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Abstract 

In this study, the effects of stator winding inter-turn short-circuit faults occurring in an 

Axial Flux Synchronous Reluctance Motor (AF-SynRM) on motor performance were ex-

perimentally investigated. Within the scope of the study, a total of 12 different fault sce-

narios were created using different fault ratios and fault resistances, and the experiments 

were carried out under 4 different speed conditions and 5 different load conditions. In the 

analyses, phase current, fault current, power factor, and MTPA angle behaviors were eval-

uated. The obtained results demonstrated that significant increases in motor currents oc-

curred particularly under low fault resistance and high load conditions. In addition, it was 

determined that the faults caused variations in power factor characteristic, while the 

MTPA angle, which represents the optimum operating point of the motor, shifted depend-

ing on the fault severity. Overall, the results revealed that stator winding inter-turn short-

circuit faults (SITF) affect not only current levels but also energy conversion performance 

and control characteristics of the motor. As the first study in the literature to experimen-

tally investigate the effects of SITF in an AF-SynRM structure within this scope, it is con-

sidered that the findings obtained will provide significant contributions to fault analysis 

and fault-tolerant drive systems. 
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1. Introduction 

The continuous increase in global energy demand and the rapid depletion of fossil 

fuel resources have made energy efficiency one of the most important research topics in 

the field of electrical engineering. Since a significant portion of industrial electrical energy 

consumption is attributed to electric motors, the concepts of efficiency, power density, 

reliability, and sustainability have become critical in electrical machines [1,2]. Therefore, 

in recent years, studies on motor technologies capable of providing high efficiency, low 

cost, and environmental sustainability have increased significantly. In this context, Syn-

chronous Reluctance Motors (SynRMs) have emerged as a strong alternative to conven-

tional induction motors due to the absence of permanent magnets or rotor windings in 

their rotor structures, low rotor losses, simple manufacturing structures, and high effi-

ciency potential. Furthermore, the fact that they do not require rare-earth elements makes 

SynRM technology an economical and sustainable solution [3–5]. 
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Although conventional radial flux motors are widely used in industry, interest in 

Axial Flux (AF) motor topologies has been steadily increasing, particularly for applica-

tions requiring high torque density and compact structures. AF motors provide significant 

advantages in fields such as electric vehicles, aerospace systems, robotic applications, and 

high-performance industrial drives due to their high torque-to-volume ratio, short mag-

netic flux path, high power density, and compact geometric structure [6–8]. As a result of 

combining these advantages with SynRM technology, the Axial Flux Synchronous Reluc-

tance Motor (AF-SynRM) has recently begun to attract attention in both academic and 

industrial studies. Although AF-SynRMs involve certain challenges in terms of manufac-

turing, mechanical assembly, and magnetic design, their high efficiency and high torque 

density characteristics make them a strong alternative for next-generation electric drive 

systems [9–11]. 

Electrical machines operating under industrial conditions are exposed to many ad-

verse effects such as thermal stresses, overcurrent, vibration, humidity, voltage imbal-

ances, and aging insulation. Over time, these conditions lead to the occurrence of electrical 

and mechanical faults, reducing system reliability and causing unplanned shutdowns and 

significant economic losses [12–14]. Studies reported in the literature indicate that approx-

imately 30–40% of faults occurring in electrical motors are stator-related [12,15]. Among 

stator faults, Stator Interturn Faults (SITF), although initially appearing as minor insula-

tion degradations, can rapidly develop into severe winding damage due to high circulat-

ing currents and localized temperature increases [16]. 

Under SITF conditions, the short-circuited turns make the current distribution inside 

the motor asymmetric and negatively affect motor performance by disturbing the air-gap 

magnetic flux [17,18]. This situation leads to significant problems such as additional cop-

per losses, torque ripples, efficiency reduction, deterioration of power factor, temperature 

rise, and electromagnetic imbalances [19,20]. Particularly in AF machines, SITF effects are 

considered to become more critical due to the more complex three-dimensional magnetic 

flux distribution and electromagnetic–mechanical interactions. Therefore, a detailed in-

vestigation of the fault behavior of AF-SynRMs is of great importance in terms of motor 

reliability, predictive maintenance applications, and the development of fault-tolerant 

control strategies. 

Numerous studies have been conducted in the literature on SITF behavior in induc-

tion motors, permanent magnet synchronous motors, and radial flux SynRMs. These stud-

ies generally focus on current signal analysis, vibration-based methods, harmonic inves-

tigations, and artificial intelligence-assisted fault classification approaches [21,22]. In ad-

dition, some studies conducted on PMSMs and radial flux SynRM motors have investi-

gated the effects of fault conditions on electromagnetic performance [14,23,24]. However, 

a significant portion of the existing studies has been carried out under limited operating 

regions, and comprehensive experimental analyses evaluating power factor, fault current, 

and Maximum Torque per Ampere (MTPA) behavior together under different speed and 

load conditions remain quite limited. In particular, no experimental study investigating 

stator inter-turn short-circuit faults in AF-SynRM topologies has been found in the litera-

ture. According to the conducted literature review, there is no comprehensive experi-

mental study in AF-SynRMs in which phase current, fault current, power factor, and 

MTPA angle characteristics are jointly evaluated under different speed, load, fault sever-

ity, and fault resistance conditions. Therefore, this study not only represents the first ex-

perimental investigation of SITF effects in AF-SynRMs, but also provides an original con-

tribution to the literature through multidimensional performance analyses. 

When the existing studies in the literature are examined, it is seen that the majority 

of the research focuses on SITF detection and diagnosis, while studies investigating its 

effects on motor performance remain more limited. In particular, changes in MTPA angle 

https://doi.org/10.3390/machines14070735


Machines 2026, 14, 735 3 of 24 
 

https://doi.org/10.3390/machines14070735 

behavior, and the effects of different fault resistance levels over wide operating regions 

have been addressed only to a limited extent in the literature. In addition, no comprehen-

sive study has been found in the literature in which the effects of SITF on phase current, 

fault current, power factor, and MTPA angle behavior in AF-SynRM structures are exper-

imentally evaluated together under different speed and load regions. However, MTPA 

angle deviations caused by SITF directly affect the torque produced per unit current, re-

sulting in deterioration of control performance. Similarly, changes occurring in power fac-

tor maps provide important insights for better understanding the motor behavior under 

different operating conditions. 

In this study, the effects of SITF occurring in an AF-SynRM on motor performance 

were experimentally investigated under different operating conditions. Within the scope 

of the study, a specially designed AF-SynRM prototype was manufactured, and con-

trolled fault scenarios were created using different fault resistances by bringing the stator 

winding terminals outside the motor. The motor was experimentally tested at four differ-

ent speed levels (500, 1000, 1500, and 2000 rpm) and five different load conditions (25%, 

50%, 75%, 100%, and 115%). In addition, the effects of different fault levels and fault re-

sistance values on motor behavior were systematically evaluated. 

Using the obtained extensive experimental dataset, phase current, fault current, 

power factor, and MTPA angle behaviors were comparatively analyzed, and the perfor-

mance variations of the motor under fault conditions were comprehensively demon-

strated through performance maps. It is observed that studies experimentally investigat-

ing SITF in AF-SynRM structures at this level are very limited in the literature. From this 

perspective, the present study represents one of the first comprehensive experimental in-

vestigations in which SITF effects in AF-SynRMs are multidimensionally evaluated under 

different speed, load, fault severity, and fault resistance conditions. 

The main contributions of this study can be summarized as follows: 

• Comprehensive experimental investigation of SITF behavior occurring in AF-SynRM 

structures; 

• Multidimensional evaluation of motor performance under different fault levels and 

fault resistance conditions; 

• Comparative analysis of phase current, fault current, power factor, and MTPA angle 

parameters; 

• Generation of experimental performance maps covering wide operating regions; 

• Providing an experimental basis for future fault diagnosis, predictive maintenance, 

and fault-tolerant drive systems by revealing fault-induced performance variations 

in AF-SynRMs. 

