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Abstract

:

The paper discusses the methods of fast analysis of DC–DC converters dedicated to computer programmes. Literature methods of such an analysis are presented, which enable determination of the characteristics of the considered converters in the steady state and in the transient states. The simplifications adopted at the stage of developing these methods are discussed, and their influence on the accuracy of computations is indicated. Particular attention is paid to the methods of fast analysis of DC–DC converters, taking into account thermal phenomena in semiconductor devices. The sample results of computations of the DC–DC boost type converter obtained with the use of the selected methods are presented. The scope of application of particular computation methods and their duration times are discussed. Computations were performed with the use of SPICE and PLECS.
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1. Introduction


DC–DC converters constitute an important group of impulse power electronic converters in which, depending on the topology, the constant input voltage is lowered or increased [1]. In these converters, there are semiconductor devices that play the role of fast switches and LC components that store energy and filter voltage and output current waveforms [2]. The essence of the operation of the considered class of circuits shows that their correct operation is possible only when the period of the signal controlling the transistors is much shorter than the time constants associated with the RLC components included in the DC–DC converter [3].



In the considered class of converters, apart from the electrical phenomena related to switching semiconductor devices as well as charging and discharging of LC components, thermal phenomena also occur in all converter components [4]. These phenomena are related to the nonidealities of the above-mentioned components, causing the occurrence of power losses in them. Thermal phenomena, e.g., self-heating, cause an increase in the internal temperature of electronic components, which also results in a change in the values of currents and voltages in the considered converters [5].



While designing power electronic converters, computer simulations play a key role [3,6,7]. Computer tools solving the systems of state equations describing the simulated system are commonly used for a circuit-level analyses of electronic circuits [3,8]. The most popular tools of this type include SPICE and SABER [3,8,9]. They contain physical models of semiconductor devices. Unfortunately, carrying out analyses of power converters in such programmes is time consuming, because their algorithms are not allowing quick solutions of the systems of stiff differential-algebraic equations [10].



Solving such systems of equations is a numerical problem. In the case of impulse systems, such as power electronic converters [11], it results from a significant difference between the period of transistor control signals, the duration time of transient states related to LC components contained in the converter, and thermal time constants characterizing thermal properties of the components of the analysed system [12].



There are also programs available on the market, such as PSIM and PLECS, which allow a significant reduction in the duration of computations [13]. In these programmes, switching of switches is described in a simplified manner. It is assumed in the computations that the switching times of the semiconductor elements are zero. Due to this approach, there is no time constant in the state equations, and only equations in two states of the transistor operation are formulated and solved—when it is turned on or off.



Figure 1 presents the classification of simulation methods for power electronic converters.



At the basic level, simulation methods for power electronic converters can be divided into isothermal and electrothermal methods. In isothermal methods, it is assumed that during the analysis, all components of the simulated system have the same temperature, equal to the ambient temperature. Such methods are implemented in SPICE-like circuit simulators. In the case of power electronic converters, due to the above-described problem of solving systems of stiff differential-algebraic equations, the analyses in such programmes are time consuming. The duration of calculations can be significantly shortened by using the averaged models method, in which only the average values of voltages and currents in the analysed circuit in the steady state are determined, which significantly simplifies the computed problem.



In electrothermal analyses, values of currents, voltages, and internal temperatures of the components of the circuit are simultaneously computed. Performing such analyses in circuit analysis programmes requires simultaneous solution of the equations describing electrical properties of the considered systems and circuit thermal models formulated with the use of the electric-thermal analogy. Typically, it has the form of an RC Foster or Cauer network [14,15].



Performing transient analysis of the power converter with the use of the thermal-electrical analogy in SPICE-like programmes for a circuit analysis is very time consuming [12]. That is why dedicated programmes to analyse transients were developed, such as PSIM and PLECS [13]. In these programmes, the duration time of transient analyses is much shorter because switching transistors and diodes in the circuit is modelled on the electrical level as ideal—with the duration of zero. This approach significantly simplifies computations. Even faster are electrothermal analyses of power electronic converters with the use of averaged models.



In all the above-mentioned methods, the internal temperature of the semiconductor device at a given moment in time is constant in the entire volume of the semiconductor structure. Meanwhile, in practice, there is nonuniform temperature distribution in the structure [16]. In order to model it correctly, it is necessary to use hybrid methods. In these methods, first time courses of the power emitted in the device are computed by means of a programme for analysis of electronic circuits. Based on these waveforms, a 2D or 3D thermal analysis is performed in a programme solving the heat conduction equation [17].



For many years, many research centres have been working on the development of new computational methods that allow for the performance of electrothermal analyses of power electronic systems in a relatively short time.



The aim of this paper is to review the so far published methods that allow for a reduction in the duration time of computer analyses of power electronic converters and comparing properties of these methods. Particular attention is paid to the methods of fast analysis of DC–DC converters with thermal phenomena in semiconductor devices taken into account. Such an aim is important, because these phenomena cause an increase in the internal temperature of semiconductor devices with an increase in power dissipated in them. A big increase in the value of such temperature can cause a strong reduction in the value of the lifetime of such devices and DC–DC converters with these devices. On the other hand, an increase in the device internal temperature causes a change in the courses of characteristics of the considered converters.



In the following sections of this article, the computational methods published so far and models implemented in popular simulation environments have been classified. Section 2 describes the methods of isothermal analysis of the DC–DC converters. Section 3 describes the problem of thermal phenomena in semiconductor devices. Section 4 describes selected methods of electrothermal analysis of power converters. Section 5 contains the results of computations carried out with the use of selected methods and the discussion of the obtained results.




2. Isothermal Methods


Analyses typically performed in programmes for a circuit-level analysis of electronic circuits are isothermal, which means that the internal temperature of all the analysed elements is constant during their operation and equal to the ambient temperature [7]. Computations performed by such a programme consist of solving differential-algebraic equations describing the analysed system. In the analyses of such systems, compact models are used, which especially for semiconductor devices have a complex form given in many papers, e.g., in [18,19,20].



