + 6, + % - ¢sc)], “4)
where C represents the amplitude of the fundamental wave of the short-circuit loop.
The electromagnetic torque under an ITSC fault is presented in Egs (5) to (6).

Toe = Zp2Fic® [sin (2 + 5 ) — sin (200 + 2 = 5 )] (5)

\/ENscIsc
Foe = 5, (6)

2
where Fi is the amplitude of the MMF produced by the circulating current in the short-circuit
loop.

After the occurrence of an ITSC fault, the electromagnetic torquc 7« is primarily generated
by the interaction between the fundamental component of the 2%:G:i:-circuit loop MMF and the
air-gap fundamental magnetic field. The electromagnetic tortie comprises a constant component
and a ripple component. The constant component has n¢ influence on torque variation, whereas
the ripple component, which varies periodically with uine at 2wt, causes time-dependent
distortion of the magnetic field distributian and=consequently gives rise to periodic
electromagnetic torque ripple.

3.2. Principle of torque ripple correction

The corrective effect of the singlc.ohase correction winding on electromagnetic torque is
illustrated in Fig. 4. When an ITSC fault occurs, the circulating current in the short-circuit loop
gives rise to noticeable electromayetic torque ripple, as shown in Fig. 4(a). By adjusting both
the magnitude and phase 2f-ine current in the correction winding according to the ITSC fault, an
opposing torque component ‘s'generated, as depicted in Fig. 4(b). The torque ripple produced by
the short-circuit loop under the ITSC fault and the torque ripple produced by the correction
winding are then superimposed. As demonstrated in Fig. 4(c), this superposition effectively
cancels most of the ripple component, thereby considerably reducing the overall electromagnetic
torque ripple.
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Fig. 4. Torque ripple of the generator under the ITSC fault (a); torque ripple of the generator with the
application of the correction winding (); torque ripple of the generator after correction (c)

3.3. Mathematical correction mocel «f tor;jue ripple

Following the occurrence of.an ITSC fault, the magnetic field perturbation induced by the
circulating current in the shert-circuit loop leads to electromagnetic torque ripple. To thoroughly
investigate the influence of fault location on torque performance, three distinct ITSC positions
are configured in the stator v inding, spatially separated by 120° electrical degrees, as shown in
Fig. 5. When the fault occurs, torque ripple is suppressed by appropriately regulating both the
magnitude and phase of the correction winding current, thereby enhancing the operational
stability of the generator.
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Fig. 5. Topology of the correction wi..ding

The magnetomotive force generated by the correctiariwirding current is presented in Eq. (7).
flx) = ‘/EIZV—;CIyZ,"f:l % [cos (wt — kx — FZH- + Il)y\) — cos (wt + kx + SkT" + wy)], @)

where N,. denotes the number of turns of the|correction winding, /, and 1, represent the
amplitude and phase of the corrected winding current.

The electromagnetic torque produced by the interaction between the magnetic field of the
correction winding current and the air-¢gap 'undamental magnetic field is presented in Egs. (8)
and (9).

Ty &SP, [sin (2 — ) — sin (20t + 2+, )| ®
F, = Yl ©

where F), is the amplitude of the magnetomotive force produced by the correction winding
current, T, represents the electromagnetic torque generated by correcting the winding current.

When an ITSC fault occurs in the generator, the electromagnetic torque with the single-phase
correction winding activated is presented in Eqg. (10).

1. = 2p?Ecd [sin (2 + s ) —sin (20t + 2= 9. )| + Zp?E,@ [sin (Z + g, ) - sin (20t + Z -3, )|

[(Nsclsc)sin (g + ll)sc) + NyI,sin (5;” - wy)]

1
ey oY | s [ (19
+p [—Nsclscsm (Zwt +to- wsc) — Nyl sin (Zwt T~ I/Jy)]
{2}
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where T, represents the electromagnetic torque after the correction of the winding current under
inter-turn short circuit fault conditions.

In Eqg. (10), the first term {1} does not contain the time variable w¢ and represents the DC
component of the electromagnetic torque, which is the main factor affecting the increase or
decrease of generator power. The second term {2} contains the variable that changes with 2wt
and constitutes the ripple component of the electromagnetic torque. This ripple component is the
primary cause of electromagnetic torque ripple and is also the main reason for generator
vibration.

When correcting the ITSC fault, it is only necessary to adjust the magnitude Iy and phase ,,
of the correction winding current so that the second term {2} in Eq. (10) is eliminated and
reduced to zero. The electromagnetic torque ripple can be effectively suppressed.