The obtained results are intended to contribute to a better understanding of the elec-

tromagnetic and operational behavior of AF-SynRMs under SITF conditions and to pro-

vide a useful reference for future fault-tolerant control and diagnosis methods. 

2. AF-SynRM Structure and SITF Modeling 

2.1. AF-SynRM Topology and Motor Structure 

SynRMs have significant advantages such as high efficiency, low rotor losses, and 

simple manufacturing structure due to the absence of rotor windings or permanent mag-

nets in their rotor structures. These features make SynRM technology a strong alternative 

for industrial drive systems. In recent years, studies on AF motor topologies have accel-

erated due to the increasing demand for high torque density and compact structures. In 

AF machines, unlike radial flux motors, the magnetic flux completes its path in the axial 

direction. Owing to this structure, a shorter magnetic flux path, higher power density, and 

a higher torque-to-volume ratio can be achieved [10,25]. 
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The AF-SynRM topology used in this study is shown in Figure 1. The motor structure 

was designed using a single stator–single rotor (single-sided) AF configuration. In this 

topology, the magnetic flux completes its path in the axial direction, contributing to the 

achievement of a compact structure and high torque density. Flux barriers enabling reluc-

tance torque production were employed in the rotor structure, and no rotor winding or 

permanent magnet was used on the rotor. Owing to this structure, rotor copper losses 

were eliminated, supporting the high-efficiency characteristic of the motor. 

 

Figure 1. AF- SynRM (1. stator, 2. winding, and 3. rotor). 

In the AF-SynRM configuration shown in Figure 1, the stator windings have a con-

ventional three-phase distributed winding configuration. The rotor structure consists of 8 

poles, each containing 4 flux barriers [8]. The rotor geometry is designed to create a dis-

tinct reluctance difference between the d and q axes. This reluctance difference forms the 

fundamental mechanism for electromagnetic torque generation in SynRM motors. The 

three-dimensional magnetic flux distribution generated in the AF topology contributes to 

the motor’s high torque density, whilst also making the effects of electromagnetic asym-

metries arising under fault conditions more critical. The main technical specifications of 

the AF-SynRM are summarized in Table 1. 

Table 1. Technical specifications of the AF-SynRM. 

Parameter Value 

Rated power 1.5 kW 

Rated speed 1500 rpm 

Pole number 8 

Slot number 48 

Rated voltage (line to line) 380 V 

Rated current 5.2 A 

Stator outer /inner diameter 210/150 mm 

Air-gap length 0.3 mm 

Total stack length 88.3 mm 

Rotor topology Axial-flux SynRM 
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2.2. Stator Interturn Fault (SITF) in the AF-SynRM 

SITF occurring in electrical machines arises as a result of the weakening of the insu-

lation structure due to thermal, electrical, or mechanical stresses. These faults, which ini-

tially appear as minor insulation degradations, cause high circulating currents to flow 

through the short-circuited turns and can rapidly develop into severe winding damage 

[26,27]. 

The SITF condition occurring in the AF-SynRM is illustrated in Figure 2. Under fault 

conditions, the short-circuited turns form a low-impedance closed current loop, causing 

the generation of a fault loop current (𝑖𝑓). This circulating current leads to local tempera-

ture rise, additional copper losses, and electromagnetic imbalances. Furthermore, due to 

the short-circuited turns, the phase impedance changes and the current distribution 

within the motor becomes asymmetric [19,20]. 

 

Figure 2. SITF occurrence and fault current path in the AF-SynRM. 

The electromagnetic asymmetry caused by SITF disrupts the magnetic flux distribu-

tion in the air gap, negatively affecting the operating characteristics of the motor. This 

condition may lead to various problems such as phase current imbalance, torque ripples, 

increased vibration, efficiency reduction, and deterioration of the power factor [19,20]. 

Particularly in AF machines, due to the three-dimensional nature of the magnetic flux, the 

effects of such electromagnetic disturbances on motor performance are considered to be-

come more pronounced. 

In this study, in order to create different fault levels, specific points of the stator wind-

ings were brought outside the motor, and controlled SITF scenarios were established us-

ing different fault resistances (𝑅𝑓). The fault level was expressed by the parameter, which 

is defined as the ratio of the number of short-circuited turns to the total number of turns. 

2.3. Mathematical Modeling of SITF in the AF-SynRM 

In order to analyze the electromagnetic behavior of the AF-SynRM under SITF con-

ditions, the voltage equations of the motor in the abc reference frame were established. 

Under fault conditions, the phase voltages and current distributions become asymmetric 
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due to the short-circuited turns. Therefore, the fault loop current (𝑖𝑓) and 𝑅𝑓  parameters 

were included in the model [22,27]. 

The voltage equations of the AF-SynRM in the abc reference frame under SITF con-

ditions are expressed as follows: 

[

𝑉𝑎

𝑉𝑏

𝑉𝑐

𝑉𝑓

] = [

𝑅𝑠 0 0 −𝜇𝑅𝑠

0 𝑅𝑠 0 0
0 0 𝑅𝑠 0

𝜇𝑅𝑠 0 0 −𝜇𝑅𝑠 − 𝑅𝑓

] [

𝑖𝑎

𝑖𝑏

𝑖𝑐

𝑖𝑓

] + [

𝐿 𝑀 𝑀 −𝜇𝐿
𝑀 𝐿 𝑀 −𝜇𝑀
𝑀 𝐿 𝑀 −𝜇𝑀

−𝜇𝐿 𝜇𝑀 𝜇𝑀 −𝜇2𝐿

]
𝑑

𝑑𝑡
[

𝑖𝑎

𝑖𝑏

𝑖𝑐

𝑖𝑓

]  (1) 

𝜇 =
𝑁𝑓

𝑁𝑆

  (2) 

𝐿 = 𝐿1𝑠 + 𝐿𝐴 + 𝐿𝐵 (3) 

𝑀 = −0.5𝐿𝐴 + 𝐿𝐵 (4) 

Here, 𝑉𝑎, 𝑉𝑏 , 𝑉𝑐 represent the phase voltages, 𝑉𝑓 the inter-winding fault voltage, 𝑅𝑠 

the stator winding resistance, 𝑖𝑎, 𝑖𝑏, 𝑖𝑐, the phase currents, 𝑖𝑓 the fault current, and 𝑅𝑓 

the fault resistance; 𝑀 represents the mutual inductance between the stator windings, 𝑁𝑆 

represents the total number of windings and 𝑁𝑓 represents the number of short-circuited 

windings, 𝐿 a, b and c are the self-inductances of the a, b and c phases, 𝐿𝑙𝑠 is the leakage 

inductance, and 𝐿𝐴 is the average value of the self-inductance; 𝐿𝐵 is the amplitude of the 

sinusoidal fluctuation around this average value, and the fault ratio 𝜇 is defined as fol-

lows. 

In order to analyze the dynamic behavior of the motor more effectively, the equations 

in the abc reference frame were transformed into the 𝑑𝑞 reference frame using the Park 

transformation. The voltage equations of the AF-SynRM 𝑑𝑞-axis model under SITF con-

ditions are given below: 

𝑉𝑑 = 𝑅𝑠𝑖𝑑 − 𝜔𝑒𝐿𝑞𝑖𝑞 + 𝐿𝑑
𝑑𝑖𝑑

𝑑𝑡
+ ∆𝑉𝑑𝑓  (5) 

𝑉𝑞 = 𝑅𝑠𝑖𝑞 + 𝜔𝑒𝐿𝑑𝑖𝑑 + 𝐿𝑞
𝑑𝑖𝑞

𝑑𝑡
+ ∆𝑉𝑞𝑓  (6) 

∆𝑉𝑑𝑓 = −
2

3
𝜇𝑅𝑠𝑖𝑓 cos(𝜃) −

2

3
𝜇𝐿𝑑𝑖𝑓 cos(𝜃)

𝑑𝑖𝑓

𝑑𝑡
+

2

3
𝜇𝜔𝑒𝑖𝑓(𝐿𝑑 − 𝐿𝑞) sin(𝜃)  (7) 

∆𝑉𝑞𝑓 =     
2

3
𝜇𝑅𝑠𝑖𝑓 sin(𝜃) +

2

3
𝜇𝐿𝑞𝑖𝑓 sin(𝜃)

𝑑𝑖𝑓

𝑑𝑡
+

2

3
𝜇𝜔𝑒𝑖𝑓(𝐿𝑑 sin(𝜃) − 𝐿𝑞 cos(𝜃))  (8) 

Here, 𝑖𝑑  and 𝑖𝑞   represent the d-q axis currents, and  𝜔𝑒  represents the rotating 

magnetic field speed, while ∆𝑉𝑑𝑓  and ∆𝑉𝑞𝑓  represent the fault voltages in the dq-axis. 

