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Abstract

:

The use of and interest in renewable energy have increased in recent years due to the environmental impact of the technologies currently used to generate electricity. Switched converters play a fundamental role in renewable energy systems. The main goal is to manipulate the output signal of the renewable energy source to meet the requirements of different loads. Therefore, the increase in research on renewable energy sources has resulted in an increase in studies on switched converters. However, many DC–DC converters can be used in a particular application, and there is no clear guidance on which converter to use. The choice of whether to use one converter over another is highly reliant on the expertise of the researcher. Two examples of DC–DC converters are the Sheppard–Taylor converter and the Cuk converter. In this work, a critical comparison is made between these converters. The parameters considered in this comparison are the number of components, gain, stress on parts, and others. The simulation results were obtained to evaluate the performance of the converters in different scenarios. Finally, we conclude that the only application for which the use of the Sheppard–Taylor converter is justified are those that require high specific power and power density.
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1. Introduction


The use of renewable energy sources has significantly increased in recent decades. This increase is mainly due to the large number of greenhouse gases emitted into the atmosphere by traditional energy sources. In addition, international agreements to reduce the environmental impact of power generation have been established, such as the Kyoto protocol. Therefore, there are significant projects related to clean energy generation in almost every country [1,2]. According to the 2020 global status report of REN21, it is cheaper to generate power from solar panels than build new coal plants in most countries. The installed capacity of renewable energies in 2019 grew by more than 200 GW due to this cost reduction. This growth represents the highest growth in installed capacity for a single year. In addition, renewable energies provided 27.3% of the total energy consumed globally in 2019 [3].



Switched converters play a crucial role in power generation systems based on renewable energy sources. The source must often operate at a specific point to provide the maximum power. The extracted energy can be sent to a battery for storage, from which it can be directly injected into the grid or consumed locally. All loads have different voltage and current requirements that must be met by the system to ensure proper operation. Switched converters can manipulate the source output signals of the signals input to the load. Hence, they allow the source to operate at its maximum power transfer point while meeting the load requirements. Hence, along with the increase in renewable energy sources, the use of switched converters has also correspondingly increased [4,5].



Another factor that has driven the branch of power electronics is technological advancement. Metal oxide silicon field-effect transistors (MOSFETs) appeared in the industry in the 1970s. Since then, they have continued to evolve to meet the growing demands of electricity in our daily lives. However, the rate of improvement of silicon-based devices has declined this century, as they almost reached their maximum theoretical capabilities. However, innovative wide-bandgap materials have been introduced, such as silicon carbide (SiC) and gallium nitride (GaN). GaN and SiC semiconductor materials allow for the production of faster, smaller, and more reliable devices. Moreover, the efficiency of devices with this new technology is superior to that of traditional silicon-based solutions. These capabilities allow power converters to be used in a wide range of applications, which was not possible with the previous technology [6,7]. Therefore, it is essential to increase research efforts associated with power converters.



There are many types of power converters. These converters can be classified according to the current type at the input and output (DC–DC, DC–AC, AC–DC, and AC–AC). Generally, DC–DC converters have a variable DC voltage at their input and a fixed DC voltage at their output. These converters are very common in renewable energy source applications. The most basic DC–DC converter topologies are the buck and boost converters [8,9,10]. However, there are many other types of DC–DC converter topologies, such as in the examples of the Sheppard–Taylor and Cuk converters.



Figure 1 shows the Cuk converter topology. This type of converter was first proposed by researcher Slobodan Cuk in 1977 [11]. Since its invention, this converter has been the basis of much research. Performing a search for Cuk converter in the title, abstract, and keywords using the Scopus tool resulted in 1602 items. In addition, since 2017, more than 100 articles per year have been published in relation to this converter. Furthermore, it has been used in a wide range of applications. In [12], a study was carried out comparing the classic boost converter with the Cuk. The Cuk converter was found to present significant advantages for voltage boost applications, because it is more efficient and has less ripple at the output. In [13], this converter was used to obtain an IV curve in a photovoltaic array. Advantages of the architecture were demonstrated in allowing automation in the process of characterizing a photovoltaic panel. In [14], a modified Cuk converter was proposed for telecommunications applications, with a lower ripple for the output current, and a higher output voltage was achieved. In [15,16], the Cuk converter was combined with a classic boost topology for renewable energy applications. In both works, control of the cascade converter was achieved using a single control signal to a switch. The results show that it is possible to work in the MPPT with a low stress level on the switches, and a higher voltage gain at the output was obtained compared with classical topologies. Finally, Refs. [17,18] used the Cuk converter for power factor correction (PFC). It was used as a battery charger for an electric vehicle in one and as a driver for a motor in the other. The effectiveness of using this converter in a battery charger was evidenced even under conditions of line voltage and load variations. Moreover, very low ripple regulation in the output voltage was maintained, which is highly desirable in battery charger applications. On the other hand, when used as a motor driver, it was shown that the power factor tends to be one, and the total harmonic distortion (THD) of the supply current is reduced for low-power applications. As can be seen, this converter is used in a wide range of applications; therefore, it demonstrates great potential both presently and in the future.



