

  energies-17-02054




energies-17-02054







Energies 2024, 17(9), 2054; doi:10.3390/en17092054




Article



Multilevel Aircraft-Inverter Design Based on Wavelet PWM for More Electric Aircraft



Nurbanu Catalbas 1, Ahmet Gungor Pakfiliz 2 and Gokhan Soysal 1,*





1



Faculty of Engineering, Department of Electrical and Electronics Engineering, Ankara University, Ankara 06830, Turkey






2



Faculty of Engineering, Department of Electrical and Electronics Engineering, OSTIM Technical University, Ankara 06374, Turkey









*



Correspondence: soysal@eng.ankara.edu.tr







Citation: Catalbas, N.; Pakfiliz, A.G.; Soysal, G. Multilevel Aircraft-Inverter Design Based on Wavelet PWM for More Electric Aircraft. Energies 2024, 17, 2054. https://doi.org/10.3390/en17092054



Academic Editor: Chunhua Liu



Received: 14 March 2024 / Revised: 3 April 2024 / Accepted: 24 April 2024 / Published: 26 April 2024



Abstract

:

This paper proposes a comprehensive power system designed for the use of a more electric aircraft power distribution system. Instead of traditional Nicad battery solutions as the energy source of the aircraft power system, lithium battery structures, which are a recent and promising solution in the field of aviation power systems, are modeled and analyzed. In this study, a WPWM-based, single-phase, multi-level pure sine wave static aircraft-inverter system is designed and integrated to improve the performance of conventional aircraft power systems. In the designed power system, a boost converter structure is proposed that boosts 28 VDC-to-270 VDC voltage coming from the lithium–ion battery pack and can reach a steady state in 0.032 s. The performance of the modeled WPWM-based aircraft-inverter system, compared to SPWM Bipolar and Unipolar switching techniques commonly used in single-phase inverter designs, reveals a THD reduction of approximately 27% with WPWM, resulting in a THD value below 2% for both load current and load voltage. As a result of the study, a power system that will enable the aircraft avionics, ventilation, and navigation systems to perform better than conventional power systems and comply with aircraft electric-power characteristic standards has been designed and detailed.
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1. Introduction


Research in the field of aviation is increasingly focusing on electrification systems for a cleaner environment, an efficient, more accessible, and rapid system, and increased safety [1]. Therefore, the conversion of hydraulic, pneumatic, and mechanical systems in the structure of conventional aircraft into electrical systems requires the use of new technologies [2]. The processes of realizing this transformation are examined in the literature under the concepts called more electric aircraft (MEA) and all-electric aircraft (AEA). These concepts can also be defined as the new direction and rising trend of the aviation system in terms of energy [3,4]. Recent academic work in the field of power electronics for aircraft systems is primarily focused on improving system efficiency, adapting circuits for aircraft use, and achieving higher capacity [5]. These efforts aim to realize systems that offer advantages in terms of volume, weight, and efficiency, which are crucial factors for aircraft MEA systems. Current research in this scope focuses primarily on improving the performance of electronic systems by efficiently converting and controlling electrical energy in aircraft applications. This includes optimizing power supplies for better efficiency and developing subsystems that can transmit energy more effectively to other aircraft systems.



In the literature, there are several studies on the development of electrical power systems for aircraft utilizing inverters. These are generally aimed at developing innovative switching topologies or improving the overall efficiency. Zhen Huang et al. examined dual-inverter topologies to meet the requirements of MEA applications in their study. They developed this topology by selecting three performance elements: voltage utilization, inverter output quality, and fault tolerance [6]. Janine Ebersberger et al. have compared two-level and three-level inverters regarding the power increase of aircraft within the scope of MEA [7]. In another study, which is related to the following concept, the loss model was derived using the silicon carbide (SiC) metal–oxide–semiconductor field-effect transistor (MOSFET) as a semi-conductor element and was used to predict the properties of voltage levels.



In aircraft power systems, it is common to use a frequency of 400 Hz in inverter applications due to its advantageous characteristics compared to the standard 50/60 Hz frequency [8]. The adoption of higher frequencies allows for lighter and more efficient components to be integrated into electrical systems. This is mainly due to the feasibility of using smaller and lighter transformers and inductors for electric motors and various electronic devices. As a result, this reduction in component size and weight contributes to a reduction in the overall weight of the aircraft, improving fuel efficiency. Furthermore, the use of higher frequencies facilitates faster transmission of electrical energy, enabling aircraft electrical systems to exhibit greater response and precision. Using high frequencies instead of 400 Hz offers various efficiency advantages but is still considered experimental in terms of standards and generality of use.



Himanshu Saini et al. have created a five-level inverter model to meet the energy demand for MEA applications [9]. Instead of using the traditional 400 Hz output frequency, they chose a frequency of 1.4 kHz to reduce the weight of the motor. Fei Diao et al. designed a hybrid multilevel inverter composed of Si and SiC for electric aircraft applications [10]. In addition to high-power efficiency, a harmonics-reduced system, lower dv/dt ratio, and a low-cost space vector-modulation technique are also proposed in the study. In this study, we aim to design a single-phase aircraft inverter with high efficiency and optimum total harmonic distortion (THD) level based on the developing semiconductor technology.



