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The Analog Applications Journal is a digest of technical analog articles 
published quarterly by Texas Instruments. Written with design engineers, 
engineering managers, system designers and technicians in mind, these “how-
to” articles offer a basic understanding of how TI analog products can be used 
to solve various design issues and requirements. Readers will find tutorial 
information as well as practical engineering designs and detailed mathematical 
solutions as they apply to the following product categories:

• Data Converters

• Power Management

• Interface (Data Transmission)

• Amplifiers: Audio

• Amplifiers: Op Amps

• Low-Power RF

• General Interest

Analog Applications Journal articles include many helpful hints and rules of 
thumb to guide readers who are new to engineering, or engineers who are just 
new to analog, as well as the advanced analog engineer. Where applicable, 
readers will also find software routines and program structures.

Introduction

1Q 2013

引言

《模拟应用杂志》是一本模拟技术文摘，由德州仪器 (TI) 按季度发行。这些文章面向广大设计工程
师、工程经理、系统设计师和技术员，旨在让他们了解如何运用TI模拟产品解决各种设计问题和满
足设计要求。读者可以在文中找到一些指导性的内容、实用工程设计和详细的数学计算方法，其适
用产品类别如下： 

 数据转换器

 电源管理

 接口（数据传输）

 放大器：音频

 放大器：运算放大器

 低功耗RF
 一般常见问题

《模拟应用期刊》文章包括许多有用的建议和经验法则，为广大年青工程人员或者刚刚进入模拟行
业的新手以及高级模拟技术工程师们提供指导。适当情况下，读者还会看到软件程序和程序结构相
关内容。
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Grounding in mixed-signal systems  
demystified, Part 2

This article is the second of a two-part series. Part 1 (see 
Reference 1) explained typical terminologies and ground 
planes and introduced partitioning methods. Part 2 dis-
cusses the pros and cons involved in splitting the ground 
planes. It also explains grounding in systems with multiple 
converters and multiple boards.

If the ground planes are split and the traces are run 
across the split as shown in Figure 1, what will be the  
current return path? Assuming that the two planes are 
connected somewhere, usually at a single point, the return 
current has to flow in that large loop. High-frequency  
currents flowing in large loops produce radiation and high 
ground inductance. Low-level analog currents flowing in 
large loops are susceptible to interference.

If the two planes are connected only at the power supply 
(Figure 2), the return current is forced to flow all the way 
back to the power-supply ground, which is a really big 
loop! Also, the analog and digital ground planes, which are 
at different RF potentials and connected with long wires, 
unfortunately form a very effective dipole antenna.

It is preferred to have a continuous ground plane to 
avoid such long ground loops, but if it is absolutely neces-
sary to have a split ground plane and traces are run across 
the split, the planes should first be connected at one loca-
tion to form a bridge for the return current (Figure 3). 
Routing all the traces so they cross at this bridge provides 
a return path directly underneath each of the traces, pro-
ducing a very small loop area. A typical application of this 

method is a weighing scale where high-resolution (≥20-bit) 
delta-sigma analog-to-digital converters (ADCs) are used.

Other options for passing the signal over a split plane 
are to use optoisolators (through light), transformers 
(through a magnetic field), or a true differential signal 
(where the signal flows down one trace and returns on the 
other trace with no ground needed for the return current).

A better approach is partitioning. It is always prefera-
ble to use only one ground plane, partitioning the PCB 

Data Converters

By Sanjay Pithadia, Analog Applications Engineer,
and Shridhar More, Senior Analog Applications Engineer

Analog Ground Plane

Digital Ground Plane

Figure 1. Signal traces crossing a split on 
ground plane

Analog Ground Plane

Digital Ground Plane

Power
Supply

Figure 2. Split planes connected at 
power supply

Bridge

Analog Ground Plane

Digital Ground Plane

Figure 3. Ground-plane bridge for traces

5

Analog Applications Journal

Texas Instruments Incorporated

2Q 2013 www.ti.com/aaj High-Performance Analog Products

Grounding in mixed-signal systems  
demystified, Part 2

This article is the second of a two-part series. Part 1 (see 
Reference 1) explained typical terminologies and ground 
planes and introduced partitioning methods. Part 2 dis-
cusses the pros and cons involved in splitting the ground 
planes. It also explains grounding in systems with multiple 
converters and multiple boards.

If the ground planes are split and the traces are run 
across the split as shown in Figure 1, what will be the  
current return path? Assuming that the two planes are 
connected somewhere, usually at a single point, the return 
current has to flow in that large loop. High-frequency  
currents flowing in large loops produce radiation and high 
ground inductance. Low-level analog currents flowing in 
large loops are susceptible to interference.

If the two planes are connected only at the power supply 
(Figure 2), the return current is forced to flow all the way 
back to the power-supply ground, which is a really big 
loop! Also, the analog and digital ground planes, which are 
at different RF potentials and connected with long wires, 
unfortunately form a very effective dipole antenna.

It is preferred to have a continuous ground plane to 
avoid such long ground loops, but if it is absolutely neces-
sary to have a split ground plane and traces are run across 
the split, the planes should first be connected at one loca-
tion to form a bridge for the return current (Figure 3). 
Routing all the traces so they cross at this bridge provides 
a return path directly underneath each of the traces, pro-
ducing a very small loop area. A typical application of this 

method is a weighing scale where high-resolution (≥20-bit) 
delta-sigma analog-to-digital converters (ADCs) are used.

Other options for passing the signal over a split plane 
are to use optoisolators (through light), transformers 
(through a magnetic field), or a true differential signal 
(where the signal flows down one trace and returns on the 
other trace with no ground needed for the return current).

A better approach is partitioning. It is always prefera-
ble to use only one ground plane, partitioning the PCB 

Data Converters

By Sanjay Pithadia, Analog Applications Engineer,
and Shridhar More, Senior Analog Applications Engineer

Analog Ground Plane

Digital Ground Plane

Figure 1. Signal traces crossing a split on 
ground plane

Analog Ground Plane

Digital Ground Plane

Power
Supply

Figure 2. Split planes connected at 
power supply

Bridge

Analog Ground Plane

Digital Ground Plane

Figure 3. Ground-plane bridge for traces

混合信号系统接地揭秘之第二部分
作者：德州仪器 (TI) 模拟应用工程师Sanjay Pithadia和

高级模拟应用工程师Shridhar More

引言

本文是系列文章（共2部分）的第2部分。第1部分（见

参考1）为你解释了一些典型专业术语和接地层，并介

绍了分区方法。第2部分将讨论分割接地层的利弊。另

外，文章还将解释多转换器和多板系统接地。

如果分割接地层并且线路穿过分割线（如图1所示），

那么电流返回通路在哪里呢？假设两个层在某处连接

（通过在一个单独点），则返回电流必在该大型环路

内流动。大型环路内的高频电流产生辐射和高接地电

感。大型环路内的低电平模拟电流易受干扰的影响。

如果两个层仅在电源处连接（图2），则返回电流被

迫直接流回电源接地，这是一个真正的大型环路！另

外，不幸的是，不同RF电势下使用长线缆连接的模

拟和数字接地层，形成一个非常有效的偶极天线。首

选使用一个持续接地层以避免这种长接地环路，但是

如果使用分割接地层绝对必要并且线路穿过分割线，

则各层应首先在一个位置连接，以形成一个返回电流

的桥（图3）。对所有线路进行布局，让它们穿过该

桥，直接在每条线路下面提供一条返回通路，从而产

生一个非常小的环路面积。这种方法的典型应用是

权衡何时使用高分辨率（≥20-bit）Σ-Δ模数转换器

（ADC）。

通过分割层传输信号的其它方法是使用光隔离器（通

过光）、变压器（通过磁场）或者一个真正的差动信

号（信号沿一条线路传输，然后在另一条线路上返

回，无需返回电流接地）。

一种更好的方法是“分区”。仅使用一个接地层始终

为首选，把PCB划分为模拟部分和数字部分（参见图

4b）。模拟信号必须安排在板的模拟部分，而数字信

图2在电源位置连接的分割层 图3 线路接地层桥接

图 1 数据转换器中的 AGND 和 
DGND 引脚
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Data Converters

into analog and digital sections (see Figure 4b). Analog 
signals must be routed only in the board’s analog section, 
and digital signals must be routed only in the board’s digital 
section, with both on all layers. Under these conditions, the 
digital return currents do not flow in the analog section of 
the ground plane and remain under the digital signal trace. 
Figure 4 compares a split plane and a partitioned plane.

The only problem with partitioning is that it is difficult 
when analog signals are improperly routed into the board’s 
digital section, or vice versa (Figure 5). So for any PCB 
layout, the important points are to use a single ground 
plane, partition it into analog and digital sections, and 
apply discipline in routing.

Grounding when multiple data converters are 
used on a single board
Most datasheets for data converters discuss grounding  
relative to a single PCB, usually the manu fac turer’s own 
evaluation board. Usually the rec-
ommendation is to split the PCB 
ground plane into an analog plane 
and a digital plane. It is further  
recommended that the analog 
ground (AGND) and digital ground 
(DGND) pins of a converter be tied 
together and that the analog and 
digital ground planes be connected 
at that same point, as shown in 
Figure 6. This essentially creates 
the system’s star ground point at the 
mixed-signal device. As explained in 
Part 1, all voltages in the circuit are 
measured with respect to this par-
ticular point, not just to an unde-
fined ground wherever one can clip 
a probe.

Analog Ground Plane

Digital Ground Plane

Figure 4. Ground-plane layouts

Digital Section

Analog Section

Trace

Partitioning

Ground Current

(a) Split plane (b) Partitioned plane

Digital Section

Analog Section

Trace

Ground Current

Partitioning

Figure 5. Improperly routed digital signal trace

Analog ground plane’s shape
same as for analog signal plane

VD

AGND

Digital ground plane’s shape
same as for digital signal plane

DGNDSystem star ground
connections should be
right below each mixed-

signal device with
minimal trace lengths

and no vias.

Digital
Data

Processing

VD

VA

Analog
Supply

Digital
Supply

Data
Converter

Analog
Signal

Conditioning

VA VA VD

PCB

Figure 6. Grounding mixed-signal devices on a single PCB图6单块PCB上的接地混合信号器件

图5 错误安排的数字信号线迹

图4 接地层布局

号必须安排在板的数字部分，并且所有层上都有这两

个部分。在这种情况下，数字返回电流不会存在于接

地层的模拟部分，并且保持在数字信号线迹下面。图4
比较了一个分割层和一个分区层。

分区方法存在的唯一问题是，当模拟信号错误地安排

在板的数字部分（反之亦然）时则难以有效，如图5所
示。因此，对于所有PCB布局而言，重点是使用一个

单个接地层，把它划分为模拟和数字部分，然后运用

信号安排原则。

在一块单独板上使用多个数据转换器时的接地

大多数数据转换器的产品说明书都说明了相对于单

一PCB的接地方法，并且通常为制造厂商自己的评

估板。一般而言，我们建议把PCB接地层分割为一

个模拟层和一个数字层。我们

还建议，把转换器的模拟接地

（AGND）和数字接地（DGND）

引脚放在一起，并且在同一个点

连接模拟和数字接地层，如图6所
示。最终，在混合信号器件处形

成系统的星形接地点。正如第1部
分文章介绍的那样，测量出与该

特定点相关的电路所有电压，而

不仅仅只是一些让测量探针跳动

的未定义接地。
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All noisy digital currents flow through the digital power 
supply to the digital ground plane and back to the digital 
supply, thus being isolated from the board’s sensitive ana-
log portion. The system’s star ground point occurs where 
the analog and digital ground planes are joined together at 
the data converter. While this approach generally works in 
a simple system with a single PCB and a single data con-
verter, it usually is not good for multicard and multicon-
verter systems. If there are several data converters located 
on different PCBs, the concept breaks down because the 
analog and digital ground systems are joined at each con-
verter on the PCB, creating ground loops.

Suppose a designer is working on an eight-layer PCB 
that has three DACs and two ADCs. To minimize noise, 
the analog and digital ground planes should be connected 
together solidly under all the ADC and digital-to-analog 
converter (DAC) chips. The AGND and DGND pins should 
be connected to each other and to the analog ground 
plane, and the analog and digital ground planes should be 
connected individually back to the power supply. The 
power should enter the board in the digital partition and 
be fed directly to the digital circuitry, then filtered or  
regulated to feed the analog circuitry. Then only the digi-
tal ground plane should be connected back to the power 
supply. Figure 7 shows the partitioned analog and digital 
ground planes and the power-supply connection for a PCB 
with multiple data converters.

Multicard mixed-signal systems
Confusion about mixed-signal grounding has increased 
since designers started applying single-card grounding 
concepts to multicard systems. In systems having several 
data converters on different PCBs, the analog and digital 
ground planes are connected at several points, creating 
the possibility of ground loops and making a single-point 
star ground system impossible.

The best way to minimize ground impedance in a multi-
card system is to use a motherboard PCB as a backplane 

for interconnections between cards. This provides a con-
tin uous ground plane to the backplane. The PCB connector 
should have at least 30 to 40% of its pins devoted to 
ground. These pins should be connected to the ground 
plane on the backplane motherboard. To complete the over-
all system grounding scheme, there are two possibilities:

1. The backplane’s ground plane can be connected to the 
chassis ground at numerous points, thereby diffusing 
the various ground-current return paths. This is com-
monly referred to as a multipoint grounding system 
(Figure 8).

2. The ground plane can be connected to a single star 
ground point (generally at the power supply).

The first approach is most often used in all-digital sys-
tems but can also be used in mixed-signal systems, pro-
vided that the ground currents from digital circuits are 
sufficiently low and diffused over a large area. The low 

Partitioning

Analog
Devices

Digital
Devices

Digital
Power

Digital Section

Analog Section

Analog Power

Digital
Power

Filter ADC ADC ADC

Figure 7. Power and ground for PCB with 
multiple ADCs

Backplane Ground

Chassis
Ground

Power
Supplies

Board 1 Board xGND Plane GND Plane

. . . .

