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Abstract: The majority of power transformers are usually energized by sinusoidal excitation. However, there is a 16 

growing demand for using PWM excitation on power electronics devices for energy savings. As awareness of the 17 

environment also increases, the importance of noise and vibration issues becomes more significant. Increasing 18 

non-linear loads over time affect the ageing and lifetime of transformers. Such cases also cause to change the 19 

nominal values of transformers. It is important that mechanical parameters such as vibration and noise can be 20 

accurately measured and examined so that all necessary functions can be entirely performed as other 21 

electromagnetic performances. For this reason, it is necessary to analyse the vibration movements of transformers 22 

and determine their characteristics, especially locally under changing operating conditions. Magnetostrictive is 23 

known as the main source of vibration and noiseof the transformer core. This paper presents localized 24 

magnetostriction of transformer core measured by strain gauges under sine and PWM voltage excitations. For 25 

validation of the study in this paper, a no-load strain measurement was performed experimentally on a real 20kVA 26 

three-phase three-limb T-joint transformer assembled in a  laboratory.  27 

 Localized magnetostriction in the rolling and transverse directions of the lamination under sinusoidal and PWM 28 

voltage excitations was carried out. The results of the experiment were compared with each other in terms of the 29 

location of the sensors. 30 

The Finite Element Analysis (FEA) was used to simulate the magnetic behavior of the transformer based on time-31 

dependent analysis of magnetic field density, force, e.t. distributions under no-load conditions, respectively.  32 

In conclusion, evaluating the localized magnetostriction characteristic, especially under PWM voltage excitation, 33 

is essential for interlamination electromagnetic and electromechanical behaviors. 34 

 Keywords: Magnetostriction, magnetization, PWM excitation, strain, magnetic field, power transformer. 35 

 36 

1. INTRODUCTION 37 

As it is well known, transformers are fundamental electrical machines that efficiently provide energy transmission 38 

and distribution without voltage drop. In recent years, substations of the power transformers have become closer 39 

to residential areas with the rapid urbanization and the increasing energy demands. Meanwhile, reducing noise and 40 

vibration in urban areas becomes more significant as awareness of the environment increases. Therefore, it is 41 
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important that vibration and noise characterizations of power transformers are determined and considered during 42 

the manufacturing stage in industry. Increasing non-linear loads over time affect the aging and lifetime of 43 

transformers. Such cases also cause to change the nominal values of transformers. It is important that mechanical 44 

parameters such as vibration and noise can be accurately measured and examined so that all necessary functions 45 

can be entirely performed as other electromagnetic performances. For this reason, it is necessary to analyze the 46 

vibration movements of transformer cores and determine their characteristics, especially locally under changing 47 

operating conditions [1]. The noise and vibration causes of the transformer are varied and are mentioned in [2]. 48 

Although it is generally known that they are caused by magnetostriction and electromagnetic forces, it also depends 49 

on magnetostrictive properties of the magnetic core material, the design of corner joints, and the stacked type of 50 

core lamination [3]. When the magnetic flux transfers to cross-over materials, especially in the core joints, even 51 

localized small movement, the electromagnetic force causes noise and vibration. Moreover, according to [4], 52 

magnetostriction depends on clamping, flux density distribution, magnetic properties of electrical steel behavior, 53 

deformation of core laminations, etc. Thus it is known as a no-load noise of the core and is generally determined 54 

experimentally. 55 

Magnetostriction changes the lamination dimension of the material in response to the magnetization of the core 56 

[5]. The critical problem in the overall design of the transformer is that the core material has higher 57 

magnetostriction and noise based on stacking and joint types, especially in the inter-layers of the core. In addition, 58 

the applied voltage type is another affecting factor in this situation. Therefore, many techniques have been applied 59 

to determine the magnetic characterization of the core and its dependent variables. Studies have incorporated 60 

various measurement methods, sensör techniques, analyses, and experimental research related to the computation 61 

and evaluation of magnetostriction. Also, realistic solutions can be obtained by using the Finite Element Method 62 

(FEA) to determine magnetic flux density and losses due to the non-linear characteristic of the core. 3D electrical 63 

and electromagnetic analyzes can be done on time dependency by using FEA. 64 

The first issue that this study will focus on is the measurement technique used during the experimental study. There 65 

are various methods to measure magnetostriction, such as optical methods, laser vibrations, strain gauges. 66 