Based on the literature research, there are hydraulic, pneumatic, and electrical power structures as secondary power usage, especially in civil aircraft. However, current studies and market trends show that efforts to replace hydraulic and pneumatic systems with electrical power systems are gaining momentum [11]. The main reasons for this are the low efficiency of hydraulic systems, their long production and design processes, and the fact that they are more difficult to control than electrical systems. Pneumatic systems share common drawbacks such as weight and space constraints, slow response time, complexity and maintenance requirements, and temperature sensitivity. It is expected that the use of electrical systems in aircraft will accelerate as these disadvantages can be solved to a significant extent by increasing the use of electrical systems in aircraft. This transformation process is likely to be characterized by the concept of MEA in the first phase and all-electric aircraft as a commercially prominent option in the steady state.




2. More Electric Aircraft


The concept of MEA emerged in 1995 due to research provided in [12]. This concept represents an essential area of aircraft innovation, as advances in aircraft technology have made systems more sophisticated. MEA aims to provide as much electrical energy as possible to the aircraft. Today, it is argued that MEA technology is one of the most promising technologies for the aviation industry to reduce aircraft weight and fuel use [13]. MEA technology is generally created by converting the hydraulic, mechanical, and pneumatic circuits and loads in conventional aircraft into integrated and partial electrical sources [14]. MEA systems benefit aircraft significantly in important areas, such as significant fuel savings, lower environmental impact (carbon emissions etc.), better maintenance, more reliability, higher power density, system continuity, more appropriate volume, and weight, and reduced cost [15].



Figure 1 depicts an overview of the power distribution scheme in a conventional aircraft and an aircraft with an MEA system. The conventional aircraft structure in Figure 1a is not the right structure for remote power distribution. As can be seen from the figure, in a conventional aircraft, power generation, distribution, and utilization for electrical, pneumatic, hydraulic, and mechanical systems are performed separately, and there is no connection between these subsystems. With the MEA concept in the structure in Figure 1b, all pneumatic, hydraulic, and mechanical loads provide the necessary power from a single electrical power distribution system [16]. In Figure 1a, motor-driven generator systems provide the required electrical power for all loads. In this case, applying power with different voltage levels to all the loads specified is necessary. The systems that will provide this are electronic power circuits, which obtain different voltage levels in both DC and AC [17]. For this reason, some of the pneumatic, hydraulic, and mechanical systems are being converted into electrical systems that reduce overall weight, cost, and environmental impact and increase efficiency. In this way, as the technology evolves, fewer mechanical connections and hydraulic power sources are used, significantly reducing the maintenance complexity. By adopting and effectively implementing the MEA system, silent and fuel-efficient aircraft can be created.



Table 1 shows a comparison of conventional and MEA aircraft. The aviation industry is taking steps to reduce the use of carbon-based fuels, lower emissions, and improve energy efficiency. Furthermore, the electrification system provides criteria such as favorable operation and maintenance costs, noise reduction, and safety. To achieve all these positive features, MEA uses electro-hydrostatic actuators (EHA) and electromechanical actuators (EMA) instead of hydraulic systems as in conventional aircraft [18,19]. As the name suggests, the working principle of the EHA is to convert the available electrical energy into hydraulic power and then convert the hydraulic power into mechanical energy. The EMA is a mechatronic device and is the output command signal of the controller or drives, the load, and other mechanical components in the system.



As shown in Table 1, power systems, especially MEA, play a critical role in the electrical architecture of the aircraft. These systems control the load management of the entire aircraft, covering both power generation and distribution in MEA structures [21]. The aircraft’s power system, consisting of power and distribution systems, is responsible for generating the electrical energy required to operate the various on-board equipment. These systems include components such as motors, motor drives, generators, controllers, and electronic power circuits. Inverters, DC–DC converters, and rectifiers stand out as the most used circuits in the aircraft power system. The primary purpose of these components is to efficiently distribute the power generated by the system to all electrical loads required for the aircraft to operate throughout its flight phases [22].



An advance in MEA systems, and one that is expected to find much more wide-spread use in the future, is AEA systems. Aircraft account for about 2.5% of global CO2 emissions, but their overall contribution to climate change is much higher than this [23]. This is because aircraft do not only emit CO2 but also emit other gases and indirectly affect global warming in a negative way at some points. Based on innovative global warming studies, it has been determined that the negative impact of aircraft on global warming is 3.5%, which is much higher than the Radiative Forcing concept [24]. At this point, MEA and future AEA structures will be of utmost importance for sustainable air transportation. Airplanes in all-electric aircraft systems are propelled by engines that operate totally on electricity. However, the practical application of these technologies is severely constrained because of the difficulties in producing enough thrust for commercial aviation, which accounts for an important percentage of the aviation sector. As a result, AEA structures are now mostly utilized for small-scale or experimental aircraft structures. Due to technological advancements and the need to minimize emission rates, AEA structures can be defined as the future technology for aircraft systems after MEA structures. Thanks to technological developments, the need for electricity increases depending on the type of signal desired in aircraft, and the importance of systems, such as inverters that provide electricity to the system, is increasing in power electronics systems used in aircraft.



The electrical energy distribution system of more electric aircraft is provided in Figure 2 [25]. This study was performed to develop a power system within the boundaries of the MEA energy distribution system.