4. Finite element analysis before and aftex correction

4.1. Finite element simulation and analysis of generafor ou.put torque waveforms

The finite-element simulations are performed uriver ¢ rated operating parameters at the
design target speed of 20 000 r/min to assessithe fau't-“nduced electromagnetic excitation and
the effectiveness of the proposed correction strategy. To evaluate the suppression effect of the
single-phase correction winding on torque ripple iinder ITSC faults, the torque-ripple waveforms
of the generator under healthy operatior. I TSC fault condition, and with the correction winding
activated are presented in Fig. 6.
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Fig. 6. Torque ripple variation curves before and after correction (a); Fourier decomposition of waveforms
before and after correction (b)

The variations of torque ripple variation values are shown in Table 2.
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Table 2. Variation of torque ripple before and after correction

. Correction Rate of Correction Rate of
Harmonic Normal Fault
scheme 1 change scheme 2 change
0 14.17 12.91 13.76 6.58% 14.04 8.75%
2 0.005 1.32 0.037 97.2% 0.018 98.6%

As can be seen from Fig. 6, the torque remains stable during healthy operation, with the
constant component equal to 14.17 N-m and the ripple component limited to only 0.005 N-m.
When an ITSC fault occurs, the torque ripple becomes significantly aggravated: the constant
component drops to 12.91 N-m, representing a reduction of 8.89%, while the ripple component
increases to 1.32 N-m, which is 1.315 N-m higher than that under healthy conditions and far
exceeds the range acceptable for stable generator operation.

To suppress the torque ripple induced by the fault, two correction schemes are proposed in
Fig. 6. In Correction Scheme 1, the constant torque compongiit 1S restored to 13.76 N-m, which
is 6.58% higher than that under the faulty condition, whi'e the Jipple component is reduced to
0.037 N-m, achieving a suppression rate of 97.2%. In"Cor-ection Scheme 2, the suppression
effect is further enhanced. The constant comporent 'rises to 14.04 N-m, representing an
improvement of 8.75% over the faulty state, aauha ripple component is dramatically lowered
to 0.018 N-m, corresponding to a suppression rate of 98.6%.

Results show that the single-phase coirection winding can effectively attenuate the torque
ripple caused by ITSC faults and in.arkeu:;: improve the operational stability of the generator.
Meanwhile, an ITSC fault reduces ithe =onstant component of torque and consequently lowers
the output power. The introduciion of the correction winding not only suppresses the ripple
component but also increasses the constant component, thereby partially restoring the output
capability of the generatos

4.2. Analysis of the suppression effect of correction winding current on generator torque
ripple
To further analyze the correction effects of different schemes on torque ripple are presented
in Fig. 7. Figure 7 presents the suppression performance achieved by varying the magnitude and
phase of the correction winding current when ITSC faults occur at different positions in the
generator winding.

11
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Fig. 7. Suppression effect on torque ripple under ITSC faults at different locations: ITSC fault occurred in
the A-phase winding (a); ITSC fault occurred in the B-phase winding (b); ITSC fault occurred in the
C-phase winding (c)

Figure 7. shows the torque ripple when ITSC faults occur in slots 1, 2, and 3 of the stator,
respectively, with the fault locations indicated in Fig. 5. Under faulty conditions, the torque
ripple for each slot stabilizes at approximately 2.6 N-m. After applying Correction Scheme 1,
the torque ripple in all three fault cases is reduced to the range of 0.43-0.46 N-m, corresponding
to a suppression rate of 82%-83%. With the further implementation of Correction Scheme 2, the
torque ripple is decreased to 0.06-0.09 N-m, achieving suppression rates of 96%-98%. The
yellow regions in the figures represent the areas where the correction winding exhibits significant
suppression effectiveness.

A comprehensive comparison reveals that both correction schemes can substantially suppress
the torque ripple induced by the fault, with Scheme 2 providing markedly superior performance.
Moreover, in the vicinity of the optimal solution, the suppression effectiveness gradually

12
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deteriorates as the phase of the correction winding current deviates from its optimum value.
Therefore, under ITSC fault conditions, the magnitude and phase of the correction winding
current must be appropriately selected to ensure optimal torque ripple suppression performance.