Although strain gauges are the oldest and most common, their sensitivity is limited [6]. However, laser and optical 67 

methods have higher sensitivity than strain gauges. Despite this,  It is preferred in the measurements to be made 68 

in the localized and inter-laminations in terms of ease of use and not being affected by temperature. [4,7–9]. 69 

Another issue is the excitation voltage applied during the operation. Studies carried out so far have generally been 70 

conducted using sinusoidal voltage [4,9–14]. These studies are only cover works where measurements are made 71 

using strain gauges. In the analyzes made with different voltage types, harmonic components were used in addition 72 

to the sine and their comparisons were made. 73 

In [13,15,16], researchers examined the harmonic components effect and compared the overall magnetostriction 74 

measurement using single sheet samples with different methods. Then [5,17] used PWM excitation and studied 75 

harmonic and switching frequency effects to show caused higher magnetostriction. Even if they use PWM 76 

excitation, it is just for overall measurement or localized magnetostriction measured on the surface of the core.  77 

Our motivation is that localised strain values were measured and compared for different core locations with the help 78 

of strain gauges all fixed on top and bottom of test laminations under PWM and sinusoidal excitation voltages. As 79 

mentioned [3,18–20], the air gap and joint types affect the magnetostriction considerably. Since the magnetic flux 80 

density and strength are higher in the core joints, these regions were considered for localized strain measurements. 81 

The results of the experiment were evaluated by considering the studies in the literature. Thus, we contribute to a 82 
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better understanding of the effect of measured localised strain values on PWM excitation voltage compared to sine 83 

excitation voltage. 84 

In this study, to validate the accuracy of the experimental method in this article, a no-load strain measurement was 85 

performed on a real three-phase dry-type transformer in the laboratory. Localized magnetostriction in the rolling 86 

and transverse directions of the upper and lower sides of the lamination under sinusoidal and PWM excitation was 87 

measured, analyzed, and compared with each other in terms of the location of the sensors. It does not include 88 

frequency dependence, especially under PWM stimulation; only 800 Hz switching frequency was used. The 89 

fundamental frequency was 50 Hz, similar to the sinusoidal excitation frequency. ANSYS/Maxwell was used to 90 

show the magnetic flux density and force distribution, especially in the middle limb and at joints. It is modeled 91 

and analyzed under no-load conditions. The instantaneous values and images obtained from these time dependant 92 

analyses help us to better interpret the magnetostriction values according to the regions. 93 

It is possible to summarise the main purpose of this study as follows: 94 

- To measure the strain value between localized inter-laminations by strain gauge method under sinusoidal and 95 

PWM simulations. 96 

- Comparing results for accuracy and performance using characteristic measurements at different positions on the 97 

top and bottom of the same lamination. 98 

- Analysis of transformer core to show magnetic flux density and force via FEA at different excitation values.  99 

 100 
The rest of the paper is organized as follows. Section 2 describes the materials and methods. Experimental 101 

setup and measurements have been explained in section 3. Results and discussions are shown in section 4. The 102 

conclusions are summarised in section 5. 103 

 104 

2. MATERIALS AND METHODS 105 
 106 
2.1 Strain Gauge Method 107 
 108 

There are several methods to measure magnetostriction in electric machines. Optical methods are trendy; 109 

however, the strain gauge method has been used mainly for localized measurement. This method has some 110 

disadvantages; careful measures should be taken in fitting strain gauges since the lamination coating has to be 111 

removed completely. The strain gauges also have a limited fatigue time.  112 

Pro wire foil strain gauge is shown in Fig. 1. It consists of a thin film attached to the probe wires. The 113 

electrical resistance of the wire varies in proportion to the amount of strain it experiences. 114 

 115 

 116 

Figure 1. Pro wire foil strain gauge. 117 

2.2 Magnetic Flux Density and Magnetostriction Under Sinusoidal and Rectangular Waveforms 118 
 119 
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Magnetostriction is defined as changing in dimension when the material is subjected to the magnetic field. 120 