Figure 8. Grounding scheme for multicard system

所有有噪数字电流均通过数字电源流至数字接地层，

然后再返回至数字电源，以此来隔离于电路板的敏感

模拟部分。模拟和数字接地层在数据转换器处交汇在

一起时，形成系统的星形接地点。这种方法在使用单

独PCB和单个数据转换器的简易系统中一般有效，但

是它并不是很适合于多卡和多转换器系统。如果不同

PCB上有几个数据转换器，这种方法便无效，因为模

拟和数字接地系统在PCB上每个转换器处都交汇在一

起，形成许多接地环路。

假设一个设计人员正在使用一块拥有3个DAC和2个

ADC的8层PCB。为了最小化噪声，模拟和数字接地层

应固定连接在所有ADC和数模转换器（DAC）芯片下

面。AGND和DGND引脚应相互连接，并且连接模拟接

地层，同时模拟和数字接地层应单独连接回电源。电

源应进入数字分区电路板，并直接给数字电路供电，

然后经过滤波或者调节以后给模拟电路供电。这样，

应仅把数字接地层连接回电源。图7显示了经过分区的

模拟和数字接地层，以及多数据转换器PCB的电源连

接。

多卡混合信号系统

设计人员开始把单卡接地概念应用于多卡系统，这增

加了人们对于混合信号接地的困惑。在一些不同PCB
上具有数个数据转换器的系统内，模拟和数字接地层

在几个点连接，带来形成接地环路的可能性，并且使

单点星形接地系统无法实现。

最小化多卡系统内接地阻抗的最佳方法是，把一个母

板PCB用作两个卡之间互连的底层。这样便可为底板

提供一个连续的接地层。PCB连接器至少有30%到

40%的引脚用于接地。这些引脚应连接底层母板的接

地层。完成整个系统接地方案，共有两种可能性：

1. 底层的接地层在无数个点连接底板接地，让各种接

地电流返回通路四散。它一般指的是多点接地系统

（图8）。

2. 接地层连接至单个星形接地点（通常在电源处）。

第一种方法常常用于全数字系统，但也可用于混合信

号系统，前提条件是数字电路的接地电流足够低，并

且散布于一个较大的面积上。

图8 多卡系统的接地方案

图7 多ADC的PCB电源与接地
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ground impedance is maintained all the way through the 
PCBs, the backplane, and ultimately the chassis. However, 
it is critical that good electrical contacts be made where 
the grounds are connected to the sheet-metal chassis. 
This requires self-tapping sheet-metal screws or biting 
washers. Special care must be taken where anodized alumi-
num is used for the chassis material, since its surface acts 
as an insulator.

The second approach, a single-point star ground, is 
often used in high-speed mixed-signal systems having  
separate analog and digital ground systems.
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Synchronous rectification boosts efficiency 
by reducing power loss

Introduction
Some applications require the highest possible power effi-
ciency. For example, in a harsh environment that requires 
a DC/DC power supply to operate in high ambient temper-
atures, low-power dissipation is needed to keep the junc-
tion temperature of semiconductor devices within their 
rated range. Other applications may have to meet the 
strict efficiency requirements of ENERGY STAR® specifi-
cations or green-mode criteria. Users of battery-operated 
applications desire the longest run time possible, and 
reducing the power loss can directly improve run time. 
Today it is well known that using a synchronous rectifier 
can reduce power loss and improve thermal capability. 
Designers of buck converters and controllers for step-
down applications are already employing this technique. 
Synchronous boost controllers also have been developed 
to address power efficiency in step-up applications.

Typical application
Two typical boost applications can be used to demonstrate 
the difference between synchronous and nonsynchronous 
rectification. The first is a lower-input-voltage application 
that may operate at low duty cycles or, in other words, 
when the output voltage is close to the input voltage. 

Power Management

By Anthony Fagnani
Power Applications Engineer

Example inputs for this system are a USB port or a lithium- 
ion (Li-Ion) battery pack with two or three series cells. 
The DC/DC power supply steps up the voltage for charging 
a two-cell Li-Ion battery or the battery of a tablet PC. The 
other application boosts the voltage of a system power rail 
to a high output voltage that can operate at higher duty 
cycles where the output voltage is much higher than the 
input voltage. An example input is a 12-V power rail. The 
high output voltage may be needed for power amplifiers, 
industrial PCs, or pump-and-dump energy storage for 
higher energy density.

To evaluate the benefits of synchronous rectification, 
each application is tested with a real circuit to compare 
efficiency and power loss. The TPS43060/61 synchronous 
boost controllers from Texas Instruments (TI) are used to 
demonstrate the synchronous designs. These current-
mode boost controllers integrate the control and gate-
drive circuitry for both low-side and high-side MOSFETs. 
TI’s TPS40210 current-mode, low-side-switch boost con-
troller is used for the nonsynchronous designs.

Basic operation
A typical block diagram for a step-up (boost) topology is 
shown in Figure 1. This topology consists of the low-side 
power MOSFET (Q1), the power inductor (L1), and the 
output capacitor (C1). For a synchronous topology, the 
high-side MOSFET (Q2) is used for the rectifying switch. 

Q2

VCC

VIN

Control

L1

Q1
D1

C1

VOUT

Synchronous Rectifier

IIN IOUT

CBOOTDBOOT

Control

Figure 1. Synchronous and nonsynchronous boost circuits

同步整流通过降低功耗提高效率
作者：Anthony Fagnani，德州仪器 (TI) 电源应用工程师

图 1 PGA 基本结构图

图1 同步与非同步升压电路

引言

一些应用要求尽可能高的功率效率。例如，在某种恶

劣环境下，要求DC/DC电源在高环境温度下工作，这

时就需要低功耗，以让半导体器件的结温保持在其额

定范围以内。其它应用可能必须达到“能源之星®”规

范或者绿色模式标准的严格效率要求。电池供电型应

用的用户希望获得最长的运行时间，而降低功耗可以

直接延迟设备运行时间。今天，我们都知道，使用同

步整流器可以降低功耗，并提高散热性能。低功耗应

用的降压转换器和控制器设计人员已经在使用这种方

法。另外，人们还开发了同步升压控制器，用于解决

升压应用的功率效率问题。

典型应用

我们使用两个典型的升压应用来说明同步和非同步整

流之间的差异。第一个是低输入电压应用，其可工作

在低占空比下，也即输出电压接近输入电压时。

这种系统的输入例子是USB端口，或者一块2节或者3
节串联电池组成的锂离子（Li-Ion）电池组。DC/DC电

源升高电压，对2节锂离子电池或者一台平板电脑的电

池进行充电。另一个应用增高系统电源轨的电压至高输

出电压，其可工作在更高的占空比下，这时输出电压远

高于输入电压。输入例子为12V电源轨。功率放大器、

工业计算机或者高能量密度的能量存储，均需要高输出

电压。

为了说明同步整流的好处，我们使用真实电路对每个应

用进行测试，以比较效率和功耗。TI的TPS43060/61同
步升压控制器，用于展示这些同步设计。这些电流模式

升压控制器集成了控制与门驱动电路，用于低侧和高侧

MOSFET。TI的TPS40210电流模式、低侧开关升压控

制器用于非同步设计。

基础操作

图1显示了步进（升压）拓扑的典型结构图。这种拓扑

由低侧功率MOSFET（Q1）、功率电感（L1）和输出

电容器（C1）组成。就同步拓扑而言，高侧MOSFET
（Q2）用于整流开关。
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In a nonsynchronous boost topology, a 
power diode (D1) is used. Figure 2 shows 
the equivalent waveforms for the voltage 
and current through the switches and 
inductor. During the ON time of Q1, the 
inductor current ramps up, and VOUT is dis-
connected from VIN. The output capacitor 
must supply the load during this time. 
During the OFF time, the inductor current 
ramps down and charges the output capaci-
tor through the rectifying switch. The peak 
current in the rectifier is equal to the peak 
current in the switch.

Selecting the rectifying switch
Nonsynchronous controllers use an external 
power diode as the rectifying switch. Three 
main considerations when selecting the 
power diode are reverse voltage, forward 
current, and forward voltage drop. The 
reverse voltage should be greater than the 
output voltage, including some margin for 
ringing on the switching node. The forward 
current rating should be at least the same 
as the peak current in the inductor. The 
forward voltage should be small to increase 
efficiency and reduce power loss. The aver-
age diode current is equal to the average 
output current. The package of the diode 
chosen must be capable of handling the 
power dissipation.

Synchronous controllers control another MOSFET for the 
rectifying switch. If an n-channel MOSFET is used, a volt-
age higher than the output voltage must be generated for 
the gate driver. A bootstrap circuit is used to generate this 
voltage. Figure 1 also includes the typical block diagram 
for a standard bootstrap circuit consisting of the boot strap 
capacitor (CBOOT) and the bootstrap diode (DBOOT). During 
the ON time of Q1, the bootstrap capacitor is charged to a 
regulated voltage (VCC), which typically is regulated by a 
low-dropout regulator internal to the controller. When Q1 
turns off, the voltage across the capacitor to ground is 
VOUT + VCC, and the required voltage is available to turn on 
the high-side switch. The control circuitry also must be 
more complicated to ensure that there is enough delay 
before the rectifying switch turns on to avoid both switches 
turning on at the same time. If this occurs, the output volt-
age shorts to ground through both switches, causing high 
currents that can damage the switches.

Power loss of the rectifying switch
To compare the efficiencies of the two different rectifiers, 
the power dissipation should be calculated. In the nonsyn-
chronous topology, the power dissipation in the rectifying 
power diode is estimated with Equation 1:

 D1 OUT FWDP I V= ×  (1)

With a synchronous rectifier, there are two main sources 
of power dissipation—conduction and dead-time loss. 
When the low-side switch turns off, there is a time delay 
(tDELAY) before the high-side switch turns on. During this 
delay, the body diode (VSD) of the high-side switch con-
ducts current. Typically this is referred to as dead time. 
When the high-side switch is turned on, there is also con-
duction loss due to the RDS(ON) of the MOSFET. Equation 2 
calculates the duty cycle (D), and Equation 3 estimates 
the losses (PQ2):
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 (3)

In an application requiring a low duty cycle, the rectify-
ing switch conducts for a larger percentage of each 
switching period. However, the power loss in a nonsyn-
chronous rectifier in a boost topology is independent of 
duty-cycle changes caused by variations in VIN. This is 
because variations in VIN also cause an equal but opposite 
change in the current the diode conducts. The rectifier 
loss is simply the forward voltage drop times output cur-
rent per Equation 1. With a synchronous rectifier, there is 
some dependence on the duty cycle for power dissipation 

Control
OFF ON OFF ON

Slopes

V /L1 (V –V )/L1IN IN OUT

VOUT

VOUT

IIN

IIN

IIN

IL1

V or VQ2 D1

I or IQ2 D1

VQ1

IQ1

Figure 2. Ideal voltage and current waveforms in a boost circuit图2 升压电路理想电压和电流波形

这种电压。图1包括了一个标准自举电路的典型结构图，

其由自举电容器（CBOOT）和自举二极管（DBOOT）组成。

在Q1“导通”期间，自举电容器被充电至某个稳定电压

（VCC），其通常由一个控制器内部的低压降稳压器来调

节。当Q1关闭时，电容器到接地的电压为VOUT+VCC，并

且要求电压可用于开启高侧开关。控制电路也必须更加

复杂，以确保整流开关导通之前有足够的延迟，从而避

免两个开关同时开启。如果出现这种情况，输出电压通

过两个开关短路至接地，引起可损坏开关的强电流。

整流开关的功耗

为了比较两个不同整流器的效率，我们应计算出功耗。

在非同步拓扑中，可使用方程式1估算出整流功率二极管

的功耗：

使用一个同步整流器时，共有两个主要功耗源：传导功

耗和空时损耗。当低侧开关关闭时，在高侧开关导通以

前存在一定的时间延迟（tDELAY）。在这种延迟期间，高

侧开关的体二极管（VSD）导电。一般而言，这被称作空

在非同步升压拓扑中，使用了一个功率

二极管（D1）。图2显示了开关和电感的

电压和电流的等效波形。在Q1“导通”

期间，电感电流斜线上升，并且VOUT从

VIN断开。在此期间，输出电容器必须为

负载供电。在“断开”期间，电感电流斜

线下降，并通过整流开关对输出电容器充

电。整流器的峰值电流等于开关的峰值电

流。

整流开关的选择

非同步控制器使用一个外部功率二极管作

为整流开关。选择功率二极管时需考虑的

三个主要方面是：反向电压、正向电流和

正向压降。反向电压应高于输出电压，包

括开关节点振铃余量。正向额定电流应至

少等于电感器的峰值电流。正向电压应较

小，以提高效率和降低功耗。平均二极管

电流等于平均输出电流。所选二极管封装

必须能够处理功耗。

同步控制器控制整流开关的另一个

MOSFET。如果使用N通道MOSFET，
则必须产生高于输出电压的电压，以用

于门驱动器。利用一个自举电路来产生

时（停滞时间）。当高侧开关开启时，同样存在MOSFET
的RDS（ON）带来的传导损耗。方程式2计算占空比（D），

而方程式3估算损耗（PQ2）：

在要求低占空比的应用中，整流开关导电时间占每个

开关期间的百分比更大。但是，升压拓扑中非同步整

流器的功耗与VIN变化带来的占空比变化无关。这是因

为，VIN变化使二极管所导电流的变化大小相等但方向

相反。根据方程式1，整流器损耗刚好等于正向压降乘

以输出电流。同步整流器情况下，功耗对占空比有一

定的依赖度，这是因为传导损耗由FET的电阻引起。这

与二极管不同，二极管的损耗由正向压降引起。电阻

传导损耗因电流的平方而不同，导致对占空比的依赖

性，占空比更高，传导功耗也随之增加。
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because the conduction losses are caused by 
the resistance of the FET. This is unlike a 
diode, where the losses are caused by the 
forward voltage drop. A resistive conduction 
loss varies with current squared, leading to a 
dependence on duty cycle, with a higher duty 
cycle increasing the conduction power loss.