The inductances in the d-q axes, 𝐿𝑑 and 𝐿𝑞 are calculated using Equation 9 and Equation 

10, respectively. The electromagnetic asymmetry caused by SITF leads to variations in the 

dq-axis inductances and directly affects the current distribution of the motor. 

𝐿𝑑 = 𝐿𝑙𝑠 +
3

2
(𝐿𝐴+𝐿𝐵)  (9) 

𝐿𝑞 = 𝐿𝑙𝑠 +
3

2
(𝐿𝐴−𝐿𝐵)  (10) 

Through this mathematical model, the effects of SITF on phase currents, fault current, 

electromagnetic torque production, power factor, efficiency, and MTPA angle behavior 

can be analyzed. 

2.4. Electromagnetic Torque, MTPA Angle, and Power Factor Expressions 

Certain performance parameters can be calculated from the three-phase current and 

voltage input data of electrical machines. The values 𝑉𝑑, 𝑉𝑞 , 𝑖𝑑 and 𝑖𝑞  are obtained using 

Park-Clarke transformations. In SynRMs, electromagnetic torque production occurs due 
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to the reluctance difference between the 𝑑- and 𝑞-axes. The magnetic asymmetry occur-

ring under SITF conditions affects this reluctance difference, leading to changes in the 

torque production characteristics of the motor [3,28]. The electromagnetic torque equation 

of the AF-SynRM is expressed as follows: 

𝑇𝑒 =
3

2

𝑃

2
(𝐿𝑑−𝐿𝑞)𝑖𝑑𝑖𝑞   (11) 

MTPA angle control is widely used in SynRM drives to achieve maximum torque 

production per unit current. However, when SITF occur, the symmetry of the phase wind-

ings is disrupted, resulting in an asymmetric rotating field. This situation leads to signifi-

cant electromagnetic imbalances in the flux distribution within the motor’s air gap and 

non-linear changes in the 𝑑 and 𝑞 axis inductances (𝐿𝑑, 𝐿𝑞), which directly affect the re-

luctance torque. As a result, the operating point may deviate from the optimum MTPA 

condition, leading to changes in the current vector trajectory. 

To investigate this behavior, the current vector angle was calculated as: 

𝜃 = tan−1 𝑖𝑞

𝑖𝑑
  (12) 

Here, 𝜃  represents the current vector angle in the dq reference frame, calculated 

from the measured 𝑖𝑑 and 𝑖𝑞  components. In this study, it is used to evaluate the oper-

ating point of the machine and to investigate changes in the MTPA operating trajectory 

under different fault conditions. 

AF-SynRM power factor is calculated from the current and voltage values on the d- 

and q-axis pairs as follows: 

cos(𝜑) =
𝑉𝑑𝑖𝑑 + 𝑉𝑞𝑖𝑞

|𝑉||𝑖𝑠|
  (13) 

Using the mathematical model and experimental infrastructure established in this 

study, the performance variations of the AF-SynRM under different fault levels and fault 

resistance conditions were comprehensively investigated. In particular, by jointly evalu-

ating the variations in phase current, fault current, power factor, and MTPA angle behav-

ior, the effects of SITF on AF-SynRM performance were analyzed multidimensionally. 

3. Experimental Setup and Data Acquisition 

3.1. Experimental Test Bench 

In this study, a comprehensive experimental test setup was established in order to 

investigate the performance variations of the AF-SynRM under SITF conditions. The ex-

perimental system consists of a test motor, load motor, motor drive, data acquisition sys-

tem, and fault generation infrastructure. The experimental setup is shown in Figure 3. 

The tested AF-SynRM and the load motor were mechanically coupled on the same 

shaft axis through a coupling mechanism. The system was controlled via the drive and 

operated under different speed and load conditions. During the experiments, the motor 

speed information was monitored through the encoder, while the electromagnetic torque 

values were obtained using the drive outputs and the torque measurement system. Thus, 

the motor behavior under different operating conditions could be analyzed under steady-

state operation. 

Within the scope of the experimental study, the motor was tested at four different 

speed levels (500, 1000, 1500, and 2000 rpm) and five different load conditions (25%, 50%, 

75%, 100%, and 115%). The load conditions used throughout the experiments were de-

fined as percentages of the rated motor torque. Based on the rated torque of 2.55 N·m, the 

applied load levels of 25%, 50%, 75%, 100%, and 115% correspond to approximately 0.64, 

1.28, 1.91, 2.55, and 2.93 N·m, respectively. Thanks to this experimental structure covering 

a wide operating region, the performance variations of the AF-SynRM under different 

fault conditions could be investigated in detail. 
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Figure 3. AF-SynRM experimental setup (1. Eddy Current Brake, 2. Torque Sensor, 3. Prototype 

Motor, 4. Eddy Current Brake Drive, 5. Data Acquisition Card, 6. Control Unit, 7. ACS880 Motor 

Drive, 8. External Resistance, 9. Faulty Winding Connection Point). 

An eddy current brake was used as the loading element in the experimental setup. 

The eddy current brake produces load torque proportional to the DC excitation voltage 

applied to the pole windings. The system operates within a 0–48 V DC excitation voltage 

range and can generate a maximum torque of 20 Nm within this range. The maximum 

operating speed of the eddy current brake is 4000 rpm, and it is designed for continuous 

duty operation (S1). In addition, the system operates with a 48 V DC excitation voltage 

and a 2.2 A DC excitation current. Owing to these characteristics, the motor could be tested 

stably under different load conditions throughout the experiments. 

All experiments were performed using an ACS880 drive operating in Direct Torque 

Control (DTC) mode. Thanks to its rapid torque and flux regulation capability, the DTC 

algorithm can partially compensate for distortions caused by inter-winding short-circuit 

faults by continuously adjusting the current vector. Therefore, some fault-related symp-

toms may appear less pronounced, especially under low-severity fault conditions. How-

ever, the experimental results show the effects of SITF through changes in fault current, 

phase current behavior, power factor, and MTPA characteristics as fault severity in-

creases. Consequently, the potential impact of the control strategy was considered when 

interpreting the experimental findings. 

A rotary-type torque sensor was used in the experimental setup to measure the me-

chanical quantities obtained from the motor shaft. The sensor has a maximum torque 

measurement capacity of 20 Nm and produces a 5 V analog signal at full-scale output. In 

addition, it was configured to provide a 5 V output at 5000 rpm for speed measurement 

and supports a maximum operating speed of 20,000 rpm. Thanks to its low-inertia struc-

ture, the measurement system enables precise torque measurements under dynamic op-

erating conditions. 

To ensure reliable and repeatable measurements, all experiments were carried out 

under thermally stable operating conditions. Before data acquisition, the motor was oper-

ated until its temperature reached a steady state, and measurements were started only 

after the temperature variation became sufficiently small. During the experiments, the 
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motor temperature was periodically monitored using an infrared thermal camera to verify 

comparable thermal conditions for both healthy and faulty operating states. Although 

temperature rise is an important consequence of inter-turn short-circuit faults, the pri-

mary objective of this work was to investigate the electrical performance variations caused 

by SITF. Therefore, a detailed thermal analysis was not included in the scope of the pre-

sent study and is considered as a topic for future work. 