The measured strain result is called magnetostriction [20].  121 

 122 

 123 

Figure 2. Magnetostriction schematic diagram [20]. 124 

From the magnetostriction definition, there is a relation between excitation voltage, flux density, and 125 

magnetostriction. It is seen in the following equations for sinusoidal excitation [21,22]: 126 

 127 

                                                  𝑈0 sin𝜔𝑡 = −𝑁1𝐴
𝑑𝐵

𝑑𝑡
                                                                               (1) 128 

 129 

                                      𝐵 =
−𝑈0

𝑁1𝐴
∫ sin𝑤𝑡 =

𝑈0

𝑁1𝐴
cos𝑤𝑡 = 𝐵𝑚𝑐𝑜𝑠𝑤𝑡                                                        (2) 130 

 131 

                                                132 

𝐵, 𝑁1, 𝐴, µ, 𝐵𝑚 are called magnetic flux density, the number of turns, cross-sectional area, the magnetic 133 

permeability of the core, and the peak magnetic flux density, respectively.  134 

The relation between magnetic flux density and voltage for rectangular waveform excitation is as follow 135 

[23]: 136 

                                                      𝑢(𝑡) = −𝑁1𝐴
𝑑𝐵(𝑡)

𝑑𝑡
                                                                                  (3)       137 

 138 

                                         ∫ |
𝑑𝐵(𝑡)

𝑑𝑡
|
𝑘

𝑑𝑡 =
1

(𝑁1𝐴)𝑘
∫ |𝑢(𝑡)|𝑘
𝑇

0

𝑇

0
                                                                   (4) 139 

 140 

k is constant in derivation. The solution function of the rectangular waveform in one cycle is: 141 

 142 

                                      𝑢(𝑡) = 𝑈𝑚

{
 

 
0       0 < 𝑡 < 𝑇(1 − 𝐷)/2

1   𝑇(1 − 𝐷)/2 < 𝑡 < 𝑇/2

0   𝑇/2 < 𝑡 < 𝑇(2 − 𝐷)/2

−1      𝑇(2 − 𝐷)/2 < 𝑡 < 𝑇

                                                              (5) 143 

 144 

                                                                𝑈𝑟𝑚𝑠 = 𝐾𝑓𝐵𝑚𝐴                                                                            (6) 145 

 146 

K, the transformer excitation voltage form factor is selected as 1 for rectangular wave excitation and 1.11 147 

for sinusoidal excitation [24]. 148 
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 149 

Because of the voltage excitation waveform, magnetic flux density behavior also has a linear behavior [23]: 150 

 151 

               𝐵(𝑡) = 𝐵𝑚

{
 
 

 
 

      −1                            0 < 𝑡 < 𝑇(1 − 𝐷)/2

−1 +
4

𝑇𝐷
[𝑡 −

𝑇(1−𝐷)

2
]       𝑇(1 − 𝐷)/2 < 𝑡 < 𝑇/2

               1                            𝑇/2 < 𝑡 < 𝑇(2 − 𝐷)/2

−1 +
4

𝑇𝐷
[𝑡 −

𝑇(2−𝐷)

2
]     𝑇(2 − 𝐷)/2 < 𝑡 < 𝑇

                                        (7) 152 

 153 

                                                          𝐵𝑚 =
𝑈𝑚𝐷

4𝑁1𝐴𝑓
                                                                                          (8) 154 

 155 

Using magnetic flux density and flux density derivations, from Eqn (1) to Eqn (8), magnetostriction 156 

coefficient (𝜆)  can be derived in Eqn (9)  [21,22]. 157 

 158 

                                             𝜆 =
∆𝑙

𝑙
=

𝜀𝑠𝑈0
2

(𝑁1𝜔𝐴𝐵𝑠)2
𝑐𝑜𝑠2𝜔𝑡                                                                  (9) 159 

