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Abstract


The partial discharge (PD) measurement under pulse width modulation (PWM) voltage is a critical measurement of quality assessment for inverter-fed motors, as outlined in IEC 60034-18-41 and IEC 60034-18-42. One of the key parameters in PD measurement is the repetitive partial discharge inception voltage (RPDIV). This paper examines factors that influence the ageing process of hairpin windings in motors, with ageing tests designed using the Design of Experiment (DoE) method. The study focuses on the effects of electrical and thermal stresses on the ageing process. To achieve this, the failure rate, the RPDIV data, and the lifetime data are selected as the output responses. The findings highlights that RPDIV measurements alone cannot accurately predict the degree of ageing of hairpin windings. Specifically, RPDIV results are influenced not only by the quality of the hairpin windings under PWM voltage but also by other contributing factors. Furthermore, the change in RPDIV during the ageing process showed that the RPDIV measurement cannot predict the ageing degree of the hairpin winding. Experimental data on failure rates and lifetimes reveal that both electrical and thermal stresses significantly influence the ageing process, with a notable interaction between these factors. Among the three output responses, the failure rate provides a more accurate reflection of this interaction. To reliably estimate the lifetime of hairpin windings, more precise parameters are necessary. Further research is required to deepen the understanding of the underlying PD mechanisms under PWM voltage, which could enhance diagnostic and predictive capabilities for hairpin winding performance.
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1. Introduction


The future of electric mobility is a promising one, with innovations such as electrified aircraft and autonomous driving poised to revolutionise transportation. The electric machine (EM) is one of the key components in electric mobility [1]. In recent years, there has been a remarkable trend in the production of EMs, emphasising the design of smaller yet more powerful devices with high power density. A highly effective approach to increasing power density while reducing volume is to maximise the copper content within the slot of the EM, known as the slot fill factor [2]. Rectangular windings allow high slot fill factors to be achieved in EMs. Hairpin windings, a specific type of rectangular winding employed in automotive applications [3], ensure high fill factors and are well suited to industrial automation in mass production [4].



When it comes to electric mobility, it is widely recognized that electric drives necessitate power converters with minimal rise/fall times to mitigate commutation losses. However, studies have shown that these modern pulsed voltages impose substantial electrical stresses on motor stator coils. This arises from a concentration of high electrical fields within the turn-to-turn insulation systems, as well as from transient voltages that surpass anticipated levels [5,6]. Among the different types of faults in the motor, stator winding failure is one of the leading causes of EM breakdowns [7]. Therefore, detecting early performance degradation of motor insulation is meaningful for preventive maintenance and failure avoidance.



The degradation of stator windings involves multiple factors, with the existing literature primarily focusing on electrical and thermal stress due to their substantial influence on lifetime [8,9]. Thermal stress arises from heat generated within the motor as a result of internal losses and external ambient conditions. Under normal operating conditions, thermal ageing alone does not directly cause failure; however, it progressively weakens the insulation, making it more vulnerable to additional stresses, such as electrical and mechanical forces, which ultimately lead to failure [10]. Recent studies have concentrated on predicting the lifetime of winding insulation under thermal ageing. The Arrhenius equation [11], along with an integrated approach combining the Arrhenius law and Miner’s cumulative damage theory [12], is widely employed to estimate lifetime under both constant and fluctuating temperature conditions.



In addition, while the electrical stresses on winding insulation in conventional sinusoidal-fed alternating current (AC) machines are well understood and incorporated into their design, e.g., through extensive field experience, testing, and established standards that ensure the quality and longevity of winding insulation systems [13,14], the behaviour of winding insulation systems under PWM voltage remains an ongoing area of research. With the increased use of the inverter, due to the increased dv/dt level, the turn-to-turn failures in motors have increased [15]. The electrical stress between the turns is particularly affected by both the rise time and the repetition rate. PWM voltage with a high slew rate (high dv/dt) can place additional stresses on the insulation of electromagnetic devices, potentially accelerating ageing processes [16]. Therefore, it is vital to characterise these effects to gain a full understanding of their impact on the assessment of machine insulation lifetime.