Lead-acid and Nicad (nickel–cadmium)-based battery solutions are conventionally preferred in aircraft battery systems. However, within the scope of the concept of more electric aircraft, there are innovative studies on the use of lithium ion-based batteries instead of such battery structures [26]. The use of lithium ion-based battery types in aircraft instead of conventional battery structures has several advantages, including weight advantages and the ability to meet instantaneous high current demand. It is predicted that lithium battery technologies will find more and more space in future studies within the scope of more electric aircraft. This is mainly because they are much lighter and significantly smaller in volume than Nicad battery systems. In terms of specific energy density, lithium battery technologies have values of 200 Wh/kg, while this value is around 70 Wh/kg for Nicad. In terms of volumetric energy density, lithium battery technologies have a value of 350 Wh/L, while Nicad battery technologies have a value of 120 Wh/L. With this information, it is seen that the approximate battery pack of an aircraft system in which power systems are energized using lithium battery technologies is approximately three times lighter and occupies much less volume than Nicad [27].



As with other vehicles, ensuring the safety of lithium batteries is critical, particularly in aviation applications. Lithium batteries pose a risk of combustion or explosion if subjected to conditions such as overheating, overcharging, or physical damage, which could have catastrophic consequences for aircraft safety. To mitigate such risks, nanophosphate lithium-ion battery structures, known for their enhanced chemical stability, are favored in aircraft over traditional metal oxide lithium–ion structures [28].



With the relevant inverter structure, AC energy required for structures such as equipment cooling fans, window heaters, and ventilation systems can be provided. In the aircraft, subsystems such as general electronic systems, avionics equipment in the cockpit, navigation systems, flight control systems, and communication equipment operate with AC energy [29]. Considering the systems it operates and the importance of their use with other systems in aircraft, it is crucial to generate AC energy with high efficiency using batteries. To convert the 28 VDC voltage obtained from the battery into 115 VAC 400 Hz voltage, the voltage level must first be increased. As shown in Figure 2, DC/DC converters are used at this stage. Due to the development of semiconductor technology, systems with boost converter structures are preferred instead of transformer structures up to certain power levels. The use of semiconductor switches instead of transformer structures to achieve the desired voltage level in aircraft offers significant advantages and follows the MEA concept. These advantages include higher efficiency, better frequency response, more robustness with respect to electrical noise, and much reduced weight and size. The specifications of MIL-STD-704F standards are provided in Table 2, and the voltage transient response of the inverter system is analyzed in accordance with these standards [30].



The inverter is designed to have a 5 kW power output, over 90% efficiency, and 2% total harmonic distortion. It has also been developed to meet the requirements of the aircraft electrical power characteristics standard (MIL-STD-704F). These standards specify the requirements and characteristics of aircraft electrical power supplied at the input terminals of electrical handling equipment and are intended to ensure compatibility between the aircraft electrical system, external power, and airborne handling equipment. If the electrical power supplying the aircraft units has certain characteristics, these units are expected to provide the required performance under all specified operating conditions. The use of these units must not cause any adverse effects or degradation of the electrical power system. In light of this information, the relevant aircraft-inverter system has been designed as a structure with lithium–ion battery technology using semiconductor switches in DC/DC voltage-conversion processes [31]. Design processes in electronic power systems are primarily based on the determination of losses and the desired power level.




3. Inverter Design and Power Loss Calculation


The loss and parameter calculation process, which is aimed to be realized within the scope of aircraft inverter design, is conducted in this article by following the procedure in the flow diagram shown in Figure 3 [32]. At the initial stage of the calculation process, an output power for the inverter of the aircraft must be determined.



Firstly, parameters such as DC voltage level, AC output voltage, and the power factor to be applied to the system are determined. In these processes, the design standards (MIL-STD-704F) applicable to aircraft were considered. The voltage waveform of single-phase or three-phase electrical power-supply systems is sinusoidal, and expected operating limits are provided in Table 2. The circuit scheme of the single-phase three-level inverter system realized in this study is given in Figure 4 [33].



The state of the switches of the single-phase multilevel inverter and their relation to the output voltage are provided in Table 3 [34].



As shown in Table 3, the output voltages of multilevel inverters are more like pure sine wave structures than single-level structures due to the intermediate output voltage levels. Thus, compared to single-level inverters, multilevel inverters offer better efficiency and less harmonic distortion. However, as the inverter level increases, there are disadvantages such as increased power losses, larger device sizes, higher cost, and more complex control and design.



As seen in the circuit diagram provided in Figure 4, in addition to the switching elements, there is an LC filter group at the output of the inverter [35]. LC filters block unwanted frequency components in electronic power circuits, effectively filtering out noise and harmonics while providing clean power output [36]. Depending on the desired output parameters, they smooth the output waveform and minimize parasitic transmission by producing a clean signal in the appropriate frequency range [37]. This study analyzes and simulates LC filter characteristics for aircraft power systems operating at 115 VAC and 400 Hz. The circuit diagram, including the components and parameters of the LC filter circuit and the load structure associated with it, is provided in Figure 5.



When determining the DC voltage level of the inverter output, in addition to the desired output voltage, calculations are made with a tolerance value of 10% for possible transient conditions, and the formula for calculating the VDC value with the specified tolerance value is provided in Equation (1).


    V   D C   =   V   o   × 1.1 = 115 × 1.1 = 126.5   V  



(1)







In the next phase, the cut-off frequency fc, also known as the resonant frequency, is the frequency limit at which the energy flowing in the system begins to be damped rather than passing directly through [38]. The damping characteristic at the cut-off frequency is an important factor in second-order filter design. The gain can be very large near the cut-off frequency, and this frequency can amplify the noise. The relationship between the cut-off frequency of the low-pass LC filter and the filter elements is provided in Equation (2).


    f   c   =   1   2 π  L C     



(2)







The cut-off frequency of the LC filter should be between five times the fundamental frequency, represented by f, and 0.2 times the sampling frequency, represented by fs, to obtain good system dynamics and avoid resonance problems, as provided in Equation (3) [39].


