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The Analog Applications Journal (AAJ) 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 relate to the following applications:

• Automotive

• Industrial

• Communications

• Enterprise Systems

• Personal Electronics

AAJ 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 and learn about design tools. These 
forward-looking articles provide valuable insights into current and future 
product solutions. However, this long-running digest also gives readers 
archival access to many articles about legacy technologies and solutions that 
are the basis for today’s products. This means the AAJ can be a relevant 
research tool for a very wide range of analog products, applications and  
design tools. 

Introduction引言

《模拟应用期刊》(AAJ) 是一本模拟技术文摘，由 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、实际工程设计和详细的数学计算方法，其涉及的

应用门类如下：

  汽车

  工业

  通信

  企业系统

  个人电子产品

《模拟应用期刊》文章包括许多有用的建议和经验法则，为广大年轻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，读者还会看到软件例程和程序结构相

关内容，并且了解和学习设计工具。这些前瞻性的文章针对当前及未来的产品解决方案提供了有价

值的见解。不过，针对许多涉及了作为当今产品之基础的传统技术和解决方案的文章，这份长期出

版的精选文摘还为读者提供了档案查阅服务。这意味着 AAJ 可以作为一种适用于众多模拟产品、应

用和设计工具的关联搜索工具。

模拟应用期刊
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Ten tips for successfully designing with 
automotive EMC/EMI requirements

Introduction
The automotive industry and individual automobile manu-
facturers must meet a variety of electromagnetic compati-
bility (EMC) requirements. For example, two requirements 
are to ensure that electronic systems do not emit exces-
sive electromagnetic interference (EMI) or noise, and to 
be immune to the noise emitted by other systems. This 
article explores some of these requirements and offers 
some tips and techniques that can be used to ensure that 
equipment designs are compliant with these requirements.

Overview of the requirements for EMC
CISPR 25 is a standard that presents several test methods 
with suggested limits to evaluate the level of radiated 
emissions from a component to be installed in a vehicle.[1, 2] 
In addition to the guidance that CISPR 25 provides to 
manufacturers, most manufacturers have their own set of 
standards to augment the CISPR 25 guidelines. The 
primary purpose of CISPR 25 testing is to ensure that the 
component to be installed in the automobile will not inter-
fere with other systems within the vehicle,

CISPR 25 requires that the electromagnetic noise level 
in the room where the test is performed must be at least 
6 dB lower than the lowest levels being measured. Since 
CISPR 25 has places where it looks for levels as low as 
18 dB (µV/m), an ambient level of less than 12 dB (µV/m) 
is needed. As reference, this is approximately the field 
strength for a typical AM radio station, 1 km from the 
antenna.[3] 

In today’s environment, the only way to meet this 
requirement is to perform testing in a special chamber 
that is designed and built to shield the testing environ-
ment from outside fields. Additionally, since normal 
budgets require that the chamber be of finite size, it is 
important to protect the testing environment from reflec-
tions of signals generated within the room. Therefore, 
test-chamber walls must be lined with a material that will 
not reflect electromagnetic (EM) waves (Figure 1). Test 
chambers are expensive and typically rented by the hour. 
To save costs, it is a good idea to evaluate EMC/EMI issues 
during the design phase to achieve first-time success in 
the chamber.

Another testing standard is the ISO 11452-4 Bulk 
Current Injection (BCI) suite of tests that are used to 
verify if a component is adversely affected by narrow-band 
electromagnetic fields. Testing is done by inducing distur-
bance signals directly into the wiring harnesses with a 
current probe. 

10 tips for successful EMC testing
1. Keep loops small
When a magnetic field is present, a loop of conductive 
material acts as an antenna and converts the magnetic 
field into a current flowing around the loop. The strength 
of the current is proportional to the area of the enclosed 
loop. Therefore, as much as possible, keep loops from 
existing, and keep any required enclosed areas as small as 
possible. An example of a loop that might exist is when 
there is a differential data signal. A loop can form between 
the transmitter and the receiver with the differential lines. 

Another common loop is when two subsystems share a 
circuit, perhaps a display and an engine control unit 
(ECU) that drives the display. There is a common ground 
(GND) connection in the chassis of the vehicle—a connec-
tion to this GND at the display end and at the ECU end of 
the system. When the video signal is connected to the 
display with its own ground wire, it can create one huge 
loop within the ground plane. In some cases, a loop like 
this is unavoidable. However, by introducing an inductor 
or a ferrite bead in the connection to ground, a DC loop 
can still exist, but from an RF emissions standpoint, the 
loop is broken. 

Also, a loop is formed by every differential driver/receiver 
pair when a signal is sent over the twisted-pair cable. 
Generally, this loop has a small area for the cable portion 
of the link because the twisted-pair is tightly coupled. 
However, once the signal gets to the board, close coupling 
should be maintained to avoid opening up the loop area. 

By Mark Sauerwald
Applications Engineer, Automotive Connectivity and Ethernet

Figure 1. Typical testing chamber with special 
conical tiles to stop reflections
图 1：采用特殊的锥形瓷砖以阻止 
          反射的典型测试室
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符合汽车 EMC/EMI 要求之成功设计的十个技巧
作者：Mark Sauerwald
应用工程师，汽车连通性与以太网

引言

汽车行业及各家汽车制造商必须满足多种电磁兼容性 
(EMC) 要求。比如：其中有两项要求是确保电子系统

不会产生过多的电磁干扰 (EMI) 或噪声，以及必需能

够免受其他系统所产生之噪声的影响。本文探究了部

分此类要求，并介绍了一些可用于确保设备设计符合

这些要求的技巧和方法。

EMC 要求概述

CISPR 25 是一项标准，其提出了几种配有建议限值的

测试方法，用以对某个即将安装到汽车上的组件所产

生的辐射发射进行评估。[1，2] 除了 CISPR 25 为制造

商提供的指导之外，大多数制造商还拥有一套自己的

标准作为CISPR 25 指导准则的补充。CISPR 25 测试

的主要目的是确保即将安装到汽车中的组件不会干扰

车内的其他系统。

CISPR 25 要求执行测试的房间里的电磁噪声电平必须

至少比实测的最低电平低 6 dB。由于 CISPR 25 具有

其期待噪声电平低至 18 dB (μV/m) 的场所，因此需要

一个低于 12 dB (μV/m) 的环境噪声电平。作为参考，

这大约相当于距离天线 1 km 以外的一个典型 AM 广
播电台的场强。[3]

在当今的环境中，满足该要求的唯一办法就是在一个

专为把测试环境与外界电磁场加以屏蔽而设计和建造

的特殊房间里进行测试。此外，由于正常的预算都要

求对测试室的大小做一定的限制，故而应避免测试环

境遭受测试室内部产生的信号反射的不良影响，这一

点很重要。于是，测试室的墙壁必须镶嵌有某种不会

反射电磁 (EM) 波的材料（图 1）。测试室的造价十分

昂贵，其通常是按小时来租用的。为了节省成本，最

好是在设计阶段即对 EMC/EMI 问题进行评估，从而

在测试室中实现一次成功。

另一种测试标准是 ISO 11452-4 大电流注入 (BCI) 系
列测试，其用于验证某个组件是否受到了窄带电磁场

的不利影响。测试是通过利用一个电流探针将扰动信

号直接感应到线束中来进行的。

实现成功 EMC 测试的 10 个技巧

1.保持小的环路

当存在一个磁场时，一个由导电材料形成的环路充当

了天线，并且把磁场转换为围绕环路流动的电流。电流

的强度与闭合环路的面积成正比。因此，应尽量地避免

环路的存在，并使必要的封闭区域的面积尽可能地小。

比如，当有差分数据信号时，就可能存在一个环路。在

采用差分线路的发送器和接收器之间会形成一个环路。

另一种常见的环路出现在两个子系统共用某个电路的场

合，也许是一台显示器和负责驱动该显示器的引擎控制

电路  (ECU)。在汽车底盘中有一根公共的接地 (GND) 
线，即显示端和系统的 ECU 端至该 GND 的一根连接

线。当视频信号连接至具有其自己的接地线的显示器

时，会在接地平面的内部形成一个巨大的环路。在有些

场合中，此类环路是不可避免的。然而，通过在至地的

连接线中引入一个电感器或铁氧体磁珠，虽然 DC 环路

仍然会存在，但是从 RF 辐射的角度来看，这个环路被

断开了。

另外，当通过双绞线电缆传送信号时，每对差分驱动器 / 
接收器都将形成一个环路。一般地，由于双绞线是紧密

耦合的，因此对于链路的电缆部分而言该环路的面积很

小。不过，一旦该信号到达电路板，则应保持紧密耦合

以避免扩大环路面积。
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2. Bypass capacitors are essential
CMOS circuits are very popular, in part, because of their 
high speed and very-low power dissipation. An ideal CMOS 
circuit only dissipates power when it is changing states 
and when the node capacitances need to be charged or 
discharged. From a power-supply standpoint, a CMOS 
circuit that requires 10 mA on average may be drawing 
many times that during clock transitions, then little or no 
current between cycles. Therefore, emission-limiting tech-
niques are focused on peak voltage and current values 
rather than average. 

Current surging from the power supply to the power pin 
on a chip during clock transition is a prime source for 
emissions. By placing a bypass capacitor close to each 
power pin, the current required to supply the chip during 
the clock edge comes directly from the capacitor. Then 
the charge on the cap builds up with a lower, steadier 
current between cycles. Larger capacitors are good for 
supplying large surges of current, but tend to react poorly 
to very high-speed demands. Very small capacitors can 
react quickly to demand, but their total charge capacity is 
limited and can quickly become exhausted. The best solu-
tion for most circuits is to use a mix of different-sized 
capacitors in parallel, perhaps 1-µF and 0.01-µF capacitors 
in parallel. Place smaller size capacitors very close to the 
chip’s power pins, while larger-sized capacitors can be 
placed further away.