The literature describes the methods of isothermal analysis of transients [7] and methods using DC or AC analysis with averaged models [6].



In Section 2.1, selected methods of isothermal transient analysis of power electronic converters are described, and in Section 2.2—the methods based on the use of averaged models and DC analysis.



2.1. Isothermal Transient Analyses


Isothermal transient analyses are the basic methods to analyse impulse systems in SPICE-like programmes. The greatest advantage of computational methods using transient analysis is the ability to precisely model parasitic capacitances and inductances of semiconductor devices. This allows for the correct mapping of the process of switching these elements as well as overvoltages and overcurrents related to this process.



In turn, the biggest disadvantages of these computation methods are:




	
Long duration time of computations;



	
A high level of models complexity embedded in SPICE-like programs;



	
Problems with model parameter estimation.








The disadvantages indicated above are one of the main reasons why the literature offers numerous models of power semiconductor devices for isothermal analyses, whose authors report a higher accuracy than for the models built into peripheral analysis programmes. For example, in [21], an isothermal model of the IGBT was proposed, in [22]—the SiC BJT model, and in [23], an isothermal model of the SiC JFET transistor.



Unfortunately, the time needed to perform analyses using these models is longer than in the case of models built into SPICE. As shown in [24], the time needed to compute the output characteristic of the DC–DC boost converter using the model from [21] is as much as 14 days.



The method of modelling switching semiconductor devices is very important in transient analysis. In the simplest case, they are replaced by ideal switches. When using such a model, at switching times, infinitely high values of derivatives of terminal currents or voltages of the ideal switches occur, which can cause convergence problems or even computation interruptions. To counteract this problem, models of semiconductor devices in the form of a bivalent resistor are used.



Simple models provide analyses of properties of the circuit operation and accelerate simulation, but may contain discontinuities, e.g., time-varying circuit topologies must be considered. This requires the use of custom simulation methods. Much attention was paid to the problem of inconsistent initial conditions, and theoretical solutions can be found in [25,26].



The papers [27,28] propose an algorithm for transient analysis in DC–DC converters, with the PWM control using models of coils and capacitors associated with a memory-less convolution algorithm. The authors described the transistor using an inertia-less switch model with finite on and off resistance values, which protects the system against the occurrence of the Dirac pulses at the time of switching and omitting inertia and secondary phenomena. This method also ignores inertia in nonlinear components.



In the algorithm of transient analysis implemented in SPICE called further the ASP algorithm, in order to obtain the information about the values of voltages and currents in the circuit at the steady state, computations should be carried out in the time interval from the moment of switching on the tested circuit to the value equal to at least a few of the longest time constants of this circuit. In the considered converters, values of individual time constants related to the values of the used electronics components and the parameters of the control signal may differ from each other even by several orders of magnitude [12]. Therefore, from the point of view of computer analysis, these are the so-called rigid systems [10], in which the selection of the time step is determined by the value of the shortest time constant, and the analysis completion time necessary to obtain the steady state—the longest time constant. Hence, the determination of the value of the converter operating parameters in the steady state requires an analysis of transient states in the time interval corresponding to even many thousands of periods of the control signal, which is a time-consuming task [29].



In addition to the range of the analysis, understood as the time needed to obtain the steady state in the circuit, the duration time of computations is also influenced by the form of the component models used, because the models described by complex dependences require more mathematical operations in each iteration than the models described by simpler relationships. For this reason, the literature presents methods to analyse DC–DC converters, hereinafter referred to as fast methods, the purpose of which is to shorten the duration time of computations. These methods use simplified models of the components of this circuit, especially semiconductor devices. A typical simplification in the analysis of switching circuits, e.g., DC–DC converters, is modelling semiconductor devices with the use of ideal switches (used, e.g., in the papers [3,7,30,31,32,33]) or with the use of bivalent resistors (used, e.g., in the papers [28,34,35]). However, even with the use of such simple switching devices models and the ASP algorithm in SPICE, the computation time necessary to obtain the coordinates of one point on the steady-state characteristics is long.



The authors’ experience shows that the classic ASP algorithm, used in SPICE, with the physical models of semiconductor devices is time consuming in the case of the analysis of even nonisolated DC–DC converters. When using the ASP algorithm in SPICE, there is a limitation of the value of the minimum computation step [36], which is often the cause of computations interruptions by this programme in the case of the analysis of a circuit excited by a rapidly changing signal at a long range of the analysis [12]. In such a situation, an interval analysis should be performed by repeatedly running SPICE using the save bias and load bias commands and selecting experimentally the options values that determine the accuracy of computations, as well as the number of permissible iterations [12]. Often, the selection of the values of these options, ensuring the convergence of computations in the range of the assumed analysis time interval, is a difficult and time-consuming task.



Transient analysis of DC–DC converters requires the use of models of the components of these circuits in a form adapted to the requirements of the software used for computations, e.g., SPICE. This software includes, among others, models of semiconductor devices and passive components, which are described, among others, in the papers [37].



In SPICE, transient analysis is carried out with a variable calculation step, the value of which depends on the rate of changes in voltage in the nodes and currents in the branches and on the used range of the analysis [36,38]. In general, performing computations with a short time step makes it easier to achieve convergence. Therefore, the user can limit the maximum value of the computation step with the step ceiling parameter set when defining the transient analysis. When analysing the switched circuits controlled by a signal with a frequency from several dozen to several hundred kilohertz, the value of the step ceiling parameter should be selected in the range from single nanoseconds to several dozen nanoseconds. It is easier to obtain the convergence of calculations when this parameter is not an integer multiple of the natural power of 10, i.e., it is better to take the step ceiling value of 29.17 ns than 30 ns. Of course, from the point of view of limiting the duration time of computations and the size of the output file, it is preferable to choose the highest possible value of the mentioned parameter.