 160 

𝜀𝑠 is the coefficient of magnetostriction saturation.  161 

According to Eqn. (9), there is a direct relation between strain value, excitation voltage level, and magnetic 162 

flux density. Significantly for localized measurement, this relation is beneficial to estimate the strain value by 163 

finding the magnetic flux density. 164 

In addition, according to Eqn. (9), the magnetostriction coefficient varies according to the amplitude of 165 

excitation voltage. Therefore, magnetostriction occurs with a fundamental frequency of 100 Hz for an excitation 166 

voltage of a fundamental frequency of 50 Hz. 167 

 168 

3. Experimental Set-up and FEA Analysis of 3-Phase Dry-Type Transformer 169 
 170 

A three limb three-phase transformer core was built from 264 layers, a single-step lap, three laminations 171 

per step layer of 0.3mm grain-oriented silicon electrical steel. For sinusoidal excitation, the transformer core was 172 

energized through three-phase variacs for voltage regulations. An inverter (Parker AC10 IP20 5.5kW 400V 3ph 173 

AC Inverter Drive) was used to supply PWM excitation power to the three primary windings of the core and 174 

allowed the core to be magnetized at peak flux density from 0.5T to 1T. The primary and secondary windings, 175 

both connected in star configurations, had 50 turns each. For each setting, the fundamental frequency is 50 Hz. 176 

Switching frequency and modulation index are two essential parameters in PWM applications, therefore switching 177 

frequency was chosen as 800 Hz. The output voltage was adjusted by changing the modulation index under the 178 

PWM excitation.  179 

The diagrams represent the experimental setup of the three-phase transformer under sinusoidal and PWM 180 

excitations under no-load operation are shown in Fig. 3 (a) and (b), where the strain gauge positions in the core 181 

are illustrated. In order to measure the strain value, strain gauge sensors were used.  182 
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Table 1 shows the specification of the strain gauge data logger used to collect the strain values at different 183 

transformer core locations simultaneously. 184 

 185 

Table I. Specification of StrainSmart® Data Acquisition System/ Vishay System 7000 Strain Smart Data 186 

system [25]. 187 

Measurement accuracy  ±0.05% 

Measurement resolution 0.5 µstrain 

Gauge factor 2 

Scan rate per second 2048 

Chanel number Up to 128 

Bridge resistor 120 

 188 

 189 

Strain gauge specifications are shown in Table II. The lamination coating where the strain gauges adhered 190 

to was removed entirely to directly make good contact with the steel. Then strain gauge arrays were connected to 191 

the data acquisition card via twisted wires to avoid detecting any harmonic noise from the surroundings. The 192 

laminations were stacked and clamped with the torque wrench at 5 Nm.  193 

 

 
a b 

Figure 3. Experimental setup for a) PWM excitation b) sinusoidal excitation. 194 

 195 

Table II. Strain gauge specifications. 196 

Features Value 

Gauge Length 8mm 

Gauge Factor 2 

Gauge Resistance 120Ω 

Length 13mm 

Width 4mm 

Minimum Operating Temperature -30°C 

Maximum Operating Temperature +180°C 

Dimensions 13 x 4 mm 
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 197 

The strain data of the core lamination were acquired and saved through the data logger software. For all 198 

different magnetic flux density situations, measurements were repeated three times and averaged to minimize 199 

undesirable changes in sensor detection sensitivity. The saved numerical data were analyzed using LabVIEW and 200 

MATLAB software.  201 

On both sides of the transformer test lamination, twenty-eight strain gauges have been attached at 202 

predefined locations (see Fig. 4). Measurements were repeated for three different magnetic flux density conditions: 203 

0.5T, 0.8T, and 1T. Therefore, a reference single-turn search coil was used in the middle limb of the transformer 204 

to calculate flux density between A and B points, as shown in Fig. 4.b.  205 

 206 

  

a b 

Figure 4. a) The location of the strain gauges in the lamination b) Reference search coil position. 207 

 208 

Each strain value on the top and bottom sides of the lamination was measured to compare each other for 209 

the sinusoidal and PWM excitations. The measured strain values on the top and bottom sides of the laminations 210 

are different. After repeating the measurements three times, the final value is calculated as the mean value of those 211 

three measurements. Lamination thickness is an effective parameter for magnetostriction, so these findings are 212 

expected since the thickness of the laminations used is 0.3 mm.  213 

In this study, the 3-D FEA model of the three-phase dry-type transformer was modeled using 214 