Figure 2 shows the Sheppard–Taylor converter architecture. This converter was proposed in 1983 [19]. When performing a search for Sheppard–Taylor converter in the title, abstract, and keywords using the Scopus tool, 51 articles were returned. The difference between both converters is huge. However, the Sheppard–Taylor converter has been used in numerous applications. These include DC motor drivers [20,21] and battery chargers [22,23]. However, most applications are related to power factor correction (PFC). Despite the significant difference, many works on the applications of this architecture can be analyzed. However, the vast majority are related to PFC applications. Some examples are [20,22,23], among others. The reason this topology is so popular for PFC is due to two main reasons; according to [24], this converter achieves a high power factor when operated in discontinuous mode for a wide range of operations and can achieve a perfect sine input current when working in continuous mode.



By analyzing Figure 1 and Figure 2, it can be seen that both converters have many characteristics in common. Both have inductors at the input and output stages to regulate the current. In addition, they each have one capacitor between the input and the output phases. Finally, the negative terminal of the input source is directly connected to the positive terminal of the output capacitor. However, despite all these common features, there is a vast difference in the research between both converters. At first sight, it can be appreciated that the Cuk converter uses fewer components. Nevertheless, is that reason enough to justify the difference in their use? Is the Sheppard–Taylor converter superior to the Cuk converter applications not related to PFC? We attempt to answer these questions in the present work.



There are many reviews and comparisons of DC–DC converters [25,26,27]. However, we have only found two articles that include both Sheppard–Taylor and Cuk converters [28,29]. In [28], a unified approach was proposed to analyze PFC converters. The authors focused on a methodology to analyze the behavior and design of both converters. However, a proper comparison between both converters was not performed. On the other hand, in [29], both converters were used as drivers for a DC motor and focused on the performance of an electric machine. It remains to be found why the Cuk converter is used much more than the Sheppard–Taylor converter. Therefore, this work performs an in-depth study comparing both converters. We hope the results presented here can justify why the Cuk converter is more frequently used. Moreover, we intend to give future designers guidelines for when to use the Sheppard–Taylor converter. Table 1 presents some of the most recent works that involve the converters discussed in this manuscript and their contribution to the study area.



In this paper, we compare two DC–DC converters: the Sheppard–Taylor converter and the Cuk converter. This comparison is conducted considering the number of components, voltage gain, converter model, stress on components, and other parameters. Therefore, in this work, we offer the key points that differentiate these topologies such that a future designer can decide which converter to use in their application. Section 2 presents the model of both converters. Section 3 presents the simulation results for several scenarios of these converters, and Section 4 offers a critical comparison between these converters considering the parameters mentioned above. Finally, the main deductions of the investigation are presented in the conclusions.




2. Modeling of the Converters


In this section, an averaged model of each converter is developed. The application of the averaged model is a well-known technique used for switched converters [35]. By modeling the converters, we can fully understand their behavior. Moreover, this allows an analysis of the state variables and, finally, obtains the voltage gain of the system.



2.1. Cuk Converter


The first step in obtaining the averaged model of a converter is to obtain the equivalent circuit for each switch state. Then, Kirchhoff’s laws are used to obtain the equations of the variables of interest. Figure 3 shows the equivalent circuit of the Cuk converter when the MOSFET is on. Equation (1) represents the state-space model of the circuit depicted in Figure 3, where   i 1   is the current through the inductor   L 1  ,   v c   is the voltage across the capacitor C,   i 2   is the current through the inductor   L 2  ,   v o   is the voltage across the capacitor   C o  ,   L 1   is the inductance value of the inductor   L 1  , C is the capacitance value of the capacitor C,   L 2   is the inductance value of the inductor   L 2  ,   C o   is the capacitance value of the capacitor   C o  , R is the value of the output resistance, and   v  i n    is the input voltage.


        i 1  ˙        v c  ˙        i 2  ˙        v o  ˙      =     0   0   0   0     0   0    −  1 C     0     0    1  L 2     0    −  1  L 2        0   0    1  C o      −  1  R  C o              i 1       v c       i 2       v o      +      1  L 1       0     0     0      v  i n    