It is widely acknowledged that electrical degradation is a significant concern for insulation materials employed in electrical machines. The parameter known as RPDIV according to the IEEE standards [17,18] has been identified as a reliable indicator of the insulation condition. The RPDIV of qualified low-voltage motors has been observed to decrease with the ageing aggravation, as evidenced by the findings reported in [19]. While the impact of sinusoidal voltages on insulation ageing has been discussed in studies such as [20], the effects of PWM voltage on the RPDIV of hairpin windings—particularly over time and under varying stresses such as thermal and electrical—remain insufficiently understood. Previous results [21,22] indicate a significantly greater reduction in the RPDIV for twisted pairs subjected to steep voltage impulses from silicon carbide (SiC)-based converter impulses compared to those exposed to AC voltage waveforms. Despite this, methods to assess the quality of winding insulation systems in inverter-fed EMs are currently limited. Consequently, novel methods, such as the breakdown test [23] and weight loss test [24], are currently being investigated for the purpose of motor insulation testing.



This paper investigates the effects of electrical stress and thermal stress on the ageing of winding insulation in inverter-fed motors. The influence of factors such as temperature, voltage rise time, and amplitude was examined through systematic offline ageing tests. Thermal and electrical stresses were systematically applied using the DoE method to evaluate their influence on the RPDIV, the insulation lifetime, and the failure rate. Furthermore, the combined effects of these stresses were analyzed to better understand their interactions. Mathematical models were also employed to quantify the relationship between applied stresses and lifetime parameters.



The rest of the paper is organised as follows: Section 2 provides a detailed description of the ageing test setup and PD measurement configurations, including the circuit diagram, PD measurement methodology, and ageing procedure. Section 3 presents the measurement results and offers discussion on the effect of various stresses on the PD activity. Section 4 provides a concise introduction to the DoE method and details the measurement design based on it. The subsequent section, Section 5, discusses the individual effects and the combined effects of electrical and thermal stress. Finally, conclusions are drawn in Section 6.




2. Electrothermal Ageing Test System


The electrothermal ageing test system consists of three parts: the PWM voltage generator, temperature-controlled oven, and PD measurement system.



2.1. Device Under Test (DUT)


In order to ensure statistical significance in the investigation of the ageing mechanism or the lifetime of EMs, a large number of Device under Tests (DUTs) is required. Due to cost constraints and the necessity for a substantial number of DUTs, various emulations of the EMs insulation system have been established. Among these, the most economical option is the use of formettes, also known as hairpin-in-slot emulations. As suggested in [18], formettes are designed to represent the insulation system within a stator slot. Conversely, hairpin-in-slot emulation does not fully replicate the complex electromagnetic, thermal, and mechanical conditions of real motors. However, the focus of this paper is the fundamental ageing mechanism of the hairpin winding with polyamide-imide (PAI) insulation material. Consequently, hairpin-in-slot emulation remains a recognised methodology.



In this paper, the emulation with one hairpin in the slot was selected as the research object, shown in Figure 1. The hairpin winding placed in the slot is 30 cm long and is insulated with PAI, featuring a thickness of approximately 100 µm. The information of the DUT tested in the paper is shown in Table 1.



The hairpin windings from different manufacturers exhibit varying characteristics, such as differences in insulation properties. Hairpins with PAI insulation material from multiple manufacturers were evaluated in the lab. However, due to space limitations, this paper presents the results of hairpin windings from a single manufacturer and provides an analytical method for assessing the ageing of hairpin windings.




2.2. Test Platform


The electrothermal ageing test platform of the hairpin-in-slot emulation under PWM voltage is shown in Figure 2. The PWM generator is capable of generating an adjustable PWM voltage with a rise time ranging from 70 to 120 ns and a maximum voltage amplitude of 3 kV. The measurement of the PWM voltage signals was conducted by utilising a high-voltage probe connected with a 400 MHz bandwidth oscilloscope. The temperature controlled oven had a temperature setting range of 20 to 300 °C and a temperature control accuracy of 0.1 °C.



PD events occurring inside the DUT were measured with a high-frequency current transformer (HFCT) with a bandwidth of 10 MHz to 1 GHz. The HFCT detects interference signals, including discharge current, as well as system noise introduced by the high dV/dt of the PWM voltage. The denoising process follows the IEC 61934 standard [25]. The original signal captured by the HFCT is passed through a band-pass filter with a bandwidth of 290 MHz to 3 GHz, after which the filtered signal is denoised.



As illustrated in Figure 3, the measured pulse voltage waveform from the PWM generator (upper curve) and a typical PD signal measured by the HFCT (lower curve) are shown. It is evident from the figure that the current waveform aligns with the voltage waveform. The occurrence of PD is primarily observed at the rising and falling edges of the PWM voltage (though the falling edge is not shown, it behaves similarly to the rising edge). Furthermore, the presence of PD signals is detected during the high-level phase of the PWM voltage.