Efficiency of low-duty-cycle 
applications
To evaluate the power efficiency of low-duty-
cycle applications, a synchronous design and 
a nonsynchronous design can be compared. 
The synchronous design uses the TPS43061 
synchronous boost controller paired with TI’s 
CSD86330Q3D power block. The power block 
integrates both the low-side and high-side 
MOSFETs. The nonsynchronous design uses 
the TPS40210 nonsynchronous boost control-
ler and a CSD17505Q5A low-side switch, with 
specifications similar to those of the power 
block. This design has a Schottky diode for 
the rectifier that is rated for at least 15 V and 
7 A. The smallest package size available for a 
Schottky diode with these ratings is a 
TO-277A (SMPC). A comparison of solution 
sizes based only on typical switch package 
sizes finds that the nonsynchronous switch 
and diode occupy an area of 65 mm2, and the 
synchronous power-block switches occupy an 
area of 12 mm2. The latter is a space savings 
of 53 mm2. Both designs use the same LC 
filter and a 750-kHz switching frequency. 
Figure 3 shows the efficiency and power loss 
of both designs with a 12-V input and a 15-V 
output. The ideal duty cycle is 20%. The ben-
efit of the synchronous rectifier is clear in this 
example. The full-load efficiency is improved 
by about 3%, whereas the power loss in the 
nonsynchronous design is almost double that 
in the synchronous design.

Efficiency of high-duty-cycle 
applications
To evaluate the power efficiency of high-duty-
cycle applications, a synchronous and a non-
synchronous design can again be compared. 
The synchronous design uses the TPS43060 
synchronous boost con trol ler with a pair of power 
MOSFETs for the low-side and high-side switches. The 
MOSFETs come in a 30-mm2 typical 8-pin SON package. 
The nonsynchronous design uses the TPS40210 nonsyn-
chronous boost controller and one of these same MOSFETs 
for the low-side switch. The Schottky diode for the rectifier 
is rated for at least 48 V and 16 A. The Schottky rectifier 
is in a D2PAK package with a typical area of 155 mm2. The 
synchronous solution saves 125 mm2 of board space over 

the nonsynchronous design. Both designs use the same LC 
filter and a 300-kHz switching frequency. Figure 4 shows 
the efficiency and power loss of both designs with a 12-V 
input and 48-V output. The ideal duty cycle is 75%. The 
efficiency curves show that there is no benefit in using a 
synchronous rectifier in this application. From 2.5 to 3.5 A 
of load current, the synchronous solution begins to 
improve efficiency. However, the primary benefit of syn-
chronous rectification is that less board space is required.
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Figure 3. Measured efficiency and power loss in a 
low-duty-cycle application
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Figure 4. Measured efficiency and power loss in a 
high-duty-cycle application

图3 低占空比应用的测得效率与功耗

图4 高占空比应用的测得效率与功耗

低占空比应用的效率

为了评估低占空比应用的功率效率，

我们可对同步设计和非同步设计进行

比较。同步设计使用TPS43061同步升

压控制器，其与TI的CSD86330Q3D功

率模块搭配。该功率模块同时集成了

低侧和高侧MOSFET。非同步设计使

用TPS40210非同步升压控制器和一个

CSD17505Q5A低侧开关，其规格与功

率模块类似。这种设计具有一个肖特基

二极管，用于整流器，其额定电压和电

流至少为15V和7A。具有这种额定值的

肖特基二极管的可用最小封装尺寸为TO-
277A (SMPC)。仅根据典型开关封装比

较解决方案尺寸，我们发现，非同步开

关和二极管占用面积为65mm2，而同步

功率模块开关的占用面积为12mm2。后

者节省了53mm2的面积。两种设计都使

用了相同的LC滤波器和750kHz开关频

率。图3显示了12V输入和15V输出的这

两种设计的效率和功耗情况。理想占空

比为20%。本例中，同步整流器的好处

很明显。满负载效率提高了约3%，而

非同步设计的功耗几乎是同步设计的两

倍。

高占空比应用的效率

为了评估高占空比应用的功率效率，我

们再次对同步设计和非同步设计进行比

较。同步设计使用TPS43060同步升压控

制器，其有一对功率MOSFET，用于低

侧和高侧开关。MOSFET使用30mm2的
典型8引脚SON封装。非同步设计使用

TPS40210非同步升压控制器以及一个相

同的MOSFET用于低侧开关。整流器的

肖特基二极管额定值至少为48V和16A。

肖特基整流器使用D2PAK封装，典型面

积为155mm2。相比非同步设计，同步解决方案节省

了125mm2的电路板空间。两种设计都使用相同的LC
滤波器和300kHz开关频率。图4显示了12V输入和48V
输出时两种设计的效率和功耗情况。理想占空比为

75%。效率曲线表明，在这种应用中，使用同步整流

器没有什么好处。从2.5到3.5A负载电流，同步解决方

案的效率开始提高。但是，同步整流的主要好处是要

求的电路板空间更少。
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Light-load efficiency
Both the TPS43060 and TPS43061 used in the synchronous 
designs feature reverse-current detection for discontinuous- 
conduction mode (DCM), improving efficiency at lighter 
loads. This reduces conduction losses in the switches, 
inductor, and sense resistor, enabling the light-load effi-
ciency to be similar to that of the nonsynchronous solu-
tions. For reference, Figure 5 shows a dashed curve for 
the estimated efficiency of a converter operating in forced 
continuous-conduction mode (CCM). This efficiency is 
determined by estimating losses in the switches, inductor, 
and sense resistor during CCM operation. The curves show 
the relative improvement in efficiency at light loads for 
converters operating in DCM. However, for some low-noise 
applications or applications requiring a fast transient 
response from light loads, it may be preferable to sacrifice 
improved light-load efficiency to keep CCM operation over 
the entire load range.

Conclusion
The benefits of synchronous rectification are evident, 
especially in low-duty-cycle applications as the load current 
increases. However, in high-duty-cycle applications with 

lower output current, a nonsynchronous design may have 
adequate efficiency. The lower losses with synchronous 
rectification can improve efficiency and reduce tempera-
ture rise and solution size.
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Figure 5. Light-load efficiency of DCM and CCM designs图5 DCM和CCM设计轻负载效率

轻负载效率

同步设计使用的TPS43060和TPS43061的特点是非

连续导电模式（DCM）反向电流检测，其提高了更

轻负载条件下的效率。它降低了开关、电感和检测

电阻器的传导损耗，让轻负载效率与非同步解决方案

情况相同。作为参考，图5显示了强制连续导电模式

（CCM）下工作的估计转换器效率的虚线曲线。CCM
工作期间，开关、电感和检测电阻器的估计损耗，决

定了该效率的大小。这些曲线表明了DCM下工作的转

换器的轻负载效率相对改善情况。但是，对于一些低

噪应用或者要求快速轻负载瞬态响应的应用来说，牺

牲高轻负载效率来让CCM运行保持在整个负载范围，

可能是一种更好的选择。

结论

很明显，同步整流具有许多好处，特别是在一些负载

电流增长的低占空比应用中更是如此。但是，在更低

输出电流的高占空比应用中，非同步设计拥有足够高

的效率。同步整流的低损耗特点可提高效率，并能减

少温升和降低解决方案尺寸。
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Designing a negative boost converter from 
a standard positive buck converter

Introduction
There are very few options for the designer when it comes 
to creating negative voltage rails in point-of-load applica-
tions. Integrated devices that are specifically designed for 
this are uncommon, and other available options typically 
have significant drawbacks, such as being too large, noisy, 
inefficient, etc. If a negative voltage is available, it is 
advantageous to use that as the input for the converter. 
This article describes a method using a standard positive 
buck converter to form a negative boost converter, which 
takes an existing negative voltage and creates an output 
voltage with a larger (more negative) amplitude. Using a 
boost regulator results in a smaller, more efficient, and 
more cost-effective design. A complete design example 
using an integrated FET buck converter is provided here. 
The basic theory of operation, high-level design trade-offs, 
and closed-loop compensation design of the resulting con-
verter are discussed.

Negative boost topology
Implementing a negative boost converter takes advantage 
of some parallels between the power design and control of 
a positive buck converter and a negative boost converter. 
Figure 1 depicts the basic operation of a positive buck  
regulator. The buck consists of a half bridge that chops  
VIN and a filter to extract the DC component. The filtered 
output voltage is regulated by varying the duty cycle (D) 
of the upper FET. When VOUT is too low, the control loop 
reacts by causing D to increase. When VOUT is too high, D 
is decreased. The buck input current is discontinuous (has 
a higher RMS current), and the output current is continu-
ous and equal to the inductor current waveform. The 
 current flow through the inductor is positive, flowing away 
from the half bridge.

Figure 2 depicts the negative boost topology in which a 
more negative voltage is generated from an existing nega-
tive voltage. During D, the inductor current is increased, 
storing energy (dI = –VIN × D × T/L). During 1 – D, the 
energy is transferred to the output. When the upper FET 
is turned off and the lower FET is turned on, the inductor 
current flows into the output, supporting the load as the 
inductor current decreases. From Figures 1 and 2 it can 
be seen that the negative boost regulator resembles the 
positive buck regulator, except that it is level shifted 

below ground. Also, VIN and VOUT are transposed. Notice 
these common features:

• The upper FET is the controlled switch.

• The inductor current flows in the same direction 
through the inductor (away from the half bridge).

• Increasing VOUT results from increasing D.

Power Management

By Mark Pieper
Analog Field Applications
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boost regulator

利用标准正降压转换器设计负升压转换器
作者：Mark Pieper，德州仪器 (TI) 模拟现场应用

引言

当谈到在负载点应用中构建负电压轨时，设计人员有

许多方法可供选择。专门为此而设计的集成器件并不

常见，并且其它现成的方法一般都有明显的缺点，例

如：体积过大、噪声过高、效率太低等。如果有负电

压，则可以把它用作转换器的输入。本文为你介绍一

种利用标准正降压转换器构建负升压转换器的方法，

其利用一个现有的负电压，创建一个大（大负值）振

幅的输出电压。使用升压稳压器，实现一种更小型、

高效和更具性价比的设计。我们在这里为你呈现一个

使用集成FET降压转换器的完整设计举例。文章讨论了

基本工作原理、高级设计权衡方法以及所产生转换器

的闭环补偿设计。

负升压拓扑

负升压转换器的实现，利用了正降压转换器与负升压

转换器电源设计和控制之间存在的一些相似之处。图1
描述了正降压稳压器的基本工作原理。降压转换器由

一个对VIN削波的半桥和一个提取DC组件的滤波器组

成。通过改变上层FET的占空比（D），对经过滤波的

输出电压进行调节。当VOUT过低时，控制环路通过增

加D来做出反应。当VOUT过高时，D降低。降压输入电

流为非连续（具有更强的RMS电流），而输出电流连

续，并且等于电感电流波形。电感的电流为正，其从

半桥流出。

图2显示了负升压拓扑。在这种拓扑中，一个更大的负

电压产生自现有负电压。在D期间，电感电流增加，对

能量进行存储（dI = –VIN × D × T/L）。在1-D期间，

能量转移至输出。当上层FET关闭并且下层FET开启

时，电感电流流入输出，从而在电感电流下降时为负

载提供支持。由图1和图2，我们可以看到，负升压稳

压器与正降压稳压器完全相同，只是电平偏移至接地

电压以下。另外，VIN和VOUT被颠倒。请注意下列共同

特点：

•  上层FET为受控开关。

•  电感电流以相同方向流过电感（流出半桥）。

•  D增加，VOUT增加。

图1 简化正同步降压稳压器

图2 简化负同步升压稳压器
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The significance of these similarities is that the negative 
boost converter can be constructed by using a readily 
available positive buck converter. One difference in opera-
tion is that the boost converter has a discontinuous output 
current and a continuous input current, the opposite of 
the buck converter.

Converter selection
There are three additional things that need to be consid-
ered when selecting a converter:

1. The converter should have external compensation to 
accommodate the different control algorithm associated 
with the boost converter, which will be discussed later.

2. The converter is processing current equal to the input 
current, not the load current, so the current rating and 
current limit need to be sized accordingly. For instance, 
neglecting the effects of efficiency (h), a 12-W, –6-V to 
–12-V boost converter has an output current of 1 A  
(12 W) and an input current of 2 A (12 W). A converter 
with a current rating greater than 2 A is required for 
this design. The output-current rating of the converter 
selected must be greater than that in Equation 1:

 

OUT
RATING

IN(min)

P
I .

V
=

η
 (1)

3. The converter’s VDD is biased by –VOUT. When the con-
verter is first powered on, VOUT equals VIN, and VOUT is 
increased until it is in regulation. Therefore, the control-
ler specification should allow the converter to start with 
VDD = |–VIN|, and the converter should be rated to oper-
ate with VDD = |–VOUT|. For instance, a design that con-
verts a –6-V input to a –12-V output requires the con-
troller to start with VDD = 6 V and to continue running 
after start-up with VDD = 12 V. This can be a problem 
when the negative input is a low voltage. A solution is to 
use a converter that has a VDD separate from the power 
supply’s VIN. Figure 3 shows a negative boost regulator 
designed to convert –2.0 V to –2.2 V by using the 
TPS54020 from Texas Instruments (TI). Although this 
is a relatively low-voltage regulator, the principle is the 
same for any –VIN and –VOUT as long as the converter 
specifications support the voltages. Notice that the 
power to U1, pin VIN, is separate from the power 
ground to pin PVIN, allowing low-voltage operation.