(1)







Figure 4 shows the equivalent circuit of the Cuk converter when the MOSFET is off. The state-space model of this circuit is represented in (2).


        i 1  ˙        v c  ˙        i 2  ˙        v o  ˙      =     0    −  1  L 1      0   0      1 C    0   0   0     0   0   0    −  1  L 2        0   0    1  C o      −  1  R  C o              i 1       v c       i 2       v o      +      1  L 1       0     0     0      v  i n    



(2)







Equations (1) and (2) are used in (3) to obtain the averaged model of the system, where X is the vector of states,   A 1   is the matrix that multiplies the vector of states in the model when the MOSFET is on,   A 2   is the matrix that multiplies the vector of states in the model when the MOSFET is off,   B 1   is the matrix that multiplies the input variable in the model when the MOSFET is on,   B 2   is the matrix that multiplies the input variable in the model when the MOSFET is off, d is the duty cycle of the PWM signal applied to the MOSFET, and u is the input variable.


    X ¯  ˙  =  [  A 1  d +  A 2   ( 1 − d )  ]   X ¯  +  [  B 1  d +  B 2   ( 1 − d )  ]   u ¯   



(3)







Equation (4) shows the state-space averaged model. Finally, this model is linearized. Each variable is replaced by the sum of a large signal and a small signal (   x ¯  = X +  x ^   ) to achieve linearization, where   x ¯   is an averaged variable, X is the DC component of the variable, and   x ^   is the small component of the variable. In this system, the variables are   i 1  ,   i 2  ,   v c  ,   v o  , d, and   v  i n   .


         i 1  ¯  ˙         v c  ¯  ˙         i 2  ¯  ˙         v o  ¯  ˙      =     0      d ¯  − 1   L 1     0   0      −    d ¯  − 1  C     0     d ¯  C    0     0     d ¯   L 2     0    −  1  L 2        0   0    1  C o      −  1  R  C o               i 1  ¯        v c  ¯        i 2  ¯        v ¯  o      +      1  L 1       0     0     0       v  i n   ¯   



(4)







Finally, (5) shows the small-signal model of the Cuk converter. In addition, (6)–(10) show the system’s point of operation that is obtained from computing the DC components of the signal.


            i 1  ^  ˙         v c  ^  ˙         i 2  ^  ˙         v o  ^  ˙      =     0     D − 1   L 1     0   0      −   D − 1  C     0    D C    0     0    D  L 2     0    −  1  L 2        0   0    1  C o      −  1  R  C o               i 1  ^        v c  ^        i 2  ^        v ^  o      +       V c   L 1        −    I 1  +  I 2   C         V c   L 2       0      d ^  +      1  L 1       0     0     0       v  i n   ^      



(5)






    V c   V  i n    =  1  1 − D    



(6)






    V o   V c   = D  



(7)






    V o   V  i n    =  D  1 − D    



(8)






    I 2   I 1   =   1 − D  D   



(9)






   I 2  =   V o  R   



(10)








2.2. Sheppard–Taylor Converter


The same methodology was followed to obtain the averaged model of the Sheppard–Taylor converter. Figure 5 shows the equivalent circuit of the converter when the MOSFETs are on. Equation (11) represents the state-space model of this circuit, where   i 1   is the current through the inductor   L 1  ,   v c   is the voltage across the capacitor C,   i 2   is the current through the inductor   L 2  ,   v o   is the voltage across the capacitor   C o  ,   L 1   is the inductance value of the inductor   L 1  , C is the capacitance value of the capacitor C,   L 2   is the inductance value of the inductor   L 2  ,   C o   is the capacitance value of the capacitor   C o  , R is the value of the output resistance, and   v  i n    is the input voltage.


        i 1  ˙        v c  ˙        i 2  ˙        v o  ˙      =     0    1  L 1     0   0      −  1 C     0    −  1 C     0     0    1  L 2     0    −  1  L 2        0   0    1  C o      −  1  R  C o              i 1       v c       i 2       v o      +      1  L 1       0     0     0      v  i n    



(11)







Figure 6 shows the equivalent circuit of the Sheppard–Taylor converter when the MOSFETs are off. The state-space model of this circuit is represented in (12).


        i 1  ˙        v c  ˙        i 2  ˙        v o  ˙      =     0    −  1  L 1      0   0      1 C    0   0   0     0   0   0    −  1  L 2        0   0    1  C o      −  1  R  C o              i 1       v c       i 2       v o      +      1  L 1       0     0     0      v  i n    