3. Good impedance matching minimizes EMI
When a high-speed signal is sent through a transmission 
line and it encounters a change in the characteristic 
impedance on that line, part of the signal is reflected back 
to the source of the signal and part continues along in the 
original direction. Invariably, the reflection leads to emis-
sions. For low EMI, good high-speed design practice is a 
necessity. There are a plethora of good sources for trans-
mission-line design information.[4, 5] Here are some 
suggested precautions when designing transmission lines:

• Remember that the signal exists between the ground 
plane and the signal trace. Emissions can be caused by 
an interruption in either the signal trace or the ground 
plane, so pay attention to ground plane cutouts or dis-
continuities beneath the signal trace.

• Try to avoid sharp angles on the signal trace. Nicely 
curved corners are much better than right-angle turns.

• Often times, an FPD-Link signal will have components 
tapped off of it; such as power over coaxial cable, power 
connections, AC-coupling caps, and many others. To 
minimize the reflections at the components, try to use 
small components such as 0402 size and set the width of 
the trace to be the same as the width of the 0402 com-
ponent pad. Also, be sure to set the characteristic 
impedance of the trace by controlling the dielectric 
thickness in the stackup.

4. Shielding
Don’t shortcut good shielding techniques. When designing 
to minimize emissions, put a shield around the offending 

portion of the circuit. It may still emit energy, but good 
shielding can capture the emissions and send them to 
ground before they escape from the system. Figure 2 illus-
trates how shielding can control EMI. 

Shielding can take a variety of forms. It might be as 
simple as enclosing a system in a conductive case, or it 
could involve fashioning small custom metal enclosures 
that are soldered over emission sources.

Figure 2. Example of shielding
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(a) Typical EMI problem

(b) EMI controlled with shielding

5. Short ground connections
Every bit of current that flows into a chip flows back out 
again. Several tips in this article discuss having short 
connections to the chip—bypass capacitors close to the 
IC, keeping loops small, etc. However, often forgotten is 
the path that the ground current has to take to get back to 
its source. In an ideal situation, a layer of the board is 
dedicated to ground and the path to GND is not much 
longer than a via. However, some board layouts have 
cutouts in ground planes that can force ground currents to 
take a long path from the chip back to the power source. 
While the GND current is taking this path, it is acting as 
an antenna to transmit or receive noise.

图 2：屏蔽示例

(a)典型的 EMI 问题

(b)利用屏蔽来控制 EMI
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2.旁路电容中必不可少的

CMOS 电路非常受欢迎，部分原因即在于其拥有高速度

和非常低的功率耗散。理想的 CMOS 电路仅在其改变状

态以及节点电容需要充电和放电时消耗功率。从电源的

观点来看，平均流耗为 10 mA 的 CMOS 电路在时钟转

换期间吸收的电流可能要高出许多倍，而在时钟转换周

期之间的流耗则非常低甚至为零。因此，辐射限制方法

重点关注的是电压和电流的峰值，而不是平均值。

在时钟转换过程中从电源至芯片电源引脚的电流浪涌是

一个主要的辐射源。通过在每个电源引脚的附近布设一

个旁路电容器，在时钟脉冲边沿期间为芯片供电所需的

电流将直接由该电容器提供。随后，在时钟转换周期之

间该电容器上的电荷利用一个较低、较稳定的电流来积

聚。较大的电容器适合于提供电流的激增，但对于高速

要求的反应能力欠佳。非常小的电容器能够对需求做出

快速反应，但是它们的总电荷容量有限并且很快就会耗

尽。对于大多数电路来说，最佳的解决方案是将不同大

小的电容器并联混用（也许是 1μF 和 0.01μF 电容器

的并联）。把较小的电容器布设在非常靠近器件电源引

脚的地方，而较大的电容器则可安放在距离电源引脚远

一点的地方。

3.良好的阻抗匹配可最大限度地降低 EMI

当高速信号通过一根传输线传送并在该传输线上遇到了

特征阻抗的变化时，部分信号将被反射回信号源，部分

信号将沿着原来的方向继续传送。反射将导致辐射，这

一点是不会改变的。为了实现低 EMI，必需遵循合适的

高速设计惯例。有大量上佳的资源为您提供了有关传输

线设计的信息。[4，5] 这里给出了一些在设计传输线时

建议采取的预防措施：

·请记住，在接地平面和信号走线之间存在信号。辐射可

以由信号走线或接地平面的中断所引起，因此应留意信

号走线下方的接地平面切口或中断。

·设法避免在信号走线的排布当中出现锐角。精巧弯曲的

拐角要比直角转弯好得多。

·通常，FPD-Link 信号将让组件对其进行分接；例如：

同轴电缆供电、电源连接、AC 耦合电容器，等等。为

了最大限度地减少这些组件上的反射，可尝试使用诸如 
0402 规格的小型组件，并把走线的宽度设定得与 0402 
组件焊盘的宽度相同。而且，还务必通过控制叠层中的

电介质厚度来设定走线的特征阻抗。

4.屏蔽

应采用优良的屏蔽方法，在这一点上没有捷径可走。当

以最大限度地减少辐射为目标进行设计时，需在会引发

问题的电路部分的周围实施屏蔽。虽然它仍有可能辐射能

量，但是良好的屏蔽能够捕获辐射并在它们从系统逸出之

前将其发送至地。图 2 示出了屏蔽是如何控制 EMI 的。

屏蔽可以采取多种形式。也许简单到把某个系统封闭在一

个导电外壳之中，或者，也可能是采用一个焊接在辐射源

上方的精加工的小型定制金属外壳。

5.简短的接地线

流入一颗芯片的所有电流都将再次从该芯片流出。本文中

介绍的几个技巧都谈到了这样一点，就是至芯片的连接线

必需简短，比如：旁路电容器要靠近 IC、应保持小的环

路等。然而，接地电流返回其来源所必须经由的路径则常

常被遗忘。在理想的情况下，电路板的一层是专门用于接

地的，至 GND 的路径比一个过孔长不了多少。然而，有

些电路板布局在接地平面中有切口，因而会迫使接地电流

经由一条很长的路径从芯片返回电源。当 GND 电流通过

该路径传输时，它就充当了一个发送或接收噪声的天线。
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6. No faster than needed
There is a tendency to worry about timing margins and to 
use the fastest logic possible to provide the best timing 
margins. Unfortunately, very fast logic has sharp edges 
with very high-frequency content that tends to produce 
EMI. One way to reduce the amount of system EMI is to 
use the slowest logic possible that will still meet timing 
requirements. Many FPGAs allow programming the drive 
strength at lower levels, which is one way to slow the edge 
rates. In some cases, series resistors on logic lines can be 
used to decrease the slew rates of signals in the system.

7. Supply line inductors
Tip #2 discussed bypass capacitors as a way to decrease 
the impact of current surges. Inductors on the supply lines 
are another side of the same coin. By placing an inductor 
or ferrite bead on a power-supply line, it forces the circuits 
connected to that supply to draw their dynamic power 
requirements from the bypass capacitors, rather than all 
the way back from the power source.

8. Caps at inputs to switching supplies
One recurring theme when looking to solve EMI issues is 
to reduce dv/dt and/or di/dt wherever possible. In this 
context, DC/DC converters may seem completely harmless 
until it is realized that they don’t convert directly from DC 
to DC. Rather, they go from DC to AC to DC. Hence, the 
AC in the middle has the potential to cause EMI problems. 

One area where automotive designers are concerned 
about creating interference is in the AM radio band. Most 
every automobile is equipped with an AM radio, which has 
a very sensitive, high-gain amplifier tunable from 500 kHz 
to 1.5 MHz. If a component is emitting a signal within this 
band, it will probably be audible on the AM radio. Many 
switching power supplies use switching frequencies within 
this same band, which leads to issues in automotive appli-
cations. As a result, most automotive-switching supplies 
use switching frequencies that are above this band—often 
at 2 MHz or higher. If there is insufficient filtering either at 
the input or the output of a switching power supply, some 
of this switching noise may find its way into other subsys-
tems that may be sensitive to the root or subharmonic 
frequencies. 

9. Watch for resonances
For various sources of interference, inductors and capaci-
tors have been prescribed to tame the dv/dt and di/dt evils 
that can lead to EMI. However, inductors and/or capacitors 
can have undesirable characteristics related to self reso-
nance. This problem can often be rectified by adding a 
resistor in parallel to the inductor to absorb the energy of 
the oscillation before it becomes big enough to cause 
issues. Another potential issue is when there is a series 
inductor, either a discrete component or a parasitic induc-
tance from a power line, that leads to a component with a 
bypass capacitor. The resulting L-C circuit has the poten-
tial to oscillate at the resonant frequency. Once again, this 
can be tamed with a resistor, often placed in parallel with 
the inductor.

10. Spread-spectrum clocking reduces peak emissions
With components such as FPD-Link serializers and deseri-
alizers (SerDes), there is often a data bus and clock that 
have the option of spread-spectrum clocking. In spread-
spectrum clocking, the clock signal is modulated. The 
result is that energy generated by the edges of the clock 
and data signals is spread across a wider frequency band 
than it would otherwise occupy. Since EMI specifications 
are set to limit peak emissions at any frequency within a 
band, spreading noise across a wider band can help to 
minimize the noise peaks . 