As mentioned above, one of the purposes of the analysis of DC–DC converters is to determine their characteristics at the steady state. The group of papers [39,40,41,42,43] concern the methods of accelerated computations until the steady state is obtained in DC–DC converters based on the results of transient analyses carried out within one period. These methods use piece-wise linear models of switches and require the use of special computer software that is not commercially available.



As stated in [44], the use of SPICE for the analysis of power electronic circuits causes a number of difficulties related to the use of complex, nonlinear models of semiconductor devices, problems with the convergence of computations, and long duration time of analyses.



The method to implement the accelerated steady-state analysis method in DC–DC converters, proposed in [42], consists of alternating computations with the use of the SPICE and the Mathematica software. According to this method, computations are performed iteratively, with SPICE carrying out a transient analysis for the time corresponding to one period of the control signal, while Mathematica, based on the obtained results of the computations, extrapolates the solution to the steady state. The main advantage of the considered method is a fast steady-state solution with nonlinear models of semiconductor devices, while the disadvantage is a big calculation error and the lack of access to the computation results at some nodes of the analysed circuit.



The method of fast calculation of the characteristics of the single-inductor DC–DC converters at the steady state presented in [45] is based on iterative transient analysis with the initial condition obtained from the averaged model. In the averaged model, the values of voltage drops on the diode and transistor terminals are obtained from the transient analysis. This method allows for the nonlinearity of semiconductor devices to be taken into account, and the duration time of computations is much shorter than when using the ASP algorithm, but at the same time, several times longer than the duration time of computations performed with the method described in the papers [34,46,47].



Properties of the methods of the isothermal transient analysis presented in this section are collected in Table 1.




2.2. Analysis Using Averaged Models


In the case of DC–DC converters, a significant reduction in the time needed to compute their DC characteristics is possible with the use of averaged models of the diode-transistor switch included in such a converter. By using averaged models and a DC analysis, the characteristics of the considered class of systems in the steady state can be determined. By performing a small-signal frequency analysis, the amplitude and phase characteristics of the analysed system can be determined. By means of the transient analysis, it is possible to determine the time courses of average values and currents in the system [3,38].



The first articles on the application of such models were based on the formulation of state equations and, then, transforming them into the form describing the average voltage and current values in the circuit [48,49]. The models presented in the cited papers concern the converter operation with the assumption of lossless components. In converters, especially low-voltage ones, these losses can significantly affect their characteristics [50].



The paper [51] presents the averaged model of the DC–DC converter taking into account losses in the LC elements, and in the paper [52]—a model taking into account losses both in the LC elements and those related to the conduction of semiconductor devices. In turn, paper [53] presents the use of the averaged DC–DC converter models in the design of a control system for such a converter. Paper [54] presents the results of the analyses carried out with the use of the averaged model of the 50 kVA DC–DC converter and experimentally demonstrated the correctness of the obtained computation results.



The classical approach to the formulation of average models of DC–DC converters is used, e.g., in the papers [55,56] to analyse the characteristics of the considered converters dedicated to the microgrid application at the steady state. In such analyses, isothermal piece-wise linear characteristics of semiconductor devices are assumed. Using these analyses, an influence of on-state resistance of the transistors and diodes on the characteristics of the considered networks was presented. Additionally, analyses of power losses were performed using the PLECS software.



A significant disadvantage of the above-described approach to formulating an averaged model is the necessity to formulate state equations for the converter, which, taking into account losses in semiconductor devices and LC elements, may have a very complex form. A solution to this problem was proposed in [53,57], where the model of a PWM switch (also called a diode-transistor switch in other papers) was described. The essence of this method is to replace in circuit-level simulations of switching devices a diode and a transistor with their equivalent averaged model. A similar solution was proposed in [58], along with the implementation of the model in the SPICE environment. The circuit form of such a model for a DC–DC boost converter with an IGBT transistor is presented in Figure 2 [24].



The values of currents I1 and I2 and voltages V1 and V2 in the circuit shown in Figure 2 are the average values of the diode and transistor currents and voltages, respectively. In turn, the control signal in this model is characterised by two parameters—frequency f and the duty cycle d. These parameters were used to describe the output voltages and currents of the controlled sources ET, ER, and GD. The controlled voltage source ET models the voltage drop depending on the converter output voltage and the duty cycle of the control signal. In turn, the controlled voltage source ET models the voltage drop on the turned on semiconductor devices; whereas, the controlled current source GD—the average diode current. The form of the equations describing the voltage or current output of these sources depends on the adopted description of the characteristics of semiconductor devices present in the switch under consideration. For example, assuming the piece-wise linear characteristics of these devices, we obtain the dependencies of the form [24].


   E T  =   1 − d  d  ⋅  V 2  +  V D   



(1)






   E R  =  (     I 1  ⋅  R  I G B T    d  +  V  I G B T    )  ⋅ d +    (  1 − d  )  ⋅  I 1     d 2       



(2)






   G D  =   1 − d  d  ⋅  I 1     



(3)




where VD is the voltage on the conducting diode at zero current, RD—series resistance of the diode, VIGBT—collector–emitter voltage at the IGBT turned on at the zero collector current, and RIGBT—resistance characterising the slope of the output characteristic of the IGBT in the saturation range.



When ideal switches are used, VD, VIGBT, RIGBT, and RD are zero. On the other hand, for a PWM switch with a MOSFET, the VIGBT parameter is equal to zero, and the RIGBT parameter is equal to the drain-source on-state resistance RON.



Averaged models of DC–DC converters are especially useful for DC and small-signal analyses of these systems [59]. The paper [60] presents the averaged model of the DC–DC converter dedicated to such analyses, with particular emphasis on the losses related to the MOSFET switching. In turn, the paper [61] focused on the influence of properties of the coupled coils used in the converter on its frequency characteristics.



The paper [62] shows how to use the PWM switch model for the analysis of converters with galvanic isolation, and the paper [63] for the analysis of resonant converters. The application of the analysis method with the averaged model of the PWM switch enables a significant reduction in the duration time of computations in relation to the methods that use transient analysis [50].