(12)







Equation (13) shows the state-space averaged model of the Sheppard–Taylor converter.


         i 1  ¯  ˙         v c  ¯  ˙         i 2  ¯  ˙         v o  ¯  ˙      =     0     2  d ¯  − 1   L 1     0   0      −   2  d ¯  − 1  C     0    −   d ¯  C     0     0     d ¯   L 2     0    −  1  L 2        0   0    1  C o      −  1  R  C o               i 1  ¯        v c  ¯        i 2  ¯        v ¯  o      +      1  L 1       0     0     0       v  i n   ¯   



(13)







Finally, (14) shows the small-signal model of this converter. Furthermore, (15)–(19) show the point of operation of the system.


            i 1  ^  ˙         v c  ^  ˙         i 2  ^  ˙         v o  ^  ˙      =     0     2 D − 1   L 1     0   0      −   2 D − 1  C     0    −  D C     0     0    D  L 2     0    −  1  L 2        0   0    1  C o      −  1  R  C o               i 1  ^        v c  ^        i 2  ^         v ^  o  +   2  V c    L 1         −   2  I 1  +  I 2   C         V c   L 2       0      d ^  +      1  L 1       0     0     0       v  i n   ^      



(14)






    V c   V  i n    =  1  1 − 2 D    



(15)






    V o   V c   = D  



(16)






    V o   V  i n    =  D  1 − 2 D    



(17)






    I 2   I 1   =   1 − 2 D  D   



(18)






   I 2  =   V o  R   



(19)







Analyzing (5) and (14), it can be seen that the model is very similar for both converters. Both are fourth-order systems as they have four storage devices. Furthermore, the matrices paired with the state vector and the input variables are very similar. The terms with value 0 are the same for each model. Therefore, the complexity of designing a controller is similar in each converter, and the behavior will be alike.





3. Simulation Results


In this section, we present the simulations that were performed for both converters. The software PSIM was used to carry out these simulations because it has been specifically developed for power electronics applications. These simulations reveal the behavior of each converter. In addition, it becomes possible to demonstrate the operating point and the gain obtained through the averaged model. Finally, the stress on the switches is shown. The value of the elements is the same in both converters, because they present the same distribution of storage devices. Table 2 shows the value of the components used in both converters. In addition, the converters are operated to obtain an output voltage of 5 V.



3.1. Cuk Converter


The first step is to compute the duty cycle needed to guarantee the desired output voltage. According to (8), a 0.33 duty cycle was imposed on the PWM signal of the switches. Figure 7 shows the voltage present in the storage elements of the Cuk converter. It can be appreciated that the output voltage reaches a steady state at 5 V. Furthermore, the voltage across the capacitor C is stabilized at 15 V. Finally, it can be seen that the system reaches a steady state within 10 ms.



Figure 8 shows the currents in both inductors for this topology. It can be seen that they are transient where the currents   i 1   and   i 2   reach almost 6 A. However, in less than 5 ms, the current is under 1 A. Moreover, the average steady-state value is 0.5 A for   i 2   and 0.25 A for   i 1  . These values correspond to those obtained from (10) and (9). Finally, current   i 1   has a greater ripple than current   i 2   because the value of inductance   L 1   is lower than the value of inductance   L 2  .



In addition, simulations were performed to analyze the stress of the switches in this architecture. Figure 9 shows the voltage stress on the MOSFET. It can be seen that the voltage that this element must withstand is the voltage presented by the capacitor C. Although not illustrated in this work, it was verified that the diode must also withstand the voltage of the capacitor C. We do not show this graph because it is the same as Figure 9. However, when zoomed in, it is possible to see that the voltage appears on the diode when the PWM signal is high, while it appears on the MOSFET when the PWM signal is low, as shown in Figure 10. Finally, the current stress suffered by the switches was checked. Both switches must withstand the sum of the currents   i 1   and   i 2  .




3.2. Sheppard–Taylor Converter


In this simulation, a 0.25 duty cycle was imposed on the PWM signal of the MOSFETs. In this way, the desired output voltage of 5 V was guaranteed, as can be seen in (17). Figure 11 shows the voltages obtained in the simulation of the Sheppard–Taylor converter. It can be seen that the desired output voltage was reached. Furthermore, the voltage across the capacitor C is stabilized at 20 V. Finally, it can be seen that the system reaches a steady state within 15 ms.