A good example of a deserializer is the DS90UB914A-Q1, 
which is often used in conjunction with the DS90UB913A-Q1 
serializer. These devices are used to provide a video link 
between a camera in an advanced driver assistance system 
(ADAS) and the processor. The deserializer recovers the 
clock that the image sensor in the camera provided to the 
serializer and outputs this clock along with the data for 
use by the processor. Ten or 12 high-speed data lines that 
transition concurrently with a high-speed clock are a 
prime source of EMI. To mitigate this EMI, the DS90UB914A 
has an option to use a spread-spectrum clock with the 
output data, rather than the lower-jitter clock that the 
image sensor provides. The spread-spectrum clock is 
controlled through registers in the deserializer.

Conclusion
As automobiles rely more on electronics for critical vehicle 
operation in addition to entertainment and comfort func-
tions, there is a growing need to operate without error in 
the presence of interference and to not provide interfer-
ence to other systems within the vehicle. By following the 
tips and techniques outlined in this article, and through 
selection of appropriate components, engineers are able to 
design robust systems that enable automotive systems to 
operate reliability without EMI problems.
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6.速度不要超过所需的水平

业界有这样一种倾向，就是担心时序裕度并采用尽可能

快的逻辑器件来提供最佳的时序裕度。不幸的是，非常

快的逻辑器件具有陡峭的脉冲边沿和甚高频成分，往往

会产生 EMI。降低系统 EMI 量的一种方法是使用速度尽

可能低但仍将满足时序要求的逻辑器件。许多 FPGA 允
许把驱动强度设置在较低的水平，这是一种降低边缘速

率的方法。在某些场合中，可采用逻辑线上的串联电阻

器来减低系统中的信号转换速率。

7.电源线电感器

在第二个技巧中我们讨论了，可以将旁路电容器用作降

低电流浪涌影响的手段。电源线上的电感器则是同一个

问题的另一个方面。通过在电源线上布设电感器或铁氧

体磁珠，将强制连接至该电源的电路从电容器（而不是

大老远地从电源）来满足其动态功率需求。

8.在开关电源的输入端上布设电容器

在寻求解决 EMI 问题时，一个反复出现的主题是在可能

的情况下降低 dv/dt 和 / 或 di/dt。关于这一点，DC/DC 
转换器也许看似完全没有危害，直到人们意识到其并非

直接完成从 DC 至 DC 的转换，而是从 DC 至 AC 再到 
DC。因此，处在转换中间阶段的 AC 有可能引起 EMI 问
题。

汽车设计人员担心产生干扰的地方在于  AM 无线电波

段。绝大多数汽车都配备了一台 AM 收音机，其具有一

个可调谐频率范围为 500 kHz 至 1.5 MHz 的非常灵敏的

高增益放大器。如果某个组件发射了处在该频段之内的

信号，将很有可能在 AM 收音机里听到。许多开关电源

所采用的开关频率就位于此频段内，从而在汽车应用中

导致问题的发生。因此，大多数汽车开关电源都采用高

于该频段的开关频率 － 通常是在 2MHz 或者更高。假如

在开关电源的输入端或输出端上未提供充分的滤波，那

么部分此类开关噪声就会进入其他也许对基频或次谐波

频率很敏感的子系统。

9.密切注意谐振

对于各种不同的干扰源，已规定利用电感器和电容器来

缓解有可能导致 EMI 的 dv/dt 和 di/dt 问题。然而，电

感器和 / 或电容器会具有与自谐振有关的不良特性。这个

问题常常可以通过增设一个与电感器并联的电阻器来纠

正，该电阻器可吸收振荡所产生的能量，从而避免其变

大到足以引发问题的地步。当存在一个通向某个带有旁

路电容器的组件的串联电感器（一个分立的组件或者一

个源自电源线的寄生电感）时，就会引发另一个潜在的

问题。由此形成的 L-C 电路有可能在谐振频率上振荡。同

样，这个问题也可以利用一个电阻器（通常是与该电感

器并联）加以解决。

10. 扩频计时可降低峰值辐射

对于 FPD-Link 串化器或解串器 (SerDes) 等组件而言，

常常存在一个具有扩频计时选项的数据总线和时钟。

在扩频计时中，对时钟信号进行调制。结果是把由时

钟和数据信号脉冲边沿产生的能量散布在比其必需占

用的频段更宽的频率范围内。由于 EMI 规范被设置为

限制某个频段内的任何频率上的峰值辐射，因此把噪

声散播在较宽的频段内可帮助大幅减少噪声峰值。

DS90UB914A-Q1 是一个很好的解串器实例，它常常

与 DS90UB913A-Q1串化器一起使用。这些器件用于

在先进驾驶辅助系统 (ADAS) 中的摄像机和处理器之

间提供视频链接。该解串器负责恢复摄像机中的图像

传感器提供给串化器的时钟，并将该时钟与数据一起

输出以供处理器使用。与一个高速时钟同时执行转换

操作的 10 或 12 根高速数据线是引发 EMI 的一个主

要来源。为了降低该 EMI，DS90UB914A 具有一种

使用扩频时钟和输出数据（而不是图像传感器提供的

低抖动时钟）的选项。该扩频时钟通过解串器中的寄

存器来控制。 

结论

由于汽车越来越多地依赖电子产品来实现不限于娱乐

和舒适功能的关键型汽车运转，因此对于在存在干扰

的情况下执行无差错操作以及不对车内的其他系统产

生干扰的需求日渐攀升。通过遵循本文所概述的技巧

和方法，以及选择合适的组件，工程师们就可以设计

稳健型系统，从而使汽车系统能够不受 EMI 问题的干

扰而可靠地工作。
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Introduction
With mobile processors in wireless devices operating in 
the gigahertz range, there is increasing consumer demand 
for higher performance, longer battery life, smaller size, 
and lower cost. Therefore, the design of power manage-
ment circuits is becoming an increasingly complex issue. 
Low dropout regulators (LDOs) and switching regulators 
are indispensable components in portable systems with 
standalone regulators and power management units 
(PMUs). As high-speed and portable communications 
devices employ regulators that require faster response 
time, it is necessary to rigorously validate regulator perfor-
mance and merits in order to ensure reliable power 
management products. Key performance parameters 
include line transient, load transient, startup, load and line 
regulation, and several others. To have a complete analysis 
of these parameters, it is necessary to have state-of-the-
art tools for the hardware test platform and mature meth-
odology. These tools allow accurate and high sample rates 
for parameter characterization in addition to supporting 
automation techniques that speeds up testing and ensures 
repeatable results. 

Implementing high-edge-rate and reusable test 
apparatus 
For an accurate assessment of the key parameters of a 
regulator, it is necessary to generate steps in line voltage 
and load current that are fast with respect to the regula-
tor’s control-loop response time. Lab equipment and many 
commercial instruments that use operational amplifiers 
(op amps), passive components, and large driver chains 
can limit the rise and fall times of the stimulus signals with 
large excursions. To obtain high-speed edge rates for load 
transients (>> 1 A/µs) and line transients (>> 0.1 V/µs, 
with input caps), practically no off-the-shelf products are 
available. 

It is possible for a slow-transient stimulus to make a 
poor regulator look good. In response, incremental 
research and development (R&D) led to simpler designs 
that are low in parasitic L and C, which can be readily 
built and duplicated for use in design and application labs. 
Setting up a respectable test jig is half the solution. To 
achieve optimal response, the device under test (DUT) 
must be properly wired or socketed onto the printed 

Transient-testing platforms and automation 
techniques for LDOs and buck regulators
By Kern Wong
Principal Design Application Engineer, Mobile Lighting and Power

circuit board (PCB). Also important is proper selection of 
optimal ground and supply conduits, bypassing, charge 
reservoirs, and external support components. After all, it 
is the merits of the DUT that should be ascertained, not 
the parasitic or the unwanted effects from improper 
components and physical layout. 

Preamble on test hardware challenges and 
limitations 
In a load-transient test, the regulator’s input is powered by 
a constant voltage source and the output is rapidly 
switched to a greater resistive load or current sink. A line-
transient test is similar in that a line-voltage step is rapidly 
injected at the regulator input while its output is 
supported with a constant load. Figure 1 shows a typical 
test setup for transient testing. The setup is relatively 
modularized for ease of assembly and the long cable 
lengths were adequate for legacy technology. However, 
this setup is not satisfactory for today’s requirement 
because of parasitics, ground loops, and higher voltages 
and currents.

Figure 1. Antiquated setup for transient testing

A. Emitter followers and pulse generator create VIN step 
voltage during line transient tests.
B. Device under test (DUT) is an LDO evaluation board 
(EVB).
C. PCB for NMOS transient load switch. A constant load 
is applied during line transient tests.