2.3. Parameters Settings and Test Procedures


The selection of temperature and voltage parameters was based on typical operating conditions in industrial and automotive traction motors, as well as the characteristics of the insulation material PAI. Studies have shown that winding insulation in electric motors typically experiences temperatures ranging from 40 °C to 160 °C under normal conditions and can exceed 180 °C in extreme scenarios [26]. Similarly, hairpin motors operate at rated voltages of up to 800 V, with rise times in the nanosecond range. Additionally, overvoltages may occur due to impedance mismatches, further increasing the electrical stress on the insulation. The 20 °C test condition simulates ageing at room temperature, while the 0 V test condition represents insulation ageing in the absence of electrical stress.



In order to maximise research efficiency within the available timeframe, the switching frequency was set to the highest value that could be accommodated by the experimental setup. This approach was adopted to accelerate the ageing process and to obtain meaningful degradation data within a reasonable testing duration.



In order to ensure that the test conditions closely replicated real-world environmental and electrical stresses, the selected parameters were aligned with industry standards. Furthermore, certain test conditions exceeded the rated values to evaluate the ageing process under extreme scenarios, providing valuable insights into the long-term reliability and failure mechanisms of the insulation system.



In this paper, the PWM voltage parameters were set as shown in Table 2. Ageing tests of hairpin windings were carried out at 5 different temperatures, 4 different rise times, and 6 different excitation voltage levels, resulting in a total of 20 test groups. Four DUTs were used in each test group. The test and analysis procedures were as follows:




	
Referring to the IEC 60031-18-42, the RPDIV of 5 hairpin-in-slot emulations was tested under the different temperatures (20–180 °C).



	
RPDIV measurements were performed on each DUT before the ageing process. The RPDIV measurements were carried out in the same environment as the ageing process.



	
The ageing process was carried out on 4 DUTs for each test group. These 4 DUTs were divided into 2 groups, Group A and Group B. The RPDIV measurements were performed on Group A DUTs every 24–96 h. For Group B DUTs, the RPDIV measurements were performed at the beginning and at the end of the process. The RPDIV measurement was repeated 10 times. The total ageing time was ≥250 h.



	
W established quantitative mathematical relationship equations between the lifetime of the hairpin winding and the influencing factors.










3. Introduction of DoE Method and Measurement Design for Combined Effect Analysis


The DoE is a systematic approach to experimentation in which a set of input variables, or factors, are intentionally varied to observe and identify their effects on the output response [27].



In experimental design, the controllable input variables to the ageing process (in this case, the temperature or the voltage amplitude) are the factors. The output of the experiment is called the response. The polynomial equation often used to model the response variable (Y) as a function of the input factors (X’s) is


  Y =  β 0  +  ∑  i = 1  p   β i   X i  +  ∑  i = 1  p   ∑      j = 1       i ≠ j      p   β  i j    X i   X j  +  ∑  i = 1  p   ∑      j = 1       i ≠ j      p   ∑      k = 1       i ≠ k , j ≠ k      p   β  i j k    X i   X j   X k  + ⋯ ,  



(1)




where   β 0   is the overall mean response;   β i   indicates the main effect of each factor (  i = 1 , 2 , … , p  );   β  i j    denotes the interaction effect between the ith and jth factors, and   β  i j k    denotes the three-way interaction effect among the ith, jth, and kth factors.



In the context of screening experiments, each factor is typically characterised by two levels, designated as “high” and “low”, and assigned the values +1 and −1, respectively. The utilisation of solely two levels suggests that the effects are monotonic on the response variable, though necessarily linear. Interaction between factors occurs when the effect of one factor on the response variable depends on the level of another factor. When plotting the response means for the 4 combinations of high and low levels of the 2 factors, this interaction is represented by two non-parallel lines, as illustrated in Figure 4.



Three factors have already been identified for the ageing process: temperature, excitation voltage amplitude, and the rise time. A full factorial experiment with three factors consists of    2 3  = 8   treatment combinations. The two levels chosen for each input variable were controlled by the ageing test and are shown in Table 3.