  5 f <   f   c   < 0.2   f   s    



(3)







To determine the values of L and C, a cut-off frequency between the switching frequency and the output frequency of 400 Hz must be determined for aircraft inverter design. To minimize the harmonic distortion, the output impedance of the inverter should be made minimum. Therefore, the capacitor should be at maximum and the inductor at minimum value at a particular cut-off frequency. In this way, both the cost and volumetric size, which are of great importance for aircraft, can be reduced. In the inverter application inspired by a case study, the ripple current of the filter inductor is chosen to be 20% of the peak value of the load current [40]. Smaller L and C parameters are more beneficial since weight and volume are vital criteria for aircraft. In electronic power systems, elevated switching frequencies typically permit the employment of diminutive inductors and capacitors. This phenomenon is attributed to the decrement in energy-storage requisites per duty cycle at augmented frequencies, thereby facilitating a reduction in the physical dimensions of these components [41]. Furthermore, the optimization of inverter efficiency is crucial in their design, especially for applications where energy conservation is of utmost importance. An increase in switching frequencies, while beneficial in reducing the physical size of passive components, concurrently leads to an amplification of switching losses [42]. Considering the change-of-power losses of the inverter depending on the switching frequency, the calculation of the LC filter parameters of the aircraft inverter to be conducted in our study is provided in Equations (4)–(6), respectively.


  ∆   I   L   = 0.2     V   o     L o a d   = 0.2 ×  2  ×   115   40   = 0.813   A  



(4)






  L =     V   D C     8   f   s   ∆   I   L     =   126.5   8 × 20 ×   10   3   × 0.813   = 0.972 ×   10   − 3   = 0.972   m H  



(5)






  C =   1     ( 2 π   f   c   )   2   L   =   1     ( 2 π × 3.25 ×   10   3   )   2   × 0.972 ×   10   − 3     = 2.466 ×   10   − 9   = 2.466   n F  



(6)







Following the determination of the LC filter parameters, the inverter-design process proceeds by calculating the switching and conduction losses. In these processes realized through semiconductor switches, it is necessary to select a reference-switching element with a suitable application area for aircraft power system applications. After the determination of the LC filter parameters, semiconductor switches of the inverter system must be determined.



In the selection of semiconductor switching elements, SiC and GaN materials are at the forefront of current electronic power applications, and these two prominent wide bandgap (WBG) semiconductor materials have advantages and disadvantages over each other. Among these two power semiconductor materials, GaN has a slightly higher switching frequency compared to SiC due to higher electron mobility, as shown in Figure 6. Therefore, the GaN structure is more suitable for high-frequency electronic power applications. However, due to the poor thermal conductivity of GaN, it is more commonly used in low-power applications [43].



SiC-based semiconductors have much better thermal conductivity and, therefore, lower switching losses at low-to-medium frequencies and are the best choice for high-power applications at medium frequencies. High-thermal conductivity not only dissipates heat faster, but the device can be made smaller, which reduces the form factor, and this advantage also significantly reduces the cooling requirement of the power system. In terms of the applications of these two materials, GaN structures come to the fore in LED lighting, TV, or PC power-supply applications, including electric vehicle charging, battery systems, industrial battery chargers, and motor drive applications [44]. A comparison of semiconductor materials in terms of power and switching frequency is provided in Figure 7.



The primary switching element selected based on the power and frequency values provided in Figure 7 and commonly preferred in aircraft power electronics is defined as the Silicon Carbide Power Metal–Oxide–Semiconductor Field-Effect Transistor (MOSFET) and designated as SCTWA90N65G2V [45]. The power, voltage, frequency, and switching-frequency values of the proposed aircraft inverter are provided in Table 4.



The parameters of the SiC-based MOSFET switch to be used in the study are provided in Table 5. Power losses are calculated based on the values provided in Table 4 and Table 5.



The output current and conduction loss for the MOSFET and diode for switches are calculated as provided in Equations (7)–(9), respectively.


    I   L   =     P   o       V   o     =   5000   W   115   A   = 43.478   A ( R M S )  



(7)






    P     c o n d   M O S F E T     =     ( I     L   e f f     )   2     R   d s ( o n )   = (   47.478   A )   2   × 25 ×   10   − 3   Ω = 47.258   W  



(8)






    P     c o n d   D i o d e     =   V   T       I   d    ¯  +   R   d     (   I     d   e f f     )   2   = 0.7   V × 10.87   A + 0.1 Ω ×   ( 15.372   A )   2   = 31.24   W  



(9)







Then, the total conduction loss of the MOSFET and diode is obtained as Equation (10) and switching loss of MOSFET and diode are determined as Equations (11) and (12), respectively.


    P   c o n d   =   P     c o n d   M O S F E T     +   P     c o n d   D i o d e     = 47.258   W + 31.24   W = 78.498   W  



(10)






    P     s w   M O S F E T     =     E   o n   +   E   o f f       f   s w   =   1.4   J + 0.3   J   ×   10   − 3   × 20 ×   10   3     H z = 34   W  



(11)






    P     s w   D i o d e     =   E   r e c     f   s w   =   V   o     Q   r r     f   s w   = 115   V × 15   F ×   10   − 12   × 20 ×   10   3     H z = 3.45 ×   10   − 5     W  



(12)







The calculated diode switching losses are small in comparison to the MOSFET switching losses, making them negligible and total switching losses are calculated as given in Equation (13).