As previously mentioned and defined in Equation 1, the 
current rating of the converter is driven by input current. 
Therefore, the power dissipation in the converter is 
dependent on input current.
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Figure 3. Complete schematic of the example negative boost regulator

这些共同点的重要性在于，可利用现有正降压转换器

构建负升压转换器。两者工作的一个差别是，升压转

换器有非连续输出电流和连续输入电流，而降压转换

器则相反。

转换器选择

在选择某个转换器时，还有三件事情需要考虑：

转换器应具有外部补偿，以适应与升压转换器相关的

不同控制算法，我们将在后面讨论。

转换器处理与输入电流相等的电流，而非负载电流，

因此需相应地调整额定电流和电流限制。例如，效率

影响（η）忽略不计时，一个12W、-6V到-12V的升压

转换器具有1A（12W）的输出电流和2A（12W）的

输入电流。这种设计要求使用额定电流大于2A的转换

器。所选转换器的额定输出电流必须大于方程式1的结

果：

3、转换器的VDD被-VOUT偏置。当转换器首次上电时，

VOUT等于VIN，而VOUT在进入调节以前会一直上升。因

此，控制器规格应允许转换器以VDD = |–VIN|启动，而

转换器工作额定值应为VDD = |–VOUT|。例如，把-6V输
入转换为-12V输出的设计要求控制器以VDD=6V启动，

并在VDD=12V启动以后继续运行。当负输入为低电压

时，这就存在问题。一种解决方案是，使用一个具有

隔离于电源VIN的VDD的转换器。图3显示了利用德州仪

器（TI）TPS54020把-2.0V转换为-2.2V的负升压稳压

器。尽管它是一种相对低压稳压器，但是，只要转换

器规格支持这些电压，所有-VIN和-VOUT的原理都相同。

注意，U1即引脚VIN的电源与引脚PVIN的电源接地分

开，从而实现低压运行。如前所述，并参见方程式1，
转换器的额定电流由输入电流驱动。因此，转换器的

功耗取决于输入电流。

图3 举例负升压稳压器完整原理图
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The efficiency of the negative boost regula-
tor (hBOOST) is related to that of the positive 
buck regulator (hBUCK) but is slightly lower. 
Figure 4 and Equation 2 show the relationship 
of the two efficiencies, which are about equal 
when the specified hBUCK is above 90%:

 

BUCK
BOOST

BUCK

2 1η −
η = η  (2)

Component selection
The inductor can be chosen by using the same 
criteria as defined in the buck converter’s data-
sheet. The boost converter’s input and output 
capacitors should be chosen based on ripple 
voltages required by the application, keeping in 
mind that the output capacitor must be rated 
for the higher RMS current.

Control theory
Boost converters have a different, more com-
plicated transfer function than buck converters. 
As with buck converters, the transfer function 
is different between voltage-mode control and current-
mode control. This analysis uses a current-mode- 
controlled boost converter based on the TPS54020, a  
current-mode device. The Bode-plot method  is used to 
evaluate the stability of this control-loop design. Points of 
interest for stability are the phase when the open-loop 
gain crosses unity, and the gain when the phase crosses 
–180°. The open-loop gain is equal to the forward transfer 
function multiplied by the control transfer function, 
including all gains around the control loop.

The current-mode power stage (“plant” in control jargon) 
has the forward transfer function given in Equation 3:1
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where s is the complex Laplace variable and He(s) repre-
sents the higher-frequency dynamics. The continuous 
boost has two salient control features. First, the plant is a 
single-pole system, owing to the effect of current-mode 
control. Second, there is a right-half-plane zero (RHPZ).1, 2 
The RHPZ, plant pole, and COUT equivalent-series-
resistance (ESR) zero frequencies are described respec-
tively by the following equations:
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The RHPZ requires that the unity-gain bandwidth of the 
loop be less than the minimum RHPZ frequency, usually by 
a factor of 5 to 10. If lower bandwidth is desired, the RHPZ 
can be ignored, and so can He(s) in Equation 3. This design 
uses ceramic output capacitors, so the ESR zero also can 
be ignored. Now the control equations simplify to
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Equations 3 and 5 are modified, using gM (the compensa-
tion to output-current gain in A/V) instead of RSENSE, with 
gM = 1/RSENSE.

Designing a negative boost regulator
It has been established that the forward transfer func- 
tion simplifies to a single-pole system as described by 
Equa tion 5. A real control-loop example can be based on  
a design using TI’s TPS54020EVM082, with VIN = –2.0 V, 
VOUT = –3.0 V, and IOUT = 6 A. This electrical design can 
be reconfigured as a negative boost regulator consistent 
with the circuit in Figure 3, using many of the same com-
ponents as in the EVM design. The terms “input” and 
“output” from here on refer to the boost mode input and 
output. Equation 4 can be used to calculate the minimum 
RHPZ as 32 kHz. The goal of the control-loop design is to 
have a unity-gain crossover at 1.0 kHz, so the effects of 
both the ESR zero and the RHPZ can be ignored.
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Figure 4. Efficiency of negative boost regulator图4 负升压稳压器的效率
负升压稳压器（ηBOOST）的效率与正降压

稳压器（ηBUCK）的效率有关，但要稍低一

点。图4和方程式2显示了这两种效率的关

系，当规定ηBUCK约为90%时两者差不多

相等：

组件选择

我们可以按照降压转换器产品说明书规定的

相同标准来选择电感。应根据应用要求的纹

波电压来选择升压转换器的输入和输出电容

器，并时刻记住，输出电容器额定值必须适

应更高的RMS电流。

控制理论

相比降压转换器，升压转换器具有一种不同
的、更复杂的传输函数。与降压转换器一样，电压模

式控制和电流模式控制之间的传输函数不同。本分析

使用一个基于TPS54020（一种电流模式器件）的电流

模式控制升压转换器。波特图方法用于评估这种控制

环路设计的稳定性。稳定性相关点为开环增益穿过统

一性的相位，以及相位穿过- 180°时的增益。开环增

益等于正向传输函数乘以控制传输函数，包括控制环

路周围的所有增益。

电流模式功率级（控制术语叫“车间”）具有方程式3
所示正向传输函数：1

其中，s为复形拉普拉斯变量，He（s）代表高频动

态。连续升压具有两个突出控制功能。首先，“车

间”是一个单极系统，原因是电流模式控制影响。其

次，有一个右半层零点（RHPZ）。1,2RHPZ、“车

间”极和COUT等效串联电阻（ESR）零点频率分别表示

为下列方程式：

RHPZ要求，环路整体增益带宽低于最小RHPZ频率，

通常为5到10倍。如果需要更低的带宽，则可忽略

RHPZ，并且方程式3中的He(s)也可忽略。这种设计使

用陶瓷输出电容器，因此ESR零点也可忽略。现在，

控制方程式可简化为：

方程式3和5经过修改，使用gM（A/V输出电流增益补

偿）而非RSENSE，并且gM=1/RSENSE。

负升压稳压器设计

经证明，正向传输函数简化为一个方程式5所示单极系

统。现实控制环路例子可基于使用TI TPS54020EVM082
的设计，VIN = –2.0 V，VOUT = –3.0 V，并且IOUT = 6 A。

这种电气设计可根据图3所示电路重新配置为一个负升

压稳压器，其使用许多与EVM设计相同的组件。从现

在起，后面的“输入”和“输出”均指升压模式输入

和输出。方程式4可用于计算32kHz的最小RHPZ。控

制环路设计的目标是有一个1.0kHz的整体增益交叉，

因此可以忽略ESR零点和RHPZ的影响。
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Table 1 contains some specific parameters and values. 
Equation 6 uses these values to describe the forward 
transfer function:
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The Bode plot of GPS(s) is depicted in Figure 5 for four 
different load-resistance values. Note that the pole location 
and low-frequency gain are functions of load resistance. 
Also note that the gain slope does not vary after the pole 
(driven by COUT). Before the pole, the gain is dependent 
on the load, with the highest-frequency pole at 
the maximum load (minimum RLOAD). A 0.5-Ω 
load (ILOAD = 6.0 A) results in a pole at 4.4 kHz. 
It can also be seen that the RHPZ causes the 
gain to rise and the phase to fall, which makes 
compensation impossible and requires cross-
over to occur before the effect of the RHPZ 
becomes detrimental.

The plan for this design is to have unity gain 
in the open-loop transfer function at 1.0 kHz. 
The plant has a gain of approximately +9 dB at 
1.0 kHz. This forward transfer function can be 
compensated easily with an integrator followed 
by a zero at the highest GPS(s) pole frequency, 
and with an overall gain that results in about  
–9 dB at the desired crossover of 1.0 kHz  
(+9 dB + –9 dB = 0 dB). This compensation 
approximates a single-pole rolloff characteristic 
through crossover and results in sufficient  
phase margin.

Bode stability criteria
A closed-loop system with negative feedback 
has a transfer function as in Equation 7:

 

G(s)
Y(s) ,

1 G(s)H(s)
=

+
 (7)

where G(s) is the forward (plant) transfer func-
tion, H(s) is the negative feedback control, and 
G(s)H(s) is the open-loop transfer function. The 
Bode stability criteria state that Y(s) is rational 
except where G(s)H(s) = –1. In the latter case, 
Y(s) is infinite and unstable. Two things have to 
happen at the same time for instability to occur. 
First, |G(s)H(s)| must equal 1 (gain = 0 dB); 
second, the phase of G(s)H(s) must equal –180°, 
corresponding to –1. Bode plots, including both 
the phase margin and the gain margin, are used 
to evaluate how near to this condition a control 
design approaches. Phase margin is defined as 
the phase difference between G(s)H(s) and 
–180° when the gain equals 0 dB, and gain  
margin refers to the negative gain when the 
phase equals –180°. A phase margin greater 
than 45° is generally considered good in power-
supply design.

Table 1. Design values and TPS54020 datasheet3 parameters 
for negative boost regulator

PARAMETER COMMENTS

COUT = 144 µF

L = 1 .1 µH

gM = 17 A/V = 1/RSENSE gM from datasheet = ISWITCH/VCOMP

gEA = 0 .0013 A/V From datasheet

D = (VOUT – VIN)/VOUT = 0 .33

VREF = 0 .600 V From datasheet

R10 = 10 .0 kΩ; R7 = 40 .2 kΩ Feedback-divider gain = 0 .2 V/V
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Figure 5. Bode plots of GPS(s) for four different 
load resistances
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表1列出了一些具体的参数和值。方程式6使用这些值

描述正向传输函数：

图5显示了4个不同负载电阻值的GPS（s）波特图。注

意，极点位置和低频增益为负载电阻的函数。另外，

还要注意，在极点以后增益斜率不再变化（C OUT驱

动）。在极点以前，增益依赖于负载，并且最大负载
（最小RLOAD）时出现最高频率极点。0.5Ω负

载（ILOAD=6.0A）带来4.4kHz极点。我们还

可以看到，RHPZ使增益上升而相位下降，从

而造成无法补偿，并要求在RHPZ影响变为不

利以前出现交叉。

这种设计的计划是，获得1.0kHz开环传输函

数的整体增益。1.0kHz下，“车间”具有约

+9 dB的增益。利用积分电路后面紧跟最高

GPS（s）极点频率零点，并且使用一个可

产生1.0kHz预期交叉-9 dB的整体增益（+9 
dB + –9 dB = 0 dB），可以轻松地对这种正

向传输函数进行补偿。这种补偿接近于通过

交叉的单极转降特性，并带来足够的相位余

量。

波特稳定性标准

负反馈闭环系统具有一个如方程式7所示传输

函数：

其中，G(s)为正向（“车间”）传输函数，

H(s)为负反馈控制，而G（s）H（s）为开环

传输函数。波特稳定性标准规定，除非G(s)
H(s)=-1，否则Y(s)有理。在后一种情况下，

Y(s)为无限且不稳定。如果出现不稳定，还必

须具备两个条件。首先，|G(s)H(s)|必须等于

1（增益=0dB）；其次，G(s)H(s)相位必须等

于–180°，相当于-1。包括相位余量和增益

余量在内的波特图，用于评估控制设计接近

这种条件的程度。当增益等于0 dB时，相位

余量被定义为G(s)H(s)和–180°之间的相位

差，同时当相位等于–180°时增益余量是指

负增益。在电源设计过程中，通常考虑45°
以上的相位余量。

图5 4个不同负载电阻的GPS（s）波特图

表1 负升压稳压器的设计值和TPS54020产品说明书参数
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Error-amplifier compensation
The error amplifier (EA) is depicted in Figure 6, and the 
circuit’s transfer function is described by

EA 10 15 1
EA

10 7 1 15 1 15
1

1 15

g R 1 1 C R s 1
G .

R R C C s C C
(s)

R s 1
C C

+
= × × ×

+ +
× +

+

 (8)

Note that the transfer function of the transconductance 
error amplifier includes the feedback-divider gain. If this 
was a voltage-feedback error amplifier, the divider would 
not be a gain term. Inspection of Equation 8 finds that 
GEA(s) has a pole at 0 Hz, a compensating zero at

1 15

1
f ,

2 R C
=

π

and a higher-frequency pole at

1 15
1

1 15

1
f .

C C
2 R

C C

=
 

π  + 

Note that if the zero and pole are separated by 
a decade or more, then C15 >> C1. The plan is 
to set the gain equal to –9 dB at 1.0 kHz, place 
the zero at the highest GPS(s) pole (4.4 kHz) to 
compensate the pole in the plant, and place the 
additional pole at some higher frequency.

Evaluating |GEA(s)| at f = 1.0 kHz and setting it 
equal to –9 dB yields C1 + C15 ≈ C15 = 0.117 µF. 
The nearest standard value of 0.10 µF is chosen. 
Given C15 and the desired zero location of 
4.4 kHz, R1 can be calculated as 360 Ω. The 
nearest standard value of 357 Ω is chosen. The 
higher-frequency pole is placed at 50 kHz. This 
is rather arbitrary, but this pole needs to be 
greater than 10 times the crossover frequency 
to ensure that it doesn’t degrade the loop-phase 
margin. Adding this high-frequency pole is desir-
able because it keeps the loop gain decreasing at 
higher frequency. C1 is calculated to be 0.01 µF. 
Figure 7 shows the Bode plot of the converter’s 
final compensated loop. The predicted and mea-
sured open-loop gain and phase match closely 
near the 1.0-kHz unity-gain crossover.