Properties of the isothermal averaged models presented in this section are collected in Table 2.





3. Thermal Phenomena in Power Converters


In all the computation methods described in the previous section, it is assumed that the internal temperature of all the electronic components contained in the converters is equal to the ambient temperature. Meanwhile, due to thermal phenomena (self-heating and mutual thermal couplings), the temperature of all the converter components increases with an increase in power dissipated in them [64]. The closer they are to each other, the stronger the mutual thermal couplings between them. They cause an increase in the temperature of the components during their operation [65,66]. Thermal couplings occur not only between the components, but also inside them, e.g., in the case of power modules between semiconductor structures placed in the common case [67,68], and in the case of inductive components between the core and its windings [69,70].



Accurate determination of the temperature value of electronic components is of key importance for the proper estimation of their lifetime. Each 8 K internal temperature of a semiconductor device results in a twofold reduction in its lifetime expectancy [71]. Therefore, electrothermal simulations are of particular importance in the design of power converters. The result of these simulations are the values or waveforms of voltages and currents in the analysed converter and the internal temperature of its components. The results of these simulations allow for the selection of the cooling system, ensuring safe working conditions of the designed converter. The correct estimation of the internal temperature of semiconductor devices requires the correct determination of power losses in this device. The power lost at the steady state is easy to compute. In turn, the problem of determining losses in semiconductor devices taking into account oscillations (overvoltages and overcurrents) is described, among others, in the papers [72,73].



In order to carry out electrothermal analyses of the selected electronic circuit, special electrothermal models are necessary, which take into account mutual interactions of electrical and thermal phenomena occurring in the electronic components. The structure of such models is shown, among others, in [74]. In the considered class of models, there are blocks describing an increase in the internal temperature of the considered elements caused by thermal phenomena. Such models may take the form of 1D, 2D, or 3D microscopic models or compact models.



Microscopic thermal models make it possible to determine time–spatial distribution of the temperature of electronic components [75]. In contrast, compact thermal models make it possible to determine waveforms of one internal temperature, characterising the thermal state of each semiconductor device [76]. In the next section, a method of electrothermal analyses of DC–DC converters, using both the detailed and compact thermal models, will be considered.




4. Electrothermal Analyses


Due to the importance of thermal properties for the design of power electronic converters, electrothermal simulations of such systems are of particular interest [66,77]. However, taking into account thermal phenomena in conventional transient analyses carried out using SPICE-like programmes, as a result of the problem of solving a system of stiff differential-algebraic equations described in the Introduction, leads to an extension of computation duration time much more than the accepted time by engineers. Therefore, numerous methods of reducing this time have been proposed in the literature. Some of these methods are described below. Section 4.1 describes methods implementable in SPICE-like circuit simulators dedicated to transient analysis, Section 4.2—electrothermal analyses using averaged models, and Section 4.3—hybrid analysis methods that require combination of at least two simulation programmes.



4.1. Methods Based on Transient Analysis


The basic method to perform an electrothermal transient analysis is the implementation of the circuit diagram of the analysed system using isothermal models of the system components in the circuit analysis programme and coupling them with compact thermal models in the form of RC Cauer or Foster networks [53]. The general form of the focused electrothermal model of a semiconductor element is shown in Figure 3 [78,79,80].



The considered electrothermal model consists of three components: the electrical model of the form given by the function f(v,i), describing the relationship between voltages v and currents i of the modelled device; the power model of the form given by the function g(v,i), enabling the determination of power pth dissipated in the modelled device; the thermal model described by the function h(pth), in which the value of the internal temperature Tj occurring in the equations representing an electrical model is computed.



The form of electrothermal models of semiconductor devices has been described in numerous papers. In many papers, such models dedicated to the SPICE programme were presented. For example, the model of the SiC MOSFET power module is given in [65], a thermal model of electronics components is proposed in [79], a model of power MOSFET is described in [81], and a model of SiC power BJT is described in [82]. From the point of view of applications in the analysis of pulse systems, important are hybrid electrothermal models described, among others, in [83]. These models use a combination of isothermal models of semiconductor devices built into SPICE and the controlled voltage or current sources that model the influence of temperature on voltages or currents of these devices. The advantage of these models is good convergence of computations and a shorter duration time of computations in relation to electrothermal models containing only the controlled sources and passive components.



However, an electrothermal model formulated in this way with a linear thermal model is characterised by a relatively poor accuracy in computing the internal temperature of semiconductor devices. It results from the fact that thermal resistance of a semiconductor component is not constant, as it is assumed in linear thermal models based on the Foster and Cauer networks [84]. In the models described in [81,82], the value of thermal resistance depends on the power emitted in it, and in [67,85]—on the junction temperature of the semiconductor device and the ambient temperature.



A relatively simple method of shortening the time needed to perform computations to obtain the steady state is to artificially shorten the longest thermal RC time constant in a thermal model with the Cauer or Foster structure [86]. This method allows for a precise determination of the mean value of the junction temperature of semiconductor devices in the steady state, but due to the shortening of the longest thermal time constant, it requires a constant load value for the entire duration of computations. The scope of this method is limited to the analysis of the steady-state properties of the system.



A more complicated, but also more effective, method to reduce the duration time of computations is the use of dedicated computation algorithms to estimate the value of the internal temperature of semiconductor devices at the steady state. In [12], a memoryless convolutional algorithm is proposed, which allows for quickly obtaining voltage, current, and temperature waveforms inside the DC–DC converter components in the steady state. On the other hand, in [87], an algorithm to analyse the transient states of power converters based on the envelope-following method implemented in a dedicated simulation tool is proposed. Another algorithm for computing the steady-state voltage and current waveforms of DC–DC converters was proposed in [78].



