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Introduction
Buck-boost (step-down and step-up) converters are 
widely used in industrial personal computers (IPCs), 
point-of-sale (POS) systems, and automotive start-stop 
systems. In these applications, the input voltage could be 
either higher or lower than the desired output voltage. A 
basic inverting buck-boost converter has a negative output 
voltage with respect to ground. The single-end primary 
inductor converter (SEPIC), Zeta converter, and two-
switch buck-boost converters have positive or non-inverting 
outputs. However, compared with a basic inverting buck-
boost converter, all three non-inverting topologies have 
additional power components and reduced efficiency. This 
article presents operational principles, current stress and 
power-loss analysis of these buck-boost converters, and 
presents design criteria for an efficient non-inverting 
buck-boost converter.

Inverting buck-boost converter
Figure 1 shows the schematic of a basic inverting buck-
boost converter, along with the typical voltage and current 
waveforms in continuous conduction mode (CCM). In 
addition to input and output capacitors, the power stage 
consists of a power metal-oxide semiconductor field-effect 
transistor (MOSFET), a diode, and an inductor. When the 
MOSFET (Q1) is ON, the voltage across the inductor (L1) 
is VIN, and the inductor current ramps up at a rate that is 
proportional to VIN. This results in accumulating energy in 

the inductor. While Q1 is ON, the output capacitor sup-
plies the entire load current. When the Q1 is OFF, the 
diode (D1) is forward-biased and the inductor current 
ramps down at a rate proportional to VOUT. While Q1 is 
OFF, energy is transferred from the inductor to the output 
load and capacitor. 

The voltage conversion ratio of an inverting buck-boost 
in CCM can be expressed as:
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where D is the duty cycle of Q1 and is always in a range of 
0 to 1. Equation 1 indicates that the magnitude of output 
voltage could be either higher (when D > 0.5) or lower 
(when D < 0.5) than the input voltage. However, the 
 output voltage always has an inverse polarity relative to 
the input.

Conventional non-inverting buck-boost 
converters
The inverting buck-boost converter does not serve the 
needs of applications where a positive output voltage is 
required. The SEPIC, Zeta, and two-switch buck-boost 
converter are three popular non-inverting buck-boost 
topologies. The Zeta converter, also called inverse SEPIC, 
is similar to SEPIC, but less attractive than SEPIC since it 
requires a high-side driver that increases the circuit 
complexity.

Figure 1. Inverting buck-boost converter
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高效非反向降压-升压转换器设计技巧
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图1 反向降压-升压转换器