The analysis of material ageing is dependent on critical parameters, including RPDIV data, insulation lifetime, and failure rate. The insulation lifetime is defined as the time at which a breakdown occurs in the hairpin winding, while failure rate represents the percentage of DUTs that experience breakdown during the ageing process. The three output responses are analyzed using an experimental matrix that encompasses all possible combinations of two levels for each of the three input factors: temperature, excitation voltage amplitude, and rise time, as detailed in Table 3.



To analyze the influence of the single factor and the combined effect of multiple factors, statistical methods are employed to analyze the experimental data as follows:




	
Linear regression analysis is used to establish the relationship between ageing time and the RPDIV at specific excitation voltage and temperature. The ageing rate of the material is compared based on the slope of the linear regression;



	
Based on the classification of the parameters, the average corresponding response at the “−” and “+” levels was calculated. The difference in average response denotes the influence of a single parameter as it increases from the “low” level to the “high” level;



	
To assess the combined effect of multiple parameters, an interaction plot is used to visualize the interaction between two factors of interest.









4. Results


4.1. RPDIV Under Different Temperature and Rise Time


The variation of RPDIV with temperature and rise time is shown in Figure 5. It can be seen that RPDIV tends to increase as the rise time increases. The influence of the increasing temperature on RPDIV is more significant than the rise time. The difference between the maximum and minimum values of RPDIV at room temperature for different rise times is about 200 V, while at higher temperatures, such as 180 °C and 80 °C, the difference exceeds 400 V. This suggests that PD events are more easily triggered at higher temperatures. To ensure that the ageing of the hairpin winding takes place under the electrical and thermal stresses, the excitation voltage in the electrothermal ageing test is chosen below RPDIV.




4.2. Influence of PD Measurements on Ageing of Hairpin Winding


The present study identifies the occurrence of PD events as a critical factor in the degradation of insulation [28]. A key aspect of the investigation is determining whether PD measurement itself could potentially accelerate the degradation process. It is imperative to comprehend this relationship to ensure the accuracy and reliability of ageing tests. The failure rates of the Group A and Group B DUTs are presented in Table 4.



The statistics presented in Table 4 reveal that the failure rate remains largely unaffected by the PD measurements during the ageing process. Given the inherent variation among the DUTs, a 10% difference is considered reasonable. The present study focuses on Group A DUTs, which provide more extensive PD measurement data compared to Group B DUTs.




4.3. Ageing of Hairpin Winding Under Different Temperature


According to the IEC 61858 standard [29], the lifetime of hairpin windings at different temperatures can be modeled using a regression curve. Once lifetime data at a specific temperature are obtained, the regression curve can be used to predict the lifetime at other temperatures. This relationship is expressed in Equation (2):


   T c  =   M  ln    t x   t c   +  M   T A  + 273.15       − 273.15 ,  



(2)




where   t x   is the correlation time and is defined as


    t x  =  t R  ×  e    M   T R  + 273.15    −   M   T A  + 273.15      ,  



(3)




where M is the slope of the regression equation (also the slope of the reference life model);   T R   is the ageing temperature corresponding to the reference life data [°C];   T A   is the ageing temperature of the predicted life data [°C];   T C   denotes the relative thermal endurance index of the insulation system [°C];   t R   is the reference lifetime [h]; and   t c   is the predicted lifetime according to the regression curve [h].



The results of the RPDIV measurements as a function of ageing time at different temperatures are shown in Figure 6. In order to facilitate comparison of the change in RPDIV value at different temperatures and to normalise the RPDIV values, the relative RPDIV value is employed. The relative RPDIV is defined as follows:


  relative  RPDIV  ( t =  T s  )  = RPDIV  ( t =  T s  )  / RPDIV  ( t = 0 )  ,  



(4)




where   t = 0   is the time before the ageing process begins, and   T s   is the specific ageing time at which the RPDIV is measured.



In Figure 6, the solid dots represent the average measured RPDIV values, calculated as the mean of 10 individual RPDIV values, while the curve represents the linear regression fit of RPDIV values against ageing time. Each row corresponds to results from two different DUTs subjected to the same ageing test. An ageing time of less than 250 h indicates the failure of the DUT during the ageing process. For example, in the bottom subplot at 162.5 °C, the DUTs failed during the ageing process, resulting in only one recorded RPDIV measurement. In such cases, the regression method cannot be applied effectively.