The methods described in [12,78,87], despite their good accuracy, are not practical due to difficult [12] or impossible implementation in popular circuit-level simulation programmes. Such a problem does not occur in the case of the method described in [88]. In this method, the transistor is modelled as a lossy switch with a simplified gate circuit model. This approach makes it possible to obtain the result of the electrothermal analysis in PSCAD in the time close to the time needed for the analysis of the system, in which the transistors are replaced by ideal switches. The accuracy of the presented method is negatively affected by the use of a linear thermal model.



There are also programmes popular among engineers for electrothermal analysis of peripheral power converters, such as PLECS or PSIM. Electrical properties of transistors and diodes are modelled in them using the piece-wise linear function. In turn, to model their thermal properties, more complicated models of losses in transistors and diodes are used. They are based on the interpolation of the coordinates of points entered by the user, both from the datasheet DC characteristics and the dependence of energy losses in the transistor-switching process on selected factors [55,56]. Such a method of performing computations make it possible to obtain its relatively short duration time.



Unfortunately, the simplified description of the switching process of semiconductor devices makes it impossible to model overvoltages and overcurrents occurring in the modelled converter, which increase the value of energy losses in the switching process [72,73]. As a result, the value of the power dissipated in semiconductor devices determined in these programmes is always underestimated [76]. Linear thermal models implemented in these environments in the form of the Cauer or Foster network also negatively affect the accuracy of computations in these programmes. To improve it, the algorithm presented in [13] can be used, which allows for taking into account the dependence of thermal resistance on the junction temperature of the device.




4.2. Methods Using Averaged Models


As in the case of isothermal models, and also in the case of electrothermal analysis, averaged models allow for obtaining the result of computations in the shortest time. By mixing the above-described isothermal model of a diode-transistor switch with a linear compact thermal model, it is possible to obtain a converter model that models its electrothermal properties with good accuracy at low switching frequency values. Such models were formulated for the MOSFET [50,89] and the IGBT [90]. Of course, the output voltages or currents of the controlled sources included in the averaged models depend on the temperature inside the diode and the transistor, computed in the thermal model.



In order to accurately model thermal properties of transistors operating with a high switching frequency, it is necessary to take into account in the model the energy losses associated with its switching. A model of a switch with a SiC MOSFET formulated in such a way is presented in [91]. It also allows for predicting changes in the resistance of the switched-on channel of this transistor related to its aging and taking into account the influence of this phenomenon on the value of the internal temperature of this device.



In the case of the averaged electrothermal models described above, their authors focused on determining the internal temperature of the diode and the transistor contained in the converter. Meanwhile, from the point of view of designing DC–DC converters, the properties of inductors are of great importance. Losses occurring both in the core and in the winding of these components lead to an increase in their temperature, both due to the self-heating phenomenon and thermal interactions between them [92]. The averaged model enabling the computation of not only the internal temperature of the transistor and the diode, but also the temperature of the core and the winding of the inductor operating in the DC–DC converter is presented in [93].



Figure 4 shows a network representation of the electrothermal model of the PWM switch with a MOS transistor and a diode described in [92].



There are four blocks in this model: main circuit, CCM/DCM, aided block, and thermal model. The main circuit corresponds to the isothermal averaged model of the PWM switch shown in Figure 2a, with the description of the controlled sources ET, ER, and GD, where the internal temperatures of transistor TT or the diode TD computed in the thermal model occur.



The CCM/DCM block is used to set the operating mode of the analysed converter (CCM or DCM) and the value of the equivalent duty cycle of the control signal represented by the voltage at the voltage source Eu. This voltage depends, among others, on inductance of the inductor L in the analysed converter. In each of these modes, different relationships describe the sources included in the main circuit.



The controlled voltage sources occurring in the aided block describe the dependence of the parameters, describing a voltage drop on the enabled semiconductor devices on their junction temperature. The thermal model enables the determination of the junction temperature of the transistor and the diode in the steady state, taking into account the self-heating phenomenon. A detailed description of the considered model, along with the analytical dependences describing individual components of this model, is included in [92].



In order to use the presented model in practice, it should be included in the analysed converter in the place of the transistor and the diode as follows: Terminals 1 and 2 should replace the terminals of the drain and the source of the MOSFET. The signal of the duty cycle should connect the control signal to the corresponding terminal 5. Finally, terminals 3 and 4 should replace terminals of the diode.



In [94], the electrothermal averaged nonlinear models of DC–DC converters are proposed. These models take into account the influence of parameters of the transistor control signal and the duration time of the transistor and diode-switching process on the operating parameters of the considered converters and on power losses in the semiconductor devices. The disadvantage of these models is their low versatility—such a kind of model must be formulated for each converter system separately.



In the paper [95], a method taking into account the thermal inertia of semiconductor devices and mutual thermal couplings between these devices for the characteristics of DC–DC converters is proposed. In the cited paper, an averaged model of a PWM switch is used, and RC networks are used in the thermal model. It was shown that with the use of this model, it is possible to determine both the characteristics of the DC–DC converter in the steady state and the waveforms of the internal temperature of the MOSFET and the diode. It was also shown that the cooling conditions of semiconductor devices and mutual thermal couplings between them can cause significant changes in the converter output voltage and the internal temperature of these devices.



In the papers cited above, the computations were made assuming that power is lost in semiconductor devices only when they are turned on; whereas, power losses related to switching were neglected. This approach is justified only when the switching time of these devices is much shorter than the period of the control signal [96]. In the paper [97], the limitations of the averaged model of the PWM switch with the IGBT were analysed. The tests were carried out on the example of a boost converter operating at a wide range of frequencies, the duty cycle of the control signal, and load current. It was shown that when the considered converter operates in the CCM mode, the averaged model described above ensures a satisfactory accuracy of computations. On the other hand, in the DCM mode, at high frequency values and low load current values, the values of the internal temperature of semiconductor devices are lowered, and the output voltage of the converter is overestimated. The cause of these discrepancies is the problem of how to correctly determine the value of the duty cycle d, resulting from the comparability of the switching on and off time of semiconductor devices with the control signal period. This error can be reduced by taking into account the transistor on and off times when computing d factor.



