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Abstract

:

As non-isolated step-up and step-down DC–DC converters are at present widely used in various fields, this review will summarize and introduce non-isolated step-up and step-down DC–DC converters in various aspects. First of all, the origin and development of power electronics technology and the generation and principle of certain basic non-isolated step-up and step-down DC–DC converters are briefly stated. Subsequently, according to their different characteristics, including whether they are unidirectional or bidirectional, voltage-fed or current-fed, or hard-switching or soft-switching, the review will classify them and analyze their advantages and disadvantages. Meanwhile, in order to change the voltage gains of the DC–DC converters, different voltage change techniques are applied to them. The review will elaborate on the four technologies (switched capacitors, voltage multipliers, switched inductors and different ways of connecting), providing examples and analyzing the topologies in which they are applied, before summarizing the advantages and disadvantages of these techniques. Finally, this review will describe the specific applications of non-isolated step-up and step-down DC–DC converters and the reasons behind their ubiquity and popularity. Although the performances of current DC–DC converter topologies are good, there continues to be increasing demand, an updating of the topology structure, and improvements in terms of their performance. In the future, DC–DC converters will play a more important role in industrial production and people’s lives.
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1. Introduction


From the Second Industrial Revolution until now, electric energy has been important in industrial production and normal people’s lives. In 1882, T. Edison invented the first DC distribution system. However, at that time, the problem was how power plants could transmit electricity over a long distance at a low cost. Electricity must be transmitted efficiently over a long distance under the condition of high voltage. In 1885, AC transmission was introduced with the invention of the transformer, which can increase the voltage and deal with the above problem well. However, transformers can only achieve AC–AC transformation at the same frequency. In addition, transformers’ energy losses, magnetic radiations, large volumes of copper, and high costs restrict their extensive use. In many applications, it is the hope that electric energy will be converted between AC and DC, between DC and DC, and even between different frequencies. In order to meet this demand, and with the development of and improvements in semiconductor switching technology, power electronics technology came into being [1,2,3].



As one of the four great transformation technologies of power electronics, DC–DC converters are the core of modern power conversion technology and are widely used in electrical power systems, communication systems, household appliances, industrial equipment, railways, aviation, and many other fields [1]. Among them, there are three basic structures: buck, boost, and buck–boost converters. A buck–boost converter is a combination of a buck converter and boost converter topology. It consists of inductors, capacitors, diodes, and semiconductor switches which can realize both voltage step-up and step-down from the input port to output port. When the duty cycle (D) is greater than 0.5, it operates in step-up mode. When the D is less than 0.5, it operates in step-down mode. The traditional buck–boost converter has attracted much attention because of its advantages, including its high efficiency, low cost, simple structure, and simple control. Its disadvantages consist of a limited voltage gain range, negative output voltage, and discontinuous input and output current [4]. In theory, as the D approaches 0 or 1, the output voltage should approach 0 or infinity. Nevertheless, in practice, due to the loss of the power switching transistor and the limitations of diode technology, the output demand will not be met at the extreme duty cycle.



At present, due to the consumption of fossil fuels, the impact on the environment and climate, and the low pollution and high efficiency of renewable energy sources (RESs), the use of RES has become popular throughout the world. Solar photovoltaic (PV) technologies, uninterruptible power supplies, wind turbines, and fuel cells are also increasingly popular. The output voltage level of RESs are low and require wide gain and high efficiency DC–DC converters. However, traditional buck–boost converters cannot be applied in this way [5,6]. Several non-isolated converters, such as Cuk, SEPIC, and Zeta converters, which are improved topologies based on buck–boost converters, are also unsuitable in such a context. Therefore, it is urgent a way to solve this problem is found. There are two ways to achieve this demand. One is to use transformers and coupling inductors. However, transformers have shortcomings such as leakage induction, electromagnetic loss, large volumes, high costs, and small power densities, so that, in addition to the need for electrical isolation, the second solution has generally been pursued: the study and design of new non-isolated DC–DC topologies. The different non-isolated buck–boost converter topologies have their specific characteristics and should be selected and classified based on their applications and requirements, such as: unidirectional or bidirectional, voltage-fed or current-fed, and hard switched or soft switched [7].



Luo converters can obtain higher voltage gains by using voltage lift technology, but their topological complexity, cost, volumes, and losses are increased. Their advantages can also be realized by cascading and interleaving, but their structure and control mode become more complex, and the efficiency of cascade circuits is not high [1,8,9]. The switched capacitor (SC) technique can also generate new topologies, but there is the problem of their high-current transients. Voltage multipliers can also be used in buck–boost circuits to obtain higher or lower voltage requirements in a modular way. However, there are many defects associated with these, including a large number of elements, the high voltage stress of switches and diodes, large losses, and so on. Therefore, different applications require additional topologies using different techniques. Such techniques will therefore need to be analyzed.



In this review, a general description of the non-isolated buck–boost converter is provided. According to the different characteristics of the converter, its classification will be presented in Section 2. Additionally, techniques for achieving voltage lift, such as switched capacitor, voltage multiplier, switched inductor, and different ways of connecting, will be presented in Section 3. In Section 4, the application of these converters will be provided in detail. Finally, the paper will summarize the whole paper and look forward to the future development of converters.




2. Categories of Step-Up and Step-Down DC–DC Converters


2.1. Unidirectional and Bidirectional


According to the direction of power flow in the circuits, non-isolated buck–boost converters are divided into unidirectional and bidirectional converters. Unidirectional buck–boost converters, where power flows from one port to the other rather than to each other, are usually achieved with unidirectional semiconductor switches and diodes. The general structure is shown in Figure 1. Traditional buck–boost, Cuk, SEPIC, and Zeta converters are typical unidirectional buck–boost converters. A traditional buck–boost circuit is shown in Figure 2. Due to the diode’s one-way connectivity, the flow of current through it cannot be reversed, so power only flows in one direction. Bidirectional power flow can be realized to form a bidirectional buck–boost converter by replacing passive switches with active switches in unidirectional circuits. The general structure of such converters is shown in Figure 3. A traditional bidirectional buck–boost circuit, shown in Figure 4, has two active switches and allows for the bidirectional flow of power [10]. When the circuit operates in buck mode, switch S1 is on and S2 is off. The power flow from V2 to V1 is achieved by controlling S1 and the body diode of S2. When the circuit operates in boost mode, switch S1 is off and S2 is on. The power flow from V1 to V2 is achieved by controlling S2 and the body diode of S1. In practical applications, unidirectional buck–boost converters are generally used when there is no need for bidirectional power flow because they feature fewer active switches, lower cost, simpler control modes, and relatively small losses.