简介

降压-升压转换器被广泛应用于工业用个人计算机 (IPC)，
销售点 (POS) 系统，和汽车启停系统。在这些应用中，

输入电压可以高于或低于所需的输出电压。基本反向降

压-升压转换器具有一个相对于接地的负输出电压。单端

初级电感器转换器 (SEPIC)，Zeta转换器和双开关降压-
升压转换器具有正向或非反向输出。然而，与基本反向

降压-升压转换器相比，所有这三个非反向拓扑结构具有

额外的功率元件，并且效率有所下降。本文介绍对这些

降压 -升压转换器的操作原理、电流应力和功率损耗分

析，并且提出高效非反向降压-升压转换器的设计标准。

反向降压-升压转换器

图表1显示了基本反向降压-升压转换器的电路原理图，

连同连续传导模式 (CCM) 下的典型电压和电流波形。

除了输入和输出电容器，功率级由一个功率金属氧化物

半导体场效应晶体管 (MOSFET)，一个二极管，和一个

电感器组成。当MOSFET (Q1) 接通时 (ON)，流经电感

器 (L1) 的电压为VIN，而电感器电流的斜升速率与VIN的上

升速率成正比。这导致电感器内的电能累积。当Q1接通

时，输出电容器提供全部负载电流。当Q1关闭时，二极

管 (D1) 被正向偏压，并且电感器电流的下降速度与VOUT

的下降速度成正比。在Q1断开时，电能从电感器被传送

到输出负载和电容器。

CCM模式下的反向降压-升压转换器的电压转换率可表示

为：

在这里，D是Q1的占空比，并且始终在0至1的范围内。

等式1表示输出电压的幅度可以高于（此时D>0.5）或低

于（此时D<0.5）输入电压。然而，输出电压与输入电

压的极性始终相反。

传统非反向降压-升压转换器

反向降压-升压转换器不能满足需要正向输出电压的应用

的要求。SEPIC，Zeta，和双开关降压-升压转换器是三

种常见的非反向降压-升压拓扑结构。Zeta转换器，也被

称为反向SEPIC，它与SEPIC相类似，但是不如SEPIC那

么受欢迎，其原因在于这类转换器需要一个会增加电路

复杂度的高侧驱动器。
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where D is the duty cycle of Q1 and is always in a range of 
0 to 1. Equation 1 indicates that the magnitude of output 
voltage could be either higher (when D > 0.5) or lower 
(when D < 0.5) than the input voltage. However, the 
 output voltage always has an inverse polarity relative to 
the input.

Conventional non-inverting buck-boost 
converters
The inverting buck-boost converter does not serve the 
needs of applications where a positive output voltage is 
required. The SEPIC, Zeta, and two-switch buck-boost 
converter are three popular non-inverting buck-boost 
topologies. The Zeta converter, also called inverse SEPIC, 
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A SEPIC converter and its ideal waveforms in CCM are 
shown in Figure 2. The voltage conversion ratio of a 
SEPIC converter is:
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Equation 2 indicates a positive output voltage and the 
buck-boost capability. 

Like an inverting buck-boost converter, a SEPIC con-
verter has a single MOSFET (Q1) and a single diode (D1). 
The MOSFET and diode in a SEPIC converter have voltage 
and current requirements similar to their counterparts in 
an inverting buck-boost converter. As such, the power 
losses of the MOSFET and diode are similar. On the other 
hand, a SEPIC converter has an additional inductor (L2) 
and an additional ac-coupling capacitor (CP). 

In a SEPIC converter, the average inductor current of 
L1 equals the input current (IIN), whereas the average 

inductor current of L2 equals the output current (IOUT). In 
contrast, the single inductor in an inverting buck-boost 
converter has an average current of IIN + IOUT. The coupling 
capacitor sees significant root-mean-square (RMS) current 
relative to both input current and output current, which 
generates extra power loss and reduces the converter’s 
overall efficiency. 

To reduce power loss, ceramic capacitors with low 
equivalent series resistance (ESR) are desired, which 
 usually leads to higher cost. The additional inductor of a 
SEPIC converter, coupled with the extra coupling capaci-
tor, increases printed circuit board (PCB) size and total 
solution cost. A coupled inductor can be used to replace 
two separate inductors to reduce PCB size. However, the 
selection of off-the-shelf coupled inductors are limited 
when compared to separate inductors. Sometimes a 
 custom design will be required, which increases cost and 
lead time.

Figure 2. SEPIC converter
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在一个SEPIC转换器中，L1的平均电感器电流等于输入