It was also indicated that switching losses in the IGBT significantly affect the characteristics of the considered converter. Modifications of the description of power losses in this transistor were proposed, and it was shown that it improves the accuracy of calculations. The need to take into account the nonlinearity of the thermal model of semiconductor devices and the modification of the description of losses in the transistor at low load current values was also indicated.




4.3. Hybrid Methods


When formulating compact electrothermal models, it is assumed that the heat in the semiconductor device is pointedly dissipated, and its internal temperature is characterised by one value. Meanwhile, in the real semiconductor devices, there is nonuniform temperature distribution, and the heat is released only in a part of the device’s volume, e.g., for the MOSFET—in its channel. By solving thermodynamics equations in the dedicated simulation programmes, it is possible to determine the temperature distribution in the entire volume of the transistor. Unfortunately, such simulations are long lasting and require the detailed material, thermal, and geometric data on the structure of the modelled device. Moreover, programmes dedicated to such simulations are designed to perform computations of temperature distribution for one device and are not designed to perform peripheral analyses necessary for the design of power electronic circuits [98]. Therefore, the literature proposes methods that allow for combining the possibilities of circuit simulations in the field of designing electronic circuits and 3D thermal modelling of the devices contained therein [99].



To make such a combination possible, it is necessary to transfer to the 3D thermal model data on the waveforms of power dissipated in particular devices. The time–space temperature distributions are, then, determined, typically using the finite element method (FEM). The obtained temperature waveforms should be aggregated into the form of transient thermal impedance, and then, on its basis, the values of the parameters of the thermal model based on the Cauer or Foster network in the network simulator should be determined. A significant problem is the high order of the focused thermal model obtained from such a transformation [100]. The solution to this problem was proposed in [101], allowing for a significant reduction in the computation time for power transistors using the model order reduction method. This method was also used to analyse the operation of selected integrated circuits [102,103], multi-structure power transistors [98], and power modules [104].



A different approach to solving this problem was proposed in [105]. In the cited paper, three simulation software protocols were coupled: in SPICE voltage and current waveforms are determined using a compact electric transistor model. On their basis, the losses in the transistor related to its conduction as well as switching with the use of MATLAB are computed. The information about the lost power is transferred to Simulink, in which a compact thermal model based on the ANSYS Icepak software was implemented. On the basis of this model, the waveforms of the internal temperature Tj and the case temperature TC of the transistor are computed. This approach allows for obtaining simulation results in a relatively short time, while taking into account the influence of the temperature properties of the materials, from which the transistor and its heat sink are made. A similar approach was proposed in [75] for the analysis of circuits containing IGBT modules. Unfortunately, in the cited papers, the influence of the transistor internal temperature on the power losses in this device was omitted. This can lead to incorrect computation results.



In all the thermal models cited in this section, the finite element method (FEM) was used in the computations. The finite volume method (FVM) was used in [106], and the finite difference method in [17].



Hybrid methods have a special potential in assessing the reliability of power electronic converters. The paper [107] proposes the use of a hybrid electrothermal analysis method to model the thermal reliability of inverters used in electric vehicles.



In the cited paper, the information on the location of the heat source in the structure of the transistor was omitted. There was no information either as to whether this source was punctual or distributed. The heat source is always assigned to a specific layer—a cuboid-shaped volume (e.g., silicon) that is a part of the heat-flow path. However, the authors do not have any knowledge of a paper in which a thermal model of a transistor is described, which would enable to determine the space–time distribution of the internal temperature during its operation in a switched mode converter. This task is currently too complex for a numerical solution in an acceptable time.



The papers [76,108] propose a method to determine power losses in the transistors included in switched mode power converters and their internal temperature. This method uses the Fourier equations characterising the heat flow, and the calculations were made with the use of MATLAB. It was proved that the calculation time using this method is much shorter than the method using the detailed thermal model and FEM.



Properties of the methods of electrothermal analyses presented in this section are collected in Table 3.





5. Results of Computations


The presented methods of the analysis of DC–DC converters differ in the accuracy of the obtained computation results, the number of physical phenomena taken into account, and the duration time of the computations. Selected methods of the above-mentioned were experimentally verified, and the results of this verification were presented, inter alia, in many papers, e.g., [12,13,50,90,93]. In order to assess the usefulness of the selected methods, computer analyses were carried out to determine the DC characteristics and waveforms of voltages, currents, and internal temperatures of semiconductor devices for selected DC–DC converters operating at different values of supply voltage and load resistance.



The investigations were performed for a DC–DC boost converter. The diagram of this converter is presented in Figure 5.



In the considered network, the voltage source Vin represents the converter input voltage; whereas, R0 is load resistance. Voltage source Vctr generates the rectangular pulses train of values equal to zero in a low level and 15 V in a high level, frequency f, and duty cycle d. Values of the components of this converter are as follows: R1 = 100 Ω, C = 100 μF, and L = 100 μH. The following semiconductor devices are also used: the transistor IRF840 and the diode BY229.



In Figure 6, Figure 7, Figure 8 and Figure 9, the computed characteristics of the boost converter determined with the use of various calculation methods were compared. In these figures, particular computation results are marked as follows. The dashed lines refer to the results of isothermal analyses, and the solid lines—to the electrothermal analyses. The black lines are for transient analyses with ideal switches (curves ideal transient analysis), the brown lines—for transient analyses with nonlinear models of semiconductor devices (curves nonlinear transient analysis), the blue lines—averaged models with ideal switches (curves averaged ideal model), the green lines—averaged models with linear models of the PWM switch with the MOSFET (curves linear averaged model), and the red lines—the MOSFET transistor model in the PLECS programme, taking into account switching losses (curves PLECS). In the electrothermal analyses performed in SPICE, only one thermal time constant is taken into account.