Bidirectional buck–boost converters play an important role in PV power generation and distribution, electric vehicles, satellites, fuel cells, DC uninterruptible power systems, aerospace power systems, marine power supplies, DC microgrids, wind energy utilization, and other applications [11,12]. However, the topology of bidirectional buck–boost converters is different for different applications. There are many topologies of bidirectional buck–boost converters [13]. For example, in the application of renewable energy systems, the topology proposed in [14], as shown in Figure 5, has a simple structure and control mode as well as a wider voltage conversion range. The topology proposed in [15], as shown in Figure 6, has a simple structure and a high voltage gain. In addition, the input current is divided to the inductors, which leads to a smaller size as well as a large power density that can be used for battery charging and discharging. Bidirectional buck–boost converters can achieve bidirectional energy flow, so they generally use different power directions to achieve the step-up and step-down of voltage. For example, as indicated in [16] (with the topology proposed shown in Figure 7), by controlling the active switches, the circuit operates in boost mode in forward flow and step-down mode in reverse flow, which takes advantage of the topology and reduces the number of elements and the complexity as well as the cost of the circuit. A bidirectional buck–boost converter with a high gain, a continuous input and output current, and a low ripple was proposed in [12], as shown in Figure 8, with its efficiency being approximately 94.4% in charging mode. By controlling the active switch in the proposed topology, the circuit can realize the function of step-up and step-down voltage through the control of the D in the process of forward or reverse power input. The content is described in Table 1.




2.2. Voltage-Fed and Current-Fed


According to the characteristics of the input source of non-isolated voltage converters, such converters can be divided into voltage-fed and current-fed converters [17]. In the case of voltage-fed converters, the input source is generally a constant voltage source, and a large capacitor is added at input port to simulate it. Because the voltage source is the main power source in nature, voltage-fed converters are widely used nowadays. However, there are also certain energy sources whose primary attribute is current, such as photovoltaic generators and superconductive magnetic energy storage (SMES) devices. These require current sources. In general, however, when used in series, large inductors and voltage sources are able to simulate the output of current sources [18,19,20].



The conversion between voltage-fed and current-fed converters can be completed by making use of duality transformation methods or adding input capacitors at the input terminals to meet the terminal constraints stipulated by the source. Concerning the first method, it is obvious that the on-time sub circuits of the voltage-fed converters would generate the off-time sub circuits of the relevant current-fed converters and vice versa. For example, a voltage-fed buck–boost circuit, as shown in Figure 9, can be converted into the current-fed buck–boost circuit shown in Figure 10. It is well known that the most common way to provide an interface between current sources in photovoltaic generators is to use a voltage-fed converter with input capacitors. Current-fed buck–boost power-stage converters are commonly used in series-connected distributed photovoltaic applications, where the output voltages are both step-up and step-down.




2.3. Hard Switching and Soft Switching


Devices and machines that provide DC power require efficient DC–DC converters in the form of active switching in order to maximize the use of the energy provided. In the operation process of the converters, in order to make small volume converters of a light weight with low noise, it is necessary to increase the switching frequency. However, for hard-switching converters, a high switching frequency can result in high switching losses and electromagnetic interference (EMI), making them inefficient [21]. Therefore, in such cases, the switching frequency will be limited. In order to solve this problem, various soft-switching converters which take advantage of stray inductors and capacitors as part of a section of resonance circuits to achieve zero-voltage switching (ZVS) or zero-current switching (ZCS) are emerging [22].



According to the auxiliary circuit structure (whether there are auxiliary circuits or active devices), the soft-switching technologies of non-isolated DC–DC converters are divided into three categories: control-only technology (COT), non-auxiliary switch technology (NAST), and auxiliary switch technology (AST) [23]. COT does not use any auxiliary devices, and it is only through the adjustment of the circuit parameters and a change in the switching control method that soft switching is achieved. Its topology is relatively simple because it focuses on the control strategy. In order to reduce the switching losses of non-isolated DC–DC converters, the corresponding auxiliary circuits should be added to the circuit topology, which can be classified into NAST and AST, depending on whether the auxiliary circuit contains a controlled switch. NAST is also composed of quasi-resonant converters (QRCs), a passive snubber converter (PSC), and auxiliary commutation converters (ALCCs). Small inductors and capacitors connected to the switching elements in series or parallel are applied in QRCs to achieve ZCS or ZVS conditions. The topologies of QRC technologies are shown in Figure 11, among which (a) and (b) achieve ZCS and (c) and (d) achieve ZVS. This topology is used in buck–boost circuits [24], which implement ZVS. The PSC is a snubber network of capacitors, diodes, and inductors to realize ZCS or ZVS conditions. As shown in Figure 12a, that are several topologies in terms of PSC, with this structure being used in [25,26]. ALCCs achieve ZVS and ZCS conditions by generating an auxiliary current superposition between two semiconductor devices. This technology is used in bidirectional DC–DC converters [27]. AST consists of zero voltage transition converters (ZVTCs), zero current transition converters (ZCTCs), active resonant converters (active RCs), and active snubber converters (active SCs). Their structures are shown in Figure 12, where (b) and (c) are ZCTCs and ZVTCs, respectively, which are reflected in [28,29], respectively, and (d) and (e) are ASTs that can be used for SEPIC and Zeta circuits, respectively. An active SC structure, which was used in [30], is shown in Figure 12f. The switching devices in the converter adopt a partially resonant soft switch with a constant switching frequency. Therefore, the converter uses a partially resonant circuit to achieve soft switching (ZCS when on and ZVS when off). This method greatly reduces the power losses of the switching devices and improves the operational efficiency of the converters. Soft switching with active switches can also be used in bidirectional buck–boost converters, shown in Figure 13, which implement ZCS [31].



A summary of the categories of step-up and step-down DC–DC converters is provided in Table 2.





3. Different Step-Up and Step-Down Voltage Techniques


This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.