As demonstrated in Figure 6, the lifetime of the DUTs is observed to decrease with increasing temperature, under constant electrical stress conditions. A comparison of Figure 5 and Figure 6 reveals that temperature exerts a consistent influence on RPDIV, paralleling its effect on the hairpin winding’s lifetime. It is evident that an increase in temperature leads to a reduction in both the RPDIV and the lifetime of the hairpin winding. However, it should be noted that the RPDIV measurements deviate from the fitted regression curve. For instance, at 162.5 °C, the RPDIV exhibits an increase before the failure happened. This finding indicates that while PD measurements can assess the condition of the insulation system, a reduction in RPDIV for an inverter-fed motor does not necessarily directly correlate with a decrease in the remaining lifetime.




4.4. Ageing of Hairpin Winding Under Different Excitation Voltage


When analyzing the influence of the amplitude of the voltage, the excitation voltage is higher than the rated voltage of the hairpin winding to analyse the effect of overvoltages. The RPDIV test data and linear fitted curves are shown in Figure 7. The thermal stress is the same for all the tests shown in Figure 7 (T = 67.5 °C). Under this thermal stress, the electrical stress ranges from 0 to 975 V (the rated voltage of the hairpin winding is 800 V) with the same rise time.



The subplots in each row represent the RPDIV results of two different DUTs in Group A subjected to the same ageing test. As demonstrated, the RPDIV results occasionally exhibit differing trends within the same test. For instance, in the test with an excitation voltage of 825 V (second row in Figure 7), the RPDIV of one DUT decreases after 300 h (left subplot), while for the other, it increases (right subplot).



Comparing the subplots on the left side and the right side, the trends of change in the RPDIV value with increasing excitation voltage are different. On the left side, as the excitation voltage increases from 0 to 825 V, the rate of decrease of RPDIV accelerates. However, as the voltage continues to increase 975 V, the rate of decline slows. In contrast, the subplots on the right side show an increasing rate of RPDIV decline as the excitation voltage increases.



Conversely, increasing the excitation voltage did not lead to breakdowns during the ageing test, as no premature failures were observed. The RPDIV behaviour exhibited irregular fluctuations over time, suggesting that factors other than ageing influence RPDIV behaviour. Consequently, changes in RPDIV alone may not be a reliable indicator of ageing in hairpin windings under PWM voltage.




4.5. Ageing of Hairpin Winding Under Different Rise Time


The RPDIV is influenced by the rise time of the applied voltage signal, as illustrated in Figure 5. This section compares the ageing behaviour under different rise times. Figure 8 presents the RPDIV data and their corresponding fitted curves for various rise times. To ensure consistent overvoltage levels across different rise times, a 5 m two-wire cable was placed between the PWM generator output and the DUT. As shown in Figure 8, increasing the rise time from 70 ns to 120 ns has minimal impact on the rate of decline in RPDIV or the occurrence of early breakdowns. Consequently, rise time is not considered a significant factor in analyzing the ageing mechanism of the hairpin winding in this study.





5. Discussion


Gian Carlo Montanari introduced an electrothermal lifetime model for solid insulating materials subjected to repetitive pulsed voltages [30]. The model delineates the relationship between the lifetime   N L   and the temperature T and the pulsed electric field E. This relationship is elucidated in Equation (5):


   N L  = A exp  ( Δ H / K T )  exp  [ −  (  k 1  +  k 2  / T )  E ]  ,  



(5)




where A is the model parameter to be determined,   Δ H   is the activation energy in the electrothermal ageing process, K is the Boltzmann constant,   k 1  E is the equivalent electrical ageing term, and   k 2  E/T is the synergistic term.



Taking the logarithm of Equation (6), the following expression is obtained:


  ln  N L  = ln A + Δ H / K T −  k 1  E −  (  k 2  / T )  E ,  



(6)







As demonstrated in (6), the lifetime   N L   is found to be contingent on the electric field E (in the absence of PD during the ageing process) at a constant temperature T. For a constant excitation voltage amplitude U and a given DUT (with the same electric field structure, where the electric field inhomogeneity coefficient f is constant), the electric field E is given by E = f (U/d). This relationship indicates that E remains constant, suggesting that the lifetime should also remain unchanged for the same voltage amplitude.



The main reason for the fluctuation of the PD may be the effect of the residual electric field caused by the PD activity under unipolar square waves [31]. Fabiani et al. pointed out that the electric field in the air gap between two wires under square wave voltage is influenced not only by the applied voltage but also by the residual electric field after the PD happens. Therefore, the factors governing PD activity are not only the amplitude of the applied voltage but also the residual electric field. However, there are currently no quantitative expressions for calculating the residual electric field, making it difficult to analyse its effect quantitatively.