电流 (IIN)，而L2的平均电感器电流等于输出电流 (IOUT)。
相反地，反向降压-升压转换器中的单个电感器的电流值

为IIN + IOUT的平均值。耦合电容器上会出现相对于输入电

流和输出电流的高值均方根 (RMS) 电流，这会生成额外

的功率损耗，并减少转换器的总体效率。

为了减少功率损耗，需要具有低值等效串联电阻 (ESR) 
的陶瓷电容器，而这样通常会使成本增加。SEPIC转换

器中与额外耦合电容器相耦合的额外电感器会增加印刷

电路板  (PCB) 的尺寸以及总体解决方案成本。耦合电

感器可被用来替代两个单独的电感器，以便减少PCB尺

寸。然而，相对于单独的电感器，现货供应的耦合电感

器的选择范围有限。有时需要定制设计，这一也增加了

成本和交货时间。

等式2表示正向输出电压和降压-升压能力。

与一个反向降压-升压转换器相类似，一个SEPIC转换器

具有一个单个MOSFET (Q1) 和一个单个二极管 (D1)。
SEPIC转换器中的MOSFET和二极管对于电压和电流的

需求与反向降压-升压转换器中此类元件的电压和电流需

求相类似。同样地，MOSFET和二极管的功率损耗也是

相似的。在另一方面，SEPIC转换器具有一个额外的电

感器 (L2) 和一个额外的交流耦合电容器 (Cp)。

在图表2中显示了一个SEPIC转换器和其CCM模式下的理

想波形。一个SEPIC转换器的电压转换率为：

图2 SEPIC转换器
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A conventional two-switch buck-boost converter uses a 
single inductor (Figure 3). However, it has an additional 
MOSFET (Q2) and an additional diode (D2) compared to 
an inverting buck-boost converter. By turning Q1 and Q2 
ON and OFF simultaneously, the converter operates in 
buck-boost mode, and the voltage conversion ratio also 
complies with Equation 2. This confirms that the two-
switch buck-boost converter performs a non-inverting 
conversion. The ideal waveforms of a two-switch buck-
boost converter operating in buck-boost mode and CCM 
are shown in Figure 3. Q1 and D1 both see a voltage stress 
of VIN, while Q2 and D2 both see a voltage stress of VOUT. 
Q1, Q2, D1, D2, and L1 all see a current stress of IIN + IOUT 
with inductor ripple current neglected. The relatively large 

number of power devices and high-current stress in buck-
boost mode prevent the converter from being very 
efficient.

Operating-mode optimization of a two-switch 
buck-boost converter
The two-switch buck-boost converter is a cascaded combi-
nation of a buck converter followed by a boost converter. 
Besides the aforementioned buck-boost mode, wherein Q1 
and Q2 have identical gate-control signals, the two-switch 
buck-boost converter also can operate in either buck or 
boost mode. By operating the converter in buck mode 
when VIN is higher than VOUT, and in boost mode when VIN 
is lower than VOUT, the buck-boost function is then realized.

Figure 3. A two-switch buck-boost converter in buck-boost mode of operation
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流应力值会妨碍转换器的高效率。

双开关降压-升压转换器的工作模式优化

双开关降压-升压转换器是一个降压转换器与其后面的一

个升压转换器的级联组合。除了上面提到的降压-升压模

式，Q1和Q2中具有完全一样的栅极控制信号，双开关

降压-升压转换器还可以运行在降压或升压模式中。通过

在VIN高于VOUT时使转换器运行在降压模式，并且在VIN低

于VOUT时使转换器运行在升压模式，可实现降压-升压功

能。

 一个传统双开关降压-升压转换器使用一个单个电感器

（图表3）。然而，它比反向降压-升压转换器多了一个

MOSFET (Q2) 和一个二极管 (D2)。通过同时接通和断

开Q1和Q2，转换器运行在降压-升压模式，而电压转换

率也可由等式2计算得出。这可以确保双开关降压-升压

转换器执行非反向转换。在图表3中显示了运行在降压-
升压模式和CCM模式下的双开关降压-升压转换器的理

想波形。在Q1和D1上都出现值为VIN的电压应力，而Q2
和D2上的电压应力值均为VOUT。在忽略电感器纹波电流

的情况下，Q1，Q2，D1和L1上的电流应力值均为IIN + 
IOUT。相对较多的功率器件数量和降压-升压模式中的高电

图3 降压-升压运行模式中的双开关降压-升压转换器
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In buck mode, Q2 is controlled to be always OFF, and 
output voltage is regulated by controlling Q1 as in a typi-
cal buck converter. The equivalent circuit in buck mode 
and corresponding ideal waveforms in CCM are shown in 
Figure 4. The voltage conversion ratio is the same as that 
of a typical buck converter:

 
M

V

V
DOUT

IN
= = ,

 
(3)

where D is the duty cycle of Q1. In buck mode, the output 
voltage is always lower than the input voltage since D is 
always less than one.

Higher efficiency is possible in buck mode compared to 
the buck-boost mode for three reasons. First of all, Q2 is 
always OFF in buck mode, which means there is no power 
dissipated in it. Second, Q1, D1, and L1 see a lower cur-
rent stress of only IOUT in buck mode compared to IIN + 
IOUT in buck-boost mode, which potentially reduces power 
loss. Third, although conduction loss of D2 stays the same, 

the reverse recovery loss is eliminated in the buck mode 
because D2 always conducts.