In non-isolated converters, the voltage gain in the converters can be changed by four techniques, namely an SC, voltage multiplier, switched inductors, and different ways of connecting. The different techniques use different principles, so they can achieve different results. They have their own characteristics. The following is a detailed introduction of their principles, structures, and characteristics and examples used in the literature.



3.1. SC


The SC is a common method used to change voltage gain in buck–boost converters. The SC DC–DC structure, which is a modular structure consisting only of switches and capacitors, is also one of the most widely used and popular topologies in industrial and academic fields. It does not involve the storage and release of energy in the working process but only through the transfer of energy on the capacitor. Its advantages include its light weight, high efficiency, high power density, and easy modularization. Meanwhile, the serial-parallel SC converter has the advantages of high efficiency, simple control, and convenient power expansion, but it can only obtain integer multiples of voltage gain.



A basic charge pump (CP) circuit [7] is shown in Figure 14a. Switch 1 and 2 are turned on and off alternately. When switch 1 is on, the voltage on C1 reaches the input voltage Vin, and then 1 is off and 2 is on. The voltage across C2 is equal to the input voltage, and so on, and the output voltage is equal to the input voltage at the end. Doubler SCs can be obtained by transforming the basic CP circuit [32], as shown in Figure 14b. By alternating the switching of the switch, the output voltage is twice that of the input voltage, thus achieving the purpose of increasing the voltage. Not only can the input voltage be increased by two times, but the series-parallel topology can increase the output voltage further. As shown in Figure 14c, in the first stage, each capacitor is charged to the input voltage. In the second stage, these capacitors are connected in series so that the output voltage is three times that of the input voltage. A ladder SC, shown in Figure 14d, consists of two sets of capacitors that obtain different voltage gains by varying the input voltage nodes situated in the lower end of the capacitor ladder. The above are SC technologies that can only step-up voltage. The Fibonacci SC converter can realize both step-up voltage and step-down voltage. Its step-down voltage circuit is shown in Figure 15a, and its output voltage gain is one-fifth of the input voltage gain. Its step-up voltage circuit is shown in Figure 15b, and its output voltage is five times that of the input voltage, which requires a small number of capacitors, achieving small size requirements. Its magnification is a sequence (1,1,2,3,5,8…). Similarly, its magnification depends on the value of K, which starts at 0 and represents the number of capacitors. In our figure, K is four, so it has a magnification of five and a reduction of one-fifth [33]. The efficiency in step-down mode (98%) is higher than that in step-up mode (80%).



An improved SC circuit based on a Cuk circuit, as proposed in [34], is shown in Figure 16. It is composed of many SC structures and Cuk circuits, which can step-up and step-down voltage. It also has a wider voltage gain range, lower voltage stress on SCs, and a continuous input current. It is also extensible and easy to modularize. When n is three, as the power changes, the efficiency varies from 92% to 97.2%. This SC can also be used to modify the Zeta circuit, with the efficiency varying from 93% to 97.2%. Its voltage gain is:


M = nD/(1 − D),



(1)







Another SC similar to that in a previous paper was introduced [35], as shown in Figure 17. It can also be used in Cuk circuits and Zeta circuits due to the similarity of the structure. When n is three, as the power changes, the efficiency varies from 92% to 98% in the Cuk circuit and from 94% to 98% in the Zeta circuit, respectively. Of course, the input current in the Zeta circuit is discontinuous, and the other characteristics are basically the same. Moreover, the number of switching tubes in this new module is relatively small. The voltage gain is the same. As indicated in [36], this circuit can be used for high-voltage direct current (HVDC) systems due to its high gain and continuous input current. Its structure is shown in Figure 18. When n is 2, as power varies from 500 W to 3000 W, the efficiency varies between approximately 92% and 96% and its voltage gain is:


M = D(1 + D)(2 − D)/(1 − D),



(2)







This method of changing the voltage gain of circuits is limited, as it requires more capacitors, switching tubes, and diodes, despite the circuit structure being simple and easy to modularize. Therefore, there are various techniques that can be used to change the voltage gain of a circuit. A summary of different step-up/down SC converters is provided in Table 3.




3.2. Voltage Multiplier


Voltage multiplier circuits are very common technologies in buck–boost converters, which have the advantages of a simple structure, easy modularization, high efficiency, wide range in terms of voltage gain, and low costs. Inserting these structures at different locations in the circuits of conventional buck–boost, Cuk, SEPIC, and Zeta converters changes the voltage gain.



Voltage multiplier circuits are generally composed of capacitors, diodes, and inductors. As shown in Figure 19, these multipliers can be classified into step-up and step-down multiplier structures and can be used in different step-up and step-down voltage circuits. Three kinds of step-up multiplier and two kinds of step-down multiplier, as well as their applicable basic converters, were introduced in [37,38], respectively. In addition to the structure shown in Figure 19a inserted in the front of the switch, they generally replace the combination of capacitors and diodes or inductors and diodes in the circuit to achieve a new circuit topology. The converters that they are applied to and the voltage gains of the inserted converters are shown in Table 4.



It can be seen that a wide gain voltage range can be achieved using a simple structure and method, with this method being very efficient.



The above structure is composed of diodes and capacitors or diodes and inductors. The following will introduce two structures composed of three kinds of devices. The structure of Figure 20a, used in [40], replaces the diode of the Cuk circuit with the multiplier above, and the resulting efficiency is approximately 97% when the D is 0.75, making its gain double as:


M = 2D/(1 − D),



(3)







Similarly, the structure in Figure 20b replaces the diode in the Zeta circuit with a new topology. The voltage gain is same as above, but the input current is discontinuous. In addition, the active switch in the circuit can be replaced to realize a circuit voltage change [39], and the switch in the traditional buck–boost circuit can be replaced by the structure shown in Figure 19f to obtain a new topology. Both switches are turned on and off at the same time, and the resulting voltage gain is:


M = 2D/(1 − 2D),



(4)








3.3. Switched Inductor


Voltage lift is also a common technique in buck–boost converters. It involves charging the capacitor to a certain voltage and then increasing the voltage step by step to achieve the goal of changing the voltage. Generally speaking, it uses switched inductors in buck–boost circuits instead of inductors in the circuit to achieve voltage change and can be used in multi-level converters [41].