Figure 12 shows the currents in both inductors. It can be seen that they are transient where the currents   i 1   and   i 2   exceed 4 and 6 A, respectively. However, they stabilize within 5 ms. Moreover, the average steady-state value is 0.5 A for   i 2   and 0.25 A for   i 1  . These values verify the operating point obtained from (19) and (18). Finally, current   i 1   has a greater ripple than current   i 2  , for the same reason that    L 2  >  L 1    in the Cuk converter.



Finally, Figure 9 shows the voltage stress on MOSFET   S 1  . It can be seen that the voltage that this element must withstand is the voltage presented by the capacitor C. After conducting several experiments with all the switches, it was concluded that the voltage stress of these elements is the voltage of the capacitor C. However, the voltage appears in the elements in different states of the PWM signal. When the PWM signal is high, the voltage   V c   appears on the diodes   D 1  ,   D 2  , and   D 4  , while when the signal is low, the voltage appears on the elements   S 1  ,   S 2  , and   D 3  . Current stress-wise, it was concluded that diodes   D 1   and   D 2   must withstand current   i 1  , diodes   D 3   and   D 4   must withstand current   i 2  , and the MOSFETs must withstand the sum of   i 1   and   i 2  . This behavior can be verified by analyzing Figure 5 and Figure 6, taking into account the specific test conditions.



In this section, verifying the previously obtained operating point is possible. Furthermore, it was evidenced that the voltage of capacitor C determines the stress of the switches. However, it could be seen that the voltage   V c   in the Cuk converter is lower than in the Sheppard–Taylor converter. Therefore, the voltage stress on the switches will be lower in the Cuk converter. Once again, the Cuk converter presents the most desirable feature. In addition, the current of both inductors in the steady state was the same in both converters. Although the comparison based on the simulation results has been helpful, it is essential to note that this is only a point of operation. Can these conclusions be extended to the entire operating region of the converters? This question and others will be answered in the next section.





4. Discussion


So far, we have analyzed different parameters and considered them in comparing both converters. In all cases, the Cuk converter presented the most desirable features. Table 3 summarizes the main results according to the voltage and current of both methods.



Moreover, the most critical state was considered when performing the simulations and obtaining the results. In this section, we will conduct an in-depth study of both converters. In this way, we can determine if the Sheppard–Taylor converter is underrated and whether it may be the better converter in some applications.



The Cuk converter features fewer switches and only has one MOSFET and one diode, while the Sheppard–Taylor converter features two MOSFETs and four diodes. Therefore, there is less initial investment in the Cuk converter. In addition, this causes it to have fewer power losses, because the current passes through more elements in the Sheppard–Taylor converter, resulting in more significant losses in conduction and switching power.



As stated before, both converters have a similar structure when analyzing the linearized model. Therefore, the complexity of designing the controller will be similar for both converters. However, differences can be seen at the point of operation. Figure 13 shows the voltage gain as a function of D, given (8) and (17). It can be seen that the Cuk converter achieves a higher gain. However, both converters have the possibility, in theory, of having infinite gain. In practice, getting so close to this critical point is impossible. The Cuk converter can achieve a higher gain because it has a smoother curve. It should also be noted that the [0.5–1] duty cycle region in the Sheppard–Taylor converter cannot be used. If a duty cycle of this region is used, it will cause the polarity of the voltages to change, leading to a short circuit. Finally, it can be concluded that both converters can reduce or boost the input voltage. The Cuk converter must operate with a duty cycle of less than 0.5 to reduce the input voltage and with a duty cycle greater than 0.5 to raise it. The Sheppard–Taylor converter must operate with a duty cycle of less than 0.33 to reduce the input voltage, while the duty cycle must be greater than 0.33 and less than 0.5 to boost it.



The stress analysis in the switches presented in the previous section was carried out from a narrow perspective because only one operating point was analyzed. Therefore, it cannot be generalized to the entire operating region. However, it can be generalized that this stress depends on the voltage of the intermediate capacitor (  V c  ). By substituting (7) into (6), we obtain (20), which represents the operating point of the voltage   V c   in the Cuk converter. Performing this procedure for the Sheppard–Taylor converter with (15) and (16) yields (21). Analyzing (20) and (21), it can be concluded that the Cuk converter switches will always present lower voltage stress.


   V c  =  V  i n   +  V o   



(20)






   V c  =  V  i n   + 2  V o   



(21)







The same analysis can be carried out to obtain the current stress, obtaining    I 2   V o  =  I 1   V  i n    . This result was expected, because the output power is ideally equal to the input power. In an application, we have fixed values for the input voltage, output voltage, and current   I 2   (determined by the load). Therefore, the current   I 1   should be the same for both converters. However, as the Sheppard–Taylor converter has greater power losses, the converter will need to be stressed a bit more to guarantee the power output.