4.3. Analysis of the influence of the correction winding on radial electromagnetic force
waves
The radial electromagnetic force is subjected to spatial-temporal Fourier decomposition, and
the resulting space-time distribution of the radial force waves are shown in Fig. 8. The harmonic

spectra of the radial electromagnetic force under both faulty conditions and with the correction
winding activated are obtained using the Fourier transform method.
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Fig. 8. Fourier decomposition of radial electromagnetic force waves under generator fault (a); Fourier
decomposition of radial electromagnetic force waves under corrected operation of the generator (b)
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As shown in Fig. 8, when an ITSC fault occurs, a series of even-multiple spatial harmonics
are newly introduced inside the generator, among which harmonics (+1,0f), (3,2f), (£2,0f),
(£3,0f), (-1,2f ) and (-2,2f ) exhibit the most pronounced increase. After the correction winding
is activated, these harmonics (+2,0f), (+3,0f), (-1,2f) and (2,2 f) are reduced by 1.65%,
92.61%, 97.07%, and 4.17% respectively. At the same time, the radial electromagnetic force
wave (1,0f) increases by 70.66%, and harmonic (3,2f ) increases by 71.14%.

It is evident that, with the correction winding in operation, the low-order and 2f characteristic
radial electromagnetic force waves that are primarily responsible for generator vibration are
significantly suppressed, whereas the Of harmonics that do not contribute to vibration are
increased. Therefore, the single-phase correction winding can effectively suppress the
characteristic radial electromagnetic force waves that cause vibration, thereby reducing the
vibration of the generator.

4.4. Analysis of generator exciting force and vibration respornse

In addition to examining the influence of ITSC faults on torque ripple, analysis of the
vibration characteristics of the generator is equally essental. Modal parameters represent a
critical index in the evaluation of vibration betizior. vi"ien the frequency of the electromagnetic
force approaches a natural frequency of the genérawor, even a small exciting force can induce
severe vibration, which adversely affects thz vibration performance of the generator.
Consequently, modal analysis of th= generator is essential to assess the risk of resonance. The
three-dimensional free vibration maaas of the stator under free-free boundary conditions are
shown in Fig. 9.
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Fig. 9. Three-dimensional free modal analysis of the generator stator

The material parameter of the stator core is listed in Table 3.
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Table 3. Material parameters of the stator core

Young's modulus Poisson’s ratio Stator core density

195 GPa 0.3 7650 kg/m3

Under unconstrained conditions, the three-dimensional free modal analysis of the stator is
performed, and the second- to fifth-order free modal shapes are obtained, as shown in Fig. 9.
When the frequency of the electromagnetic force approaches any of these modal frequencies,
intense vibration of the generator will be excited. Therefore, both in the design stage and under
fault conditions, electromagnetic force components close to the modal frequencies should be
avoided or minimized.

4.5. Analysis of the suppression effect of the correction wii ding on generator vibration
acceleration
The electromagnetic forces are coupled to the tnoth surfaces of the stator in the three-
dimensional structural model, and finite element hermonic response analysis of the generator
electromagnetic vibration is performed. As showi. 2 Fig. 10, the harmonic response comparison
before and after fault correction is presented for'a constant generator load.
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Fig. 10. Comparison of harmonic responses before and after fault under the same load
As can be seen from Fig. 10, under healthy operation the vibration acceleration induced by

the 2f, 4f, and 6f components is relatively large. Resonance occurs because the 8f frequency is
close to the second-order modal frequency of the stator, resulting in a sharp rise of the harmonic
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response at 8f and a corresponding increase in vibration acceleration. When the ITSC fault
occurs, the vibration acceleration at all frequencies increases, with the most pronounced rises
observed at 2f and 8f. The amplitude of vibration gradually decreases as the harmonic frequency
increases.

After the single-phase correction winding is activated, the vibration acceleration at both the
2f and 8f multiples is markedly reduced, the reduction at 2f being particularly significant. These
results demonstrate that the correction winding can effectively suppress the vibration of the
generator caused by ITSC faults.

4.6. The influence of single-phase correction windings on air-gap flux density

To further examine the effects of single-phase correction windings on generator performance,
Fig. 11 shows the generator flux density after the single-phase correction windings act in the
case of ITSC fault.

As shown in Fig. 11, under healthy operation the fundamenta!"component is dominant. When
an ITSC fault occurs, a series of odd- and even-order harmenics are introduced, with the 2nd,
3rd, and 4th harmonics exhibiting sharp increases.

After the correction winding is activated, these @dditiuial harmonics are reduced—the 2nd
harmonic by 15.02%, the 3rd by 12.36%, and 2= 4th ;,717.65%. It is clear that the single-phase
correction winding effectively suppresses the radial e.ectromagnetic force harmonics induced by
the fault, thereby alleviating magnetic field disto-tion under faulty conditions.
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Fig. 11. The waveform of the air-gap magnetic flux density of the generator after the faulty and corrected
winding operation (a) and the result of Fourier decomposition (b)

Rotor Position Angle (°)

4.7. The influence of single-phase correction windings on electromagnetic force
To further assess the influence of the single-phase correction winding on generator vibration

performance. As shown in Fig. 12, it presents the variation in radial electromagnetic force
density before and after correction.
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As observed from the figure, upon the occurrence of an ITSC fault, the electromagnetic force
distribution within the generator changes substantially, leading to sharp increases in the
amplitudes of the 1st- and 3rd-order harmonics.