The first switched inductor can step-up voltage, the structure of which is shown in Figure 21a. It can replace the inductor in traditional buck–boost, Cuk, SEPIC, and Zeta converters to change the voltage gain in the circuit. Table 5 shows the voltage gain of the changed topology.



The first switched inductor can step-up voltage, the structure of which is shown in Figure 21a [37]. It can replace the inductor in traditional buck–boost, Cuk, SEPIC, and Zeta converters to change the voltage gain in the circuit. Table 5 shows the voltage gain of the changed topology. A switched inductor composed of diodes, capacitors, and inductors was proposed in [42,45], as shown in Figure 21b. The efficiency varies from 91% to 96% when the output voltage is 48 V. This is used in the traditional buck–boost circuit in this paper. Its input and output port are common ground, and its gain is square, which means it can boost and buck voltage. Its gain is:


M = D(2 − D)/(1 − D)2,



(5)







As shown in Figure 21c, the structure was applied to SEPIC circuit, and a high efficiency converter with twice the original voltage gain was obtained [45], with the efficiency being approximately 97% in the experiment. Two kinds of switched inductors were introduced in [44], as shown in Figure 21d,e, respectively. A new topology structure was proposed by using the switched inductor and voltage multiplier in the figure. The resulting efficiency gain was:


M = (2N − 1 + D)/(1 − D),



(6)








3.4. Different Ways of Connecting


One well-known way to change the voltage gain of a DC–DC converter is to change the way the circuit is connected. In this section, cascading, interleaving, and multi-level converters are described. In this structure, the voltage gain is transformed linearly or exponentially as a function of the topology used.



Cascading involves connecting the output port of one converter with the input port of the next converter. There are two ways to achieve this: one uses the same circuit topologies, which can be combined into a new circuit structure with its own characteristics through different connection modes in terms of topology; the other uses a hybrid cascade, where the circuits that are connected together are different.



By connecting two traditional buck–boost converters together, a cascaded structure can be obtained, as shown in Figure 22a. Since the output voltage of a buck–boost circuit is negative and the efficiency is approximately 90%, the final output voltage of the circuit is positive, and its voltage gain is as follows:


M = D2/(1 − D)2,



(7)







According to the needs, two switches can operate at different operating frequencies and duty cycles. The new topology structure, as shown in Figure 22b, can be obtained by changing the position of the first-stage switch in this circuit. It is characterized by low voltage stress on the inductor and low current stress on the capacitor under continuous conduction mode (CCM). The efficiency is approximately 92% when the D is 0.5. A traditional quadratic buck–boost converter was introduced in [46], as shown in Figure 23a. It has only one switch, so it can only operate at a specific frequency and duty cycle, and its output is negative. Two cascaded buck–boost converters were introduced in [47,48], as shown in Figure 23b,c, respectively. In Figure 23b, the efficiency in step-up mode is higher than in step-down mode. The highest efficiency was approximately 92.05% in the experiment. Of course, multiple modules can also be cascaded, with this not being limited to two, but a large number of modules will increase the voltage and current stress of the device and reduce the efficiency of the circuit.



The so-called hybrid cascade involves connecting the input port of one circuit to the output port of another completely different circuit, with the resulting voltage gain being the product of the original voltage gain of the two circuits. A topology that is cascaded by a boost converter and a Cuk converter was introduced in [49], as shown in Figure 24. The highest efficiency was approximately 91% in the experiment. It has only one switch, and the input and output current are continuous. The output gain is:


M = D/(1 − D)2,



(8)







Multiple different circuits can be connected in this way at the same time. For example, a single switch circuit is described in [50] which consists of a cascade of a boost, buck–boost, and buck converter.



Interleaving is also a technique that can change the voltage gain. The authors of [51] introduced a relatively classical and simple interleaved buck–boost converter, as shown in Figure 25a. The authors of [52] introduced a bidirectional cascaded buck–boost converter, as shown in Figure 25b, with the efficiency in boost mode being higher than in buck mode. The efficiency varies from 93.2% to 95.2%. The design has a relatively small number of components and does not use auxiliary circuits, so the current ripple and the loss is small. The circuit can realize the bidirectional flow of power through four switches and body diodes in continuous conduction mode (CCM). When the power is flowing forward, this is achieved by using the body diodes of S1 and S2 and S3 and S4. In a cycle, it can be divided into four working phases. In the first half cycle, in the first phase, S1 and D3 are on but S2 and D4 are off. In the second phase, D3 and D4 are on but S1 and S2 are off. In the other half cycle, in the first phase, S2 and D4 are on but S1 and D3 are off. In the second phase, D3 and D4 are on but S1 and S2 are switched off. When the power flows in reverse, the operation mode is the same as above, but the power flows through the S3 and S4 and S1 and S2 body diodes to achieve this. The converter has a wide range of output voltages and a positive output voltage. The authors of [53] describe a cascade interleaved circuit which consists of a two-phase interleaved buck converter, a two-phase interleaved boost converter, and two filter capacitors, as shown in Figure 25c. It can work in buck or boost mode. When operating in buck mode, it turns off S1 and S2 and controls the switch-on and switch-off of S3 and S4. When working in boost mode, it turns S3 and S4 on and controls S1 and S2 to switch on and off. The circuit is cascaded in such a way that the input current of all inductors is the same, resulting in improved circuit efficiency and reduced current ripple. The ripple percentage of the input current is approximately 9.26%. An interleaved bidirectional buck–boost converter was introduced in [54] which can achieve high dynamic response and high efficiency under the condition of double closed-loop current and voltage control.