Figure 6 and Figure 7 show the obtained dependences of the output voltage Vout of the considered converter on its load current Iout determined at the supply voltage Vin equal to 6 V (Figure 6) and 48 V (Figure 7), respectively. In turn, Figure 8 and Figure 9 show the dependences of the internal temperature of the transistor corresponding to the characteristics shown in Figure 6 and Figure 7. The computations were performed at the frequency f = 100 kHz and the duty cycle d = 0.5 of the control signal of the tested converter. The load of the converter is resistive, the inductance of the inductor is L = 100 μH, and the capacitance of the capacitor is C = 100 μF.



As can be seen, the courses of dependences Vout(Iout) obtained by most of the used computation methods are similar. Only the courses obtained using transient analysis with ideal switches do not have a proper shape in DCM mode. This is a result of omitting the switching time of semiconductor devices, which causes synchronous current conducting by both these devices during the switching process. For other of the used computation methods, the differences between obtained Vout(Iout) dependences are visible only at very low and very high values of Iout current. For high values of this current, an influence of voltage drops on the turned-on semiconductor devices is visible. In this range of converter operation, the differences between obtained values of Vout voltage are equal to even 60% at Vin = 6 V (Figure 6) and even 30% at Vin = 48V (Figure 7).



In Figure 6, it is visible that at the low Vin value, the voltage drop on the MOSFET is so high that the diode cannot switch off, and Vout is equal to the difference between the Vin voltage and the diode forward voltage. In this range of converter operation, the course Vout(Iout) is a horizontal line. This effect is not observed at a higher value of Vin voltage equal to 48 V (Figure 7). For very high values of Iout current, the values of Vout voltage are underestimated.



The dependences TT(Iout) are monotonically increasing functions, except for the course obtained using SPICE electrothermal transient analysis in the range of small values of Iout current (Figure 9). In this range, the big influence on this temperature has power losses in semiconductor devices during a switching process. Differences between values of TT temperature computed using all the considered methods are the biggest at high values of Iout current. In this range, the highest values of the MOSFET internal temperature are obtained for the averaged electrothermal model. They are higher even by 30 K than values of this temperature obtained using other considered electrothermal models.



Table 4 compares the duration time of the computations, the results of which are shown in Figure 6, Figure 7, Figure 8 and Figure 9.



As it can be seen, the computations performed with the use of averaged models are the fastest. Compared with the duration time of the transient analysis, the analyses performed with the use of the averaged models are even 25,000 times longer. It is also worth noting that the results of isothermal analyses are much shorter than the corresponding electrothermal analyses (up to 10 times). This is due to significant differences in the level of complication of the models used. The computations performed with PLECS are much longer than DC analyses performed with the use of averaged models and shorter than the isothermal and electrothermal analyses carried out in SPICE with the use of transient analysis.



With the use of the computation methods described above, an analysis of power losses in semiconductor devices can be performed. Of course, such an analysis is possible only in the case when such devices are not modelled using ideal switches. On the basis of the computed values of power losses in semiconductor devices, the energy efficiency of the considered DC–DC converters can be calculated. For example, an influence of selected factors on energy efficiency of selected DC–DC converters is considered in the papers [12,24,50,55,90,94].



All the considered computation methods make it possible to perform an AC analysis in SPICE. As a result of such analyses, one can obtain frequency characteristics describing the relations between AC components of voltages in the analysed DC–DC converters. Unfortunately, the analyses of harmonics of voltages and currents can be performed using the transient analysis, only. In such analysis, physical models of semiconductor devices should be used.




6. Conclusions


This paper presents selected methods of fast analysis of power converters. The basic problems related to the computer analysis of this class of converters are described, and selected methods enabling the reduction in the time necessary to obtain the computation results in the steady state are discussed. Both methods using transient analysis as well as DC analysis using the averaged models are indicated. The possibility of using models of semiconductor devices with different accuracy was indicated—from the models in the form of ideal switches to the physical electrothermal models. Using various simulation programmes is also considered.



There are two conflicting expectations in the computer analysis of electronic circuits. The duration time of computations should be short and the accuracy of these computations high. In turn, different accuracy of computations is required at different stages of the circuit design. Therefore, it is justified to use the models and computation methods characterised by different accuracy and time consumption. For example, to verify the concept of the system operation, fast methods characterised by moderate accuracy and the use of simplified models of electronic components are sufficient. Additionally, the influence of various factors on the accuracy of the computations depends on the power, load, and cooling conditions of the systems under consideration. Therefore, analytical methods of different accuracy and complexity are needed.



As shown in the previous section, the considered methods have different properties. Selected features of these methods are summarised in Table 5.



The shortest duration time of computations, shorter than 100 ms, is obtained for averaged isothermal models and isothermal models implemented in SPICE-like environments. Within several dozen seconds, the result of electrothermal transient analysis is obtained in the dedicated software. In the case of isothermal methods, the duration time of computations strongly depends on the level of complication of the model. The duration of simulations using such models in the SPICE-like program typically does not exceed 10 min.



Determining the complete temperature distribution in the semiconductor devices volume is possible only by solving the thermodynamic equations. Such simulations are only possible with the use of 3D modelling programmes. The residual decomposition, showing the temperatures of semiconductor structures on the common substrate, can also be obtained by performing an electrothermal transient analysis, both in the SPICE-like and dedicated software.



A significant disadvantage of the averaged models is the inability to obtain the waveform of temperature. Especially in the conditions of forced cooling, with low operating frequency, the temperature amplitude may be as high as 20 °C [99].



On the other hand, in the case of hybrid methods, their biggest disadvantage is the need to use more than one simulation programme, which causes a significant increase in the costs. These methods are also the most demanding among the analysed methods, both in terms of the estimation of model parameters and the skills of an engineer who can use them.