5.1. Combined Effect of Temperature and Voltage Amplitude on Ageing of Hairpin Winding


The results presented in Section 4 demonstrate that the rise time of the PWM voltage exerts negligible influence on the ageing of hairpin windings. This finding is consistent with the conclusion drawn from Equation (6), which indicates that the lifetime of solid insulation material is influenced primarily by the combined effects of temperature and electric field strength (proportional to the voltage amplitude, E = f (U/d)). Consequently, the analysis of combined effects in this paper focuses exclusively on the interaction between temperature and voltage amplitude.



As the rise time is not considered in the combined effect analysis, there are only    2 2  = 4   combinations of input parameters. The relative RPDIV data are analysed after 250 h of ageing. To assess the individual effects of the input parameters (voltage amplitude and temperature) on the output variables (relative RPDIV, lifetime, and failure rate), the average outputs at the “low” (−1) and “high” (+1) levels are calculated, as explained in Table 3. These averages are derived from the data collected to represent the impact of each parameter at its respective level. The results are presented in a bar chart, as shown in Figure 9.



As demonstrated in Figure 9, it is evident that an increase in temperature from “low level” to “high level” results in a concomitant rise in the change in relative RPDIV. It is noteworthy that the relative RPDIV exceeds 100% at the end of the ageing process, indicating an increase compared to the initial RPDIV. This observation is consistent with the discussion in Section 3 and may be attributed to the influence of additional factors on the RPDIV.



In contrast, the other two outputs show opposite trends: the lifetime increases, while the failure rate decreases as the temperature rises to the “high level”. These results suggest that elevated temperatures accelerate the insulation ageing process of the hairpin winding. However, the changes in the relative RPDIV data do not directly support this conclusion.



In Figure 9b, the effect of excitation voltage amplitude is analyzed. The results show that all three outputs have an increasing trend as the excitation voltage increases from “low level” to “high level”. This behaviour contradicts the prediction of Equation (6). The discrepancy may be due to variations in the insulation quality of the DUTs, with failures resulting from these differences rather than the ageing process itself. To address this issue, if lifetime were used as the evaluation parameter, the ageing process would need to continue until all DUTs had failed, requiring a longer test duration.



The failure rate is probably the most reliable indicator of the influence of temperature and voltage amplitude of the three parameters. The results show that the ageing of hairpin windings is accelerated by increasing both the temperature and the voltage amplitude.



The combined effect of the temperature and the voltage amplitude is discussed using interaction plots for the relative RPDIV, the lifetime, and the failure rates. Interaction plots for the relative RPDIV, the lifetimes of failed DUTs, and the failure rates are shown in Figure 10, Figure 11 and Figure 12, respectively.



In Figure 10, the two plotted lines are nearly parallel, indicating that no significant interaction between temperature and excitation voltage is observed when the relative RPDIV is used as the response. However, in Figure 11 and Figure 12, the plotted lines are not parallel, indicating that there is an interaction between excitation voltage and temperature when failure rate and lifetime are considered as responses.



Specifically, Figure 11 demonstrates that the intersection of the lines signifies a reversal of the effect of temperature as a function of excitation voltage level when lifetime is utilised as the response. Specifically, at the “high level” of voltage, the lifetime decreases as the temperature increases from low to high. Conversely, at the “low level” of voltage, an increase in lifetime is observed as temperature increases from “low level” to “high level”. Furthermore, at both low and high temperature levels, an increase in lifetime is observed as the excitation voltage level is increased from low to high.



Figure 12 demonstrates that the effect of temperature on failure rate depends on the level of excitation voltage, as indicated by the divergence of the lines. The impact of temperature on failure rate is more pronounced at higher voltage levels, as indicated by the steeper slope of the corresponding line. Similarly, the effect of excitation voltage varies with the temperature level, with the impact of voltage on failure rate being more pronounced at higher temperature levels.



The combined effect of temperature and excitation voltage appears to vary depending on the chosen output response, although they are all used as an indicator of ageing. According to Equation (6), an interaction between the electric field (excitation voltage) and temperature is expected when considering lifetime or degradation. However, the analysis of the relative RPDIV data does not reveal any significant interaction. In addition, the predicted outcome of Equation (6) is that an increase in both the electric field and temperature should result in a decrease in the lifetime of the insulation system. However, Figure 11 does not demonstrate this trend. Of the three responses, only the failure rate aligns with the predictions of Equation (6).