Multi-level connection is a technique that uses a modular structure to realize a gain level increment which is not the product of the gain of two circuits, as in a cascade. Multi-level connection can be used for both single-input DC source and multi-input DC source converters. As shown in Figure 26a, a module composed of inductors, diodes, and capacitors was introduced in [55]. Multi-level buck–boost converters are realized by using this module. The voltage gain depends on the number of modules. According to the literature, the efficiency of such converters is approximately 96%, their output voltage is negative, and their gain is:


M = nD/(1 − D),



(9)







A multi-level buck–boost converter with a voltage multiplier was introduced in [56]. The voltage multiplier is composed of diodes and capacitors, and it is composed of a multi-level structure added after the buck–boost converter, as shown in Figure 26b. In the three levels, the efficiency is close to 93%. Its output voltage is also negative. Its voltage gain is:


M = (N − 1 + D)/(1 − D),



(10)







Multi-input levels are composed of multiple input sources, which can increase the output voltage. This has the advantages of high reliability, low costs, and good security. The principle is also very simple. Multiple DC sources generate voltage on the output capacitor, which add together to achieve the purpose of changing the output voltage. A novel SEPIC-based multi-input DC/DC converter that can be used in photovoltaic systems and fuel cells was described in [57], as shown in Figure 27a. At the same time, there are multiple input ports so that the input of various renewable energy systems can be realized. As indicated in [58], because a distributed generator (DG) applying a several single-input DC–DC converter may lead to complex procedures and controls, high losses, large volumes, and less efficiency, multi-input DC–DC converters can be used. A new multi-input topology that can be used for RES was proposed in [59], as shown in Figure 27b. Here is how the two input sources work in buck–boost mode. In the first phase, the battery can be charged by V1 through S2 in charging mode or discharged to the inductor through S1 in discharging mode. In the second phase, V1 charges the inductor through D2, S3, and T1. In the third phase, V1 and V2 simultaneously charge the inductor through T1, T2, and S3. Finally, the inductor discharges the output capacitor through D1, D2, and S4. The circuit uses fewer switches to realize the bidirectional flow of energy, which increases the efficiency and reduces the complexity in terms of control. It can work in buck, boost, or buck–boost mode, has more comprehensive functions, and only needs one inductor. The excess energy can be absorbed by the battery and then released, thus improving the utilization rate in terms of energy.



A summary of the techniques used in step-up and step-down DC–DC converters is provided in Table 6.





4. Application


In recent years, with the rapid development of power electronics technology, the step-up and step-down DC–DC converter has been widely used in various fields of industrial production and family life, no matter if it is unidirectional or bidirectional, single-input or multi-input, because it is highly efficient, simple, and can provide step-up and step-down voltage. They have been used in, for example, renewable energy systems including photovoltaic systems, fuel cells, wind energy, etc., LED lighting systems, electric vehicles, DC microgrids, HVDC systems, energy storage systems, integrated circuits with power supplies of 3.3 V and 1.5 V, aviation systems, telecommunications, solid state lighting systems, portable devices such as laptops and mobile phones, power factor correction, and so on. As this demonstrates, the step-up and step-down DC–DC converter is very common. However, its location, the required voltage level, the power level, and control mode are different according to its application. Over the years, various researchers have designed, developed, and improved its topology and control methods in order to achieve more complete, suitable, and advanced functions, so that it can be used in specific areas more efficiently and cleanly in a more lightweight, simple, economical, and stable fashion [60,61,62,63,64,65,66,67,68].



First of all, due to the depletion of fossil fuels in recent years, the increase in global carbon emissions, global warming, and environmental pollution as well as other factors, the renewable energy system has become the focus of attention and been put into use by countries all over the world. Renewable energy systems include photovoltaic and fuel cells, which are already widely used for industrial and household electricity. However, different power sources produce different voltage and current characteristics. For example, when they are integrated in the power grid, their voltage needs to be increased to control the energy flow to the power grid, while when they are used as the energy of certain household appliances, their voltage needs to be reduced to avoid the damage caused by overvoltage. At the same time, the variability and intermittency of renewable energy power supply is also an obvious shortcoming, with it being affected by weather, month, day and night, and other factors, resulting in a large range of power and voltage changes. Bidirectional buck–boost converters can be used in renewable energy systems. For example, in PV distribution generation, when the DC bus requires less energy, an excess output power is stored in the battery. During peak hours, when more energy is needed, the energy previously stored in the battery is transmitted back to the DC bus (usually 380 V) by a bidirectional DC converter. The above requirements indicate that a wide voltage range in terms of the step-up and step-down DC–DC converter is needed to solve this problem so as to make better use of renewable energy [16,60].



In lighting systems, LEDs have been widely used in recent years because of their long life, high efficiency, modularity, strong stability, and other advantages. Additionally, LEDs are solid state components, so they do not have a fragile envelop [61]. They are relatively robust and not filled with toxic gases. Because they are not associated with the possibility of explosion, breakage, or contamination, they are considered to be environmentally friendly and safe. LEDs can be used for white lighting as well as other colors of light lighting, so as to be more beautiful and convenient. Previously, their efficiency ranged from a typical 17 lm/W for blue light to 40 lm/W for red light. LEDs that emit white light are in the midrange of 35 lm/W. New single power LEDs typically have a power of 1 W, 3 W, or 5 W. They are also more energy efficient than incandescent bulbs, with recent industry studies showing that LED energy efficiency has exceeded 100 lm/W. As the light color changes and the brightness need voltage regulation, a converter handles the voltage regulation.



With the increasing use of low voltage portable devices and the popularity of wireless applications as well as the growing demand for features embedded in these devices, longer life batteries and lower input voltages have become the focus of research, with this requiring efficient power management techniques. Due to the variability of battery voltages (for example, the Li-ion battery voltage conversion range is 2.7–4.2 V), the system needs to use a voltage converter to output voltage that can be higher than the battery voltage or lower than the battery voltage to achieve a longer service life [62]. The single NiMH battery could be fully charged to 1.8 V, but its voltage dropped to 0.9 V before it was fully discharged. Therefore, such systems require step-up and step-down voltage.



DC–DC converters are widely used in telecommunication systems because of their advantages in terms of large power density, good reliability, and dynamic characteristics. Telecommunication systems usually have a wide range of voltage variations. For example, the nominal voltage of 48 V varies from 36 V to 75 V, so it is difficult to design a DC–DC modular source with high efficiency within the line range. In addition, in a telecommunication system with a DC voltage of 400 V, in order to ensure the UPS, it is usually necessary to use a backup battery with a bidirectional DC–DC converter to meet the demand [63].