A

B C

AAJ 2015 年第三季度德州仪器

模拟应用期刊 工业

图 1：用于瞬变测试的陈旧设置

面向 LDO 和降压型稳压器的瞬变测试平台 
和自动化方法
作者：Kern Wong
首席设计应用工程师，移动照明与电源

引言

随着无线设备中的移动处理器的工作频率达到千兆赫兹 
(GMz) 级，消费者对于更高性能、更长电池寿命、更小

尺寸及更低成本的需求不断地增长。因此，电源管理电

路的设计正逐渐成为一个日益复杂的问题。在具有独立

型稳压器和电源管理单元 (PMU) 的便携式系统中，低

压降稳压器 (LDO) 和开关稳压器是不可或缺的组件。由

于高速和便携式通信设备采用了要求较快响应时间的稳

压器，因此有必要严格地验证稳压器的性能和优劣以确

保打造可靠的电源管理产品。主要的性能参数包括线路

电压瞬变、负载瞬变、启动、负载和线路电压调节，等

等。为了完整地分析这些参数，必需拥有用于硬件测试

平台的尖端工具和成熟的方法。除了支持能够加速测试

和确保可重复结果的自动化方法之外，这些工具还可提

供用于参数特性分析的准确而且很高的采样速率。

实现高边缘速率和可重用的测试装置

为了准确地评估稳压器的主要参数，有必要在线路电压

和负载电流中生成快速（相对于稳压器的控制环路响应

时间）阶跃。实验室设备和许多采用了运算放大器（运

放）、无源组件和大型驱动器链路的商用仪器能够限制

具有大摆幅的激励脉冲信号的上升和下降时间。如欲获

得针对负载瞬变 (＞＞1 A/μs) 和线路电压瞬变（＞＞

0.1 V/μs，采用了输入电容器）的高速边缘速率，市场

上几乎没有现成的产品。

慢瞬变激励脉冲信号有可能让一个性能不佳的稳压器看

起来还不错。为此，人们通过持续不断的研发 (R & D) 
活动造就了寄生电感 (L) 和电容 (C) 很低的简单设计，

此类设计可以容易地创建和复制以在设计和应用实验室

里使用。一旦建立了上乘的测试夹具 (test jig)，便可以

说解决方案完成了一半。为了实现最优的响应性能，被

测器件 (DUT) 必须正确地布线或插入印刷电路板 (PCB) 
上的插座中。另外，应正确地选择最优的接地和电源电

路、旁路、电荷储存器和外部支持组件，这一点也是很

重要的。归根结底，应该确定的是 DUT 的优劣，而不是

由于不当的组件选择或物理布局所造成的寄生效应或不

良影响。

有关测试硬件挑战和局限性的导言

在负载瞬变测试中，稳压器的输入由一个恒定的电压电

源来供电，而且输出被快速地切换至一个较大的阻性负

载或电流吸收器。线路电压瞬变测试与之相似，因为在

稳压器的输入端上快速地注入了一个线路电压阶跃，而

其输出则利用一个恒定的负载来支持。图  1 示出了一

种用于瞬变测试的典型测试设置。该设置的模块化程度

相对较高（旨在简化装配），而且电缆很长（足以适合

采用老式技术的需要）。然而，由于寄生效应、接地环

路、以及电压和电流较高的原因，这种设置对于当今的

要求而言并不让人满意。

A.射极跟随器和脉冲发生器在线路电压瞬变测试期间产生 
VIN 阶跃电压。

B.被测器件 (DUT) 是一块 LDO 评估板 (EVB)。

C.用于 NMOS 瞬态负载开关的 PCB。在线路电压瞬变测试
期间施加了一个恒定的负载。
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Test-jig parasitics and automation 
A transient-testing program for semi-automated testing 
was initiated in January of 2013 for PMUs and regulators. 
A universal regulator test bed was conceived and 
constructed to verify its merits. Figures 2 and 3 show an 
LDO regulator test jig that can accommodate an evalua-
tion board (EVB) via machined socket pins for semi- 
automated testing. The schematic is shown in Figure 4.

Figure 2. Transient test jig with  
LDO EVB (blue PCB)

Figure 4. Schematic for the LDO test jig
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Figure 3. Back side of LDO test jig

A. NFET load step switch (under resistors).
B. Relays to select load.
C. NPN follower.
D. 48-mA relay drivers.

A
B

C

D

图 2：带 LDO EVM（蓝色PCB）
的瞬变测试夹具

图 3：LDO 测试夹具的背面

图 4：LDO 测试夹具的电路原理图
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测试夹具寄生效应和自动化

2013 年 1 月，启动了一项旨在实现 PMU 和稳压器的半

自动化测试的瞬变测试计划。一款通用的稳压器试验台

已经设计和构建完成，用以验证其优劣。图 2 和图 3 示
出了一款 LDO 稳压器测试夹具，其能够通过机加工的插

座引脚来容纳一块评估板 (EVM)，以实现半自动化的测

试。电路原理图示于图 4。

A.NFET 负载阶跃开关（在电阻器的下方）。

B.用于选择负载的继电器。

C.NPN 跟随器。

D.48 mA 继电器驱动器。
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Figures 5 through 7 show a similar transient test jig and 
schematic for a buck regulator.

Figure 7. Schematic for the buck regulator test jig

Figure 5. Transient test jig and 
buck-regulator EVB (green PCB)

Figure 6. Back side of buck-regulator test jig

A. NFET load step switch (under resistors).
B. NPN follower for line step.
C. 48-mA relay drivers.
D. Relays to select load.
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图 7：降压型稳压器测试夹具的电路原理图

图 5：瞬变测试夹具和降压型
稳压器 EVB（绿色PCB）

图 6：降压型稳压器测试夹具的背面
图 5～7 示出了用于降压型稳压器的一款相似的瞬变测试

夹具和原理图。

A.NFET 负载阶跃开关（在电阻器的下方）。

B.用于线路电压阶跃的 NPN 跟随器。

C.48 mA 继电器驱动器。

D.用于选择负载的继电器。
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Further enhancements
The test jigs were successful in achieving the design goals 
in that they significantly reduced parasitics and current 
loops, thus enabling faster edge-rate stimulus for validat-
ing targeted products. In June of 2013, a follow-up 
enhanced design for a higher-performance, integrated 
transient test jig. This jig is capable of accommodating 
today’s high-bandwidth and fast-edge-rate products and 
future generations. 

As shown in Figure 8, the enhanced jig was designed 
with a circular PCB configuration and can either adapt an 
EVB of a DUT for maximum flexibility. An alternate DUT 
layout is to solder it on the PCB for optimal performance. 
Radio frequency (RF) plumbing was used on the board 
and PCB traces were matched and impedance controlled. 
The jig also provides a rechargeable battery pack that 
provides clean and quiet power to the DUT for low-noise 
applications. 

Figure 8. Enhanced test jig with 
resistive loads on board

Figure 9. Temperature-cycling test jig with 
personality PCB for PMUs

Architecture and automated test flow
A block diagram of the test environment for the auto-
mated test platform is shown in Figure 10.

The supply block provides all the voltage inputs and the 
line-transient input to the DUT. The load block provides 
multiple resistive loads that are controlled with relays. The 
control block is responsible for interfacing with the DUT 
and also for changing the supply and load settings. The 
measurement block is responsible for measuring the input 
and output voltages and currents.

Figure 10. Generic test environment

Control

Measurement

DUTSupply Load

For more extreme test requirements, the jig was rede-
signed to interface with temperature-cycling, air-stream 
systems that can be sealed air tight with no leakage, which 
will avoid icing at extreme temperatures. The result is the 
castle-shaped metal housing structure shown in Figure 9 
that supports a personality card PCB for the EVB. An 
alternative could be a circular PCB with a direct on-board 
DUT mount. Also, a high-temperature transparent plastic 
adapter was included to interface to a temp-cycling 
housing.

图 8：在电路板上具有阻性负载
的改进型测试夹具

图 9：具有用于 PMU 的专用 
PCB 的温度循环测试夹具

图 10：一般的测试环境
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进一步的改进

上面介绍的测试夹具在实现设计目标方面是很成功的，

因为它们显著地抑制了寄生效应并缩小了电流环路，从

而实现了用于验证目标产品的较快边缘速率激励脉冲。

2013 年 6 月，进行了一项旨在打造更高性能的集成型瞬

变测试夹具的后续改进型设计。该平台能够适应当今的

高带宽和快速边缘速率产品以及未来的产品系列。

如图 8 所示，改进的测试夹具的设计采用一种圆形 PCB 
配置，而且还可以适应 DUT 的 EVB 以提供最大的灵活

性。一种可供替换的 DUT 布局是将其焊接在 PCB 上以

实现最优的性能。在电路板上使用了射频 (RF) 波导设

备，而且 PCB 走线是匹配和阻抗受控的。另外，该测试

夹具还提供了一个可再充电电池组，此电池组可为 DUT 
提供干净和安静的电源以满足低噪声应用的需要。

对于更加极端的测试要求，重新设计了测试夹具以便与

可实施气密密封（无泄漏）的温度循环、气流系统相

连，从而将避免在极端温度条件下出现结冰。改进的结

果是图 9 所示的城堡型金属外壳结构，其支持一种用于 
EVB 的专用插件 PCB。一种替代方案可以是把 DUT 直
接安装在电路板上的圆形 PCB。另外，还包括了一个耐

高温的透明塑料适配器以连接至温度循环外壳。

架构及自动化测试流程

用于自动化测试平台的测试环境的方框图示于图 10。

电源功能块用于提供至 DUT 的所有电压输入和线路电压

瞬态输入。负载功能块提供了多个利用继电器控制的阻

性负载。控制功能块负责与 DUT 的连接以及更改电源

和负载设置。测量功能块负责测量输入和输出电压及电

流。
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LDO test jig
Based on the jig schematic in Figure 4, the line-transient 
input is connected to a function generator to provide the 
line transient input to the LDO. Since the function genera-
tor cannot source a lot of current, an emitter follower is 
used to increase the current being sourced to the input. A 
9-W resistor is connected at the output of the emitter 
follower circuit to provide fast discharge of the input 
capacitor during the fall time of the input line transient. 