The computations example shown in Section 5 proves that in the converters operating with an input voltage significantly exceeding the voltage drops on the switched-on semiconductor devices, very simple models of these devices allow for obtaining a satisfactory accuracy of the computations of the converter output voltage. On the other hand, with the low-input voltage values, it is crucial to take into account the nonideality of semiconductor devices. The electrothermal analysis allows for determining the value of the junction temperature of semiconductor devices. The use of the averaged models method allows for fast determination of the voltage values in the analysed system corresponding to the steady state, as long as the frequency of the control signal is not too high (below several hundred kHz). The electrothermal transient analysis allows for taking into account the power losses in the process of switching semiconductor devices. Thus, each of the considered methods of fast analysis of the considered converters has a particular range of applications.



In this article, computation results are presented only for the boost converter, but each of the considered computation methods can also be used for other single inductor DC–DC converters, e.g., buck or buck-boost converters. Of course, all the considered methods using the transient analysis can be used for each topologies of isolated and nonisolated DC–DC converters.



Of course, in this paper, only selected aspects of a fast analysis of power converters are considered. The methods of such an analysis are constantly developed in order to improve their accuracy and duration of computations. The presented considerations were performed only for DC–DC converters including inductors. Other types of DC–DC converters, such as the charge pumps described, e.g., in [109,110], need special methods of fast computer analyses, which are not considered in this study.
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Figure 1. Classification of simulation methods for power electronic converters. 
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Figure 2. PWM switch with the IGBT (a), the equivalent model of this switch (b), the averaged model of the DC–DC boost converter containing a model of this switch (c). 
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Figure 3. General form of the compact electrothermal model of a semiconductor device. 
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Figure 4. Network representation of the electrothermal model of the PWM switch including the power MOSFET. 
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Figure 5. Diagram of the investigated boost converter. 
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Figure 6. Computed dependences of the converter output voltage on its output current at Vin = 6 V. 
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Figure 7. Computed dependences of the converter output voltage on its output current at Vin = 48 V. 
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Figure 8. Computed dependences of the transistor internal temperature on the converter output current at Vin = 6 V. 
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Figure 9. Computed dependences of the transistor internal temperature on the converter output current at Vin = 48 V. 
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Table 1. Properties of the methods of the isothermal transient analysis.
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Analysis Method

	
Ref.

	
Models of Semiconductor Devices




	
Ideal Switches

	
Piece-Wise Linear Models

	
Nonlinear Models

	
Electrical Inertia






	
Memoryless convolution

	
[27,28]

	
No

	
Yes

	
No

	
No




	
ASP with ideal switches

	
[3,7,30,31,32,33]

	
Yes

	
No

	
No

	
No




	
ASP with bivalent resistors

	
[28,34,35]

	
No

	
Yes

	
No

	
No




	
Accelerated steady-state analysis

	
[42]

	
No

	
No

	
Yes

	
Yes




	
Fast analysis at the steady state

	
[45]

	
No

	
No

	
Yes

	
Yes
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Table 2. Properties of the isothermal averaged models.
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Averaged Model

	
Ref.

	
Models of Semiconductor Devices




	
Ideal Switches

	
Piece-Wise Linear Models

	
Power Losses

	
Types of Analyses






	
Lossless model

	
[48,49]

	
Yes

	
No

	
No

	
DC




	
Linear model with losses

	
[51,52,53,54,55,56]

	
No

	
Yes

	
Yes

	
DC




	
Ideal diode-transistor switch

	
[53,55]

	
Yes

	
No

	
No

	
AC, DC, transient




	
Nonideal diode-transistor switch

	
[3,24,34]

	
No

	
Yes

	
Yes

	
AC, DC, transient
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Table 3. Properties of fast electrothermal analyses.
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Electrothermal Analysis Method

	
Ref.

	
Models of Semiconductor Devices




	
Piece-Wise Linear

	
Nonlinear

	
Electrical Inertia

	
Number of the Used Programmes






	
Transient analysis with shortened thermal time constant

	
[86]

	
No

	
Yes

	
Yes

	
1




	
Fast transient analysis with a convolution algorithm

	
[12]

	
No

	
Yes

	
Yes

	
2




	
Analysis in PSCAD

	
[88]

	
Yes

	
No

	
No

	
1




	
Analysis in PLECS

	
[13]

	
Yes

	
No

	
Yes *

	
1




	
Electrothermal averaged models

	
[50,89,90,92,93]

	
Yes

	
No

	
No

	
1




	
Electrothermal averaged models with switching losses

	
[91]

	
Yes

	
No

	
Yes

	
1




	
Electrothermal nonlinear averaged model

	
[94]

	
No

	
Yes

	
Yes

	
1




	
Hybrid method

	
[105,107]

	
No

	
Yes

	
Yes

	
2








* only at calculations of dissipated power.
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Table 4. Duration time of the computations performed using selected methods.
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Averaged Models

	
Transient Analysis




	
Ideal Switches

	
Linear Switches

	
Ideal Switches

	
Physical Models






	
Isothermal SPICE analysis

	
0.02 s

	
0.03 s

	
50.3 s

	
81.4 s




	
Electrothermal SPICE analysis

	
-

	
0.03 s

	
-

	
881.6 s




	
PLECS

	
-

	
-

	
-

	
27 s
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Table 5. Summary of the most important properties of the analysed methods of the analysis of DC–DC converters.
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	Method
	Duration Time
	Temperature Distribution
	ΔT
	Possible Electrical Analysis
	Possibility of Experimental Verification
	Difficulty Level of the Parameters Values Estimation Procedure
	Number of the Used Simulation Programmes





	Isothermal transient
	Average
	No
	No
	Transient
	Yes
	High
	1



	Isothermal averaged model
	Very short
	No
	No
	DC, AC
	Yes
	Low
	1



	Electrothermal transient in SPICE-like simulator
	Very long
	No
	Yes
	Transient
	Yes
	High
	1



	Electrothermal transient in dedicated software
	Short
	No
	Yes
	Transient, AC
	Yes
	Very low
	1



	Electrothermal averaged model
	Very short
	No
	No
	DC, AC
	Yes
	Low
	1



	Hybrid methods
	Average/long
	Yes
	Yes
	Transient, DC, AC
	Limited
	Very high
	2 or more
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