In the field of electric vehicles, due to the exhaustion of fossil fuels and electric vehicles with strong energy storage capacity, better efficiency, and cleaner, the electric vehicle industry has also begun to flourish. In an EV, the energy sources mainly include batteries and solar and fuel cells and so on. Lithium-ion batteries are popular thanks to their high power density and efficiency as well as their capabilities and reliability in terms of charging. Both isolated and non-isolated DC–DC converters can be used, with the latter being more extensive. The modeling and charging of electric vehicle batteries are very popular topics in the research surrounding electric vehicle batteries [64,65]. It is worth noting that a switch mode power supply is vital for electric vehicle innovation. An efficient, simple DC–DC converter with a wide voltage conversion range is very important for battery charging and discharging. In electric vehicle systems, a relatively low voltage charges the on-board battery, but it must provide a high output voltage to drive the motors. Most electric cars use bidirectional buck–boost converters for the battery charging process. In general, input and output voltage ranges are 20–50 V and 150–300 V, respectively, for most DC–DC converters in an EV. Therefore, the amount of components is great, and the efficiency is approximately 94–98%. Traditional buck–boost converters are simple and effective, but they do not provide high voltage gain. Therefore, a topology with a wider gain and higher efficiency is needed.



The boost topology is very important in power factor correction applications because it can offer an output DC voltage which is close to but greater than the peak AC input voltage [66]. The efficiency in [66] was over 93%. For example, in general input applications, when the RMS of the input line voltage varies between 90 and 305 V, the output voltage is, correspondingly, approximately 450 V. When the RMS is 90 V, the RMS of the input current in the circuit is the maximum and the maximum voltage conversion ratio is required, which leads to maximum switch conduction losses in the circuit. In such cases, the size of the universal input of inductors should be designed to be larger than that of the input voltage in the narrow gain range. Moreover, because the output energy storage filter capacitor is large and the input features an inrush current, extra components need to be added to deal with this problem. In general input power factor correction applications, the ability of the converter to provide step-up and step-down voltage is important and welcome because the output DC voltage can be set to any value. Therefore, specific improved buck–boost converters are required. In Table 7, the features of DC–DC converters in different application are presented.




5. Conclusions


In the first section, this paper briefly introduced the origin, characteristics, and operational principles of converters. They were then classified according to their different characteristics in Section 2. In the third section, techniques for changing voltage gain were provided. In the fourth section, the main applications of converters were described in detail. It is evident that current non-isolated step-up and step-down DC–DC converters are booming and that users will have higher demands in terms of their power density, volume, weight, voltage gain range, efficiency, stability, cost, and so on in the future. Therefore, in order to make breakthroughs in these area, several aspects will be vital. The first is a further breakthrough in terms of control modes and strategies. A good control strategy can result in the circuit having a better running process and contribute to an enhancement in performance. Secondly, researchers may study and explore more high-performance topologies. Although topology structures may not have comprehensive functions, they should achieve functionality in one or several contexts. This way, a converter can be dedicated to a certain field, which may become a trend in terms of the development of converters in the future. Finally, progress could be made in device materials, as the generation and development of power electronics technology and the renewal of power electronic devices are directly related. So-called DC–DC converters are composed of power electronic devices, so the quality of the devices themselves directly affect the operation and performance of the circuits, with the devices themselves therefore being important in the future development of converters. As for the applications of converters, due to global fossil fuel and climate problems, renewable energy systems will remain a hot spot in the future. And because of the popularization of electronic products in every area of people’s lives, electronic products will be further applied. There are also many areas that require investment new equipment in order to grow. Therefore, researchers will make more effort to promote the progress of non-isolated step-up and step-down DC–DC converters.
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Figure 1. Non-isolated unidirectional DC-DC converters. 
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Figure 2. Traditional buck-boost converter. 
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Figure 3. Non-isolated bidirectional DC-DC converters. 






Figure 3. Non-isolated bidirectional DC-DC converters.



[image: Energies 16 00842 g003]







[image: Energies 16 00842 g004 550] 





Figure 4. Traditional bidirectional buck-boost converter. 
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Figure 5. A non-isolated bidirectional DC-DC converter in [14]. 
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Figure 6. A non-isolated bidirectional DC-DC converter in [15]. 
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Figure 7. A non-isolated bidirectional DC-DC converter in [16]. 
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Figure 8. A non-isolated bidirectional DC-DC converter in [12]. 
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Figure 9. A voltage-fed buck-boost converter. 
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Figure 10. A current-fed buck-boost converter. 
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Figure 11. Switching units of QRCs. (a,b) Achieving ZCS. (c,d) Achieving ZCS. 
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Figure 12. Soft-switching circuits. (a) PSC. (b) ZVTs. (c) ZCTs. (d,e) AST. (f) Active SCs. 
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Figure 13. A soft-switching bidirectional buck-boost converter. 
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Figure 14. Basic charge pump and switched capacitor circuits. (a) Basic charge pump. (b) Doubler. (c) Series parallel. (d) Ladder. 
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Figure 15. Fibonacci. (a) A Fibonacci step-down converter. (b) A Fibonacci step-up converter. 
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Figure 16. A Cuk-derived step-up/down SC converter in [34]. 
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Figure 17. A Cuk-derived step-up/down SC converter in [35]. 
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Figure 18. A switched-capacitor-based DC-DC converter. 
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Figure 19. Basic simple voltage multipliers. (a) Dn1. (b) Dn2. (c) Dn3. (d) Up1. (e) Up2. (f) [39]. 
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Figure 20. Basic voltage multipliers. (a) [40]. (b) A simple voltage multiplier. 






Figure 20. Basic voltage multipliers. (a) [40]. (b) A simple voltage multiplier.
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Figure 21. Switched inductors. (a) [37]. (b) [42]. (c) [43]. (d,e) [44]. 
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Figure 22. Basic quadratic DC-DC converters. (a) Basic structure. (b) Improved structure. 
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Figure 23. Basic quadratic buck-boost DC-DC converters. (a) [46]. (b) [47]. (c) [48]. 
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Figure 24. A hybrid cascaded DC-DC converter. 
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Figure 25. Interleaved buck-boost DC-DC converters. (a) [51]. (b) [52]. (c) [53]. 
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Figure 26. Multi-level buck-boost converters with single DC source. (a) [55]. (b) [56]. 






Figure 26. Multi-level buck-boost converters with single DC source. (a) [55]. (b) [56].
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Figure 27. Multi-input step-up and step-down DC-DC converters. (a) [57]. (b) [59]. 






Figure 27. Multi-input step-up and step-down DC-DC converters. (a) [57]. (b) [59].
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Table 1. Voltage gain and other features in select converters.






Table 1. Voltage gain and other features in select converters.