3.2. SITF Generation and Fault Scenarios 

In order to create controlled SITF scenarios in the AF-SynRM, specific connection 

points of the stator windings were brought outside the motor. Thanks to this structure, 

controlled fault conditions could be established by connecting different fault resistances 

across the short-circuited turns. Through the experimental fault infrastructure, different 

fault levels and fault resistance combinations were applied in a safe and repeatable man-

ner. 

The fault level was defined by the parameter μ, which represents the ratio of the 

number of short-circuited turns (5,10,15 turns) to the total number of turns (416 turns). In 

this context, 𝜇1, 𝜇2, 𝜇3 and 𝜇4 conditions representing different fault levels were estab-

lished and expressed as percentages. In addition, three different 𝑅𝑓 were used in order to 

vary the current level in the fault loop. The fault resistance values were determined 

through preliminary experimental tests carried out on the developed setup. As no stand-

ard fault resistance values are available in the literature for AF-SynRM inter-turn fault 

studies, several resistance levels were initially examined. The values of 4.2 Ω, 7.1 Ω, and 

9.2 Ω were selected because they produced clearly distinguishable fault-current responses 

while ensuring stable operation during the experiments. The generated experimental sce-

narios and related parameters are presented in Table 2. 

Table 2. Fault severity and fault resistance combinations used in SITF experimental scenarios. 

Case 1 2 3 4 5 6 

𝝁 0 0 0 0.012 0.012 0.012 

𝑹𝒇 4.2 7.1 9.2 4.2 7.1 9.2 

Case 7 8 9 10 11 12 

𝝁 0. 024 0. 024 0.024 0.036 0.036 0.036 

𝑹𝒇 4.2 7.1 9.2 4.2 7.1 9.2 

It should be noted that the repeated (µ = 0) entries in Table 2 were not intended to 

represent different healthy operating conditions. Instead, they were included to establish 

a common baseline for each fault resistance scenario and to facilitate a systematic investi-

gation of fault development. In practice, inter-turn faults originate from localized insula-

tion deterioration and evolve progressively as the degradation mechanism advances. Ac-

cordingly, each fault resistance scenario was defined starting from the healthy operating 

condition and extended toward increasing fault severities. This experimental framework 

allows the effects of fault severity and fault resistance to be evaluated relative to a con-

sistent reference condition[29]. 

Figure 4 illustrates the equivalent phase winding circuit of the AF-SynRM under SITF 

conditions. During the fault condition, a circulating fault current (𝑖𝑓) flows through the 

short-circuited turns and circulates over the fault resistance (𝑅𝑓). This circulating current 

causes phase current asymmetry, additional copper losses, and electromagnetic imbal-

ances within the motor. In addition, as the ratio of short-circuited turns increases, the elec-

tromagnetic characteristics of the fault loop change, resulting in more noticeable effects 

on motor performance. 
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Figure 4. Equivalent phase winding circuit model of AF-SynRM under SITF conditions. 

The experimental scenarios were designed not only to include different fault severi-

ties and fault resistances, but also to cover a wide operating region in terms of speed and 

load conditions. Thus, the effects of SITF on AF-SynRM performance were evaluated mul-

tidimensionally over a wide operating range. 

3.3. Data Acquisition System 

In the experimental studies, a National Instruments-based modular data acquisition 

system was used in order to measure electrical quantities simultaneously and with high 

accuracy. The data acquisition infrastructure consists of an NI cDAQ-9174 modular data 

acquisition chassis and related measurement modules. Thanks to the multi-channel and 

simultaneous data acquisition capability of the employed system, different electrical sig-

nals could be analyzed using the same time reference. 

The main hardware components used in the experimental measurement system are 

presented in Table 3. 

Table 3. Components of the experimental measurement system. 

Equipment Model Purpose 

DAQ system NI cDAQ-9174 Synchronized data acquisition 

Current module NI9227 Three phase current measurement 

Voltage module NI9225 Three phase voltage signals 

Voltage module NI9239 Torque and speed signals 

The NI9227 current module was used for current measurements. Through this mod-

ule, the three-phase currents of the motor (𝑖𝑎, 𝑖𝑏, 𝑖𝑐) and the fault current (𝑖𝑓) occurring 

under fault conditions were directly measured. Thus, the current asymmetries caused by 

SITF could be analyzed with high accuracy. The NI9225 voltage module was used for 

voltage measurements. Analog torque and speed data acquired from the driver were rec-

orded using the NI 9239 module. 

The employed data acquisition modules have 24-bit resolution and hardware-based 

anti-aliasing filter features. In addition, since simultaneous data acquisition from all chan-

nels was possible, phase relationships and fault-induced electrical variations could be in-

vestigated with high precision. 

3.4. Experimental Data Acquisition Procedure 

The experimental data acquisition procedures were carried out under a systematic 

procedure. First, the operating condition of the motor (healthy or faulty) was determined, 

followed by the selection of the fault level and fault resistance. Then, the motor was oper-

ated at the specified speed level, and the corresponding load ratio was applied through 

the load motor. 
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After the system reached steady-state operating conditions, the data acquisition pro-

cess was initiated. All measurements were performed with a sampling frequency of 25 

kHz, and a 5 s data recording was obtained for each operating point. The selected sam-

pling frequency was preferred in order to analyze fault-induced electrical variations with 

sufficient temporal resolution. 

To improve the reliability of the experimental measurements, each operating point 

was repeated three times, and the average values of the obtained data were used. In this 

way, measurement consistency and experimental repeatability were ensured. 

The experimental dataset generated within the scope of this study covers a wide op-

erating region including different combinations of speed, load, fault level, and fault re-

sistance. Thanks to this structure, the performance variations of the AF-SynRM under 

SITF conditions could be analyzed multidimensionally. Figure 5 shows the flowchart of 

the experimental data collection setup. 

 

Figure 5. Experimental Data Acquisition and Signal Processing Flowchart. 

3.5. Data Processing and Signal Analysis 

Data acquisition and preprocessing processes were carried out using specialized soft-

ware developed within the LabVIEW 2011 (National Instruments) environment. Through 

the developed software, all signals obtained during the experiments were synchronously 

recorded and stored in a suitable format for analysis. 
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Using the collected experimental data, phase current, fault current, power factor, and 

MTPA angle parameters were calculated. In addition, performance maps showing the 

performance variations of the AF-SynRM were generated using the data obtained under 

different operating conditions. 

Thanks to this comprehensive experimental infrastructure, the electrical performance 

variations of the AF-SynRM under SITF conditions were investigated with high accuracy, 

and the effects of different fault scenarios on motor behavior were analyzed in detail. 

4. Result and Discussion 

In this section, the effects of SITF created in the AF-SynRM on the electrical perfor-

mance and control characteristics of the motor were experimentally investigated. Within 

the scope of the analyses, phase current (𝑖𝑏), fault current (𝑖𝑓), power factor (cos 𝜑), and 

maximum torque per ampere (MTPA) angle behavior were evaluated under different 

speed, load, fault level, and fault resistance conditions. Thus, not only the effects of SITF 

on current magnitudes but also its effects on the energy conversion performance and con-

trol behavior of the motor were comprehensively revealed. 

4.1. Effect of SITF Severity on Faulty Phase Current (𝑖𝑏) 

The faulty phase current (𝑖𝑏) is one of the most critical indicators for evaluating the 

electromagnetic effects of SITF on the motor. The low-impedance current path formed by 

the short-circuited turns causes significant imbalances in the phase current distribution 

and increases current stress, particularly under high-load conditions. 