Finally, the sizing of the storage devices was analyzed. This sizing is performed with (1) and (11). For example, the equation of the derivative of   i 1   that is obtained from (1) is


    d  i 1    d t   =   V  i n    L 1    











Equation (22) represents the minimum value required for   L 1   in the Cuk converter, where   Δ t   is the time the MOSFET will be on, and   Δ  i 1    is the allowed current ripple. Substituting   Δ t   for   D T  , where T is the period of the PWM signal, and using Equations (7) and (20) yields (23). If the same procedure is carried out for the Sheppard–Taylor converter, (24) is obtained. Furthermore, the same analysis was carried out for the elements   L 2   and C. The study of the capacitor   C o   yields the same equation for both converters. Therefore, the size of this element to guarantee the desired conditions will be the same for both converters.


   L 1  =   Δ t  V  i n     Δ  i 1     



(22)






   L  1 m i n _ C u k   =    V  i n    V o     V  i n   +  V o     T  Δ  i 1     



(23)






   L  1 m i n _ S T   =   2  (  V  i n   +  V o  )   V o     V  i n   + 2  V o     T  Δ  i 1     



(24)







Equation (25) represents the minimum value of   L 2   for the Cuk converter, while (26) is obtained for the Sheppard–Taylor converter. Finally, (27) represents the minimum value of the capacitor C for the Cuk converter, while (28) represents the minimum value of this capacitor for the Sheppard–Taylor converter. Analyzing these equations, it can be concluded that there is a constant that can depend on the period of the PWM signal, the ripple allowed for a variable, and the load for both converters. This constant is multiplied by a factor that depends on the input and output voltage. A larger factor is less desirable, because it indicates that a larger storage device will be needed to meet the design requirements.


   L  2 m i n _ C u k   =    V  i n    V o     V  i n   +  V o     T  Δ  i 2     



(25)






   L  2 m i n _ S T   =    (  V  i n   +  V o  )   V o     V  i n   + 2  V o     T  Δ  i 2     



(26)






   C  m i n _ C u k   =   V o 2    V  i n   +  V o     T  R Δ  V c     



(27)






   C  m i n _ S T   =    (  V  i n   +  V o  )   V o 2     V  i n    (  V  i n   + 2  V o  )     T  R Δ  V c     



(28)







The above equations can be used to obtain the minimum value of the storage elements in each converter and should be of the lowest possible value for devices. For each component, we take the switching period, the ripple allowed in the variable of interest, and the resistance as fixed values. In this way, the minimum value of each element depends on the input and output voltage desired in the application. We use MATLAB to obtain the value of this factor in each equation. Subsequently, we graph it in a single figure to show which factor is larger. The larger factor will cause a larger inductance or capacitance and, therefore, indicate a more expensive item. The input voltage was taken from 10 to 400 V to verify a large spectrum of applications. Moreover, for each input, an output in the region [   V  i n   / 3 ; 3  V  i n    ] was analyzed. Figure 14 shows the graphs of these factors for each of the studied storage devices. In all cases, the surface associated with the Sheppard–Taylor converter is above the surface of the Cuk converter. Therefore, to keep a variable of interest within an allowed ripple, the Sheppard–Taylor converter requires larger storage elements than the Cuk converter.



These graphs also show that the storage elements of the Sheppard–Taylor converter are more stressed. For example, the inductor   L 1   must be larger because the voltage   V L   is greater. Nevertheless, this can also be perceived as an advantage. Figure 15 shows the energy extracted from the source using the data from Table 2. It can be seen that, for storage elements of the same dimension, the Sheppard–Taylor converter transfers more energy. Therefore, the advantage of the Sheppard–Taylor converter over the Cuk converter is shown in this behavior. We believe that the only applications that justify using a Sheppard–Taylor converter are those where a high energy transfer rate is required. Some applications that present this challenge are chargers for electric vehicles, motor drivers, and cell equalizers.



Equation (29) shows the conduction losses in the Sheppard–Taylor converter. If it is assumed that the diodes, the MOSFETs, and the inductors present the same resistance, the Equation (30) is obtained. On the other hand, the Equation (31) shows the conduction losses in the Cuk converter. In all the elements of the sum, except the one that represents the losses due to the current   i 2   when the MOSFETs are off, the Sheppard–Taylor equation presents more elements. This behavior was expected because the Sheppard–Taylor converter has more elements. Therefore, this will imply higher conduction losses in the Sheppard–Taylor converter. Another component of total losses is switching losses. Equation (32) represents the switching losses in the Sheppard–Taylor converter. On the other hand, Equation (33) represents the switching losses in the Cuk converter. It can be seen that the losses in the Sheppard–Taylor converter are twice greater than the losses obtained in the Cuk. This is because it features one more MOSFET, and the stress on these elements is the same for both converters.