ANSYS/Maxwell software, as shown in the 2D front core shape in Fig. 4.b. Magnetic flux density distribution has 215 

been performed with transient analysis to show different magnetic flux density behavior at the same condition and 216 

compare practical and simulation results.  In addition, the power, loss, and energy distributions in the transformer 217 

are seen instantaneously. In this way, the distributions, especially in the joint areas, can be easily seen. Moreover, 218 

the line has drawn in the center of the middle limb of the transformer core to obtain the transient magnitude of 219 

magnetic flux density, as seen in Fig.5. 220 
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 221 

Figure 5. The amplitude of magnetic flux density in the middle limb 222 

under sine waveform 223 

 224 

4. RESULTS AND DISCUSSIONS 225 

Fig. 4 shows strain gauges localization in the inter-lamination area. Strain gauges were placed intensively in the 226 

rolling and transverse directions, especially in the joint areas. There are 14 sensors on both sides of the test 227 

lamination.  The experiment was carried out using the sine and PWM excitations with a magnetic flux density of 228 

0.5T, 0.8T, and 1T to study the strain across the transformer core under no-load conditions. In this experiment, the 229 

clamping factor (5 Nm constant applied torque), lamination thickness, the weight of the stacked lamination on the 230 

sensors were fundamental variables for magnetostriction and were kept constant as mechanical stress during the 231 

experiment. After experiments were performed, the results were analyzed and compared, as shown in Fig. 6. The 232 

results conclude that strain values in PWM simulation are higher than those values under sinusoidal excitation.  233 

Moreover, peak to peak strain value increases as expected with higher flux density. 234 

The core laminations were overlapped in one step, so there are overlaps at the corners. Thus, leakages occur 235 

between laminations with the effect of air gaps and non-linear flux movements. Therefore, the Maxwell force 236 

generates the collision between the laminations to generate magnetostriction. Since it is known that the strain 237 

frequency is twice (100 Hz), the fundamental frequency of the excitation voltage a sharper increase in strain and 238 

vibration values is expected, especially when PWM excitation is applied. 239 

The instantaneous magnetic flux density distributions obtained from time-dependent FEA analyses for 0.5T, 0.8T, 240 

and 1T values are shown in Figure 6. All figures were drawn under the same conditions. The maximum value of 241 

the localized flux density was 0.5T, approximately as depicted in red color. As can be seen from the figures, when 242 

the desired flux density is obtained with the search coil, the flux density in the joint and middle limb is higher than 243 

the other parts. These high levels of flux densities have an impact on the distribution of magnetostriction values. 244 
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a b c 

Figure 6. Magnetic flux density distribution for a) 0.5 T b) 0.8T c)1T. 245 

Force, energy, and total loss distributions are instantly shown in Figure 7 under constant magnetic flux density 246 

conditions. As can be seen from the FEA analyses, the densities are again in the joint regions, and all of these 247 

values are the factors that affect the magnetostriction separately. All these analysis results support each other, thus 248 

considering the non-linear behavior of the transformer, the importance of local consideration of experimental 249 

measurements and evaluations becomes apparent. This situation is also important to carry out and evaluate the 250 

experiments locally, especially highlighting the issues that magnetostriction should be considered at the design 251 

stage. 252 

 253 

 254 

Figure 7. a) Force distribution b) Energy distribution c) Total loss distribution for same magnetic flux density 255 
condition. 256 

Six positions have been chosen for discussion, 2 of them in transverse directions the others in rolling directions; 257 

these are numbered as 3, 9 and 1, 5, 8, 14 strain gauges, respectively. It is expected that the strain value in the 258 

transverse direction is lower than in rolling directions. However, strain values of those locations in the corner are 259 

also expected to be higher. Due to the higher magnetic flux density at the joint region, the strain values in the 260 

transverse direction are as high as the rolling ones. 261 

Fig. 8 shows the measured peak to peak strain values of the sensors mentioned above. The graphs show four 262 

different values for each magnetic flux density of 0.5T, 0.8T, and 1T. The four different values represent outputs 263 

of sensors attached to the top and bottom of the test lamination at the same locations under sinusoidal and PWM 264 

excitations. 265 
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It can be seen from Figure 8 that there is a consistency in the variations of strain values at the top and bottom of 266 

the test lamination. This is illustrated as reducing stress values under the test laminations on the lower yoke 267 