	Converter
	Voltage Gain (V2/V1)
	No. of Switches
	Feature





	Bidirectional converter in [14]
	    D 2    
	4
	
	
Simple topology and control strategy.



	
Voltage gain range is wider than conventional bidirectional buck–boost converter.



	
Common ground and only one inductor.








	Bidirectional converter in [15]
	    1     (  1 − D  )   2      
	4
	
	
Simple structure and smaller size.



	
Voltage gain is high.








	Bidirectional converter in [16]
	     2 − D      (  1 − D  )   2      
	5
	
	
Low driver signal and simple control.



	
Higher voltage gains and common ground.








	Bidirectional converter in [12]
	     2  (  1 − D  )   D    
	3
	
	
Voltage gain is high.



	
Step-down and step-up voltage in one power flow can be realized.



	
Continuous input and output current, low ripple current, and high efficiency.



	
Simple control, reduced size, and more capacitors.



	
The efficiency is approximately 94.4% in charging mode.
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Table 2. Summary of categories of step-up and step-down DC-DC converters.






Table 2. Summary of categories of step-up and step-down DC-DC converters.





	
Categories of Converter

	
Feature






	
Unidirectional

	

	
Unidirectional power flow.



	
Simple control and less active switches than bidirectional.



	
More universal.



	
Not able to achieve bidirectional power flow, as in EV.









	

	
Bidirectional power flow.









	
Bidirectional

	

	
Complex control and more active switches than unidirectional.



	
Suitable for fuel cells.



	
More complex than unidirectional converters in terms of structure and cost.









	
Voltage-fed

	

	
More universal than current-fed converters in nature.









	

	
Great input current ripple.



	
Fast dynamic response.



	
Suitable for most applications.









	

	
Can be converted into current-fed converters









	
Current-fed

	

	
Are suitable for PV generators and SMES devices.



	
Low input current ripple.



	
Continuous input current.









	
Hard-switching

	

	
Restricted switching frequency.



	
More switching losses.



	
Less efficiency.



	
Less elements than soft switching.



	
Severe EMI and diode reverse recovery problem.



	
Possible voltage peak.









	
Soft-switching

	

	
Higher switching frequency.



	
High efficiency.



	
More methods to achieve ZVS or ZCS.



	
Partly complex structure.
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Table 3. Review of different step-up/down SC converters in the review.






Table 3. Review of different step-up/down SC converters in the review.












	Converter
	Voltage Gain (Vo/Vi)
	Voltage Stress
	No. of SC Structure
	Feature





	A Cuk-derived step-up/down SC converter [34]
	     n D   1 − D     
	      V i    1 − D     
	One capacitor

Two diodes

One switch
	
	
Data suitable for various converters and RES.



	
Continuous input current.



	
The same gain in all switches and diodes.








	A Cuk-derived step-up/down SC converter [35]
	     n D   1 − D     
	      V i    1 − D     
	One capacitor

Two switches

One diode
	
	
Continuous input current.



	
Lower costs, a smaller size, and simple control.



	
The same gain in all switches and diodes.








	A switched-capacitor-based DC–DC converter [36]
	     D  (  1 + n  )   (  2 − D  )    1 − D     
	    S n  = n  V i    

    T n  =  V i    

    D n  = n  V i    

    T  n + 1   =   1 + n D   1 − D    V i    
	One capacitor

Two switches

One diode
	
	
Continuous input current.



	
High voltage gains and suitable for ESSs and HVDC systems.
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Table 4. Circuits and voltage gains for specific voltage multipliers.
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Stucture

	
Buck–Boost

	
Cuk

	
Sepic

	
Zeta




	
VMC

	
Vo/Vin






	
Dn1

	
    D   (  2 − D  )   (  1 − D  )      

	
    D  2  (  1 − D  )      

	
    D   (  2 − D  )   (  1 − D  )      

	




	
Dn2

	

	
    D  2  (  1 − D  )      

	

	
    D  2  (  1 − D  )      




	
Dn3

	

	

	
    D  2  (  1 − D  )      

	




	
Up1

	
     2 D    (  1 − D  )      

	

	

	




	
Up2

	

	
     1 + D    (  1 − D  )      

	

	
     2 D    (  1 − D  )      
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Table 5. Circuits and voltage gain for UP3.






Table 5. Circuits and voltage gain for UP3.





	

	
Structure

	
Buck–Boost

	
Cuk

	
Sepic

	
Zeta




	
VMC

	
Vo/Vin






	
UP3

	
     2 D    (  1 − D  )      

	
     D  (  1 + D  )     (  1 − D  )      

	
     D  (  1 + D  )     (  1 − D  )      

	
     D  (  1 + D  )     (  1 − D  )      
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Table 6. Summary of techniques used in step-up and step-down DC-DC converters.






Table 6. Summary of techniques used in step-up and step-down DC-DC converters.









	Technique
	Feature





	SC
	
	
No energy stored or released.



	
Easy to modularize without inductors.



	
Small size and large current at starting time.



	
Only provides integer multiples of gain.



	
More switches and complex control.



	
Possibly large voltage and current stress.



	
A wide range of circuits are applicable.








	Voltage Multiplier
	
	
High voltage with fewer devices.



	
Easy to use in the circuits.



	
Less efficiency due to no common ground.



	
High voltage stress in elements.








	Switched Inductor
	
	
Improves voltage gain by the replacement of inductors.



	
More devices such as diodes and inductors.



	
Not suitable for high power situations.



	
Easy to obtain a new topology.








	Different Ways of Connecting
	
	
Easy to modularize.



	
Improves voltage gain by cascade.



	
Easy to be connected with other converters.



	
High voltage level and allows for the use of various input source in the RES.



	
More elements and heavier.



	
Flexible, reliable, and multifarious.
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Table 7. Summary of applications in step-up and step-down DC–DC converters.






Table 7. Summary of applications in step-up and step-down DC–DC converters.





	
Application of Converter

	
Feature






	
PV

	

	
High voltage gains from approximately 30–40 V to 360 V.



	
Higher efficiency.



	
Higher power density.



	
Continuous input current and less electromagnetic interference.









	

	
High efficiency.



	
Wide voltage gain range.









	
Electric Vehicle

	

	
Fast response performance.



	
Small current ripple.



	
Small size and modular structure.