    P   s w   =   P     s w   M O S F E T     +   P     s w   D i o d e     = 34 + 3.45 ×   10   − 5   ≅ 34   W  



(13)







As a result of these calculations, the total power loss of the semiconductor switches of the inverter is determined as given in Equation (14) and overall total input power of the proposed inverter is determined as Equation (15).


    P   l o s s   = 3 ×   78.798   W + 34   W   = 338.394   W  



(14)






    P   i n   =   P   l o s s   +   P   o   = 338.394   W + 5000   W = 5338.394   W  



(15)







The efficiency value of the intended single-phase three-level pure sine wave static aircraft inverter is determined as 93.661%.




4. Wavelet PWM Based Inverter Design


The wavelet transform is an efficient mathematical transformation function that analyzes signals on the frequency axis, and the important feature of this method is that it allows the signal to be analyzed locally [46]. In this way, a signal can be analyzed in detail in a constrained area and can be analyzed based on the signal-time scale. As a result, both low-frequency information over long intervals and high-frequency information over short intervals are obtained. Wavelet transforms the focus on generating sinusoidal reference signal samples and reconstructing the sinusoidal output from these samples. In the literature, the wavelet transform is often used for discontinuity detection and noise removal from signals. In electronic power applications, the preprocessing of input signals for noise reduction and feature extraction before machine-learning applications is widely used to detect anomalies in systems [47,48].



Wavelet transforms can efficiently process signals that do not meet the periodicity and stationarity requirements of conventional signal-processing methods. This enables wavelet transformations to be effective in areas such as the identification of transient distortions, peak detection, and performance improvement of electronic power converters, hence their application in power electronics is quite wide. The wavelet-modulation technique is based on a non-diadic multiresolution analysis (MRA), which is simplified by digital algorithms and leads to lower harmonic content and higher fundamental output voltages compared to other modulation techniques. The wavelet-modulation technique using scale-based linearly dependent basis functions and Haar scaling functions provide high-fundamental component magnitudes and low harmonic contents at the inverter outputs, which means the WPWM method offers improved performance in inverter applications compared to conventional modulation techniques.



In this power electronics study, the wavelet transform is used to efficiently generate signals to be applied to semiconductor switches in a single-phase three-level pure sine wave static aircraft-inverter circuit specialized for aircraft. Inverter systems produce undesired harmonics in their outputs despite their LC filter structures, and there are constraints such as cost and weight in the selection of LC filter parameters. To improve the performance of inverter systems with high efficiency and performance, it is not enough to select only the appropriate LC filter parameters. It is also necessary to generate optimal switching signals and drive the semiconductor switches by using these signals.



There are main transform functions used in wavelet transformations, and the wavelet family used for the wavelet transform generally consists of the main wavelet function, as well as its scaled and shifted variants. The main wavelet function takes the name of a wavelet family, while the scaled and shifted variants are used to analyze signals with shifted spatial and frequency scales. These main functions are chosen according to specific properties and application requirements, such as computational cost and compatibility with continuous or stationary signals in applications. There are several main functions used in the wavelet transform application, and their basic waveforms are provided in Figure 8.



In this electronic power application, the Haar wavelet function is adapted to design the inverter-switching scheme. The highlighted advantages of the Haar wavelet function are its low computational burden and its efficiency in identifying components in specific frequency and time ranges, which are important for calculating the optimal switching signal to be applied to the switching elements. The Haar wavelet function is used to model the on–off signals of the gate pulses that drive the semiconductor elements in the inverter circuit. The opening signal is represented by the Haar function, and the optimal switching signals are obtained as a result of this computation in which the appropriate scaling function controls the pulse duration and position of the driving signals. Wavelet pulse width modulation (WPWM) is based on non-uniform repetitive sampling and the reconstruction of a reference modulated signal. Functions based on sampling are produced as an expansion of the scaling function     φ   ( j , k )     t    , and functions based on synthesis are produced as an extension of the synthesis scaling function       φ  ~    ( j , k )     t    ,


    φ   j     t   =   Φ   H       2   j + 1   + t   +   Φ   H   (   2   j + 1   ( t − 1 +   2   −   j + 1     ) )  



(16)






    φ   ( j , k )     t   = φ (   2   j   t − k )  



(17)







Here, j = 1,2,3,… and     Φ   H   ( t )   refers to the Haar scaling function.     Φ   H   ( t )   is as follows:


    Φ   H     t   =       1   t ∈ [ 0,1 ]       0   t ∉ [ 0,1 ]        










      φ  ~    j     t   =     ( Φ   H   )   j     t   −   φ   j     t    



(18)






      φ  ~    ( j , k )     t   =   φ  ~  (   2   j   t − k )  



(19)







Using both     φ   j     t     and       φ  ~    j     t    , the resulting continuous time function     x   c     t     can be determined in detail as follows:


    x   c     t   =   ∑  k      ∑  j        x   c     t   , φ (   2   j   t − k )     φ  ~  (   2   j   t − k )      



(20)







In this equation, j, k ∈ Z, where Z is the set of integers.