Figure 6 presents the 𝑖𝑏 current distribution of the AF-SynRM under healthy oper-

ating conditions. Under healthy conditions, it is observed that the 𝑖𝑏 current increases 

regularly with increasing speed and load. In particular, the current value becomes higher 

in high-load regions. However, under healthy operating conditions, the current distribu-

tion exhibits a highly stable and symmetrical characteristic. 

 

Figure 6. Speed–load distribution of the 𝑖𝑏 current under healthy operating conditions. 

Figure 7a presents the 𝑖𝑏current distributions for different fault severities under con-

stant fault resistance 𝑅𝑓1  conditions. As the fault severity increases, the phase current 

gradually rises, with the most pronounced changes occurring in the high-speed and high-

load operating regions. In particular, the 𝜇4 condition exhibits a noticeable expansion of 

the high-current zones across the operating map. This behavior can be attributed to the 

increased electromagnetic asymmetry and the reduction in the effective phase impedance 

caused by the growing number of short-circuited turns. 
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(a) 

 
(b) 

Figure 7. Phase current characteristics under constant 𝑅𝑓1 conditions (a). absolute 𝑖𝑏 current dis-

tributions for different SITF levels (b). Phase current deviation relative to the healthy condition for 

different SITF levels. 

To provide a clearer view of the fault-induced current variation, Figure 7b presents 

the current deviation relative to the healthy operating condition, calculated using Equa-

tion 14. Unlike the absolute current distributions shown in Figure 7a, this representation 

directly highlights the regions where the fault alters the phase current. The results indicate 

that the magnitude and spatial extent of the current deviation increase with fault severity. 

Consistent with the observations in Figure 7a, the 𝜇4 case exhibits the largest positive 

current deviations over a broad operating region, confirming the stronger influence of 

severe inter-turn faults on the electrical behavior of the machine. 

∆𝐼 = 𝐼𝑓𝑎𝑢𝑙𝑡 − 𝐼ℎ𝑒𝑎𝑙𝑡ℎ𝑦  (14) 
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Figure 8 presents a comparative analysis of the phase-current characteristics obtained 

under healthy and different fault-severity conditions at 1500 rpm and 100% load. As 

shown in Figure 8a, the phase-current waveform generally preserves its sinusoidal nature 

under all operating conditions. However, fault conditions introduce noticeable changes 

in both waveform shape and current magnitude. The enlarged view reveals that the faulty 

cases exhibit a more irregular current profile compared to the healthy condition, indicat-

ing the influence of the circulating current generated within the short-circuited turns. In 

addition, the RMS current increases from approximately 4.23 A in the healthy condition 

to about 4.52–4.56 A under fault conditions. 

 
(a) 

 
(b) 

 
(c) 

Figure 8. Comparison of phase-current characteristics under healthy and different fault-severity 

conditions at 1500 rpm and 100% load. (a) Time-domain 𝑖𝑏 current waveforms and corresponding 

RMS values. (b) FFT spectra of the same signals presented in dB scale. (c) Enlarged views of selected 

harmonic components (300 Hz and 900 Hz) highlighting the fault-induced spectral variations. 

To further investigate these variations, Figure 8b presents the corresponding FFT 

spectra of the phase-current signals. In order to improve the visibility of fault-related spec-
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tral changes, the FFT amplitudes are presented in dB scale. Although the fundamental 

component remains dominant, noticeable differences can be observed in several harmonic 

components under fault conditions. For a more detailed comparison, enlarged views of 

the 300 Hz and 900 Hz harmonic components are presented in Figure 8c. These frequen-

cies correspond to the 3rd and 9th harmonics of the fundamental component and were 

selected for detailed investigation because previous studies have shown that these har-

monic components are particularly sensitive to the presence of stator inter-turn faults in 

synchronous reluctance motor drives [27]. Therefore, they were selected for detailed in-

vestigation in the present study. The results show that the amplitudes of these harmonics 

increase under fault conditions compared with the healthy case, and the differences be-

come more distinguishable in the dB representation. These findings indicate that SITF af-

fects not only the time-domain behavior of the phase current but also its frequency-do-

main characteristics, providing additional information about the electrical response of the 

machine under different fault severities. 

The general trends observed in Figure 7 are more clearly supported by the repre-

sentative experimental results presented in Table 4 for different speed and load condi-

tions. When the table is examined, it is observed that the increase in the faulty phase cur-

rent becomes more pronounced, especially under high-load conditions. For example, un-

der the 2000 rpm and 115% load condition, the 𝑖𝑏 current, which is approximately 5.06 A 

in the healthy condition, reaches up to 5.35 A in some SITF scenarios. This result indicates 

that the motor windings are subjected to higher current stress, particularly under high 

electromagnetic loading conditions. 

Table 4. Representative 𝑖𝑏 current values and percentage variations under different SITF condi-

tions. 

𝒊𝒃 (A) Current 

RPM 
LOAD 

(%) 
Healthy 

𝝁𝟏 𝝁𝟐 𝝁𝟑 𝝁𝟒 

𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 

500 

25 2.2442 2.2521 2.2796 2.1873 2.2435 2.2774 2.2418 2.2665 2.3509 2.4053 2.2586 2.2677 2.2644 

50 2.8531 2.8489 2.8620 2.7120 2.8354 2.7990 2.8187 2.8729 2.8362 2.9512 2.8050 2.8418 2.8651 

75 3.6972 3.7213 3.7189 3.6302 3.7333 3.7089 3.6846 3.7196 3.7166 3.8151 3.7010 3.8091 3.7326 

100 4.4280 4.3913 4.3410 4.3206 4.3944 4.4001 4.3251 4.3364 4.3575 4.4472 4.4258 4.4373 4.4245 

115 4.6929 4.6235 4.6668 4.6598 4.7285 4.6733 4.7346 4.6801 4.7080 4.7926 4.7441 4.7041 4.7229 

1000 

25 2.1823 1.9664 1.9745 2.0338 2.0385 2.0515 2.0799 2.0607 2.1636 2.0733 2.1257 2.1670 2.1146 

50 2.8293 2.7400 2.7107 2.7575 2.7921 2.8148 2.8323 2.8565 2.8962 2.9072 2.8911 2.8943 2.8958 

75 3.5350 3.4725 3.4568 3.4704 3.5121 3.4824 3.4858 3.5298 3.4945 3.5454 3.5562 3.5303 3.5691 

100 4.3435 4.2614 4.2425 4.3002 4.3107 4.3245 4.3329 4.3397 4.3873 4.3742 4.3895 4.4218 4.4250 

115 4.8458 4.7332 4.7902 4.8209 4.8290 4.8496 4.8658 4.8309 4.8397 4.8903 4.9127 4.9127 4.9145 

1500 

25 2.1418 1.9499 1.9605 1.9979 2.0106 2.0479 2.0842 2.0737 2.0683 2.1257 2.0924 2.1459 2.1622 

50 2.8117 2.7254 2.6928 2.7329 2.7098 2.7817 2.7326 2.8088 2.8614 2.8627 2.9418 2.9415 2.8719 

75 3.4702 3.3712 3.3640 3.3878 3.4006 3.4762 3.4277 3.4314 3.4716 3.5127 3.5381 3.5361 3.5051 

100 4.2472 4.1243 4.1572 4.1965 4.1929 4.2068 4.2082 4.2492 4.2092 4.3252 4.3514 4.3111 4.2825 

115 4.8257 4.7679 4.7939 4.7891 4.8304 4.8172 4.8540 4.9038 4.8737 4.8906 4.9912 4.9172 4.9206 

2000 

25 2.1318 1.8499 1.8888 1.9160 1.9173 1.9220 2.0168 1.9595 2.0152 2.0339 2.0416 2.0803 2.1127 

50 2.7618 2.6458 2.6847 2.6668 2.7185 2.7257 2.7518 2.7954 2.7981 2.8039 2.9012 2.9461 2.8749 

75 3.5279 3.5137 3.5098 3.4938 3.5598 3.5477 3.5802 3.6200 3.6501 3.6216 3.7349 3.7418 3.6870 

100 4.4070 4.4318 4.4348 4.4334 4.5426 4.4811 4.4661 4.5960 4.5620 4.5626 4.6981 4.6368 4.6076 

115 5.0594 5.1573 5.1210 5.1611 5.3578 5.1655 5.1648 5.2442 5.2373 5.2207 5.3749 5.3465 5.2951 

On the other hand, the results also reveal that the variation in the current does not 

depend solely on the fault level. At some operating points, medium-level faults were ob-

served to produce higher current values. The main reason for this is that the variation in 

the number of short-circuited turns affects not only the current magnitude but also the 

impedance of the fault loop and the magnetic coupling structure. Therefore, it can be 
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stated that the SITF effect in the AF-SynRM is shaped by the electromagnetic interaction 

jointly determined by fault level, fault resistance, and operating conditions. 