Test data
Figure 7 also includes the measured Bode plot 
of the power supply with a 0.5-Ω load. There is 
good correlation near the 1.0-kHz crossover. 
The predicted waveforms in Figure 7 also 
include the effects of the RHPZ. The gain and 
phase disturbance between 1.0 kHz and 10 kHz 
is thought to result from a nonlinear character-
istic in the controller and only begins to appear 
at load currents above 50%. Since this occurs 
above the crossover, it is inconsequential to the 
stability of the loop.

VREF
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R10
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gEA

Error
Amplifier

R1

C15

C1

Compensation

+
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Figure 6. Error amplifier and compensation
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误差放大器补偿

图6显示了误差放大器（EA），该电路的传输函数描

述如下：

注意，跨导误差放大器的传输函数包括反馈分频器增

益。如果它是一个电压反馈误差放大器，则分频器不

会为一个增益项。查看方程式8我们发现，GEA(s)在

0Hz处有一个极点，即下面频率下的一个补偿零点：

高频极点频率为：

注意，如果零点和极点以10或者以上作为

间隔，则C15 >> C1。我们的计划是，让增

益等于1.0kHz时的 -9dB，把零点放置于最

高GPS（s）极点（4.4kHz），以补偿“车

间”极点，然后在更高频率下放置其它极

点。

评估f=1.0kHz的 |GEA(s)|，并设置其等于–9 
dB，得到C1 + C15≈C15 = 0.117 µF。我

们选择最接近标准值0 . 10  µ F。给定C 15
和4 . 4 k H z预期零点位置时，R 1可计算为

360Ω。我们选择最接近标准值357Ω。高频

极点放置在50kHz处。这种做法有些随意，

但是该极点需大于10倍交叉频率，以确保

它不会降低环路相位余量。需要添加该高频

极点是因为，它让环路增益在高频下不断下

降。经计算，C1为0.01 µF。图7显示了转换

器最终补偿环路的波特图。预计开环增益和

相位，与测量得开环增益和相位紧密匹配，

接近1.0kHz整体增益交叉。

测试数据

图7还包括了0.5Ω负载电源的测量得波特图。

在1.0kHz交叉附近，存在密切的相关性。图7
所示预计波形还包括了RHPZ效应。1.0kHz和

10kHz之间的增益和相位干扰被认为来自于控

制器的非线性特性，并且在50%以上负载电

流时开始出现。由于这种现象出现在交叉以

上，因此它对环路稳定性无关紧要。

图7 转换器最终补偿环路的波特图

图6 误差放大器与补偿
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Figure 8 shows the switching waveform with a 
load of 0.5 Ω (6 A). As expected, it looks identical to 
a buck converter’s switching waveform but is level 
shifted below ground, riding on the programmed 
VOUT of –3.0 V.

Additional considerations
Three additional points about this type of converter 
should be noted. First, the TPS54020 has a separate 
VIN and VDD. This enables power conversion from a 
low voltage (2 V in this case), which would not be 
possible with many other converters. Second, this 
negative-boost design concept is extendable to 
higher voltages and is limited only by the ratings of 
the converter selected. Third and most important, 
before the boost converter starts but after voltage is 
applied to the PVIN pin, any load current on the 
boost output is conducted through the body diode of 
the lower FET. Although the TPS54020 functions 
well, starting up even with a DC current, not all 
devices may perform in the same way. Therefore, it 
might be necessary to add a Schottky diode in paral-
lel with the lower internal FET to provide an exter-
nal path for this current.

Conclusion
This article demonstrates that a positive buck regulator 
can be used to implement a negative boost regulator and 
obtain good performance. The actual performance very 
closely matches the expected behavior, both in real-time 
measurements and in the Bode plot of the control loop.
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图8显示了0.5Ω（6A）负载的开关波形。正如我们

预计的那样，它看起来与降压转换器的开关波形完

全一致，但电平偏移至接地电压以下，具体取决

于-3.0V VOUT设置值。

其它考虑事项

关于这种转换器，我们还需要注意其它三个方面。

首先，TPS54020有单独的VIN和VDD。它实现了低

电压（此处为2V）功率转换，而这对于许多其它

转换器是不可能的。其次，这种负升压设计概念可

扩展至更高电压，其仅受限于所选择转换器的额定

值。最后且最重要的一点是，在升压转换器启动以

前但在电压施加于PVIN引脚以后，升压输出的任

何负载电流都通过低侧FET体二极管来传导。即使

以DC电流启动，TPS54020都能非常正常地工作，

但是并非所有器件都能够以这种相同的方式运行。

因此，我们有必要添加一个与低侧内部FET并联的

肖特基二极管，以为该电流提供一条外部通路。

结论

本文证明了正降压稳压器可用于实现负升压稳压器，并

获得良好的性能。在实时测量和控制环路波特图中，实

际性能都与我们预测的性能紧密匹配。
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Digital current balancing for an  
interleaved boost PFC

Introduction
A power-factor correction (PFC) converter lets the input 
current track the input voltage so that the load appears 
like a resistor to the voltage source that powers it. The 
most popular power topology used in active PFC is the 
non-isolated boost converter. For high power levels, two 
boost units can connect to the same bridge rectifier and 
operate at 180° out of phase (Figure 1). This is called two-
phase interleaved PFC. By controlling two phases’ inductor 
currents 180° out of phase, both input- and output- 
current ripple can be reduced. As a result, a smaller  
electromagnetic-interference filter can be used, which 
reduces material costs. Due to discrepancies between the 
two sets of components used in the two boost circuits, the 
two inductor currents inevitably will be different. This situ-
a tion gets worse when PFC enters continuous-conduction 
mode (CCM). While the unbalanced current causes more 
thermal stress on one phase, it may also mistrigger over-
current protection. Therefore, a current-balancing mecha-
nism is necessary for the interleaved PFC design.1–4

This article discusses three different digital-control 
methods of bal ancing inductor currents. The first method 

senses the inductor current on each switching cycle,  
compares the current difference between the two phases, 
then adjusts the duty ratio of one phase cycle-by-cycle. 
The second method only adjusts the duty ratio in each 
half AC cycle. The third method uses two independent 
current loops to control each phase individually. Since 
these loops share the same current reference, the current 
is balanced automatically.

Method 1: Cycle-by-cycle duty-ratio adjustment
In this approach, a shunt is used to sense the total current. 
An average-current mode control is employed to force the 
input current to track input voltage. The pulse-width- 
modulation (PWM) controller generates two signals, each 
with the same duty ratio but shifted by 180° to drive the 
two boost stages. A current transformer (CT) is put right 
above the MOSFET in each phase to sense the switching 
current. The CT outputs are sampled and compared to 
each other; then the error is multiplied by a gain K, and 
the multiplier output is used to adjust the duty ratio of 
phase 2 accordingly. For example, if phase 1 has higher 
current than phase 2, the error is positive. The multiplier 
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Figure 1. A two-phase interleaved PFC

引言

功率因数校正转换器让输入电流追随输入电压，这

样，负载就好像是一个连接为其供电的电压源的电阻

器。有源PFC中使用的最为普遍的电源拓扑是非隔离

式升压转换器。就高功率级而言，两个升压单元可连

接同一个桥整流器，并工作在180°异相下（图1）。

这被称作双相交叉式PFC。通过控制两个相位的电感

电流180°异相，可同时降低输入和输出电流纹波。结

果，我们便可以使用更小的电磁干扰滤波器，从而降

低材料成本。由于两个升压电路中所使用的两套组件

之间的差异，两个电感电流必然不同。当PFC进入连

续导电模式（CCM）时，这种情况更甚。失衡电流在

一个相引起更多热应力，并且它还可能会误触发过电

流保护。因此，对于交叉式PFC设计而言，电流平衡

机制非常必要1-4。

本文为你介绍平衡电感电流的三种不同数字控制方

法。第一种方法检测每个开关周期的电感电流，比较

两个相位之间的电流差异，然后逐周期调节一个相位

的占空比。第二种方法仅对每半个AC周期的占空比进

行调节。第三种方法使用两个独立电流环路，单独控

制每个相位。由于这些环路共用相同的电流基准，因

此电流被自动平衡。

方法1：逐周期占空比调节

在这种方法中，使用一个分流器检测总电流。一个平

均电流模式控制用于强制输入电流追随输入电压。脉

宽调制（PWM）控制器产生两个信号，每个信号都有

相同的占空比但异相180°，用以驱动两个升压级。

在每个相位，电流变压器（CT）放置于MOSFET正
上方，以检测开关电流。对CT输出采样，然后相互比

较；之后，误差乘以增益K，倍增输出用于相应调节相

位2的占空比。例如，如果相位1具有比相位2更高的电

流，则误差为正。倍增器输出（同样为正）增加相位2
的占空比及其电流。图2显示了这种配置。

交叉式升压PFC数字电流平衡
作者：Bosheng Sun，德州仪器 (TI) 系统工程师

图1 双相交叉式PFC
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output, which is also positive, increases the duty ratio 
of phase 2 and thus its current. This configuration is 
shown in Figure 2.

Properly sampling the CT currents is critical for 
this approach. Since the CT outputs are saw waves, 
both currents need to be sampled at the same point for 
a fair comparison. An example would be to sample both 
at the middle of the switch’s ON time, as shown in 
Figure 3. Here the unbalanced current causes different 
magnitudes of CT output.
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Figure 2. Cycle-by-cycle duty-ratio adjustment

I_CT1
Sample

I_CT2
Sample

I_CT

I_CT2

I_CT1

0

Figure 3. Sampling CT signal
正确对CT电流采样是这种方法的关键所在。由于

CT输出为锯齿波，因此为公平比较，需在相同点

对两个电流采样。例如，在开关“导通”时间的

中间位置进行采样，如图3所示。此处，失衡电流

引起不同的CT输出大小。

正确CT电流采样以后，逐周期方法便可获得良好的电

流平衡。图4显示了360W、数字控制交叉式PFC的测

试结果。正如我们看到的那样，电感电流之间存在巨

大的差异，但在平衡以后它们几乎重叠在一起。

图2 逐周期占空比调节

图3 CT信号采样
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With proper sampling of the CT currents, the cycle-by-
cycle approach gives good current balancing. Figure 4 
shows test results from a 360-W, digitally controlled inter-
leaved PFC. As can be seen, there is a big difference 
between the inductor currents, but they almost overlap 
after being balanced.

Because the second-phase duty ratio is adjusted on each 
switching cycle, and the adjustment may be different for 
each cycle since the current difference may vary between 
cycles, this method inevitably brings high-frequency noise 
to the AC input current. Figure 5a shows that the wave-
form of the AC input current before current balancing is 
smooth and clean. Once current balancing is introduced, 
high-frequency noise appears (Figure 5b).

Method 2: Half-AC-cycle duty-ratio adjustment
Since adjusting the duty ratio on each switching cycle 
brings high-frequency noise to the total input current, it 
seems reasonable to try adjusting the duty ratio only once 
in each half AC cycle. Either average or peak inductor  
current in each half AC cycle can be used for current  
balancing. An example is to force the peak inductor  
currents to be equal in each half AC cycle by using a con-
figuration similar to that in Figure 2. I_CT1 and I_CT2 are 
still sampled in each switching cycle, and the firmware 
finds out the peak value of I_CT1 and I_CT2 in each half 
AC cycle. These peak values are then compared, and the 
error is used to adjust the duty ratio. Since the current 
difference is calculated only once in each half AC cycle, 

1

Time (2 ms/div)

2

L1 and L2
Inductor Current

(2 A/div)

Figure 4. Inductor currents

1

Time (2 ms/div)

2

L1 and L2
Inductor Current

(2 A/div)

(a) Before cycle-by-cycle current balancing (b) After cycle-by-cycle current balancing

Time (2 ms/div)

2

AC Input Current
(2 A/div)

Figure 5. AC input current

Time (2 ms/div)

2

AC Input Current
(2 A/div)

(a) Before cycle-by-cycle current balancing (b) After cycle-by-cycle current balancing

由于在每个开关周期都对第二个相位占空比进行调

节，并且由于各个周期之间的电流差异不同，每个周

期的调节可能也不同，因此这种方法必然会给AC输入

电流带来高频噪声。图5a显示了电流平衡变得平滑且

干净以前的AC输入电流波形。一旦使用了电流平衡，

高频噪声便会出现（图5b）。

方法2：半AC周期占空比调节

由于在每个开关周期都对占空比进行调节会给总输入电

流带来高频噪声，因此尝试仅在每个半AC周期对占空比

进行调节看似为一种合理的办法。每个半AC周期的平均

图4 电感电流

图5 AC输入电流

或者峰值电感电流均可用于电流平衡。例如，利用与图

2所示类似的配置，强制每个半AC周期的峰值电感电流

均相等。仍然在每个开关周期对I_CT1和I_CT2采样，并

且固件在每个半AC周期发现I_CT1和I_CT2的峰值。然

后，比较这些峰值，并且使用误差来调节占空比。在每

个半AC周期计算电流差异一次，因此相同的占空比调节

运用于下一个半AC周期。这样，便从根本上解决了高频

噪声问题。测试结果表明，AC电流波形几乎与使用电流

平衡以前一样；高频噪声消失了。
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the same duty-ratio adjustment is applied to the next half 
AC cycle. This essentially solves the issue of high-frequency 
noise. Test results showed that the AC current’s waveform 
was almost the same as before current balancing was 
enabled; the high-frequency noise went away.

This approach also has a drawback. Because the rela tion-
ship of the duty ratio to the input-current transfer function 
is different for continuous-conduction mode (CCM) and 
discontinuous-conduction mode (DCM),5 the converter 
dynamics may change abruptly. Applying the same duty-
ratio adjustment along the half AC cycle distorts the 
inductor current (Figure 6) even though the total input 
current is still sinusoidal. Moreover, because of discrepan-
cies between the two component sets used in the two 
boost circuits, the circuits enter CCM at different points in 
each half AC cycle. Thus, the distortions of the two phases 
are also different. On the other hand, unlike the unbal-
anced currents in Figure 4a, this approach can force the 
peak values of inductor currents in each half AC cycle to 
be equal, so the current does get balanced to some level.