      P  L _ C o n d   =  i 1 2   ( D   (  R  o n _  V  i n     +  R  L 1   +  R  o n _  S 1    +  R  o n _  S 2    +  R C  )              +  ( 1 − D )   (  R  o n _  V  i n     +  R  L 1   +  R  o n _  D 1    +  R  o n _  D 2    +  R C  )          +  i 2 2   ( D   (  R  o n _  C O    +  R  L 2   +  R  o n _  S 1    +  R  o n _  S 2    +  R C  +  R  o n _  D 3    )                                                +  ( 1 − D )   (  R  o n _  C O    +  R  L 2   +  R  o n _  D 4    )      



(29)






      P  L _ C o n d   =  i 1 2   ( D   (  R  o n _  V  i n     +  R L  + 2  R  o n _ S   +  R C  )            +  ( 1 − D )   (  R  o n _  V  i n     +  R L  + 2  R  o n _ D   +  R C  )            +  i 2 2   ( D   (  R  o n _  C O    +  R L  + 2  R  o n _ S   +  R C  +  R  o n _ D   )                                                +  ( 1 − D )   (  R  o n _  C O    +  R L  +  R  o n _ D   )      



(30)






      P  L _ C o n d   =  i 1 2   ( D   (  R  o n _  V  i n     +  R  L 1   +  R  o n _ S   )                      +  ( 1 − D )   (  R  o n _  V  i n     +  R L  +  R C  +  R  o n _ D   )                        +  i 2 2   ( D   (  R  o n _  C O    +  R  L 2   +  R C  +  R  o n _ S   )                                            +  ( 1 − D )   (  R  o n _  C O    +  R  L 2   +  R  o n _ D   )      



(31)






   P  L _ S w   = 2  V C   (  i 1  +  i 2  )   f  s w    (  t r  +  t f  )   



(32)






   P  L _ S w   =  V C   (  i 1  +  i 2  )   f  s w    (  t r  +  t f  )   



(33)







Cuk converters offer high energy efficiency, minimizing power losses during battery charging and discharging processes, and thus maximizing the overall efficiency of the BMS. This is crucial for optimizing the range and performance of electric vehicles. Moreover, these converters can handle a wide range of input voltages, making them suitable for various battery chemistries and charging scenarios. They provide flexibility in adapting to different battery configurations, ensuring compatibility with diverse electric vehicle platforms. However, they have a more complex control scheme compared to other converter topologies. They require additional components and control algorithms, which can increase the complexity and cost of the BMS implementation. Finally, Cuk converters may result in higher manufacturing and maintenance costs for the BMS. The additional components and control requirements can add to the overall system cost, making it less economically feasible for certain applications.



As future work, this method can be performed in a real scenario in order to analyze in detail the modeling of the current and voltage derivative. This would allow to obtain the value of the capacitor to be precisely determined to ensure a desired level of ripple in the current or voltage.



Sheppard–Taylor converters offer a simple control scheme and require fewer components compared to more complex converter topologies. This simplicity makes them easier to implement and maintain, and they tend to be more cost-effective. Furthermore, Sheppard–Taylor converters provide good load regulation and a fast transient response, ensuring stable power delivery to electric vehicle systems. In addition, because this circuit is capable of processing small voltage inputs [36], a Sheppard–Taylor configuration is possible in applications where systems require low voltage, such as the last-mile cargo distribution [37]. This is important for maintaining consistent performance and protecting the battery and other electronic components. Nevertheless, these converters typically function as step-down, limiting their application in scenarios where step-up voltage conversion is required. They may not be suitable for certain battery charging or power delivery requirements, restricting their versatility in some electric vehicle applications.




5. Conclusions


In this study, a comprehensive comparison was conducted between the Cuk and Sheppard–Taylor converters for their application in Battery Management Systems (BMS) of electric vehicles. Various parameters, including the number of components, model complexity, and stress on parts, were carefully evaluated. The findings revealed that both converters exhibited similar behaviors and presented models of the same complexity. Additionally, it was determined that both converters require a similar level of difficulty in controller design.



Based on the analysis, the Cuk converter demonstrated notable advantages, such as high efficiency and a wide input voltage range. These characteristics contribute to maximizing the overall efficiency and performance of electric vehicles. However, it should be noted that the implementation of the Cuk converter may involve a potential cost increase due to its complex control scheme and additional components.