(Sensors 1 and 3). Similar behavior has been noticed for the two sensors located at the middle of the central and 268 

outer limbs (Sensors 8 and 14) near the clamping locations. The opposite behavior on the central and outer limbs 269 

near the joints (Sensors 5 and 9) is also depicted in this figure. These trends are applicable to the three excitations 270 

at 0.5T, 0.8T, and 1T, all under sinusoidal and PWM energizations. 271 

The variations of the strain values on the top and bottom of the test lamination are attributed to the lamination 272 

bending effect at different locations across the transformer core. The bending might be originated from the 273 

roughness of the lamination surfaces and the locations of the bolts that secure the laminations together. This study 274 

provides the best locations for the bolts to achieve the lowest value of generated noise due to the magnetostriction.   275 

Sensors 3 and 9 are in the transverse direction. Therefore, it is expected to have a lower strain than the other four 276 

sensors; however, they are close to the joint areas. Therefore, the values measured with these two sensors are 277 

almost equal to the values of other sensors.   278 

Although sensor 5 in rotational position does not seem close to the joint region, the strain value is larger than the 279 

others in the PWM excitation condition due to overlaps vibrations. 280 

These findings show that each strain gauge has its magnetostriction value. Moreover, magnetostriction is affected 281 

by the local variables due to the area where the sensor is attached. 282 

Each of these values is at a fundamental frequency. As we mentioned in the reference work above [8,9,22], it is 283 

seen that the strain values in the PWM excitation state are much higher than in the sinusoidal excitation state. The 284 

most important point to be considered is that to accommodate  sensors above and below same points on the test 285 

lamination, air gaps are created  in the transformer core in the inter-lamination regions. The weights of all 286 

laminations on the sensor are also effective. The transformer is tested laid in a horizontal position. In addition, 287 

since strain gauges are very sensitive to external sounds, 25-44 ppm peak values are acceptable, especially in PWM 288 

excitations. 289 

In sinusoidal wave excitation, the voltage varies from 0 to max or min value as a wave, but in PWM, it only 290 

progresses as min and max excitation voltage. In this case, the values in the graph explain the rise of the strain 291 

values in the PWM state up to approximately two times for the 0.8T and 1T excitations. 292 

 293 
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 294 
Figure 6. Localized peak to peak strain value at different flux densities on both sides of the lamination under 295 

sine and PWM excitations a) sensor 1 b) sensor 3 c) sensor 5 d) sensor 8 e) sensor 9 f) sensor 14. 296 
 297 

In sinusoidal wave excitation, the voltage varies from 0 to max or min value as a wave, but in PWM, it only 298 

progresses as min and max excitation voltage. In this case, the values in the graph explain the rise of the strain 299 

values in the PWM state up to approximately 2 times for the 0.8T and 1T excitations.  300 

 301 

5. CONCLUSIONS 302 
 303 
This study intends to show the differences in strain values at localized interlaminar positions for the no-load 304 

condition under two different excitation voltages. All the measurements are subject to different magnetic flux 305 

densities, and transient finite element analysis of magnetic flux distribution in the core was conducted. The 306 

following results were obtained as follows: 307 

- Since inter-lamination was studied, higher magnetostriction values were obtained than other studies, even under 308 

sinusoidal excitation. 309 

- Since excitation occurs with peak values as max and min, strain values in PWM excitation are quite high 310 

compared to sinusoidal excitation. 311 

- Since the magnetic flux density, loss distribution and forces are higher at the joint regions, high strain values 312 

are obtained from the sensors close to those regions, even if they are in the transverse direction.Since the magnetic 313 

Formatted: Not Highlight
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flux density is higher at the joint regions, high strain values are obtained from the sensors close to those regions, 314 

even if they are in the transverse direction. 315 

- PWM excitation is used at a fixed 800 Hz switching frequency. Therefore, the comparison was made only as 316 

sinusoidal and PWM excitations according to the lower and upper sensor values. 317 

- Even if the measurement is taken from the same point, different values are read from the sensors located above 318 

and below the test lamination. This is due to the effect of the air gap, lamination thickness, and external sounds. 319 

Future studies aim to examine and show the magnetostriction differences under PWM excitation at various 320 

switching frequencies. 321 
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