By keeping Q1 always ON, D1 is reverse biased and 
stays OFF, and the two-switch buck-boost converter then 
operates in boost mode. Similar to the typical boost con-
verter, the output voltage is regulated by controlling Q2. 
The equivalent circuit in boost mode and corresponding 
ideal waveforms in CCM are shown in Figure 5. The volt-
age conversion ratio is the same as that of a typical boost 
converter:
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where D is the duty cycle of Q2. In boost mode, the output 
voltage is always greater than the input voltage because D 
is always greater than zero. Similarly, higher efficiency 
could be achieved in boost mode than in buck-boost  
mode due to fewer operating power devices and lower 
current stress.

Figure 4. Buck-mode operation of the two-switch buck-boost converter
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Figure 5. Boost-mode operation of the two-switch buck-boost converter
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在这里D是Q1的占空比。在降压模式下，由于D一直小

于1，所以输出电压始终低于输入电压。三个方面的原因

使得降压模式的效率有可能高于降压-升压模式的效率。

首先，Q2在降压模式中始终处于断开状态，这意味着其

中没有功率耗散。第二点，在降压模式下，Q1，D1和L1
中的电流应力值只是IOUT，而这个值要低于降压-升压模式

中的值IIN + IOUT，这就有可能减少功率损耗。第三点，虽

然D2的传导损耗保持不变，由于D2始终处于传导状态，

降压模式中的反向恢复损耗被消除。

通过将Q1一直保持在接通状态，D1被反向偏置偏压并且

保持断开状态，然后双开关降压-升压转换器运行在升压

模式下。与典型升压转换器相类似，通过控制Q2来调节

输出电压。图表5中显示了升压模式下的等效电路，以及

CCM模式中的相应理想波形。电压转换率与典型升压转

换器中的转换率一样：

在这里D是Q2的占空比。在升压模式下，由于D始终大

于零，输出电压一直大于输入电压。相似地，由于具有

较少的运行功率器件和更低的电流应力值，在升压模式

下可以实现比降压-升压模式更高的效率。

在降压模式下，Q2被控制为始终处于断开状态，并且与

典型降压转换器中一样，通过控制Q1来调节输出电压。

图表4中显示了降压模式中的等效电路和CCM模式中的

相应理想波形。电压转换率与典型降压转换器的转换率

一样：

图4 双开关降压-升压转换器的降压模式运行

图5 双开关降压-升压转换器的升压模式运行
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Implementation of an efficient two-switch buck-
boost converter
The two-switch buck-boost converter can function in 
buck-boost, buck or boost modes of operation. Various 
combinations of operating modes can be used to accom-
plish both a step-up and step-down function. Appropriate 
control circuitry is required to ensure the desired modes 
of operation. Table 1 summarizes a comparison between 
four different combinations of operating modes. The buck-
boost mode alone features the simplest control, but has 
low efficiency for both step-up and step-down conversion 
over the VIN range. 

The combination of buck, buck-boost and boost modes 
has the potential to achieve high efficiency over the VIN 
range. However, its control is very complicated due to 
multiple modes of operation and the resulting transitions 
between different modes. In many applications, the input 
voltage usually drops below output for only a short period 
of time. In such applications, the efficiency of step-up con-
version is not as critical as step-down conversion. As such, 
the combination of buck and buck-boost modes is a good 
trade-off between control complexity and efficiency.

Figure 6 shows a practical implementation of a two-
switch buck-boost converter that uses the LM5118 dual-
mode controller from Texas Instruments. This converter 
acts as a buck converter when the input voltage is above 
the output voltage. As the input voltage approaches and 
exceeds the output voltage, it transits to buck-boost mode. 
There is a short gradual transition region between buck 
mode and buck-boost mode to eliminate disturbances at 
the output during transitions. 