Method 3: Dual current-control loops
In the preceding approaches, there is only one current-
control loop. The total current is used for current-loop 
control, and the two phases get the same duty ratio from 
the same control loop. If two current-control loops with 
the same current reference are used, with each controlling 
one phase individually, the closed-loop control will force 
the current to be balanced automatically, making duty-
ratio adjustments unnecessary.

For analog controllers, adding one more loop means 
adding another compensation network and another feed-
back pin. Inevitably, this increases the cost and design 
effort. With a general digital controller, the current-control 
loop is implemented by firmware. Adding a second loop 
means adding extra code, which at first seems to be a 
good solution. However, the extra code takes extra CPU 
execution time. The CPU that used to do only one loop 
calculation now needs to do two. For this to happen with-
out causing any interruption overflow, the CPU speed 
needs to be increased. This requires a higher-cost CPU 
with more power consumption. Another choice can be to 

reduce the control-loop speed—for example, from 50 kHz 
to 25 kHz. The CPU speed can then be kept the same, and 
the dual-loop calculation can be completed without causing 
any interruption overflow. However, the loop bandwidth 
suffers due to the reduced control-loop speed, and a 
reduced bandwidth deteriorates PFC performance.

Integrated control solution
A second-generation digital controller such as the Texas 
Instruments UCD3138 offers a different solution. This is a 
fully programmable digital controller, but the control loop 
is implemented by hardware. Based on the proportional 
integral derivative (PID), the control loop is a two-pole, 
two-zero digital compensator. All the loop calculations are 
done by hardware with a speed of up to 2 MHz. The firm-
ware just needs to configure the PID coefficients. This 
allows a low-speed CPU to be used because it needs to do 
only the low-speed tasks, such as housekeeping and com-
munication. Moreover, the UCD3138 has three independent 
loops inside the chip, so the dual current-control loops  
can be implemented without any extra hardware or a 

1

Time (2 ms/div)

2

L1 and L2
Inductor Current

(2 A/div)

Figure 6. Inductor currents after half-AC-cycle 
current balancing

另外，这种方法也有一个缺点。由于连续导电模式

（CCM）和非连续导电模式（DCM）下，占空比与输

入电流传输函数的关系不同，因此转换器动态可能会

突然变化。即使总输入电流仍然为正弦曲线，但在半

AC周期使用相同的占空比调节会使电感电流失真（图

6）。另外，由于两个升压电路中使用的两套组件之间

存在差异，电路在每个半AC周期的不同点进入CCM。

所以，两个相位的失真情况也不一样。另一方面，与

图4a所示失衡电流不同，这种方法会强制每个半AC周

期的电感电流峰值相等，因此电流确实在一定程度上

实现了平衡。

方法3：双电流控制环路

在前面的一些方法中，都仅有一个电流控制环路。总

电流用于电流环路控制，而两相位从相同控制环路获

得相同的占空比。如果使用相同电流基准的两个电流

控制环路，并且每个单独控制一个相位，则闭环控制

会强迫电流自动平衡，从而使占空比调节变得无必

要。

就模拟控制器而言，再添加一个环路意味着添加另一

个补偿网络和另一个反馈引脚。不可避免的是，它会

增加成本和设计工作量。利用一个普通数字控制器，

通过固件实现这种电流控制环路。增加第二环路意味

着增加额外的代码，乍看好像是一种好的解决方案。

但是，额外代码需要额外的CPU执行时间。仅用于一

个环路计算的CPU，现在需要服务于两个环路。要想

在不导致任何中断溢出的情况下完成这项工作，就需

要提高CPU速度。它要求更高成本的CPU，并且功

耗也随之增加。另一种选择是降低控制环路速度—例

如，从50kHz降低到25kHz。CPU速度保持不变，并且

在不导致任何中断溢出的情况下完成双环路计算。然

而，由于控制环路速度降低，环路带宽便受到限制，

而低带宽又会降低PFC性能。

集成控制解决方案

第二代数字控制器，例如：TI UCD3138等，为我们提

供了一种不一样的解决方案。它是一种完全可编程数

字控制器，但控制环路通过固件实现。这种控制环路

基于比例积分导数（PID），是一种双极、双零数字

补偿器。所有环路计算均由固件完成，并且速度可达

2MHz。固件只需对PID系数进行配置。它允许使用一

颗低速CPU，因为其只需完成低速任务，例如：内务

处理和通信等。另外，UCD3138在芯片内拥有3个独立

的环路，因此可以在没有使用任何额外硬件或者高速

CPU的情况下，实现双电流控制环路。图7显示了使用

UCD3138实现的这些双控制环路的配置情况。需对每

个相位的电流反馈信号进行测量。正常情况下，可以

图6 半AC周期电流平衡以后的电感电流
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higher-speed CPU. Figure 7 shows the configuration 
of these dual control loops implemented with the 
UCD3138. The current-feedback signal from each 
phase needs to be measured. Normally, a CT placed 
above the MOSFET can be used. Since no current 
shunt is needed, this configuration also can improve 
efficiency.

Because the CT is placed right above each switch 
(Figure 7), it senses only the switching current. This  
is only the rising part of the inductor current, whereas 
each current loop controls the average inductor current. 
The CT current signal is still sampled at the middle of 
the PWM ON time (Figure 3). It is an instantaneous 
value, represented as ISENSE in Figures 8 and 9. The 
sampled switching current (ISENSE) is equal to the 
average PFC inductor current only when the current 
is continuous (Figure 8). When the current becomes 
discontinuous (Figure 9), ISENSE is no longer equal to 
the average PFC inductor current. In order to control 
the average inductor current, the relationship between 
the middle point where ISENSE is sampled and the aver-
age inductor current over a switching period needs to 
be derived and applicable to both CCM and DCM.
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Figure 7. Dual current-control loops with UCD3138
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Figure 8. Sensed current waveform at CCM
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Figure 9. Sensed current waveform at DCM

图7 使用UCD3138的双电流控制环路

图8 CCM的检测电流波形

图9 DCM的检测电流波形

使用放置于MOSFET上方的CT。由于不需要分流

器，因此这种配置还可提高效率。

因为CT放置于每个开关的正上方（图7），所以

它仅检测开关电流。它只是电感电流的上升部

分，然而每个电流环路都控制平均电感电流。仍

然在PWM“导通”时间的中间位置，对CT电流

信号进行采样（图3）。它是一个瞬间值，在图

8和图9中表示为ISENSE。仅当电流连续时，采

样的开关电流（ISENSE）才等于平均PFC电感

电流（图8）。当电流变得不连续时（图9），

ISENSE不再等于平均PFC电感电流。为了控制平

均电感电流，需推导出采样ISENSE的中间点与

开关期间的平均电感电流之间的关系，并同时适

用于CCM和DCM。
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For a boost-type converter in steady-state operation, 
the volt-second of the boost inductor maintains balance in 
each switching period:

 ( )˙˙˙˙t V t V V ,× = × −  (1)

where tA is the current rising time (PWM ON time), tB is 
the current falling time (PWM OFF time), VIN is input volt-
age, and VOUT is output voltage, assuming all power devices 
are ideal. From Figures 8 and 9, the average inductor cur-
rent (IAVE) can be calculated in terms of ISENSE:

 

A B
AVE SENSE

t t
I I ,

t

+
= ×  (2)

where t is the switching period. Combining Equations 1 
and 2 results in

 

( )AVE OUT IN
SENSE

A OUT

I t V V
I .

t V

× × −
=

×
 (3)

Through Equation 3, the average inductor current (IAVE) is 
interpreted via instantaneous switching current (ISENSE). 
IAVE is the desired current, and ISENSE is the current refer-
ence for the current-control loops. The real instantaneous 
switching currents are sensed and compared with this ref-
erence, and the error is sent to the current-control loops.

Figure 10 shows the test result of this approach. As 
shown in Figure 4, even though the two inductor currents 
have a wide variance, they almost overlap completely after 
current balancing is enabled. Meanwhile, the total AC cur-
rent remains smooth and clean.

Conclusion
Three different digital-control methods of balancing  
inductor currents have been evaluated for an interleaved 
boost PFC. By comparing the current difference and 
adjusting the duty ratio cycle-by-cycle, the current can be 
balanced very well. However, this method also injects high- 
frequency noise into the total input current. Adjusting the 
duty ratio only once in each half AC cycle eliminates the 
high-frequency noise, but each individual inductor current 
gets distorted even though the total AC current is sinusoi-
dal. A better approach is to use two current loops, with 
each controlling one phase individually. Since the two cur-
rent loops share the same current reference, the current is 
balanced automatically. With a digital controller, the cost 
for a second loop is just a few extra codes. Test results 
show that the third approach gives the best performance.
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Figure 10. Inductor currents balanced with 
UCD3138 dual control loops

对于稳态运行的升压型转换器来说，升压电感的伏秒

在每个开关期间均保持平衡：

其中，tA为电流升时间（PWM“导通”时间），tB为

电流降时间（PWM“关断”时间），VIN为输入电压，

而VOUT为输出电压，并假设所有功率器件均为理想状

况。由图8和图9，可根据 I SENSE计算出平均电感电流

（IAVE）：

其中，t为开关时间。组合方程式1和2得到：

利用方程式3，我们可以通过瞬时开关电流（ISENSE）

解释平均电感电流（IAVE）。IAVE为期望电流，而ISENSE

为电流控制环路的电流基准。检测出真实瞬时开关电

流，然后与该基准比较，最后将误差发送至电流控制

环路。

图10显示了这种方法的测试结果。如图4所示，即使两

个电感电流具有较宽的方差，在使用电流平衡以后它

们也能几乎完全重叠。同时，总AC电流保持平顺和干

净。

结论

我们对交叉式升压PFC使用的三种电感电流平衡数字

控制方法进行了评估。通过比较电流差异和逐周期调

节占空比，可以非常好地平衡电流。但是，这种方法

还给总输入电流注入了高频噪声。每个半AC周期仅调

节一次占空比消除了高频噪声，但即使总AC电流为正

弦曲线，每个单独电感电流还是失真。更好的方法是

使用两个电流环路，每个环路单独控制一个相。由于

两个电流环路共用相同的电流基准，因此电流被自动

平衡。利用一个数字控制器，第二环路的成本仅为一

些额外的代码。测试结果表明，第三方法获得了最佳

的性能。
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RS-485 failsafe biasing: Old versus  
new transceivers

It is incredible that an industrial interface standard such 
as RS-485, having been around for 30 years, still appears 
obscure to many industrial-network designers. While there 
should be plenty of literature available explaining the stan-
dard fundamentals, the Texas Instruments (TI) application 
team continues to receive basic questions on a weekly 
basis, such as how to apply failsafe biasing to an idle bus.

Failsafe biasing refers to the technique of providing a 
differential voltage to a terminated, idle bus in order to 
maintain the receiver output of a bus transceiver in a 
logic-high state. This technique is commonly required 
when legacy transceiver designs are used for designing 
bus networks.

Legacy designs such as transceiver X in Table 1 possess 
a wide input sensitivity of ±200 mV. This means that small 
input signals between +200 mV and –200 mV can turn the 
receiver output either high or low, thus making the output 
state indeterminate.

During a data transmission, the differential line voltage 
of a fully loaded bus is required to be higher than ±1.5 V, 
which is well above the transceiver’s input sensitivity. 
However, during a handover of bus access from one node 
to another, or during a transmission pause, the bus idles. 
Then the low-impedance termination resistors, connecting 
the two conductors of the differential signal pair with each 
other, cause the differential bus voltage to be 0 V, right in 
the middle of the transceiver’s input sensitivity, which pro-
duces an indeterminate output.

Therefore, to keep the receiver outputs at a logic high 
during bus idling, a positive, differential failsafe voltage 
higher than a receiver’s positive input threshold (VIT+) 
must be applied to the bus.

Table 1 shows that the theoretically required failsafe 
levels decrease with the receiver’s positive input threshold 
from one generation to the next. While transceiver X 

requires a minimum of +200 mV of failsafe biasing, trans-
ceivers Y and Z can do without it as their positive input 
thresholds are below 0 V. Unfortunately, these values 
apply only in noise-free environments such as laboratories 
or the Earth’s poles, and certainly not in the harsh envi ron-
ments of industrial factories where RS-485 networks are 
commonly installed.

Differential noise induced into the bus wires can falsely 
trigger a receiver input if the projected noise magnitude 
has not been included in the failsafe voltage calculation. 
Using a twisted-pair bus cable helps to convert noise 
induced along the cable run into common-mode noise. 
This noise is then rejected by the receiver’s differential 
input. However, cable irregularities as well as noise induced 
at the bus node connectors might contribute to differential 
noise that cannot be rejected by a receiver.

Figure 1 on the next page shows that when a noise signal 
is superimposed onto the positive input threshold levels of 
transceivers X and Y, the minimum hysteresis voltage deter-
mines at which noise level the receiver output will assume 
the wrong logic state. Table 1, in which the receiver param-
eters have been extracted from different datasheets, gives 
a minimum hysteresis level only for transceiver Z. For the 
two older transceivers, X and Y, only typical hysteresis  
values are provided. In a situation such as determining the 
minimum failsafe value for a worst-case scenario, typical 
values are meaningless. In fact, the TI application team 
has measured minimum hysteresis voltages for both  
transceivers X and Y that were nearly half the specified 
typical values.