For tests that do not require a line transient, a constant 
DC voltage is provided through the line transient input, 
which is connected to the input of the LDO. The enable 
(EN) input is available to provide a pulse for the startup 
test using a function generator. In other test cases, the 
enable pin is supplied with a constant DC voltage for 
regular enable operation. The load-transient input is also 
controlled by a function generator that switches the 
NMOSFET continuously for a load-transient test. There is 
a base load (1-mA load for the LDO), which is always 
connected to the output of the LDO. However, it can be 
disconnected, if required. Three other resistive loads are 
controlled by using three relays. In turn, these relays are 
controlled via a computer through a USB relay controller.

Buck test jig
The system architecture of the buck-regulator test jig 
shown in Figure 7 is virtually the same as for the LDO jig. 
The only major change is the addition of three new relays. 
These were added because of the complicated nature of 
the load-transient tests for a buck IC. Unlike a LDO, load 
transients consist of different base current for load- 
transient testing. For example, for a LDO, the load tran-
sients required are 1 mA to 20 mA, 1 mA to 100 mA and 1 
mA to 250 mA. However, for a buck, the various load-tran-
sient tests require 1 mA to 50 mA, 50 mA to 400 mA, 200 
mA to 400 mA, and 0.6 A to 1 A. Hence, there are addi-
tional relays. The PCB design has some other changes. 
The buck is a switching regulator, thus, there is an addi-
tional switching pin to probe. This pin is isolated from 
other parts of the board by creating 20-mm segregation on 
both sides of this trace and pin. The tests for the buck test 
platform are exactly the same as for the LDO platform.

PCB design and issues
There are two major concerns on the layout of the rede-
signed automation test platform for high-performance vali-
dation. The first concern is maintaining high edge rates 
and signal integrity of the stimuli. The test setup is 
designed to produce fast line and load transients for the 
DUT. However, impedance mismatches and cross-talk 
between traces can significantly affect these high-speed 
lines. The second concern is voltage drops in power lines 
caused by attenuation from long traces. Hence, proper 
PCB design following good RF techniques is required. 
Also, it is necessary to measure a signal as close to its 
origin as possible to mitigate voltage drop or parasitic 
effects. 

Lab equipment deployed
For line/load-transient and startup testing, the test plat-
form includes a programmable power supply, three func-
tion generators, one oscilloscope, and a test jig. The power 
supply is used to provide power to the test circuitry 
required to carry out line- and load-transient testing. The 
power supply is also used to power the enable pin of the 
DUT and the relay driver chip, which allows the user to 
select different loads for a particular test. The function 
generators are used for generating pulse waveforms (using 
the arbitrary function waveform) for the line-transient 
step, load-transient step, and to pulse the enable pin.

The oscilloscope measures the input and output volt-
ages and currents. The test platform is also used to 
observe the enable pin for the startup test. Designed as a 
plug-and-play test platform where the DUT needs to be 
installed on the test jig, this architecture methodology 
allows the reuse of the platform for different DUTs. The 
test setup relies on instruments that are controlled by a 
laptop running LabVIEW® software and connected via a 
general purpose interface bus (GPIB). All instruments, 
except for the oscilloscope, are daisy chained using GPIB 
cables that are connected to the laptop using a USB to 
GPIB cable. The oscilloscope is directly connected to the 
laptop with a USB cable. BNC to SMA cables are used to 
measure or probe all the signals.

LabVIEW tool (LVT) for test automation
Visual basic routines for virtual instruments (VIs) are 
written to automate the transient tests. These tests 
consist of three blocks. The first block of the LVT test 
selects the loads for the test. The second block includes 
the feedback correction loop that continuously measures 
the rise and fall times of the input-transient stimulus and 
corrects for the output of the function generator until the 
correct rise and fall times are measured by the oscillo-
scope. The third block of the LVT test captures a screen-
shot of the output and input voltage once the feedback is 
completed. It also obtains the measured rise and fall times 
and the maximum and minimum output voltages. The LVT 
obtains the minimum, maximum and mean of all the 
parameters directly from the scope. It also calculates the 
average of the maximum and minimum value measured. 
The LVT then populates a matrix of measurements and 
graphs that are displayed on the front panel. These 
measurements are also written to a text file in the Text 
Files folder. The screen shots are saved to a pen drive 
inserted into the oscilloscope. The name of these files are 
decided based on the kind of load and edge-rate setting. 
However, the names can be changed in the block diagram 
of the LVT. 

LDO 测试夹具

根据图 4 中的测试夹具原理图，线路电压瞬态输入被连

接至一个信号函数发生器，以给 LDO 提供线路电压瞬态

输入。由于该信号函数发生器不能提供大量的电流，故

而使用了一个射极跟随器来增加供应至输入端的电流。

在射极跟随器电路的输出端上连接了一个 9Ω 电阻器，

用以在输入线路电压瞬变的下降时间里提供输入电容器

的快速放电。

对于那些不需要线路电压瞬变的测试，则通过线路电压

瞬态输入提供一个恒定的 DC 电压，其连接至 LDO 的输

入。启用 (EN) 输入可用于借助一个函数发生器来提供用

于启动测试的脉冲。在其他测试场合中，给 EN 引脚施

加一个恒定的 DC 电压以执行常规的启用操作。负载瞬

变输入也受控于一个函数发生器，该函数发生器在负载

瞬变测试期间对 NMOSFET 实施持续的开关切换。有一

个基本负载（对于 LDO 为 1 mA 负载），其始终连接至 
LDO 的输出端。不过，如果需要可将其断连。其他三个

阻性负载则采用三个继电器来控制。接着，利用计算机

通过一个 USB 继电器控制器来控制这三个继电器。

降压型稳压器测试夹具

示于图  7 的降压型稳压器测试夹具的系统架构与用于 
LDO 的测试夹具几乎相同。仅有的重大变更是增设了

三个新的继电器。之所以增添这些继电器，原因在于降

压型 IC 负载瞬变测试的复杂特性。与 LDO 不同，负载

瞬变包括了用于负载瞬变测试的不同基础电流。例如，

对于 LDO 来说，所需的负载瞬变为 1 mA 至 20 mA、

1 mA 至 100 mA 和 1 mA 至 250 mA。然而对于降压

型稳压器而言，各种负载瞬变测试则需要 1 mA 至 50 
mA、50 mA 至 400 mA、200 mA 至 400 mA 和 0.6 A
至 1 A。于是，增加了额外的继电器。PCB 设计具有某

些其他的变更。降压型稳压器是一款开关稳压器，因此

有一个需要探测的额外开关引脚。通过在该走线和引脚

的两侧建立 20 mm 的隔离区，可将此引脚与电路板的

其他部件隔离开来。针对降压型稳压器测试平台的测试

与针对 LDO 平台的测试是完全相同的。

PCB 设计和问题

关于重新设计的用于高性能验证的自动化测试平台的布

局，有两个主要的关注点。第一个关注点是维持激励脉

冲的高边缘速率和信号完整性。测试设置是专为产生用

于 DUT 的快速线路电压和负载瞬变而设计的。然而，走

线之间的阻抗失配和串扰会显著地影响这些高速线路。

第二个关注点是由源自长走线的衰减在电源线中引起

的电压降。因此，必需按照合适的 RF 方法进行正确的 
PCB 设计。另外，很有必要在尽可能靠近信号源的地方

测量信号，以减少电压降或抑制寄生效应。

部署的实验室设备

对于线路电压 / 负载瞬变和启动测试，测试平台包括了

一个可编程电源、三个函数发生器、一个示波器和一个

测试夹具。电源用于提供测试电路执行线路电压和负载

瞬变测试所需的功率。另外，电源还用于给 DUT 的继电

器驱动器芯片的启用引脚供电，从而允许用户针对某种

特定的测试来选择不同的负载。函数发生器用于生成线

路电压瞬变阶跃、负载瞬变阶跃的脉冲波形（采用任意

函数波形），以及给启用引脚施加脉冲。

示波器负责测量输入和输出电压及电流。测试平台还用

于观察启用引脚以进行启动测试。该架构方法被设计为

一款即插即用型测试平台（DUT 必需安装在测试夹具

上），其可针对不同的 DUT实现该平台的重复使用。此

测试设置依赖受控于一台运行 LabVIEW® 软件的笔记本

电脑并通过一根通用接口总线 (GPIB) 连接的仪器。所有

的仪表（示波器除外）均采用 GPIB 电缆进行菊链式连

接（使用一根 USB 至 GPIB 电缆连接至笔记本电脑）。

示波器利用一根 USB 电缆直接连接至笔记本电脑。BNC 
至 SMA 电缆用于测量或探测所有的信号。

用于实现测试自动化的 LabVIEW 工具 (LVT)
写入了用于虚拟仪器 (VI) 的 Visual Basic 例程以实现瞬

变测试的自动化。这些测试包括三个功能块。LVT 测试

的第一个功能块负责选择用于测试的负载。第二个功能

块包含了反馈校正环路，其持续地测量输入瞬变激励脉

冲的上升和下降时间，并校正函数发生器的输出，直到

示波器测量到正确的上升和下降时间为止。LVT 测试的

第三个功能块负责在反馈结束后立即捕获输出和输入电

压的屏幕截图。另外，它还用于获取实测的上升和下降

时间以及最大和最小输出电压。LVT 直接从示波器获得

所有参数的最小值、最大值和平均值。其还计算实测最

大值和最小值的平均值。LVT 随后填充显示在前面板上

的测量结果矩阵和图表。这些测量结果还被写入“Text 
Files”文件夹中的一个文本文件。屏幕截图被保存到一

个插入示波器的笔式驱动器中。这些文件的名称根据负

载的类型和边缘速率设置来决定。不过，文件的名称在 
LVT 的方框图中可以更改。
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LDO test jig
Based on the jig schematic in Figure 4, the line-transient 
input is connected to a function generator to provide the 
line transient input to the LDO. Since the function genera-
tor cannot source a lot of current, an emitter follower is 
used to increase the current being sourced to the input. A 
9-W resistor is connected at the output of the emitter 
follower circuit to provide fast discharge of the input 
capacitor during the fall time of the input line transient. 