In this example, the nominal output voltage is 12 V. 
When VIN is above 15.5 V, the converter operates in buck 
mode. When VIN falls below 13.2 V, the converter operates 

Figure 6. Two-switch buck-boost converter features buck and 
buck-boost operating modes
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Table 1. Comparison of operating modes

OPERATION MODES
CONTROL 

COMPLEXITY
EFFICIENCY 
(VIN > VOUT)

EFFICIENCY 
(VIN < VOUT)

Buck-boost Simple Low Low

Buck and buck-boost Moderate High Low

Buck-boost and boost Moderate Low High

Buck, buck-boost, and 
boost Complicated High High

高效双开关降压-升压转换器的实现

双开关降压-升压转换器可以运行在降压-升压、降压或升

压模式下。工作模式的不同组合可以用来实现升压和降

压功能。需要合适的控制电路来确保所需的运行模式。

表格1中汇总了四个不同工作模式组合间的比较结果。纯

降压-升压模式的特点是控制最为简单，但是在VIN范围内

的升压和降压转换效率不高。

表格1.工作模式比较

工作模式
控制复
杂度

效率 (VIN>-
VOUT)

效率 (VIN<-
VOUT)

降压-升压 简单 低 低

降压和降压-升压 中等 高 低

降压-升压和升压 中等 低 高

降压、降压-升压、
和升压

复杂 高 高

降压、降压 -升压和升压模式的组合有可能在VIN范围内

实现高效率。然而，由于多个工作模式和导致的不同模

式之间的转换，其控制十分复杂。在很多应用中，输入

电压通常只在短时间内会下降到低于输出电压的水平。

在这些应用中，升压转换效率不像降压转换效率那么关

键。同样地，降压和降压-升压模式的组合很好地平衡了

控制复杂度和效率之间的关系。

图表6显示了使用德州仪器 (TI) 生产的LM5118双模式控

制器来实现双开关降压 -升压转换器的实际方法。这个

转换器在输入电压高于输出电压时充当降压转换器的角

色。随着输入电压接近并超过输出电压，它转变为降压-
升压模式。在降压模式和降压 -升压模式之间有一个较

短的渐进转换区域，以便消除转换期间对输出电压的干

扰。

图6 双开关降压-升压转换器特有降压和降压-升压工作模式
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Figure 7. Voltage waveforms at switch nodes
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Figure 8. Efficiency with respect to the input voltage
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in buck-boost mode. When VIN is between 15.5 V and 13.2 
V, the converter operates in the transition mode. Figure 7 
shows voltage waveforms of switch node 1 (SW1) and 
switch node 2 (SW2). In buck mode (VIN = 24 V), SW2 
voltage stays constant which suggests that Q2 is kept OFF. 
In contrast, Q2 as well as Q1 are switching in buck-boost 
mode (VIN = 9 V). Figure 8 shows the efficiency with 
respect to input voltage at 3 A of load current. The 
improved efficiency for step-down conversion is achieved 
by operating the converter in buck mode. 

Conclusion 
SEPIC, Zeta, and two-switch buck-boost converters are 
three popular non-inverting buck-boost topologies that 
provide a positive output as well as a step-up/down func-
tion. When operating in the buck-boost mode, all three 
converters can experience high-current stress and high-
conduction loss. However, by operating the two-switch 
buck-boost converter in either buck mode or boost mode, 
the current stress can be reduced and the efficiency can 
be improved.
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在这个示例中，标称输出电压为12V。当VIN高于15.5V时，

转换器运行在降压模式。当VIN下降到13.2V以下时，转换

器的工作模式变为降压-升压模式。当VIN介于15.5V和13.2V
之间时，转换器运行在转换模式。图表7显示了开关节点

1 (SW1) 和开关节点2 (SW2) 的电压波形。在降压模式下 
(VIN = 24V)，SW2电压保持恒定，这表示Q2被保持在断开

状态。相反地，Q2以及Q1在降压-升压模式中正在被切换 
(VIN = 9V)。图表8显示负载电流为3A时相对于输入电压的

效率。通过在降压模式中运行，转换器可提高降压转换的

效率。

结论

SEPIC，Zeta和双开关降压-升压转换器是三款常见的非反

向降压-升压拓扑结构，这些拓扑结构提供正向输出以及升

压/降压功能。当运行在降压-升压模式中时，所有三个转换

器会经历高电流应力和高传导损耗。然而，通过使双开关

降压-升压转换器运行在降压模式或升压模式，可减少电流

应力，并且能够提高效率。
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图7 开关节点上的电压波形

图8 相对于输入电压的效率
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