These results indicate that SITF significantly increases the electromagnetic and ther-

mal stress of the motor, particularly in high-speed and high-load regions. The increases in 

phase current not only raise the copper losses but also increase the inverter current stress, 

thereby negatively affecting the operational reliability of the motor drive system. 

4.2. Effect of SITF on Fault Current Characteristics (𝑖𝑓) 

In interturn short-circuit faults, the fault loop current 𝑖𝑓 is one of the most important 

parameters directly representing the physical effect of the fault. Under healthy operating 

conditions, no 𝑖𝑓 current is generated since there is no short-circuit loop. Therefore, the 

variation of the 𝑖𝑓 current under different fault levels, fault resistances, speed, and load 

conditions is of critical importance for evaluating the electromagnetic effects of SITF. 

Figure 9 presents the variation of the 𝑖𝑓 current in the speed–load plane for different 

short-circuited turn ratios under constant 𝑅𝑓1 conditions. When the graph is examined, it 

is observed that the 𝑖𝑓 current is more sensitive to motor speed than to load variation. In 

particular, as the speed increases from 500 rpm to 2000 rpm, the induced voltage in the 

fault loop increases, and accordingly the 𝑖𝑓 current rises significantly. This result indi-

cates that the fault loop behaves as magnetically coupled with the air-gap flux rather than 

directly with the main winding currents, and that speed is one of the main determining 

parameters in the SITF mechanism. 

 

Figure 9. Variation of the 𝑖𝑓  current in the speed–load plane for different SITF levels under constant 

𝑅𝑓1 conditions. 

Figure 10 presents the variation of the 𝑖𝑓 current with load at a constant speed of 

1500 rpm for all fault levels and fault resistances. This graph clearly demonstrates the lim-

iting effect of fault resistance on 𝑖𝑓. Under the low fault resistance condition 𝑅𝑓1, the 𝑖𝑓 

values are at the highest levels for all fault conditions, whereas the current levels decrease 

significantly under 𝑅𝑓2 and 𝑅𝑓3 conditions. This result indicates that fault resistance is 

the main parameter limiting the circulating current in the short-circuit loop. 
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Figure 10. Variation of the 𝑖𝑓  current with load at 1500 rpm for different SITF levels and fault re-

sistances. 

The experimental results presented in Table 5 quantitatively support this trend. For 

example, under the 1500 rpm and 115% load condition, the 𝑖𝑓 value is 3.8627 A for (𝜇1-

𝑅𝑓1), whereas under the same conditions this value decreases to 1.9692 A for (𝜇1-𝑅𝑓3). Sim-

ilarly, under the 2000 rpm and 115% load condition, the i_f value reaches 4.4653 A for (𝜇1-

𝑅𝑓1), while it remains at 2.2843 A for (𝜇1-𝑅𝑓3). These results indicate that the increase in 

fault resistance significantly limits the current in the short-circuit loop. 

Table 5. 𝑖𝑓 current values under different speed, load, fault level, and fault resistance conditions. 

𝒊𝒇 (A) Current  

RPM LOAD (%) 
𝝁𝟏 𝝁𝟐 𝝁𝟑 𝝁𝟒 

𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 

500 

25 1.4007 1.0473 0.7112 1.2758 0.9502 0.6795 1.1546 0.8898 0.6602 1.0321 0.7561 0.5551 

50 1.4807 1.1053 0.7246 1.3469 0.9721 0.7154 1.2180 0.8847 0.6769 1.0553 0.7726 0.5833 

75 1.6008 1.1917 0.7921 1.4677 1.0606 0.7700 1.3077 0.9498 0.7175 1.1446 0.8699 0.6237 

100 1.6178 1.1723 0.8154 1.4828 1.0749 0.7541 1.2641 0.9277 0.7047 1.1720 0.8516 0.6238 

115 1.5860 1.1790 0.8462 1.4911 1.0657 0.7858 1.3014 0.9528 0.7366 1.2021 0.8405 0.6239 

1000 

25 2.2483 1.6698 1.2081 2.1198 1.5582 1.1263 1.9109 1.4587 0.9895 1.7564 1.2915 0.9014 

50 2.5009 1.8226 1.2970 2.3146 1.6985 1.2274 2.115 1.5632 1.1275 1.9102 1.3805 0.9779 

75 2.6374 1.9321 1.3501 2.4214 1.7353 1.2138 2.1719 1.5177 1.1050 1.9475 1.3662 0.9941 

100 2.7353 1.9944 1.4043 2.5174 1.8236 1.2988 2.2542 1.6526 1.1489 2.0141 1.4764 1.0611 

115 2.7350 2.0685 1.4317 2.5261 1.8863 1.3242 2.2549 1.6107 1.1813 2.0529 1.4525 1.0359 

1500 

25 3.1611 2.4334 1.6976 2.9744 2.2285 1.6045 2.7566 1.9669 1.4394 2.4418 1.7876 1.2989 

50 3.5327 2.5691 1.8185 3.1200 2.3784 1.6146 2.9655 2.1549 1.5266 2.7636 1.9749 1.3470 

75 3.6253 2.6387 1.8510 3.2460 2.4672 1.6605 2.9323 2.1187 1.5344 2.6793 1.9157 1.3432 

100 3.6460 2.7527 1.9252 3.3728 2.4534 1.7119 3.0517 2.1209 1.5849 2.7572 1.9123 1.3360 

115 3.8627 2.9202 1.9692 3.5689 2.5699 1.8059 3.2348 2.2546 1.5940 2.9032 1.9761 1.4039 

2000 

25 3.6838 2.9031 2.0607 3.5184 2.6509 1.9571 3.2731 2.3999 1.7294 2.9637 2.1580 1.5680 

50 4.2274 3.2887 2.2514 3.9807 2.9526 2.1011 3.6869 2.6226 1.8638 3.3622 2.4448 1.6595 

75 4.4595 3.4036 2.3121 3.9101 3.0262 2.1590 3.7617 2.7291 1.8745 3.4061 2.4600 1.6679 

100 4.4751 3.4389 2.3210 3.9223 3.0431 2.1394 3.9439 2.8074 1.9580 3.4736 2.4019 1.7183 

115 4.4653 3.3919 2.2843 3.9183 3.0732 2.1166 3.9812 2.8255 1.9829 3.4230 2.4865 1.7058 

The results presented in Table 5 further confirm the significant influence of fault re-

sistance on the fault current. For all investigated operating conditions, the highest 𝑖𝑓 val-

ues were generally observed under the 𝑅𝑓1 condition, while the current levels decreased 

as the fault resistance increased to 𝑅𝑓2  and 𝑅𝑓3 . This behavior indicates that fault re-
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sistance plays a major role in limiting the circulating current within the short-circuit loop. 

In addition, the results show that the fault-current behavior is affected not only by fault 

severity but also by operating speed and load conditions. Therefore, the evaluation of 𝑖𝑓 

should be based on the combined influence of fault severity, fault resistance, speed, and 

load rather than on a single parameter alone. 