The flowchart for obtaining wavelet-based inverter-switching signals is provided in Figure 9 [49].



In the flow chart in Figure 9, td1 and td2 are the time in the sample group, Tm is the period of the sine wave, and D is the duty period. The time intervals td1 and td2 of each sample group are calculated once the parameters Tm, j0, and D have been determined. The time points in each sample group can provide the driving signals needed to power the semiconductor switches, which can then be combined into two unipolar controlled signals W1 and W2, and these two signals form the core of the WPWM switching algorithm. These two signals alone are not adequate to directly drive the switches of a single-phase three-level inverter and, therefore, some modifications in the switching scheme are needed. Among these other signals is the P1 pulse signal, which has twice the frequency of the reference sine wave and half-cycle symmetry. The output voltage level distribution can be changed by adjusting the pulse width.



Another additional signal is using the same frequency as the reference sine wave, while the C1 pulse is a square signal. Afterwards, using the unique logic relationship between W1, W2, P1, and C1, as provided in Equations (21)–(23), the control signals for the semiconductor switches S1 to S6 of the WPWM inverter application have been effectively produced.


    S   1   =   S   3   =     W   1    ¯  ∩     W   2    ¯  ∩     P   1    ¯  ∩     C   1    ¯  ∪ (   W   1   ∪   W   2   ) ∩   P   1   ∩   C   1    



(21)






    S   4   =   S   2   =     W   1    ¯  ∩     W   2    ¯  ∩     P   1    ¯  ∩   C   1   ∪ (   W   1   ∪   W   2   ) ∩   P   1   ∩     C   1    ¯   



(22)






    S   6   =     S   5    ¯  =   C   1    



(23)







The WPWM control algorithm schematic for a single-phase, three-level inverter with logic gates for the switching signals is shown in Figure 10 and is based on the logical equations that were produced.



The time-dependent waveforms of the W1, W2, P1, and C1 signals applied to the circuit diagram consisting of logic gates obtained as a result of the application of the WPWM algorithm and the raw output voltage generated from the inverter output before the LC filter are scaled relative to each other are provided in Figure 11.



Figure 12 shows the simulation results of the W1 and W2 signal waveforms, which are produced by the WPWM algorithm and contain the percentages of duty periods applied to the logical switching scheme.



Figure 13 shows the simulation results of switching signals   (   S   1   =     S   3    ¯  ,     S   2   =     S   4    ¯  ,     S   5   =     S   6    ¯  )   obtained by using WPWM signals W1 and W2 and pulse signals P1 and C1 to the logic-switching scheme of a three-level WPWM inverter.



With the switching signals obtained as a result of the WPWM algorithm, an aircraft power system is simulated to supply an RL-type load. The parameters of the RL load used in the simulation of the designed system are R = 10 Ω and L = 0.1 mH, respectively. A lithium battery with a nominal charge voltage of 28 VDC and an output voltage of 26.4 VDC is simulated as the power source of the integrated system designed for aircraft. The simulated lithium battery is modeled to have a nominal capacity of 200 Ah. Figure 14 shows the discharge characteristics of the lithium battery modeled for aircraft power systems at a nominal current and at various discharge currents, including nominal and exponential fields.



An adaptive boost converter structure is used to increase the 28 VDC voltage level obtained from the lithium battery to about 270 VDC. In the adaptive boost converter structure, the reference signal is compared with the signal at the output of the voltage boost converter, and a semiconductor duty cycle is generated with the help of a controller so that the output of the converter provides the reference voltage. PI controller structure is generally preferred in these applications. The main reasons for this preference are easy applicability and higher system stability, and in this study, PI controller structure is preferred as an adaptive voltage-boost converter. The change of lithium battery and adaptive boost converter voltages according to time is provided in Figure 15, and the settling time of the output of the boost converter to steady state is about 0.032 s.



Figure 16 shows the detailed power system of the single-phase three-level pure sine wave static WPWM aircraft-inverter system with a lithium–ion battery and adaptive voltage boost converter, as simulated in this work.



The power system shown in the figure is energized by a lithium battery. There are certain measurement points belonging to the system created and possible undesirable situations are prevented with the measurements made from these points. In this study, Vb represents the boost converter output voltage and VL represents the load voltage. With these measurement points, safety is ensured by disconnecting the battery pack from the circuit in case of possible undesired situations. Simulations of the designed power system were conducted in the MATLAB/Simulink environment. The performance results of the implemented WPWM applications are compared with the sinusoidal pulse width modulation (SPWM) switching technique frequently used in the literature. The performance results of the study are compared with multi-level SPWM bipolar and SPWM unipolar inverter-switching techniques [50].



Using the proposed MEA power-system structure, the comparative waveforms of load voltage and current obtained using different switching approaches are provided in Figure 17 and Figure 18, respectively.



To analyze the performance of the obtained load voltages and currents in detail in terms of performance, THD values of the related signals were calculated. THD is a measure of the harmonic components generated during energy conversion in electronic power systems and provides important insights into the performance of the overall system [51]. It is one of the key parameters that should be improved as a priority in the design process of electronic power systems. A low THD indicates that the designed electronic power systems have higher performance, high efficiency, and stability. Equations for the calculation of THD of voltage and current values are provided in Equations (24) and (25), respectively.


    T H D   V   = 100 ×      ∑  h = 2   ∞        V   h     2          V   1      



(24)






    T H D   I   = 100 ×      ∑  h = 2   ∞        I   h     2          I   1      



(25)







The THD values of the load voltages and currents of the simulated aircraft inverter system are shown in Figure 19.