5.2. Discussion of Inconsistency of Result


The inconsistency between the measured lifetime data and the prediction of Equation (6) may be due to the limited ageing time and the limited quantity of the DUTs. When no failures occur during the ageing process, it becomes impossible to accurately determine the lifetime. In addition, the lifetime of the DUT is influenced by individual differences in quality. With an insufficient number of DUTs, the lifetime data lack statistical reliability, further contributing to the discrepancy.



The study was conducted on a limited number of DUTs, which impacts the generalisability of the results. Due to cost and time constraints, only four DUTs per test condition were used, which may not fully capture the variability in manufacturing defects or material inconsistencies across a larger population of DUTs. Future studies should include a larger sample size to improve statistical confidence and allow for more robust conclusions regarding insulation ageing behaviour.



The ageing tests were conducted over approximately 250 h, which may not fully reflect the long-term performance of insulation systems in real-world scenarios. In practice, insulation degradation occurs over thousands of hours. Future studies should aim to extend the duration of ageing tests to better assess the long-term failure mechanisms and provide more reliable lifetime predictions.



The variability in RPDIV data observed in this study can be attributed to several interdependent factors. While a general decrease in RPDIV is expected due to insulation degradation, occasional increases in RPDIV suggest changes in the insulation system. Several mechanisms may explain this phenomenon:




	
Surface charge accumulation and redistribution: During ageing, the applied PWM voltage can lead to surface charge accumulation on the insulation material. In some cases, this accumulated charge temporarily increases the apparent RPDIV, delaying the onset of PDs [32].



	
Modification of the insulation microstructure: Prolonged exposure to thermal and electrical stress can induce molecular reorganization or oxidation in the insulation material, potentially altering its permittivity and thickness. These changes can temporarily improve the dielectric strength, resulting in an increase in RPDIV. However, as the degradation progresses, these effects are usually reversed [23,33,34].



	
Localised curing or densification effects: The PAI insulation material undergoes complex ageing mechanisms, including thermally and electrically induced crosslinking. In certain conditions, this could lead to localised densification, temporarily enhancing insulation properties and leading to an increase in RPDIV. However, this effect is often non-uniform and diminishes as cracks and voids form over time [35].








The present study has determined that elevated temperatures and high excitation voltage amplitudes accelerate the ageing process of the insulation in hairpin windings. However, the prevailing trend in the development of electric motors is towards higher power density, which in turn results in increased motor temperatures. In order to mitigate excessive heat, it is necessary to reduce the motor current, which consequently leads to higher insulation voltage. The only viable solutions to counteract high temperatures and high excitation voltages are improving the system’s heat dissipation capabilities or developing new insulation materials with superior electrical properties.



On the other hand, if a hairpin winding or an electric motor with insulation material undergoes ageing due to elevated temperatures and PWM voltage, the results of this research indicate that PD measurements may not accurately reflect the motor’s ageing state. Consequently, new measurement techniques or parameters must be proposed in order better predict the motor’s lifetime. A deeper understanding of the PD mechanisms under PWM conditions is essential to provide more accurate insights into the insulation’s state of the hairpin winding under PWM voltage.





6. Conclusions


It has been documented that the increased temperatures and PWM voltage can expedite the degradation of the ageing of hairpin windings in electric motors. Conventionally, ageing tests have been conducted using the 50 Hz sinusoidal voltage. This paper aims to analyse the ageing of hairpin windings under PWM voltage. Through a series of experiments, the efficacy of the proposed ageing test setup and the test plan, based on the DoE method, in facilitating PD measurements, simulating the ageing process of hairpin windings, and collecting data for evaluation, has been demonstrated.



The experimental findings demonstrated show that PD measurements in the ageing process did not result in a substantial increase in failure rates, providing a robust foundation for the ageing test approach. In the tests, both increased temperatures and increased excitation voltage amplitudes were observed to accelerate the ageing of the hairpin windings, as evidenced by the increased failure rate. However, the changes in relative RPDIV were not significant, and the lifetime data did not align with theoretical predictions. The interaction plot demonstrated an interaction between temperature and voltage amplitude, whereby the failure rate and lifetime were used as the output variables. These results further substantiate the effect of temperature and excitation voltage amplitude on the ageing of hairpin windings, thereby contributing to a more comprehensive understanding of the ageing mechanism under PWM voltage.