These results demonstrate that the fault current provides valuable information about 

the electromagnetic behavior of the machine under SITF conditions. In particular, the sig-

nificant increase in 𝑖𝑓 observed under low fault resistance and high-speed operating con-

ditions indicates higher current stress within the fault loop and a greater risk of localized 

thermal effects. It should be noted, however, that 𝑖𝑓 is an internal fault quantity circulat-

ing within the short-circuited turns and is not directly accessible in practical machine ap-

plications. Therefore, in the present study, the fault current is mainly used to investigate the 

underlying fault mechanism and to support the interpretation of the experimental results. 

4.3. Effect of SITF on Power Factor Characteristics 

The power factor is one of the important indicators for evaluating the electrical per-

formance variation of the AF-SynRM under fault conditions. Under SITF conditions, the 

short-circuited turns create asymmetry in the phase currents and alter the magnetic field 

distribution of the motor. This situation may lead to an increase in current components 

that do not contribute to active power production and to a rise in the reactive power de-

mand of the motor. 

Figure 11 presents the power factor map under healthy operating conditions. Under 

healthy conditions, it is observed that the power factor increases particularly with increas-

ing load. While the power factor remains at low levels in low-load regions, it reaches 

higher values in the 100–115% load regions. This behavior is associated with the fact that 

the SynRM has a relatively higher magnetizing current component at low loads, whereas 

the active power component becomes more dominant as the load increases. 

 

Figure 11. Speed–load distribution of the power factor under healthy operating conditions. 

Figure 12 presents the power factor distributions for different SITF levels under con-

stant (𝑅𝑓1) conditions. When the fault maps are examined, it is observed that as the fault 

level increases, the power factor distribution deteriorates compared to the healthy oper-

ating condition, especially in medium- and high-load regions. The narrowing of the high 

power factor region in the 𝜇3and 𝜇4conditions indicates that the increase in the short-

circuited turn ratio negatively affects the reactive power balance of the motor. 
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Figure 12. Power factor distributions for different SITF levels under constant 𝑅𝑓1 conditions. 

The values presented in Table 6 quantitatively support this trend. For example, under 

the 500 rpm and 115% load condition, the power factor is 0.7586 in the healthy condition, 

whereas it decreases to 0.7486 under the (𝜇4-𝑅𝑓1) condition. Similarly, under the 1500 rpm 

and 115% load condition, the power factor, which is 0.7014 in the healthy condition, de-

creases to 0.6975 under the (𝜇4-𝑅𝑓1) condition. Although these decreases appear limited, 

the spread of the fault effect over a wide operating region is important in terms of the 

motor’s energy quality. 

Table 6. Power factor values under different speed, load, fault level, and fault resistance conditions. 

Power Factor 

RPM LOAD (%) 
𝝁𝟏 𝝁𝟐 𝝁𝟑 𝝁𝟒 

𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 

500 

25 0.4766 0.4787 0.4737 0.4914 0.4678 0.4715 0.4784 0.4655 0.4599 0.4477 0.4566 0.4514 

50 0.6362 0.6378 0.6351 0.6467 0.6288 0.6298 0.6341 0.6293 0.6347 0.6117 0.6270 0.6297 

75 0.7193 0.7211 0.7180 0.7238 0.7137 0.7132 0.7190 0.7140 0.7202 0.7011 0.7119 0.7043 

100 0.7506 0.7570 0.7572 0.7526 0.7519 0.7490 0.7587 0.7574 0.7564 0.7426 0.7483 0.7471 

115 0.7586 0.7664 0.7665 0.7580 0.7616 0.7582 0.7609 0.7623 0.7623 0.7486 0.7544 0.7566 

1000 

25 0.4128 0.4443 0.4490 0.4323 0.4346 0.4316 0.4204 0.4268 0.4168 0.4215 0.4202 0.4118 

50 0.5950 0.6149 0.6164 0.6065 0.6072 0.6048 0.5960 0.6020 0.5949 0.5843 0.5936 0.5906 

75 0.6695 0.6836 0.6823 0.6753 0.6767 0.6753 0.6786 0.6737 0.6771 0.6691 0.6674 0.6721 

100 0.7057 0.7165 0.7144 0.7085 0.7108 0.7082 0.7074 0.7094 0.7058 0.7036 0.7050 0.7034 

115 0.7150 0.7272 0.7216 0.7172 0.7228 0.7170 0.7164 0.7214 0.7190 0.7128 0.7153 0.7179 

1500 

25 0.3787 0.4210 0.4138 0.4074 0.4113 0.4024 0.3930 0.4012 0.3958 0.3896 0.3961 0.3898 

50 0.5791 0.6002 0.6075 0.5907 0.6026 0.5874 0.6008 0.5842 0.5807 0.5748 0.5650 0.5635 

75 0.6529 0.6687 0.6726 0.6609 0.6675 0.6572 0.6632 0.6622 0.6598 0.6500 0.6481 0.6487 

100 0.6891 0.7044 0.7015 0.6935 0.6986 0.6953 0.6952 0.6953 0.6957 0.6855 0.6838 0.6886 

115 0.7014 0.7119 0.7086 0.7034 0.7065 0.7029 0.7046 0.7038 0.7039 0.6975 0.6935 0.6977 

2000 

25 0.3791 0.4419 0.4275 0.4217 0.4303 0.4251 0.4056 0.4206 0.4106 0.4014 0.4108 0.3966 

50 0.5713 0.6055 0.5942 0.5916 0.5949 0.5909 0.5789 0.5866 0.5804 0.5770 0.5715 0.5591 

75 0.6696 0.6894 0.6821 0.6806 0.6842 0.6782 0.6722 0.6768 0.6691 0.6714 0.6681 0.6557 

100 0.7055 0.7184 0.7141 0.7103 0.7068 0.7100 0.7088 0.7076 0.7034 0.7027 0.7006 0.6989 

115 0.7098 0.7152 0.7137 0.7069 0.6991 0.7119 0.7109 0.7155 0.7099 0.7089 0.7052 0.7056 
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4.4. Effect of SITF on MTPA Angle Characteristics 

The MTPA angle is a critical parameter for evaluating the control performance of 

SynRM-based drive systems, since it represents the maximum torque production per unit 

current. Under SITF conditions, the short-circuited turns alter the phase current distribu-

tion and the magnetic balance in the 𝑑 − 𝑞 axes, causing deviations in the optimum cur-

rent angle. Therefore, the MTPA angle variation indicates not only fault-induced perfor-

mance degradation but also the deviation of the control strategy from its ideal operating 

point. 

Figure 13 presents the variation of the MTPA angle with load at a constant speed of 

1500 rpm for different fault levels and fault resistances. When the graph is examined, it is 

observed that the MTPA angle increases significantly with increasing load under all con-

ditions. This behavior is associated with the repositioning of the current vector to support 

reluctance torque production for higher torque generation as the load increases. In partic-

ular, the increase in the MTPA angle is more pronounced in the region from 25% load to 

75% load, whereas the convergence of the curves in the 100–115% load range indicates 

that the motor operates within a narrower control region under high-load conditions. 

 

Figure 13. Variation of the MTPA angle with load at a constant speed of 1500 rpm for different SITF 

levels and fault resistances. 

The experimental results presented in Table 7 quantitatively support the effect of 

SITF on the MTPA angle characteristic. For example, under the 1500 rpm and 115% load 

condition, the MTPA angle is approximately 60.49° in the healthy condition, while it 

reaches 62.46° under the (𝜇1-𝑅𝑓1) condition and 60.84° under the (𝜇4-𝑅𝑓1) condition. Simi-

larly, under the 2000 rpm and 115% load condition, the MTPA angle, which is 66.91° in 

the healthy condition, was obtained as 69.83° for (𝜇1-𝑅𝑓1) and 66.36° for (𝜇4-𝑅𝑓1). These results 

indicate that SITF produces a significant but nonlinear variation in the MTPA angle. 

Table 7. MTPA angle values under different speed, load, fault level, and fault resistance conditions. 