For tests that do not require a line transient, a constant 
DC voltage is provided through the line transient input, 
which is connected to the input of the LDO. The enable 
(EN) input is available to provide a pulse for the startup 
test using a function generator. In other test cases, the 
enable pin is supplied with a constant DC voltage for 
regular enable operation. The load-transient input is also 
controlled by a function generator that switches the 
NMOSFET continuously for a load-transient test. There is 
a base load (1-mA load for the LDO), which is always 
connected to the output of the LDO. However, it can be 
disconnected, if required. Three other resistive loads are 
controlled by using three relays. In turn, these relays are 
controlled via a computer through a USB relay controller.

Buck test jig
The system architecture of the buck-regulator test jig 
shown in Figure 7 is virtually the same as for the LDO jig. 
The only major change is the addition of three new relays. 
These were added because of the complicated nature of 
the load-transient tests for a buck IC. Unlike a LDO, load 
transients consist of different base current for load- 
transient testing. For example, for a LDO, the load tran-
sients required are 1 mA to 20 mA, 1 mA to 100 mA and 1 
mA to 250 mA. However, for a buck, the various load-tran-
sient tests require 1 mA to 50 mA, 50 mA to 400 mA, 200 
mA to 400 mA, and 0.6 A to 1 A. Hence, there are addi-
tional relays. The PCB design has some other changes. 
The buck is a switching regulator, thus, there is an addi-
tional switching pin to probe. This pin is isolated from 
other parts of the board by creating 20-mm segregation on 
both sides of this trace and pin. The tests for the buck test 
platform are exactly the same as for the LDO platform.

PCB design and issues
There are two major concerns on the layout of the rede-
signed automation test platform for high-performance vali-
dation. The first concern is maintaining high edge rates 
and signal integrity of the stimuli. The test setup is 
designed to produce fast line and load transients for the 
DUT. However, impedance mismatches and cross-talk 
between traces can significantly affect these high-speed 
lines. The second concern is voltage drops in power lines 
caused by attenuation from long traces. Hence, proper 
PCB design following good RF techniques is required. 
Also, it is necessary to measure a signal as close to its 
origin as possible to mitigate voltage drop or parasitic 
effects. 

Lab equipment deployed
For line/load-transient and startup testing, the test plat-
form includes a programmable power supply, three func-
tion generators, one oscilloscope, and a test jig. The power 
supply is used to provide power to the test circuitry 
required to carry out line- and load-transient testing. The 
power supply is also used to power the enable pin of the 
DUT and the relay driver chip, which allows the user to 
select different loads for a particular test. The function 
generators are used for generating pulse waveforms (using 
the arbitrary function waveform) for the line-transient 
step, load-transient step, and to pulse the enable pin.

The oscilloscope measures the input and output volt-
ages and currents. The test platform is also used to 
observe the enable pin for the startup test. Designed as a 
plug-and-play test platform where the DUT needs to be 
installed on the test jig, this architecture methodology 
allows the reuse of the platform for different DUTs. The 
test setup relies on instruments that are controlled by a 
laptop running LabVIEW® software and connected via a 
general purpose interface bus (GPIB). All instruments, 
except for the oscilloscope, are daisy chained using GPIB 
cables that are connected to the laptop using a USB to 
GPIB cable. The oscilloscope is directly connected to the 
laptop with a USB cable. BNC to SMA cables are used to 
measure or probe all the signals.

LabVIEW tool (LVT) for test automation
Visual basic routines for virtual instruments (VIs) are 
written to automate the transient tests. These tests 
consist of three blocks. The first block of the LVT test 
selects the loads for the test. The second block includes 
the feedback correction loop that continuously measures 
the rise and fall times of the input-transient stimulus and 
corrects for the output of the function generator until the 
correct rise and fall times are measured by the oscillo-
scope. The third block of the LVT test captures a screen-
shot of the output and input voltage once the feedback is 
completed. It also obtains the measured rise and fall times 
and the maximum and minimum output voltages. The LVT 
obtains the minimum, maximum and mean of all the 
parameters directly from the scope. It also calculates the 
average of the maximum and minimum value measured. 
The LVT then populates a matrix of measurements and 
graphs that are displayed on the front panel. These 
measurements are also written to a text file in the Text 
Files folder. The screen shots are saved to a pen drive 
inserted into the oscilloscope. The name of these files are 
decided based on the kind of load and edge-rate setting. 
However, the names can be changed in the block diagram 
of the LVT. 

结论

用于实现高速瞬变测试自动化的平台涉及到非常多学科

的知识，因为其所需要的功能超出了典型的验证与测试 
R & D 范围。涵盖的学科领域十分广泛，比如：线性和

开关稳压器的启动及瞬变运行方式特性的基本知识、用

于测试与测量的最佳惯例和新颖方法、电路板级系统设

计和软件开发等。

借助用于 LDO 和降压型 IC 的测试夹具原型，可就线路

电压瞬变、负载瞬变和启动测试对提出的测试程序进行

验证和自动化。利用正确的驱动、接口和终接可实现纳

秒级的激励脉冲边缘速率。采用高性能测试设备和探针

能够实施高速波形捕获采样。器件模式、操作和测试设

备的串行接口控制可在执行中编程，以实现测试的自动

化。而且，除了准确地记录响应时间延迟之外，闭环控

制和监视功能还简化了定时事件和电参数激励脉冲的编

程。
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Debugging power-supply startup issues

Introduction
You just received your assembled power supply printed 
circuit board (PCB) from the manufacturer. You plug it in 
and guess what? It doesn’t work. Whether you are a novice 
engineer or an industry veteran, you know that sinking 
feeling. Regardless of how many days and hours you spend 
running the calculations, perfecting your design, and 
meticulously placing and routing your PCB, your 3.3-V 
output shows nothing but zeros on your multimeter or, 
worse yet, it goes up in a puff of smoke.

Gone are the days where power supplies use simple 
pulse-width modulators (PWMs) with limited bells and 
whistles. Integrated circuits (ICs) have dozens of pins and 
features like soft start, current limiting, pre-bias startup, 
and boot capacitors. But what do some of these features 
mean, and which ones are preventing your power supply 
from working?

This article provides a logical debug process for a 
malfunctioning design. The troubleshooting process starts 
with the simple “gotchas” and then tackles more difficult 
areas that even the experienced designer may find helpful.

Check here first
The most obvious mistakes can be very time consuming 
when debugging a power-supply issue. Before powering up 
a supply for the first time, it is a good idea to do a visual 
inspection of the board. The designer needs to check that 
the correct parts are installed, check for missing parts, 
inspect all solder joints and verify that parts are soldered 

By Robert Taylor, Applications Manager, Power Design Services, Analog Marketing 
Ryan Manack, Applications Engineer, Power Design Services, Analog Marketing

in the proper orientation. Double check to ensure that 
surface-mount resistors and capacitors were not swapped 
in assembly and that square ICs are not rotated 90 or 180 
degrees. If you did not do a visual inspection and the 
board failed at turn on, this is good time to find and 
replace damaged parts, and to check the rest of the board.

Once the visual inspection and part replacement is 
complete, the next thing to check is that input cables are 
properly connected. Figure 1 shows a typical single-input, 
single-output, power-supply test setup. 

After input connections are verified, the easiest way to 
get started on the debugging process is with a multimeter 
or oscilloscope. A multimeter can be used to ensure the 
input voltage is being passed to the PCB and arriving at 
the proper places on the board. If an ammeter is used to 
measure the input current, the meter could be connected 
incorrectly or have a blown fuse that would prevent the 
input voltage from getting to the board. When the power 
to the board is verified, measure the voltage across the 
capacitors located next to the IC. Some converters have 
AVIN and PVIN pins for the analog circuitry and power 
stage, respectively. Confirm that each of these nodes is 
receiving its designated voltage. Once you verify that the 
IC is receiving voltage, the next items to check are the 
on-board linear regulators or reference voltages. Check 
the datasheet to ensure the voltages on these pins are 
correct. Before spending too much time on the debugging 
process, this would be a good time to check another 
board. If other boards are working properly, that helps to 

Figure 1. Typical power supply test setup
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引言