The present study indicates the necessity of updating standard testing procedures. PD measurement alone may not be sufficient to assess the insulation condition under PWM voltage and should be complemented by additional parameters. The study demonstrates that the process of insulation ageing is affected by the combined effect of thermal and electrical stress. Therefore, it is recommended that standardised ageing protocols consider the effects of temperature–voltage interaction to ensure accurate lifetime predictions for inverter-fed motors. Subsequent research should consider additional influencing factors, such as humidity and switching frequency, when evaluating combined effects.



The results indicate that RPDIV under PWM voltage is influenced not only by the insulation state of the hairpin windings but also by other parameters during the ageing process, potentially linked to surface charge effects and variations in insulation thickness. Further in-depth research is needed to better understand PD mechanisms under PWM voltage, as this could serve as an early diagnostic indicator of hairpin degradation.



Additionally, developing a reliable lifetime model for hairpin windings will require further investigation to identify suitable parameters and enhance the understanding of the ageing process. Alternative diagnostic methods should be explored for a more accurate assessment of insulation ageing. Promising approaches include dielectric loss and dissipation factor (  t a n δ  ) measurements and the electrical treeing and breakdown test.



Furthermore, future studies should incorporate the effects of humidity and switching frequency to provide a more comprehensive understanding of insulation ageing. By combining PD measurements with other diagnostic techniques, a hybrid model could be developed to assess insulation system health more reliably.
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	PWM
	Pulse Width Modulation



	RPDIV
	Repetitive Partial Discharge Inception Voltage



	DoE
	Design of Experiment



	PD
	Partial Discharge



	EM
	Electric Machine



	SiC
	Silicon Carbide



	AC
	Alternating Current



	DUT
	Device under Test
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	Polyamide-imide
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	High-Frequency Current Transformer
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Figure 1. An example of DUT (hairpin-in-slot emulation). 
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Figure 2. Schematic diagram of the electrothermal ageing system under PWM voltage. 
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Figure 3. Pulse voltage waveform from the PWM generator (upper curve) and PD signal (lower curve). 
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Figure 4. Schematic of the absence or presence of a two-factor interaction. (a) No interaction of factors   X 1   and   X 2  , (b) Interaction of factors   X 1   and   X 2  . 
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Figure 5. Variation of RPDIV (mean value ± standard deviation) with different (a) temperature (b) rise time. 
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Figure 6. RPDIV data of hairpin windings under different temperature (under same electrical stress). 
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Figure 7. RPDIV data of hairpin windings under different excitation voltage (same rise time, under same thermal stress). 
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Figure 8. RPDIV data of hairpin windings under different voltage rise time (same voltage level, under same thermal stress). 
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Figure 9. Main effect diagram of (a) temperature and (b) excitation voltage on RPDIV, lifetime, and failure rate. 
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Figure 10. Interaction plot for relative RPDIV. 
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Figure 11. Interaction plot for lifetime of DUTs. 
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Figure 12. Interaction plot for failure rate. 






Figure 12. Interaction plot for failure rate.



[image: Energies 18 01376 g012]







 





Table 1. Parameters of the hairpin windings.
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	Parameters
	





	Insulation material
	PAI



	Temperature index
	≥220 °C



	Heat shock
	≥240 °C



	Dimension range
	Grade 3, ca. 100 µm



	Geometry (L/W/H) [mm]
	300/4/2



	Rated voltage
	800 V










 





Table 2. PWM voltage parameters and temperature parameters.
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	Parameters
	Setting Value





	Pulse width
	500 µs



	Fall time
	70 ns



	Frequency
	1 kHz



	Temperature
	20 °C, 67.5 °C, 115 °C, 162.5 °C, 210 °C



	Excitation voltage level
	0, 675 V, 750 V, 825 V, 900 V, 975 V



	Rise time
	70 ns, 120 ns










 





Table 3. The classification of value of the parameter for the   2 3   design for the two-factor scenario.
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	Variable
	Temprature
	Excitation Voltage
	Rise Time





	“−” level (coded −1)
	20 °C, 67.5 °C, 115 °C
	0, 675 V, 750 V, 825 V
	70 ns



	“+” level (coded +1)
	162.5 °C, 210 °C
	900 V, 975 V
	120 ns










 





Table 4. Failure rate of Group A and Group B DUTs in ageing test.
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	Group
	Total Number of DUT
	Number of Failure
	Failure Rate





	Group A
	44
	13
	29.5%



	Group B
	44
	9
	20.5%
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