Furthermore, there is the possibility that for a given 
transceiver the hysteresis window might be located any-
where between the positive and negative input thresholds. 
Hence, for a worst-case calculation, one must assume that 
the hysteresis window is at the uppermost positive 

By Thomas Kugelstadt
Senior Applications Engineer

Table 1. Receiver input sensitivities of first-, second-, and third-generation (X, Y, and Z) transceivers

TRANSCEIVER

POSITIVE-GOING INPUT 
THRESHOLD VOLTAGE, VIT+

(mV)

NEGATIVE-GOING INPUT 
THRESHOLD VOLTAGE, VIT–

(mV)

INPUT HYSTERESIS
VOLTAGE, VHYS

(mV)
RECEIVER OUTPUT IS  

INDETERMINATE WHENMIN TYP MAX MIN TYP MAX MIN TYP MAX

X
(SN65LBC176) 200 –200 50 –0 .2 V < VAB < 0 .2 V

Y
(SN65HVD12) –10 –200 35 –0 .2 V < VAB < 0 .01 V

Z
(SN65HVD72) –70 –20 –200 –150 50 80 –0 .2 V < VAB < 0 .07 V

RS-485故障保护偏置：老式收发器与新式收发
器对比
作者：Thomas Kugelstadt，德州仪器 (TI) 高级应用工程师

许多工业网络设计人员对已经存在了30年的工业接口标

准（例如：RS-485等）似乎仍然搞不清楚，这令人难以

置信。尽管讲解这种标准基础知识的文献有很多，但是

TI应用团队仍然每周都会收到一些基础性问题，例如：

如何把故障保护偏置应用于闲置总线。

故障保护是指为端接闲置总线提供差动电压的技术，其

目的是让总线收发器的接收机输出维持在逻辑高电平状

态。当传统收发器设计用于总线网络设计时，常常会要

求使用这种技术。

一些传统设计，例如：表1所示收发器，具有±200 mV
的宽输入敏感度。这意味着，+200 mV和-200 mV之间

的小输入信号可以让接收机输出变高或者低，从而使输

出状态变得不确定。

在数据传输期间，要求满负载总线的差动线压高于±1.5 

V，其远高于收发器的输入敏感度。但是，在总线访问

权限从一个节点移交给另一个节点期间或者传输暂停期

间，总线闲置。使两个差动信号对导体相互连接的低阻

抗端接电阻器，让差动总线电压为0V，刚好位于收发器

输入敏感度的中间，从而产生一个不确定的输出。

因此，为了使接收机输出在总线闲置期间保持逻辑高

电平，必须对总线施加一个高于接收机正输入阈值

（VIT+）的正差动故障保护电压。表1表明，收发器每

提高一代，理论要求故障保护电平便随接收机正输入阈

值改变而下降。尽管收发器X要求最低+200 mV的故障

保护偏置，但是收发器Y和Z均可在没有它的情况下工

作，因为它们的正输入阈值低于0V。不幸的是，这些

值仅运用在无噪环境下，例如：实验室或者地球的南北

极，肯定不能在恶劣的工厂环境下使用，而RS-485网络

就普遍安装在这种环境中。

差动噪声会进入总线，如果这种噪声的量级被包括在

故障保护电压计算中，则其会错误触发接收机输入。

利用一条双绞线可帮助把线缆噪声转换为共模噪声。

之后，接收机的差动输入对这种噪声进行抑制。但

是，线缆不规则性以及总线节点连接器出现的噪声，

可能会促进差动噪声的产生，而这种噪声是无法被接

收机抑制的。

下一页的图1表明，当噪声信号叠加在收发器X和Y的正

输入阈值电平上时，最小迟滞电压决定接收机输出出

现错误逻辑状态的噪声电平。表1显示了从不同产品说

明书提取的接收机参数，它仅举出了收发器Z的最小迟

滞电平。使用两个老式的收发器X和Y时，仅举出典型

的迟滞值。在某种情况下，例如：确定极端情况的最

小故障保护值，典型值没有意义。实际上，TI应用团

队同时测量了收发器X和Y的最小迟滞电压，其接近规

定典型值的一半。

表1 第一代、第二代和第三代（X、Y和Z）收发器的接收机输入敏感度
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threshold limit. Therefore, to determine a sufficiently 
high failsafe-biasing voltage, the projected peak-to-peak 
noise level must be added to the positive input threshold 
voltage: VAB(min) = VIT+ + VN(PP_max).

For a well-balanced bus with a noise level of VN(PP_max) 
= 50 mV, using transceiver X requires a differential failsafe 
voltage of VAB(min) = 200 mV + 50 mV = 250 mV (Figure 1).

Operating transceiver Y at the same noise level without 
external biasing could be risky, particularly when consid-
ering a significantly smaller minimum hysteresis than the 
nominal value. Again, adding the noise level to the positive 
input threshold provides a minimum failsafe voltage of 
VAB(min) = –10 mV + 50 mV = 40 mV.

The more modern third-generation transceiver Z can 
maintain a stable output without failsafe biasing. Its positive 

input threshold of –20 mV and the specified minimum  
hysteresis of 50 mV allow for a maximum peak-to-peak 
noise level of 140 mV, which is almost three times the 
noise immunity of legacy devices with external biasing.

If it is not possible to use modern transceivers, the cal cu-
lation methods presented in the following section can be 
used to optimize the failsafe-biasing networks required by 
legacy transceivers.

Failsafe biasing for legacy transceivers
Figure 2 shows a terminated RS-485 bus with its distrib-
uted network nodes and a failsafe-biasing network con-
sisting of two biasing resistors (RFS) and a termination 
resistor (RT1). With the majority of RS-485 applications 
being master/slave systems, the failsafe-biasing network is 

0.2 V

–0.01 V
–0.02 V

0 V 0 V
0 V

–0.2 V –0.2 V –0.2 V

–VAB –VAB –VAB

VAB

VAB VAB
VHYS(min)

VHYS(min) VHYS(min)

VN(PP_max)

VAB(min)

VAB(min)

Figure 1. The need for failsafe biasing depends on the transceiver

(a) Legacy transceiver X with  
failsafe biasing

(b) Legacy transceiver Y with  
failsafe biasing

(c) Modern transceiver Z does 
not require failsafe biasing

VS

RFS

RFS

RT1 VABZ0 RT2RINB

RINA

Figure 2. RS-485 bus with failsafe-biasing network for legacy transceivers

另外，有一种可能性是，给定收发器情况下，迟滞窗口可

能位于正输入阈值和负输入阈值之间的任何位置。因此，

进行极端情况计算时，你必须假设迟滞窗口位于最高正阈

值极限处。因此，要确定足够高的故障保护偏置电压，必

须给正输入阈值电压添加预计峰到峰噪声电平：VAB(min) = 
VIT+ + VN(PP_max)。

对于噪声电平为VN(PP_max)= 50 mV的高度平衡总线来说，使

用收发器X要求差动故障保护电压为VAB(min) = 200 mV + 50 
mV = 250 mV（图1）。

在没有外部偏置的情况下使用相同噪声电平操作收发器Y，
是一项高风险的工作，特别是在最小迟滞远小于标称值

时。另外，给正输入阈值增加噪声电平，得到最小故障保

护电压为V

AB(min) = –10 mV + 50 mV = 40 mV。

更加现代的第三代收发器Z可以在没有故障保护偏置的情

况下维持稳定的输出。它的正输入阈值为–20 mV，规定最

小迟滞为50 mV，允许最大峰到峰噪声电平为140 mV，这

几乎3倍于使用外部偏置的传统器件的抗噪性能。

如果无法使用一些现代收发器，则后面内容介绍的一些计

算方法可用于对传统收发器要求的故障保护偏置网络进行

优化。

传统收发器的故障保护偏置

图2显示了一条端接RS-485总线及其分布式网络节点，以

及由两个偏置电阻器（RFS）和一个终端电阻器（RT1）组

成的故障保护偏置网络。对于大多数作为主/从系统的RS-
485应用来说，故障保护偏置网络常常安装于总线的主

端，而另一个线缆端接收匹配典型线路阻抗（Z0）的终端

电阻器（RT2）。

图2 传统收发器的故障保护网络RS-485总线

图1 故障保护偏置需求取决于收发器
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commonly installed at the master end of the bus, 
while the other cable end receives a termination 
resistor (RT2) matching the characteristic line 
impedance (Z0).

The major drawback of failsafe biasing is its 
common-mode loading. A common-mode load is 
the resistance between a signal conductor and the 
local transceiver ground. Transceivers have a high 
common-mode load, primarily because the receiv-
er’s input-voltage divider (Figure 3) reduces the 
input signal by a factor of 10 or more.

The internal resistor network, imposing a  
common-mode load on each of the A and B bus 
terminals, can be represented by a combined input 
resistance (RIN). The total common-mode resist-
ance of an entire transceiver network then can be 
expressed through an equivalent input resistance (RINEQ) 
for both the A and the B line.

The RS-485 standard specifies a maximum common-
mode load per bus line with 375 Ω. Initially this value is 
allocated for only the bus transceivers. Implementing a 
failsafe-biasing network can consume a significant amount 
of this loading, therefore allowing only a reduced number 
of transceivers to be connected to the bus.

Figure 4 presents a lumped equivalent circuit of an 
RS-485 bus. This circuit allows the failsafe resistor values 
to be determined as a function of the required failsafe bus 
voltage (VAB), the supply voltage (VS), the common-mode 
loading caused by RFS and RINEQ, and the characteristic 
line impedance (Z0). Determining the currents into nodes 
A and B and solving for the respective line voltages (VA 
and VB) yields

( )

S A A B A B A

FS T1 T2 INEQ

S A
A INEQ A B

FS T1 T2

V V V V V V V
R R R R

V V 1 1
V R V V

R R R

− − −
= + + ⇒

 −  
= × − − × +    

for Node A, and

( )

B A B A B B

FS T1 T2 INEQ

B
B INEQ A B

T1 T2 FS

V V V V V V
R R R R

1 1 V
V R V V

R R R

− −
= + − ⇒

  
= × − × + −    

for Node B. Allowing for the difference between the two 
line voltages and assuring failsafe biasing under minimum 
supply conditions permits the required minimum failsafe 
bus voltage to be determined:

 

S(min)
AB(min)

FS

INEQ FS T1 T 2

V 1
V

R 1 1 1 1
2

R R R R

= ×
 

+ + +  

 (1)

Because RFS in combination with RINEQ makes up the 
total common-mode load for a signal line, the parallel 
value of the two must not exceed the specified maximum 
of 375 Ω, which is expressed through

 
FS INEQ

INEQ FS

1 1 1
R || R 375  or .

R R 375 
= Ω + =

Ω
 (2)

At the remote cable end, the termination resistor (RT2) 
must match the characteristic line impedance (Z0):

 
T2 0

T2 0

1 1
R Z  or .

R Z
= =  (3)

At the biasing network, the parallel combination of RT1 
and the two failsafe resistors must also match Z0:

 
T1 FS 0

T1 0 FS

1 1 1
R || 2R Z  or .

R Z 2R
= = −  (4)

Inserting Equations 2, 3, and 4 into Equation 1 then 
yields the bus failsafe voltage:

 

S(min)
AB(min)

FS
0

V
V

1 4
R 1

375 Z

=
 

+ − Ω 

 (5)
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Figure 3. Common-mode input resistance of the 
receiver section

A

B

VS

RFS

RFS

RT1 VAB
Z0 RT2

RINEQ RINEQ

Figure 4. Lumped equivalent circuit

故障保护偏置的主要缺点是其共模负载。共模

负载是信号导线和本地收发器接地之间的电

阻。收发器具有高共模负载，主要是因为接收

机的输入电压分压器（图3）把输入信号降低了

9倍以上。

内部电阻器网络在每个A和B总线端施加一个

共模负载，其可表示为组合输入电阻（RIN）。

那么，可以通过A和B线路的等效输入电阻

（RINEQ）表示整个收发器网络的总共模电阻。

RS-485标准规定每条总线的最大共模负载为

375Ω。初始，该值仅分配给总线收发器。实现

一个故障保护偏置网络会消耗大量的这种负载，因此

仅允许少数收发器连接至总线。

图4显示了一条RS-485总线的集中等效电路。可根据

规定故障保护总线电压（VAB）、电源电压（VS）、RFS

和RINEQ引起的共模负载以及特性线路阻抗（Z0），来

计算这种电路允许故障保护电阻器值。计算节点A和B
的电流，然后求解各自线压（VA和VB）得到：

就节点A而言：

就节点B而言，考虑到两个压线之间的差异，并确保故

障保护偏置在最小电源条件以下，可计算得到要求的

最小故障保护总线电压：

由于RFS与RINEQ共同组成一条信号线的总共模负载，因

此两条信号线的并联值不得超出375Ω的规定最大值，

其可表示为：

在远线缆端，终端电阻器（RT2）必须匹配特性线路阻抗

（Z0）：

在偏置网络处，RT1和两个故障保护电阻器的并联组合也

必须匹配Z0：

插入方程式2、3和4到方程式1中，得到总线故障保护电

压：

求解方程式5的RFS，得到每个故障保护电阻器的值：

图3 接收机部分的共模输入电阻

图4 集中等效电路
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Solving Equation 5 for RFS provides the value of each 
failsafe-biasing resistor:

 

S(min)
FS

AB(min)

0

V 1
R 1

V 1 4
375 Z

 
= + ×   +

Ω

 (6)

After RFS is known, RT1 can be derived from Equation 4. 
Once the failsafe network has been established, the maxi-
mum number of transceivers that can be connected to the 
bus can be determined through

 XCVR FS

12 k 1 1
n ,

UL 375 R
 Ω≤ × − Ω 

 (7)

where ULXCVR is the unit-load (UL) rating of the trans-
ceiver. A typical design procedure would be to calculate 
RFS via Equation 6 first, then determine RT1 via Equation 
4 while making RT2 = Z0. Finally, Equation 7 would be 
used to calculate the maximum number of bus transceiv-
ers possible.

The design examples in Table 2 show the typical design 
procedure. This table also highlights the differences in fail-
safe biasing between a network using 1-UL, 5-V transceiv-
ers (X) and one using 1⁄8-UL, 3.3-V transceivers (Y).