MTPA Angle (°) 

RPM LOAD(%) 
𝝁𝟏 𝝁𝟐 𝝁𝟑 𝝁𝟒 

𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 𝑹𝒇𝟏 𝑹𝒇𝟐 𝑹𝒇𝟑 

500 

25 28.142 27.895 27.925 29.528 27.060 27.309 27.652 26.918 26.180 25.561 26.202 25.935 

50 42.614 42.328 42.592 43.971 41.689 41.820 41.734 41.726 41.932 40.231 41.426 42.094 

75 52.391 51.830 52.053 53.306 51.263 51.493 51.484 51.370 51.908 50.443 51.200 50.837 

100 57.027 57.596 58.045 57.880 56.983 57.030 57.786 57.982 57.890 56.466 56.702 56.998 
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115 58.226 59.832 60.112 58.827 59.091 59.110 59.248 59.437 59.395 57.391 57.982 59.174 

1000 

25 26.025 28.375 29.049 27.722 27.963 27.670 26.793 27.578 26.581 27.064 26.95 26.152 

50 42.581 44.64 44.797 43.919 43.958 43.969 42.920 43.641 42.722 42.004 42.872 42.327 

75 51.410 52.966 53.038 52.526 52.474 52.576 52.833 52.236 52.663 52.105 51.635 51.943 

100 57.471 58.872 58.748 58.240 58.215 58.235 57.932 58.022 57.560 57.874 57.824 57.030 

115 59.855 61.511 61.084 60.822 61.113 60.380 60.521 61.031 60.969 60.057 60.412 60.368 

1500 

25 24.447 27.707 27.277 27.036 27.135 26.475 25.723 26.508 26.158 25.434 26.494 25.698 

50 42.616 44.558 45.330 43.975 44.961 43.432 44.776 43.168 42.845 42.466 41.860 41.101 

75 51.384 53.301 53.875 52.547 53.362 51.965 52.950 52.747 52.524 51.595 51.793 51.400 

100 57.579 59.861 59.343 58.432 58.904 58.809 58.713 58.663 59.083 57.579 57.856 58.174 

115 60.488 62.455 61.429 61.287 61.460 61.245 61.176 60.954 61.059 60.842 60.199 60.772 

2000 

25 24.664 29.952 28.920 28.405 29.556 28.975 27.218 28.737 27.760 27.118 28.278 27.260 

50 42.303 46.017 44.744 44.687 45.107 44.688 43.448 44.445 43.719 43.602 43.378 41.925 

75 54.340 57.500 56.448 56.270 58.302 56.265 55.213 56.258 55.263 55.835 55.277 54.070 

100 62.826 65.662 64.397 64.730 66.714 64.305 63.539 62.993 62.566 62.706 62.861 63.015 

115 66.911 69.833 68.903 69.332 71.017 68.227 67.983 66.674 66.589 66.357 67.305 66.154 

As a remarkable finding, it was observed that the variation in the MTPA angle does 

not progress linearly only with the increase in fault level. At some operating points, low- 

or medium-level fault conditions produced higher MTPA angle deviations, indicating 

that the effect of the short-circuited turn ratio on the 𝑑 − 𝑞 axis magnetic characteristics 

varies together with fault resistance and load conditions. This result reveals that SITF has 

a complex influence not only on current amplitudes but also on the optimum torque pro-

duction angle of the motor. 

Overall, the MTPA angle analysis represents one of the most important control-ori-

ented outcomes of this study. While phase current, fault current, and power factor anal-

yses reveal the electrical effects of the fault, the MTPA angle variation demonstrates the 

direct impact of the fault on the torque production strategy. Therefore, deviations in the 

MTPA angle can be considered an important indicator for monitoring SITF-induced con-

trol performance degradation in AF-SynRMs and for developing fault-tolerant control al-

gorithms. 

5. Conclusions 

In this study, the effects of SITF on the electrical performance and control character-

istics of the AF-SynRM were experimentally investigated. In this context, comprehensive 

experimental analyses were carried out under different fault levels (𝜇1, 𝜇2, 𝜇3, 𝜇4), fault 

resistances (𝑅𝑓1, 𝑅𝑓2, 𝑅𝑓3), speed levels (500–2000 rpm), and load conditions (25–115%). 

The effects of SITF on motor performance were multidimensionally evaluated through the 

analysis of phase current (𝑖𝑏), fault current (𝑖𝑓), power factor, and MTPA angle behavior. 

The obtained results showed that SITF produces significant effects particularly on 

phase current and fault current. As the fault level increased, a general increase tendency 

in phase currents was observed, especially under low fault resistance and high load con-

ditions where electromagnetic current stresses became considerably more pronounced. 

However, the results also revealed that the current variations did not exhibit a completely 

linear characteristic. In some operating points, medium-level fault conditions generated 

higher current values, indicating that the SITF effect depends not only on the short-cir-

cuited turn ratio but also on the combined influence of fault resistance, operating point, 

and magnetic coupling characteristics. 

Fault current analyses demonstrated that the circulating current in the short-circuit 

loop reached significant levels, particularly under low fault resistance conditions. The re-

sults revealed that the 𝑖𝑓f current is more sensitive to speed and fault resistance than to 

load variation. Especially in high-speed regions, noticeable increases in 𝑖𝑓 levels were ob-

served due to the increase in the induced voltage within the fault loop. This situation in-
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dicates that SITF creates critical risks in terms of local thermal stresses and additional cop-

per losses. 

Power factor analyses showed that SITF has more limited but measurable effects on 

the energy conversion performance of the motor. In the power factor maps, it was ob-

served that the high power factor regions became narrower, especially under medium and 

high load conditions. 

The MTPA angle analyses constituted one of the most important control-oriented 

outcomes of the study. The results showed that SITF affects not only the current magni-

tudes but also the optimum torque production angle. In particular, the deviations ob-

served in the MTPA angle under different fault levels and fault resistance conditions 

demonstrated that SITF directly affects the control strategy of the motor. This finding is 

considered important for the development of fault-tolerant control algorithms in AF-

SynRM drives. 

Overall, this study demonstrated that the effects of SITF in AF-SynRMs should not 

be analyzed through a single parameter alone, but rather through the combined evalua-

tion of current behavior, energy quality, and control characteristics. The obtained experi-

mental results are expected to provide an important experimental foundation for future 

fault diagnosis methods, predictive maintenance applications, and fault-tolerant drive 

control strategies. 
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Nomenclature 

𝑉𝑎 , 𝑉𝑏 , 𝑎𝑛𝑑 𝑉𝑐  a, b, and c phase voltages 

𝑖𝑎, 𝑖𝑏 , 𝑎𝑛𝑑 𝑖𝑐  a, b, and c phase currents 
𝑉𝑓  interturn fault voltage 

𝑅𝑠  stator winding resistance 
𝑅𝑓  fault resistance 

𝑖𝑓  fault current 

𝑀  mutual inductance  

𝑁𝑆  total number of windings 
𝑁𝑓  number of short-circuited windings 

𝐿  self-inductances 

𝐿𝑙𝑠  leakage inductance 

𝐿𝐴  average value of the self-inductance 

𝐿𝐵  sinusoidal fluctuation around this average value 

𝜇  fault ratio 

𝑉𝑑  𝑑 axis voltage 
𝑉𝑞   𝑞 axis voltage 

𝑖𝑑  𝑑 axis current 
𝑖𝑞  𝑞 axis current 

𝜔𝑒   rotating magnetic field speed 
∆𝑉𝑑𝑓  𝑑 axis fault voltage 
∆𝑉𝑞𝑓  𝑞 axis fault voltage 
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𝐿𝑑  𝑑 axis fault inductance 
𝐿𝑞  𝑞 axis fault inductance 

𝜃  current vector angle in the dq reference frame 

𝑇𝑒  electromagnetic torque 

𝜂  efficiency 

𝜔  angular speed 

𝑖𝑠  stator current 
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