With the correction winding activated, the perturbed magnetic field distribution is effectively
mitigated, resulting in reductions of 30% and 70% in the amplitudes of the 1st- and 3rd-order
harmonics, respectively.

These results demonstrate that the single-phase correction winding achieves significant
suppression of the fault-induced radial electromagnetic force waves.
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Fig. 12. Radial electromagnetic force variation curve (a) and its Fourier decomposition (b)

5. Experimental validation

5.1. Experimental platform

To verify the effectiveness of the single-phase correction winding, ITSC experiments were
conducted. The prototype test platform is shown in Fig. 13. The experimental setup consists of
a drive controller, an encoder, the prototype generator, a power analyzer, a DC power supply, a
voltage signal acquisition circuit, a variable resistor, and the prime mover that drives the
generator. The drive controller is employed to drive the generator and to regulate the current
injected into the correction winding. The variable resistor is used to emulate the contact
resistance of the short-circuit loop, while the position sensor provides real-time monitoring of
the rotor angular position.
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Fig. 13. Prototype testing platform

The winding layout of the prototype is shown in Fi¢. 14, which includes the main winding,
the short-circuited winding, and the correction winding, o simulate ITSC fault experiments,

taps are extracted from the coil located in slov . of pi.cce A winding. The contact resistance of

the fault is realized by external resistors connectzd 11 series-parallel configuration, with a fixed
resistance value of 0.1 Q. For safety censiderations, the generator is tested at a speed of
1200 rpm throughout the experiment=._ond the objective is to provide proof-of-concept

validation of the proposed electromag:etic excitation suppression mechanism under controlled

conditions.

Fig. 14. Winding structure of the prototype

The vibration testing arrangement for the generator is shown in Fig. 15.
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5.2. Analysis of experimental results

In the experiments, the improvement in vioration characteristics achieved by the proposed
correction winding configuration was validated. Vibration response data of the generator under
both ITSC fault condition and with the correction winding activated were acquired using
acceleration sensors on the test platiarim, «z shown in Fig. 16.

The experimental results reveal tha: wh2n the ITSC fault occurs, vibration is pronounced
across a wide frequency range~\fte: the correction winding is activated, the overall vibration
level of the generator decreases nouceably, the peak-to-peak acceleration distribution becomes
more uniform, and rotor pera:ion tends toward greater stability. In particular, the vibration
acceleration components inoaced by the harmonic frequencies at 2f, 4f, 6f, and 8f are markedly
reduced after the correction winding takes effect.
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. ‘Conclusion

A HSPMSG equipped with a cu.rectton winding topology is adopted in this study to mitigate
the torque ripple caused~hy ‘intersturn short-circuit faults, which can aggravate generator
vibration and compromi.= cperauunal stability. Since inter-turn faults are often accompanied by
large circulating current ai..1apid thermal deterioration in the shorted turns, practical fault
handling is normally coordinated by protection and thermal management; in this context, the
present work provides a mechanism-level approach to suppress the dominant low-order
electromagnetic excitation that drives torque ripple and vibration, which is valuable for
maintaining mechanical stability within a limited time window before safe shutdown, load
transfer, or maintenance. The torque ripple induced by inter-turn short-circuit faults is analyzed
through a magnetic-flux-based analytical model, and analytical modeling, finite element analysis
at the design target speed of 20 000 r/min, and experimental verification under 1 200 r/min for
laboratory safety are carried out. The following conclusions are obtained:

1. After the occurrence of an ITSC fault, the torque ripple component increases from
0.029 N-m to 2.609 N-m, while the average torque decreases from 14.2 N-m to 13.0 N-m. Such
deterioration not only undermines the stability of the generator’s torque output but also reduces
its power generation capability.

2. With the application of the correction winding, the torque ripple component is reduced by
74% and 97.2% in the respective test cases, and the average output torque of the generator is
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restored to 14.1 N-m. The torque ripple under ITSC conditions is effectively suppressed, thereby
improving the generator’s output power.

3. Under the action of the correction winding, the radial electromagnetic force wave is
increased by 70.66%, and the time—frequency harmonic component at order 2 rises by 71.14%.
Correspondingly, the vibration acceleration at the 2f and 8f frequency multiples is significantly
reduced, indicating that the generator vibration is effectively mitigated.
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