Conclusion
Failsafe biasing with the high failsafe voltages required for 
first-generation transceivers causes heavy common-mode 
loading and necessitates a reduction in bus transceiver 
count. Using second-generation transceivers with less input 
sensitivity and lower unit loading improves the situation at 
low noise levels by allowing for a high transceiver count. 
The best of both worlds, however, can be accomplished 
only with modern third-generation transceivers, such as 

TI’s 3-V SN65HVD7x family and 5-V SN65HVD8x family. 
These new transceivers have the following advantages:

• They don’t require an external bias resistor network 
that can impose heavy common-mode loading on the 
bus, reducing the number of transceivers that can be 
connected to the bus.

• Therefore they allow for up to 256 transceivers on a bus.

• They tolerate high noise levels.

• They are robust against 12-kV IEC ESD and 4-kV IEC 
burst transients.

• They are less expensive than legacy transceivers, and 
some come in much smaller packages that provide cost 
and space savings.

• The designer doesn’t have to spend time going through 
a mathematical treatise like the one in this article.
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Table 2. Examples of how failsafe biasing affects bus transceiver count

TRANSCEIVER X TRANSCEIVER Y

VS(min) = 4 .75 V, VIT+ = 200 mV, ULXCVR = 1 UL
RT2 = 120 Ω (RT2 = Z0)

VS(min) = 3 .05 V, VIT+ = –10 mV, ULXCVR = 1⁄8 UL
RT2 = 120 Ω (RT2 = Z0)

Assuming VN(PP_max) = 50 mV yields:
VAB(min) = VIT+ + VN(PP_max) = 250 mV

Assuming VN(PP_max) = 50 mV yields:
VAB(min) = VIT+ + VN(PP_max) = 40 mV

Applying Equation 6 yields:
RFS = 555 .5 Ω . Choosing the closest E192 value makes RFS = 556 Ω .

Applying Equation 6 yields:
RFS = 2 .11 kΩ . Choosing the closest E192 value makes RFS = 2 .10 kΩ .

Applying Equation 4 yields:
RT1 = 134 .5 Ω . Choosing the closest E192 value makes RT1 = 135 Ω .

Applying Equation 4 yields:
RT1 = 123 .5 Ω . Choosing the closest E192 value makes RT1 = 124 Ω .

Applying Equation 7 yields:
n = 10 transceivers

Applying Equation 7 yields:
n = 210 transceivers

知道RFS以后，RT1可从方程式4得到。一旦故障保护网

络建立起来，可连接至总线的最大收发器数量可通过

如下方法得到：

其中，ULXCVR为收发器的额定单位负载（UL）。典型

设计过程是，首先通过方程式6计算RFS，然后再通过

方程式4计算RT1，并使RT2=Z0。最后，方程式7可用于

计算可能的总收发器最大数目。

表2所示设计举例描述了这种典型的设计过程。该表还

突出显示了使用1-UL、5V收发器（X）网络与使用1⁄ 
8-UL、3.3V收发器（Y）网络之间的故障保护偏置差

异。

结论

第一代收发器要求的高故障保护电压故障保护偏置导

致大共模负载，并且必须减少总线收发器数目。使用

更小输入敏感度和更低单位负载的第二代收发器，可

通过兼顾高收发器数目来提高低噪声电平下的性能。

但是，两全其美的办法是现在的第三代收发器，例

如：TI的3V SN65HVD7x系列和5V SN65HVD8x系
列。这些新型收发器拥有如下优点：

• 它们不要求使用外部偏置电阻器网络（会给总线带

来大共模负载），从而减少了连接总线的收发器数

目。

• 它们最大允许一条总线上256个收发器。

• 它们可承受高噪声电平。

• 它们对12kV IEC ESD和4kV IEC脉冲瞬态有很强的

抵抗能力

• 它们比传统收发器更便宜，并且有些使用更小的封

装，实现成本和空间节省。

• 设计人员不必花费时间研究数学计算难题，例如：

本文中介绍的数学计算方法。
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表2 故障保护偏置影响总线收发器数目举例
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Introduction to capacitive touch- 
screen controllers

Introduction
Resistive touch screens had their heyday, but their use has 
irrefutably declined. There are clear instances where they 
are no doubt better suited for low-cost designs whose 
users must wear gloves, such as in medical, industrial, and 
military environments. But capacitive touch screens have 
gained in popularity, and the leading smartphones and  
tablets on the market today incorporate capacitive touch-
screen functionality.

Resistive versus capacitive touch screens
Both resistive and capacitive touch screens use indium tin 
oxide (ITO) sensors, but in vastly different ways. Unlike 
its resistive predecessor, which uses the mechanical action 
of human touch to connect two flexible layers of ITO 
together (Figure 1a), capacitive touch-screen control 
leverages the fact that humans are basically walking 
capacitors. Touching ITO changes the capacitive levels 
that the system can see (Figure 1b).

There are two things that give capacitive touch-screen 
control its edge to consumers:

1. A capacitive touch screen uses two layers, and in some 
cases one, of ITO. It uses a patterned sensor similar to a 
checkerboard (Figure 2), so it is possible to have only 
one full sheet covering the LCD, providing a clearer 
screen.

2. Since capacitive touch-screen control uses an electro-
capacitive method of detection, a layer of safety glass 
can be placed on top of the structure to seal it, as 
opposed to using a flexible sheet of polyurethane for a 
resistive screen. This provides consumers with a more 
durable design.

Design considerations for capacitive  
touch screens
There are three major issues facing designers of capacitive 
touch screens: power consumption, noise reduction, and 
gesture recognition. The remainder of this article takes a 
look at each of these.

Power consumption
With so many battery-powered devices in existence today, 
power consumption is one of the more critical system 
components to consider. A device like the TSC3060 from 
Texas Instruments (TI) was designed with low power in 
mind. In typical operating conditions, it consumes less 

By Eric Siegel
Business Development Manager, Touch-Screen Controllers

Figure 1. Comparison of touch-screen designs

(a) Resistive touch screen

(b) Capacitive touch screen

Figure 2. ITO rows and columns are overlaid 
to make one full sensor sheet

电容式触摸屏控制器介绍
作者：Eric Siegel，德州仪器 (TI) 触摸屏控制器业务开发经理

引言

电阻式触摸屏有过其鼎盛时期，但不可否认它们已日

薄西山。很明显，它更加适合于低成本的设计。使用

这些设计的用户必须戴手套，例如：在医疗、工业和

军事环境下。然而，电容式触摸屏却获得了普遍的使

用，今天市场上销售的主流智能手机和平板电脑都使

用了电容式触摸屏。

电阻式与电容式触摸屏比较

电阻式和电容式触摸屏都使用氧化铟锡（ ITO）传感

器，但使用方式却截然不同。电阻式触摸屏利用人体

触摸的机械作用力来连接ITO的两个柔性层（图1a），

而电容式触摸屏控制利用的是：基本上而言，人本身

就是移动的电容器。触摸ITO时，会改变系统可感知的

电容水平（图1b）。

电容式触摸屏受到消费者的青睐，主要有两个原因：

1. 电容式触摸屏使用两层TIO，有时使用一层。它利

用一个与棋盘格类似的有纹理传感器（图2），因

此它可以使用一个整片覆盖在LCD上，从而带来更

加清楚透亮的屏幕。

2. 由于电容式触摸屏控制使用电解电容方法实现检

测，安全玻璃层可放置于顶层来实现密封，这与电

阻屏的聚氨酯柔性层不同。它还给用户带来一种更

加耐用的设计。

电容式触摸屏设计考虑

电容式触摸屏的设计人员面对三大主要问题：功耗、

噪声控制与手势识别。本文后面部分将为你逐一讲

解。

功耗

今天的电池供电型设备如此之多，功耗是我们需要考

虑的关键系统问题之一。诸如 TI 的TSC3060等器件，

便是按照低功耗要求设计的。在标准工作条件下，它

的功耗小于60mA。在对触摸行为进行检测时，它的功
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than 60 mA. It can go as low as 11 µA while monitoring for 
a touch. This is at least one order of magnitude less than 
its competitors under similar operation.

Many solutions on the market were designed first as 
microcontrollers, then evolved into capacitive touch-
screen controllers. Devices created solely as capacitive 
touch-screen controllers don’t include the extra hardware 
of their predecessors that can consume extra current and 
clock cycles. Most systems already have a main central 
processor, be it a digital signal processor, a microprocessor, 
or a microcontroller unit (MCU). So why add another 
engine to a system that’s finely tuned? The TSC3060 was 
purposely designed without a microcontroller.

Noise reduction
A superlong battery life won’t matter much if the control-
ler can’t discern between actual touches and potential 
sources of crosstalk. A major source of noise in touch-
screen designs typically comes from the LCD, which is 
subject to significant trade-offs in terms of quality versus 
cost. AC common-ground LCDs are usually cheaper but 
have a higher noise level. DC common-ground LCDs have 
a DC shield on them, thus reducing the noise generated 
but increasing the cost.

One typical technique to help reduce the amount of 
noise observed by the ITO sensor and in turn the touch-
screen controller is to keep an air gap between the LCD 
and the ITO. This creates some distance between the two 
and reduces crosstalk interaction. Another way to deal with 
noise is to use filters. For example, the TSC3060 includes 
a set of programmable mixed-signal filters for noise reduc-
tion. These filters are implemented into the hardware via 
an integrated MCU. This means they will execute their 
task at hand faster than a filter in the software could. The 
faster response to real touch coordinates can also poten-
tially reduce overall system resource consumption.

Gesture recognition
The final design concern is gesture recognition. Gestures 
don’t have to be grand, complicated flourishes. A gesture is 
as simple as a single finger swipe. A system host MCU can 
easily recognize simple gestures like pinch, pull, zoom, 
rotate, and double and triple tap, and can do object rejec-
tion “in house.” Adding a specialty engine for gesture  
recognition just increases power consumption in favor of 
what is potentially only a small reduction in system MCU 
bandwidth processing. In addition, the specialty engine 
may accomplish gesture recognition by running proprietary 
algorithms that designers aren’t allowed to see. A device 
like the TSC3060 pushes this task to the host processor, 
which is already present in the system and allows design-
ers the freedom to develop their own royalty-free algo-
rithms to tweak as they see fit.

Conclusion
This article has compared some of the features and bene-
fits of resistive and capacitive touch-screen controllers 
and has explained why the latter are gaining in popularity. 
It has also presented the three main considerations in 
designing touch-screen controllers—power consumption, 
noise reduction, and gesture recognition—and has offered 
some possible solutions.

Related Web sites
To learn about TI’s full line of TouchPath™ products, visit: 
www.ti.com/touch-aaj

For design questions regarding touch systems, visit:
www.ti.com/touchforum-aaj

Subscribe to the AAJ:
www.ti.com/subscribe-aaj

耗更可低至11 µA。在相同工作状态下，它比其竞争者

至少低了一个数量级。

市场上的许多解决方案一开始都是设计为微控制器，

然后再逐渐发展为电容式触摸屏控制器。一开始就设

计为电容式触摸屏控制器的器件，没有会消耗额外电

流和时钟周期的多余硬件。大多数系统都已有一个主

中央处理器，其可以是数字信号处理器、微处理器或

者微控制器单元（MCU）。因此，为什么要给一个已

经经过精密调整的系统再增加一个引擎呢？TSC3060
为一种没有微控制器的专门设计。

噪声控制

如果控制器无法区分实际触摸和潜在干扰源，则更不

用提实现超长的电池使用时间。触摸屏的主要噪声源

通常来自LCD，其最终取决于质量和成本之间的折中

权衡。AC公共接地LCD通常更便宜，但噪声水平更

高。DC公共接地LCD拥有DC屏蔽，可以降低噪声，但

会增加成本。

可以帮助降低 ITO传感器以及触摸屏控制器可感知噪

声数量的一种典型方法是，在LCD和ITO之间保持一定

的空气间隙。这样可在两者之间留出一定的间距，从

而减少相互干扰。处理噪声的另一种方法是使用滤波

器。例如，TSC3060包含了一套可编程混合信号滤波

器，可用于降低噪声。这些滤波器通过一个集成MCU
安装到硬件中。这意味着，它们就近完成任务的速度

要比使用软件的滤波器快。对实际触摸坐标的快速响

应，还可降低总系统资源消耗。

手势识别

最后一个设计问题是手势识别。手势不一定是大幅

度、复杂的挥舞。手势可以是简单的一次手指滑动。

系统主机MCU可以轻松地识别出一些简单的手势，例

如：捏、拉、缩放、旋转以及双击和三连击等，并可

进行“内部”处理。增加一个专用引擎，可能可以降

低一点点系统MCU带宽处理负荷，但却会增加功耗。

另外，专用引擎用于完成手势识别的专有算法，设计

人员无法看到。TSC3060等器件把这种工作都推给系

统中已有的主处理器，让广大设计人员可以自由地开

发自己的免版税算法。

结论

本文对电阻式和电容式触摸屏控制器的功能和优点进

行了比较，并解释了后者越来越流行的原因。文章还

为读者介绍了设计触摸屏控制器时需注意的三个主要

考虑事项，即功耗、噪声控制与手势识别，并给出了

一些可能的解决方案。

相关网站
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重重要要声声明明
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客户应提供充分的设计与操作安全措施。

TI 不对任何 TI 专利权、版权、屏蔽作品权或其它与使用了 TI 组件或服务的组合设备、机器或流程相关的 TI 知识产权中授予 的直接或隐含权
限作出任何保证或解释。TI 所发布的与第三方产品或服务有关的信息，不能构成从 TI 获得使用这些产品或服 务的许可、授权、或认可。使用
此类信息可能需要获得第三方的专利权或其它知识产权方面的许可，或是 TI 的专利权或其它 知识产权方面的许可。

对于 TI 的产品手册或数据表中 TI 信息的重要部分，仅在没有对内容进行任何篡改且带有相关授权、条件、限制和声明的情况 下才允许进行
复制。TI 对此类篡改过的文件不承担任何责任或义务。复制第三方的信息可能需要服从额外的限制条件。
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