As a result of the comparison of the obtained THD parameters, in terms of load voltage, it was calculated as 2.642% for SPWM-Bipolar, 2.546% for SPWM-Unipolar, and 1.945% for the WPWM method. In the THD comparison in terms of load currents, it is calculated as 2.509% for SPWM-Bipolar, 2.297% for SPWM-Unipolar, and 1.919% for the WPWM method. In the power system’s design implementation of this aircraft-inverter system, the unipolar method performed slightly better than the bipolar method in terms of THD value regarding SPWM methods. The WPWM method described in this study significantly improved the performance by reducing the THD value by 27% compared to the unipolar SPWM approach.



Figure 20 presents the statistical distribution of output voltage samples, meeting the criteria for steady-state RMS voltage (108 to 118 VDC) and steady-state output frequency (393 to 407 Hz), in accordance with the MIL-STD-704F standard, when examining the parameters of the modeled aircraft-inverter system.



Upon examination of the time-dependent statistical output data of the steady-state results from the modeled MEA power system based on the WPWM inverter, it becomes evident that the system achieves high accuracy in providing reference values (115 VAC and 400 Hz) once it reaches a steady state.



WPWM applications can offer different advantages in various power systems, not only for aircraft power systems. As supported by the results of this study, when used in inverter systems, it can significantly reduce THD and increase the size of key components. When used in motor drives, it can improve efficiency and performance by controlling the speed and torque of electric motors. In renewable energy systems, especially in solar and wind energy converters, it can improve power-conversion efficiency and reduce harmonic distortion in the generated power. In power systems, it can be used in grid-connected inverters, power-conditioning units, and active power filters to improve power quality, reduce harmonics, and increase system stability. Also widely preferred in industrial applications, adjustable speed drives are suitable for a variety of applications that require high-quality power conversion, such as uninterruptible power supplies (UPS) and industrial automation systems.




5. Conclusions


In this study, a power system designed to enhance the performance of more electric aircraft is presented. The WPWM method was integrated with the inverter system of the proposed comprehensive MEA power system, and the system’s performance outcomes were examined in detail. The energy demand of the designed power system was provided and modeled using lithium–ion battery structures instead of Nicd battery structures, which are frequently used in traditional applications in aircraft. In this study, which was conducted in the field of aircraft power electronics, information was provided about lithium battery technologies, which are expected to be used on the path to more electric aircraft and, eventually, fully electric aircraft, and whose use in this field is increasing day by day. Also, the load-dependent discharge characteristic of the battery system was obtained. When designing the MEA power system, details on power and frequency compatibility were provided during semiconductor selection. Criteria-based semiconductor switch selection, switching loss, and efficiency calculations were performed to provide compatibility with the specified power system. The efficiency of the modeled single-phase three-level pure sine wave static aircraft inverter is calculated as 93.661%. To reduce the output harmonic level, LC filter design for the single-phase three-level pure sine wave static aircraft-inverter system is performed, and parameters are obtained. In the proposed MEA power system, an adaptive boost-converter structure was developed to increase the 28 VDC voltage from the lithium–ion battery pack to 270 VDC, and it was determined that the system reached a steady state in 0.032 s. The investigation has led to the design and detailing of a power system that will meet aircraft electric power characteristic standards while enabling the aircraft avionics, ventilation, and navigation systems to operate more efficiently than traditional power systems. The increased output voltage obtained from the boost converter is applied to the multilevel WPWM inverter and filter structure to perform the related MEA power system. Detailed performance results of the WPWM-based MEA power system are compared with the results of SPWM Bipolar and Unipolar switching techniques, which are frequently used in single-phase inverter-design processes. The THD values for load voltages and currents of the MEA system were compared, resulting in 2.642% for SPWM-Bipolar, 2.546% for SPWM-Unipolar, and 1.945% for the WPWM method for load voltages. In terms of load currents, the THD values were calculated as 2.509% for SPWM-Bipolar, 2.297% for SPWM-Unipolar, and 1.919% for the WPWM method. According to the comparison results, it is determined that the WPWM algorithm, the focus of this study, reduces the THD value by about 27% more than the other methods, resulting in a THD value below 2% for both load current and load voltage in the aircraft-inverter system that was realized with the WPWM method. An analysis of the time-dependent statistical output data of the steady-state results obtained from the modeled WPWM-based MEA power system shows that the system achieves significant performance in providing the reference values (115 VAC and 400 Hz) when it reaches a steady state. Based on the findings of this research, the proposed WPWM-based MEA power system provides improved performance for MEA applications while at the same time complying with aircraft electrical power specification standards.
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Nomenclature




	     P     c o n d   M O S F E T       
	MOSFET conduction loss



	     P     c o n d   D i o d e       
	Diode conduction loss



	     I     L   e f f       
	Effective value of load current



	     R   d s ( o n )     
	Total resistance between drain-source in a semiconductor switch