您刚刚收到由制造商提供的组装好的电源印刷电路板 
(PCB)。您插上电源，猜猜怎么着？它出故障了。不管

您是新入行的工程师，抑或是业内的资深人士，对那种

沮丧感都是深有体会的。无论您花多少天多少小时进行

运算、不断地完善自己的设计、并谨小慎微地实施 PCB 
的布局和布线，您的  3.3 V 输出在万用表上只显示为

“0”，或者更糟，在一阵轻烟之后它就烧毁了。

对于电源来说，使用简单的脉宽调制器 (PWM) 和有限的

特别部件、零件或功能元件的日子已经一去不复返了。

集成电路 (IC) 具有几十个引脚以及诸如软起动、电流限

制、预偏压启动和启动电容器等功能。但是，其中一些

功能的意义是什么，又是哪些功能将会在特定的情况下

阻止电源的工作呢？

本文提供了一种针对故障设计的逻辑调试过程。故障检

修过程从简单的“陷阱”开始，然后再处理更加棘手的

问题，即便是经验丰富的设计人员也可能觉得这些内容

是颇有帮助的。

测量概述

当调试电源问题时，最明显的错误会耗费大量的时间。

在电源首次上电之前，最好是对电路板进行一下目视检

查。设计人员必需查实安装了正确的部件、检查缺失的

部件、查验所有的焊接点并检验部件焊接朝向的正确与

否。再次确认表面贴装型电阻器和电容器在装配中未被

调换，而且正方形的 IC 没有被旋转 90° 或 180°。如

果您没有做目视检查，而电路板在接通时发生了故障，

那么这正是找出和更换受损部件并对电路板的其余部分

进行检查的好时机。

一旦完成了目视检查和器件更换，下一步要做的事情就

是检查输入电缆是否正确地连接。图 1 示出了典型的单

输入、单输出电源测试设置。

在验证了输入连接之后，启动调试过程最简易的方法是

利用一个万用表或示波器。万用表可用于确保输入电压

被传递至 PCB 并到达电路板上的正确位置。如果使用一

个安培表来测量输入电流，则该表有可能连接错误或者

具有一个将阻止输入电压到达电路板的熔断丝。当验证

至电路板的电源时，测量布设在 IC 旁边的电容器两端

的电压。有些转换器具有分别用于模拟电路和功率级的 
AVIN 和 PVIN 引脚。确认这些节点均接收指定的电压。

一旦您验证 IC 已在接收电压，下一个需要检查的事项就

是内置的线性稳压器或基准电压。核对产品数据表以确

保这些引脚上的电压是正确的。在调试过程上花费过多

的时间之前，这将是检查另一块电路板的绝佳机会。如

果其他的电路板工作正常，那么这有助于把发生的问题

从设计问题压缩为装配问题或 PCB 问题。

调试电源启动问题
作者：Robert Taylor, 应用工程师，电源设计服务，模拟产品市场

           Ryan Manack, 应用工程师，电源设计服务，模拟产品市场
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图 1：典型的电源测试设置
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narrow the problem from a design issue to an assembly or 
PCB issue.

Power supply ICs usually have input-enable or under-
voltage lockout (UVLO) circuits. An oscilloscope is useful 
for checking these voltage levels. Probe the input-voltage 
and enable pins to observe if each crosses the startup 
thresholds specified by the IC datasheet. Some converters 
need a 5-V or 3.3-V bias before the input is applied and 
enable is toggled. Verify that the bias is present in the 
correct timing sequence.

Detailed debug procedures
After verifying that the IC is receiving the right voltages 
on the input and enable pins, the next step is to detect if 
the IC tries to start. Although your multimeter reads 0.0 V 
on the output, the device may have started switching 
before shutting down. Place scope probes on the switch 
node, input voltage, output voltage, and enable pin. Set 
the oscilloscope to a normal trigger on the switch node 
and zoom the x-axis to ~1-ms/div. Apply power to the 
board and observe if the oscilloscope triggers. If the 
trigger catches and waveforms appear, the IC has made an 
attempt to charge the output. The supply could be shut-
ting down from a short circuit. Remove power from the 
input and measure the impedance from the output to 
ground (GND). If it is a short or abnormally low imped-
ance, the cause needs to be determined. 

Lifting the inductor can help isolate the output node 
from the IC. If the short is on the output, it could be 
shorted output capacitors. If the short is on the IC side of 
the inductor, it could be a number of issues. The first step 
to isolate the short is to begin removing parts on the 
shorted node. If this is not successful, a power supply and 
thermal camera can be used to find the location of the 
short. Current limit the power supply to a few amperes 
and apply power across the shorted terminals. Be careful 
not to exceed the voltage ratings of any components on 
this node. Then use the thermal camera to observe where 
the board is heating up. Inspect with a microscope to 
pinpoint the problem.

If the power supply makes no attempt to switch, verify 
that the semiconductors are installed properly and are not 

damaged. Check the MOSFET impedances. The gate-to-
source and drain-to-source impedances should both be 
high. Then use the diode measuring tool on a multimeter 
to measure the body diode of all MOSFETs. The source-to-
drain body-diode voltages of the MOSFETs should be in 
the 0.3- to 1-V range. If these terminals are shorted, the 
device is blown and must be replaced. Check the forward 
voltage of any other diodes in the circuit for proper 
orientation. 

Soft-start circuits can be used to control the ramp of the 
power-supply output. This is typically a current source 
feeding a capacitor. If the capacitor is shorted or inten-
tionally held low, this will prevent the device from 
switching.

In some cases the power supply boots up and attempts 
to regulate. It is important to know the protection features 
inside the power controller. These can include overvoltage 
protection (OVP), undervoltage protection (UVP), over-
current protection (OCP), undervoltage lockout (UVLO), 
and overtemperature protection (OTP). 

If the power supply switches and the output voltage 
ramps and overshoots, the controller could latch off due to 
OVP. Check the top feedback resistor to verify that it is 
installed properly. UVP can occur if the output voltage 
does not ramp in time. This can happen in an overcurrent 
situation during startup, or if the supply voltage is lower 
than the output voltage set point during startup. If the 
power supply is reaching an overcurrent condition, it may 
not trip UVP. However, it could have another method of 
protection. These protections include voltage foldback, 
hiccup mode, or latching the device off. 

Another issue could be that the output capacitance is 
too large and the converter cannot charge the output 
before the soft-start time runs out. In this case, a larger 
soft-start capacitor could help to solve the problem. Most 
ICs have overtemperature protection to prevent the device 
from thermal runaway. Use a thermal camera to diagnose 
this failure as the temperatures can rise well above 100°C. 
ICs may attempt to restart once cooled, providing a failure 
signature.

德州仪器
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电源 IC 通常具有输入使能和欠压闭锁 (UVLO) 电路。示

波器可用于查看这些电压电平。探测输入电压和使能引

脚以观察它们是否各自超过了 IC 数据表所规定的启动门

限。有些转换器需要在施加输入和切换使能引脚之前提

供 5 V 或 3.3 V 偏压。应验证该偏压存在于正确的时序

中。

详细的调试程序

在验证了 IC 于输入和使能引脚上接收正确的电压之后，

下一步是检测 IC 是否尝试起动。虽然万用表在输出端上

显示的读数为 0.0 V，但是器件在关断之前也许已经起

动了开关操作。把示波器探头安放在开关节点、输入电

压、输出电压和使能引脚上。在开关节点上将示波器设

定为正常触发，并把 x 轴标度放大为每格约 1 ms。给

电路板加电并观察示波器是否触发。如果触发器执行捕

捉操作且有波形出现，则表明 IC 尝试了一次输出充电。

电源有可能因为短路而被关断。将电源从输入拿掉并测

量从输出至地 (GND) 的阻抗。如果是短路或异常低的阻

抗，则必需确定起因。

取消电感器可帮助将输出节点与 IC 隔离开来。如果短路

位于输出端，则可能是输出电容器短路。如果短路位于

电感器的 IC 侧，则可能存在诸多问题。隔离短路的第一

步是开始移除短路节点上的部件。如果这不奏效，则可

使用一个电源和热感摄像机来查找短路所在的位置。把

电源的电流限制为几个安培并在短路端子的两端加电。

注意不要超过该节点上任何组件的额定电压。然后使用

热感摄像机来观察电路板的升温点。用显微镜来检查以

查明问题。

如果电源未尝试执行开关操作，则需验证半导体元器件

安装正确且未损坏。检查 MOSFET 阻抗。栅极至源极阻

抗和漏极至源极阻抗均应该很高。接着，使用万用表上

的二极管测量工具来测量所有 MOSFET 的体二极管。

MOSFET 的源极至漏极体二极管电压应在 0.3 V 至 1 
V 的范围内。如果这些端子短路，则器件烧毁且必须更

换。检查该电路中任何其他二极管的正向电压以证实其

安装朝向是正确的。

软起动电路可用于控制电源输出的斜坡上升。这通常是

负责给一个电容器馈电的电流源。如果该电容器短路或

有意地保持在低电平，则将阻止器件执行开关操作。

在某些场合中，电源启动并尝试进行调节。应了解电

源控制器内部的保护功能，这一点很重要。此类功能

可以包括过压保护 (OVP)、欠压保护 (UVP)、过流保护 
(OCP)、欠压闭锁 (UVLO) 和过温保护 (OTP)。

如果电源执行开关操作且输出电压斜坡上升并发生过

冲，则控制器有可能由于 OVP 而闭锁。检查顶端反馈

电阻器以验证其安装正确。如果输出电压未及时斜坡上

升，则 UVP 会起作用。假如在启动期间出现过流，抑或

在启动过程中电源电压低于输出电压设定点，就会发生

这种情况。倘若电源即将达到一种过流状态，它或许会

不触发 UVP 跳变。然而，其可能拥有另一种保护方法。

这些保护包括了电压折返、打嗝模式或器件锁断。

另一个问题可能是输出电容过大，转换器不能在软起动

时间用完之前给输出充电。在该场合中，采用一个较大

的软起动电容器可帮助解决该问题。大多数 IC 都具备

过温保护功能电路，以避免器件出现热失控。当温度能

够升至远高于 100°C 时，采用热感摄像机来诊断此故

障。IC 可以在冷却之后立即尝试重新起动，并提供某种

故障标志。
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Table 1 shows a top-level check list for troubleshooting 
common startup problems. This list applies to the typical 
switching supply, however, some supply topologies may 
require more extensive troubleshooting. 