On the other hand, the Sheppard–Taylor converter offers distinct advantages, including low cost and good load regulation. Its simplicity in terms of the control scheme and fewer components make it an attractive option for BMS implementation, especially for cost-sensitive applications. Nevertheless, it is important to consider the limited voltage conversion capability of the Sheppard–Taylor converter, as it may not be suitable for certain charging or power delivery requirements in electric vehicles.



Ultimately, the choice between the Cuk and Sheppard–Taylor converters depends on the specific requirements and trade-offs that need to be considered. Factors such as efficiency, complexity, cost, and compatibility with the electric vehicle’s BMS should be thoroughly assessed to make an informed decision. This study provides valuable insights into the strengths and limitations of each converter, aiding researchers and practitioners in selecting the most suitable converter for their electric vehicle applications.
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Figure 1. Cuk converter topology. 
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Figure 2. Architecture of the Sheppard–Taylor converter. 
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Figure 3. Equivalent circuit of the Cuk converter when the MOSFET is on. 
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Figure 4. Equivalent circuit of the Cuk converter when the MOSFET is off. 
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Figure 5. Equivalent circuit of the Sheppard–Taylor converter when the MOSFETs are on. 






Figure 5. Equivalent circuit of the Sheppard–Taylor converter when the MOSFETs are on.



[image: Wevj 14 00148 g005]







[image: Wevj 14 00148 g006 550] 





Figure 6. Equivalent circuit of the Sheppard–Taylor converter when the MOSFETs are off. 
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Figure 7. Voltage of the capacitors present in the Cuk converter. 
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Figure 8. Current of the inductors present in the Cuk converter. 
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Figure 9. Voltage stress in the switch   S 1   of the Sheppard–Taylor converter. 
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Figure 10. Voltage stress in the switch S of the Cuk converter. 
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Figure 11. Voltage of the capacitors present in the Sheppard–Taylor converter. 
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Figure 12. Current of the inductors present in the Sheppard–Taylor converter. 
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Figure 13. Voltage gain of both converters for all possible duty cycles, where the blue line represents the Cuk converter and the red line represents the Sheppard–Taylor converter. 
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Figure 14. Factors associated with storage devices: (a)   L 1  , (b)   L 2  , and (c) C. 
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Figure 15. Voltage of the capacitors present in the Cuk converter. 
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Table 1. Use of Cuk and Sheppard–Taylor converters in investigations of the area.
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	Reference/Year
	Contribution to the Field of Study





	[30]
	In this paper, a flicker-free LED driver based on an isolated Cuk converter with integrated magnetic technique is proposed. Two inductors and a power transformer are combined into one magnetic core to eliminate the wave current as much as possible.



	[31]
	In this study is an optimized on-board integrated DC/DC converter with a non-isolated multi-port scheme that integrates a unidirectional port for the fuel cell and a bidirectional port for the battery and load. This can achieve combined energy supply and recovery with a single integrated converter, effectively overcoming the above disadvantages.



	[32]
	The authors perform an improved bidirectional Cuk equalizer (BCEQ) structure based on a variable-domain fuzzy PID (VFPID) control equalization strategy which is recommended in stages.



	[33]
	This paper deals with the design and analysis of a power factor correction-based Sheppard–Taylor converter-fed brushless DC motor (BLDCM) drive.



	[34]
	This paper proposes a high-gain Sheppard–Taylor-fed electric vehicle in a grid-connected PV system. The Sheppard–Taylor converter is used to maintain the voltage of solar panels at a constant. The output of this Sheppard–Taylor converter is maintained at a constant with the assistance of the PI controller.
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Table 2. Value of the components used in the simulation.
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	Component
	Symbol
	Value





	Input Voltage
	   V  i n    
	10 V



	Inductor 1
	   L 1   
	210  μ H



	Capacitor
	C
	10  μ F



	Inductor 2
	   L 2   
	735  μ H



	Output Capacitor
	   C o   
	1 mF



	Load
	R
	10  Ω 
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Table 3. Principal results obtained in the simulation.
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	Variable
	Cuk Converter
	Sheppard–Taylor Converter





	Stabilized voltage in capacitor (V)
	10
	20



	Steady time (ms)
	10
	15



	Average steady state for   I 1   (A)
	0.5
	0.25



	Average steady state for   I 2   (A)
	0.5
	0.25



	Reaching current   I 1   (A)
	6
	6



	Reaching current   I 1   (A)
	4
	6
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