	
LEDs

	

	
Stable and reliable.









	

	
High voltage gain.



	
High efficiency.









	

	
Low power.









	
Portable Devices

	

	
Step-up and step-down voltage gain.



	
Supplies significant current.



	
Requires ultra-low-power circuitry.









	
Telecommunication Systems

	

	
Large power density.



	
Good reliability.



	
Dynamic characteristics.



	
A wide range of voltage variations.



	
Possible bidirectional DC–DC converter.









	
Power Factor Correction

	

	
Highly effective.



	
Reduced size.



	
Low voltage stresses.






















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Sk %






media/file4.png
t o

c,

[0

O






media/file52.png
Ao

ﬂ = i} —ig— - - o =N <
52 Ls
T i
]| =
E] P
L & !
= (a1 s Ra [] r’o
D
Ly % =0
(a)
CLQ CHS L CE-’JJ
I i -
s il ‘
| 20| | s | Di,
- l'r"':ll ﬂ 5 m m - m " % I\ %
s? Dy Dra D3 Dy
I i [ossss -
x ; _ .
gL GT (2 & .

(b)






media/file39.jpg
e}
5 n
C:_T
(a)

(b)





media/file18.png





media/file21.jpg





media/file44.png
[ %

f

C:'2==

352

2

G..I.
7 N
M
'
[
O
S

(a)

[ %

G&
Y
3
nm
7 Ik
I
il
F-w_
y
mn—
)

e

(b)





media/file26.png
> lg &

O






media/file7.jpg
S+





media/file28.png
(c)

7 g
 § 2
['J;'n (_”1 L CE L [0
I
(a)
r—" ;—/_‘
I
Cl L < il Cg (13
I =
1\
I\
¥

e
o 1 2 zk 1 9
Vin = G G == G
I_ = ‘ % ke Vo
1\ 1\
= > i
- )
('11 (12

~ _L{ _'”_/1‘1‘0/ i/l_l_/_ Z

—

(3

r
4 i

(d)





media/file10.png
+ o

G

+0





media/file49.jpg
¢
<
5
T g
] . )
ol L —
2 e freg
I pa—
i, g <
< @
y 8
< er
9
%
¢ ¥ @ &
—i &) a
£ < i 5
. - &
e il +

©





media/file11.jpg
“ligx






media/file6.png
A

l-t;“.q + o

A

c_‘l-F: + o

B





media/file36.png
S

r e
: Tt
‘ Dl"“l G = B D)
- Gy
T e 4 m—— -
: 2
G
(- D ,
I";‘ C.) 31 (+l) C}- pﬂ

| |
D)





media/file15.jpg
ZMIE
e g
<
1
oL s
S I
st

K
I






nav.xhtml


  energies-16-00842


  
    		
      energies-16-00842
    


  




  





media/file54.png
&

SR

o — N
J} ) . "
Sim2 | JEZES et . 3
Doty 1 KD, SR i [ Ry
Tim1) o - S_'!
SlEE S ;
["';'(m—l)CP CP Vi ESS |
] I D
(a)
T(n—l) p
- 84
H: K D (1)
: \s, Tl
—_—
VI
1 Dy

(b)





media/file2.png
_—

R

E.“‘-u + o

a |

DC-DC

+ o

Q






media/file53.jpg
A

Sy

®

J} A a
Sien JKB JEES n
Iyl ] G T
Dy . £ ]
s s
Vot q)r,. ESSY B
= @
Tery
LT =
Vo) s s.\ M
s agaln
T .
5 % e






media/file23.jpg
G,

(b)

ST
(f)

(e)






media/file24.png
@

o
Sd
31,
(b)
L
D

(e)






media/file29.jpg
(a)

(b)





media/file1.jpg
DC-DC






media/file12.png
£

Sg®

o
Ly

S lh &

i






media/file9.jpg
+9

+0





media/file42.png
L
KD L

(d)

S

(b)

Ly

—

¥s

D,






media/file47.jpg





media/file38.png
_ G

(d)Upl

Ly

KD KD

Ls

A

(c)Dn3

D 3

7

G
|

il
(e)Up2






media/file17.jpg





media/file30.png
[ HEEE






media/file51.jpg
paLE]

i

3t

@
G G Cn
L™ |—_|v —"_lf
ol —e
Py D2 ”zan—[ D
f - =
Gt G as @ |

)






media/file35.jpg
G

Toh)

Do)

T

G

s

T

T

& Doy

Diwa)





media/file48.png





media/file27.jpg





media/file3.jpg





media/file22.png





media/file19.jpg





media/file40.png
G

(a)

G

G

W]






media/file33.jpg
A

|

L






media/file32.png
Ly

HORN 1.

'
G
T 1=
T
Ta
-D':JJ—I]SZ






media/file14.png
T =
I o D
G > .
1 = G
nmm
Ly
S1
I J ﬁ} %
m— S PH
S =
O ﬂf

NS






media/file41.jpg





media/file37.jpg
L

I '
a a4 &2 LE L3
B
a Ta L L
I & 2
1
(a)Dnl (b)Dn2 (c)Dn3
D
PR S __4}[—.—0
=G LG n tyn &
a
Y3
& 1
(@up1 (U2 ®






media/file46.png
AS

nm
th_ ﬁ
;1 = G
Pl ng
< s . ngﬂ
— Tl
t ! (b)
Ly
SI.J ¢
Ll RO
(D VI DZN G =
(a) "
Iy Ez
L | 1 C:i
0—”11'1“—1. F}
b L
l'Jiu:r

(c)





media/file45.jpg
@

n
a

)

A






media/file16.png
n® On






media/file20.png
Vo

I






media/file50.png
==

Sy g =
1t . :H% Il
— o
5 NS o
. »
1)) a— | i<
= )
% s ¥l N
g o
~ |
K < MT@G
A
- oS S oy
1 Il — [ | v
i} 1) JL m—L
v S & —O
' ©
| al -
)y a—|
SRR
il

O

Vi

(c)





media/file5.jpg





media/file31.jpg
A

[






media/file25.jpg





media/file0.png





media/file8.png
o+

!
S+





media/file43.jpg
of o
i ——f—
s <
E 3 <
3 S
P P
el c 5K
s T
s <
¥S <
.
K

A

S|

(b)





media/file34.png
V,