	     V   T     
	Diode threshold voltage



	       I   d    ¯    
	Diode average current



	     I     d   e f f       
	Effective value of diode current



	     P     s w   M O S F E T       
	MOSFET switching loss



	     P     s w   D i o d e       
	Diode switching loss



	     E   o n     
	The energy of the MOSFET during on



	     E   o f f     
	The energy of the MOSFET during off



	     I   L     
	Load current



	     V   i n     
	Input voltage



	     t   o n     
	MOSFET on time



	     t   o f f     
	MOSFET off time



	     f   s w     
	Switching frequency



	     E   r e c     
	Voltage of the diode at off



	   n   
	Number of semiconductor switches in the circuit



	     P   i n     
	Input power



	     P   o     
	Output power



	     I   i n     
	Input current
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Figure 1. System power distribution for civil aircraft (a) conventional aircraft (b) MEA aircraft. 
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Figure 2. Power distribution system of MEA. 
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Figure 3. Flowchart of the power system design process. 
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Figure 4. Single phase three-level pure sine wave static inverter circuit. 
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Figure 5. LC filter circuit. 
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Figure 6. Radar chart comparison of Si, GaN, and SiC properties. 
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Figure 7. Application fields of semiconductor switches according to frequency and power. 
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Figure 8. Main wavelet functions. 
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Figure 9. Flowchart for WPWM application. 
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Figure 10. Logic switching scheme of three-level WPWM inverter. 
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Figure 11. Waveform of W1, W2, P1, C1 and Uab. 
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Figure 12. Duty cycle percentage of W1 and W2 (D = 30, fm = 400 Hz). 
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Figure 13. Semiconductor switching signals of WPWM algorithm: (a)     S   1    ; (b)     S   4    ; (c)     S   6    . 
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Figure 14. Discharge characteristics: (a) Nominal current with areas; (b) Various discharge currents. 
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Figure 15. Boost converter and battery voltages. 
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Figure 16. Modeled aircraft power system. 
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Figure 17. Load voltage change according to switching methodologies. 
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Figure 18. Load current change according to switching methodologies. 
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Figure 19. THD according to switching methodologies: (a) voltage; (b) current. 






Figure 19. THD according to switching methodologies: (a) voltage; (b) current.



[image: Energies 17 02054 g019]







[image: Energies 17 02054 g020] 





Figure 20. Steady-state characteristics: (a) output voltage; (b) frequency. 
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Table 1. Differences between conventional aircraft and MEA [20].
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	Conventional Aircraft
	MEA





	Conventional motor generates hydraulic, pneumatic, and electric power; pneumatic actuation
	Parallel architectures connect thermal and electrical engines to propellers with mechanical shafts (hybrid director), electric start



	Conventional auxiliary power unit (APU) generates hydraulic, pneumatic, and electrical power
	Electric APU generates electric power only



	Several power electronic converters
	More power electronics converters



	Hydraulic and pneumatic actuators
	Electrically supported hydraulic and pneumatic actuators



	Mechanical brakes
	Mechanical and electric brakes



	AC circuit breakers and low-voltage DC breakers
	Solid state power contactors



	The battery is only used in emergencies and for APU initialization
	Used in all flight phases



	Conventional motor generates hydraulic, pneumatic, and electric power; pneumatic actuation
	Parallel architectures connect thermal and electrical engines to propellers with mechanical shafts (hybrid director), electric start



	Conventional auxiliary power unit (APU) generates hydraulic, pneumatic, and electrical power
	Electric APU generates electric power only










 





Table 2. Aircraft electrical power characteristics standard (MIL-STD-704F).
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	Steady-State Characteristics
	Limitations





	Steady-State Voltage
	108.0–118.0 Volts RMS



	Voltage Unbalance
	Maximum 3.0 Volts RMS



	Voltage Modulation
	Maximum 2.5 Volts RMS



	Phase Angle Difference
	116°–124°



	Harmonic Factor
	Maximum 0.05



	DC Component
	±0.10 Volts



	Steady-State Frequency
	393–407 Hz



	Frequency Modulation
	4 Hz



	Peak Voltage Value
	±271.8 Volts










 





Table 3. Three-level inverter output voltage and switch states.
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	States
	Switches in on State
	Switches in the off State
	      U   a b      





	1
	     S   1       S   2         S   6     
	     S   3       S   4         S   5     
	     + U   d     



	2
	     S   2       S   3         S   6     
	     S   1       S   2         S   4     
	     + U   d   / 2   



	3
	     S   3       S   4         S   6     
	     S   1       S   2         S   5     
	   0   



	4
	     S   3       S   4         S   5     
	     S   1       S   2         S   6     
	     − U   d     



	5
	     S   2       S   3         S   5     
	     S   1       S   4         S   6     
	   −   U   d   / 2   



	6
	     S   1       S   2         S   5     
	     S   3       S   4         S   6     
	   0   










 





Table 4. Parameters of single-phase three-level pure sine wave static aircraft inverter.






Table 4. Parameters of single-phase three-level pure sine wave static aircraft inverter.





	Output power (    P   o    )
	5 kW



	Output voltage (    V   o    )
	115 V(RMS)



	Output frequency (    f   o    )
	400 Hz



	Duty cycle (D)
	0.5



	Switching frequency (    f   s    )
	20 kHz










 





Table 5. Semiconductor Element Parameters.






Table 5. Semiconductor Element Parameters.





	MOSFET internal resistance (    R   D S ( o n )    )
	25 mΩ



	MOSFET conduction energy (    E   o n    )
	1.4 mJ



	MOSFET cut-off energy (    E   o f f    )
	0.3 mJ



	Diode threshold voltage (    V   T    )
	0.7 V



	Diode internal resistance (    R   d    )
	0.1 Ω



	Diode capacity (    Q   r r    )
	15 pF
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