Conclusion
Power supplies are complex circuits, so care must be 
taken with design, layout, fabrication and assembly. The 
debug process when things are not perfect is an art in 
itself. Following the tips and process described here could 
help the designer find a remedy in an efficient and timely 
manner. Texas Instruments has an archive of over 1,000 
built and tested power supply designs.[1] All of these 
designs have schematics, test reports and Gerbers 
available.

References
1. TI reference-design library for power management 
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Table 1. Troubleshooting list for power-supply startup issues

Step Issue Symptom Solution

Prior to hooking up any 
cables, visual inspec-
tion

• Check BOM and SCH vs. board
• Ensure jumpers and 0-Ohm resistors are installed
• Ensure that DNP parts are not present
• Inspect all solder joints

Hooking up the cables

• Ensure all cables are wired correctly
• Ensure ammeters are wired in series!
• Ensure cables are big enough to handle the 

current

Applying power Smoke • Not good, fix bad parts, use current limit when 
starting. Check multiple boards

No startup No voltage to 
the IC

• Check input cables
• Check multimeter fuses
• Check on board fuses
• Check the path from the source to the IC

Check EN, VREG, 
VREF

• Check the enable voltage, UVLO, soft-start volt-
age, internal regulators, and internal references. 
Change ICs that are not correct

No switching
• Check the MOSFETs for shorts
• Check the body diodes of the MOSFETs
• Check other diodes for proper orientation

Brief switching
• Check the output for shorts
• Lift the inductor to help isolate
• Use thermal camera to help identify issues

Startup 
immediate 
Shut down

• Check for OCP, OVP, UVP
• Lift the inductor and add a current loop
• Check feedback paths to ensure connectivity
• Isolate any external loads on the board
• Check to ensure soft start is completing, a larger 

cap may be required
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结论

电源是复杂的电路，因此对其设计、布局、制造和装配

必须谨慎从事。在事情不完美的情况下调试过程其本身

就是一项技巧。遵循本文所描述的小贴士和过程可帮助

设计人员以有效和及时的方式找到补救的方法。德州仪

器拥有一个包含了 1000 多款制作完成并经过测试的电

源设计存档。 [1] 所有这些设计方案都配套提供了电路原

理图、测试报告和光绘文件。

表 1：针对电源启动问题的故障检修清单
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面向电源管理器件的 TI 参考设计库。
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步骤 问题 症状 解决方案

在连接任何电缆之
前 ， 进 行 目 视 检
查。

• 对照电路板来核对物料清单 (BOM) 和原理图 (SCH)
• 确保安装了跳线和 0Ω 电阻器
• 确保不存在 DNP 部件
• 查验所有的焊接点

连接电缆
• 确保所有的电缆均正确地布线
• 确保安培表采用导线进行串联连接！
• 确保电缆直径足够大以处理电流

加电 冒烟 • 判定为不合格，修复失效部件，在起动时使用电流限制功
能。检查多块电路板。

不启动 无电压输送至 IC

• 检查输入电缆
• 检查万用表熔丝
• 检查板载熔丝
• 检查从电源至 IC 的路径

检查 EN、VREG、VREF • 检查使能电压、UVLO、软起动电压、内部稳压器和内部
基准。更换不正确的 IC。

无开关操作
• 检查 MOSFET 是否短路
• 检查 MOSFET 的体二极管
• 检查其他二极管的安装朝向是否正确

短暂的开关操作
• 检查输出是否短路
• 取消电感器以帮助提供隔离
• 使用热感摄像机以帮助发现问题

启动

立即关断

• 检查 OCP、OVP、UVP
• 取消电感器并增添一个电流环路
• 检查反馈路径以确保连通性
• 隔离电路板上的任何外部负载
• 检查以确保软起动即将完成，可能需要使用一个较大的电

容器
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Ceramic or electrolytic output capacitors 
in DC/DC converters—Why not both?

Introduction
Switching power supplies are used in almost every end-
equipment that needs a long battery life, low heat genera-
tion, or to meet ENERGY STAR® guidelines. When 
designing a switching power supply, it is difficult to decide 
which output capacitor type to use. 

Electrolytic capacitors have high equivalent series resis-
tance (ESR), making power loss high and transient 
response too poor for use with tough load-response 
requirements. However, electrolytic capacitors have stable 
capacitance with high bias voltage and are inexpensive. 

Ceramic capacitors have very low ESR, but capacitance 
is reduced greatly with high bias voltage and can be 
expensive for large values. The effective capacitance of a 
ceramic capacitor can be less than half the rated capaci-
tance in many buck converters. 

Today’s buck regulators typically use just one type of 
output capacitor because it becomes too difficult to design 
with different capacitances and ESRs. This forces many 
designers to use more expensive capacitor types like 
polymer or tantalum that provide lower ESR than electro-
lytic, but not as low as ceramic. Now a stable design with 
mixed output capacitors can be prepared in minutes by 
using new design tools. To illustrate this concept, this 
article describes the design of a DC/DC supply with mixed 
output capacitors.

Causes of output variation under load
The first step is to understand what the output capacitor 
does in the system. Figure 1 shows idealized waveforms 
with contributions of output-capacitor characteristics and 
where they occur in a load-transient event.

The spikes at the load transients are primarily caused by 
equivalent series inductance (ESL) or impedance of the 
output cap at very high frequencies. Fixed inductor-
current slopes cause the bulk of the transient-event 
disturbance in the inductor current to overshoot and 
undershoot.[1] Recovery from the load-step transient also 
causes overshoot and undershoot. Minimizing these lower 
frequency errors relies on energy stored in the output 
capacitor and the voltage-loop response time. So, it is 
important to have a wide loop bandwidth, low ESR, and 
enough output capacitance for adequate storage.

There are two primary factors for maintaining low-noise 
output under load: 1) how much overshoot and under-
shoot the regulator will have; and 2) how much ripple 
voltage occurs at the switching frequency. Peak overshoot/
undershoot is approximately the load-step current times 
the impedance of output capacitors at the loop crossover 
frequency (Equation 1). The equation emphasizes the 
importance of having low output-capacitor impedance at 
the loop crossover frequency (fC) to get low overshoot or 
undershoot. The loop crossover frequency is usually 
targeted to be one-tenth the switching frequency. A higher 
loop crossover frequency minimizes overshoot/undershoot.

VOVER/UNDER SHOOT ≈ D IOUT × ZOUT (fC) (1)

An approximation for output ripple voltage is the output 
capacitor’s impedance at the switching frequency times 
the peak-to-peak inductor current.[2]

VRIPPLE ≈ IL(P-P) × ZOUT (fSW)  (2)

Equation 2 shows that the output ripple voltage can be 
reduced by reducing the peak-to-peak inductor current, 
which is controlled by increasing the inductance value. 

By Michael Score
Senior Member Technical Staff, Field Applications Engineering

Figure 1. An idealized load-transient plot
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引言

在几乎所有需要长电池寿命、低发热量及满足能源之星 
(ENERGY STAR®) 指导方针的终端设备中，都采用了开

关电源。当设计开关电源时，决定使用哪种类型的输出

电容器是一件很困难的事情。

电解电容器具有高等效串联电阻 (ESR)，这使得功率损

耗很高且瞬态响应过差，因而无法在负载响应要求严苛

的场合中使用。然而，电解电容器在高偏置电压条件下

拥有稳定的电容，而且价格便宜。

陶瓷电容器具有非常低的 ESR，但其电容在高偏置电压

下大幅减小，而且大数值陶瓷电容器的价格会很昂贵。

在许多降压型转换器中，陶瓷电容器的有效电容有可能

不到其额定电容的一半。

如今的降压型转换器通常只采用一种类型的输出电容

器，因为针对不同的电容和 ESR 进行设计将变得过于困

难。这造成许多设计人员被迫采用诸如聚合物或钽等更

加昂贵的电容器类型，此类电容器可提供低于电解电容

器的 ESR，但没有陶瓷电容器那么低。现在，通过运用

新型设计工具，只需短短几分钟便可做好使用混合型输

出电容器来实现稳定设计的准备。为了阐明该原理，本

文将描述采用混合型输出电容器进行的 DC/DC 电源设

计。

在负载条件下发生输出变化的原因

第一步需要弄清输出电容器在系统所起的作用。图 1 给

在 DC/DC 转换器中采用陶瓷或电解输出 
电容器 － 为什么不能兼用呢？
作者：Michael Score
高级技术组成员，现场应用工程

图 1：理想化的负载瞬变曲线图
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出了理想化波形，并示出了输出电容器特性产生的影响

以及它们在负载瞬变过程中出现的位置。

负载瞬变时出现的尖峰主要是由输出电容器的等效串联

电阻 (ESR) 或阻抗在非常高的频率下引起的。固定的电

感器电流斜坡导致电感器中的大部分瞬变扰动产生过冲

和下冲。 [1] 另外，从负载阶跃瞬变的恢复过程也会引发

过冲和下冲。要想最大限度地减少这些低频误差，则需

仰仗输出电容器中存储的电能和电压环路响应时间。因

此，应拥有宽环路带宽、低 ESR 以及足够的输出电容

（以提供充足的电能存储），这一点很重要。

在负载条件下保持低噪声输出涉及两个主要的因素：1) 
稳压器将具有多大的过冲和下冲；2) 在开关频率下出现

的纹波电压有多大。峰值过冲 / 下冲约为负载阶跃电流乘

以输出电容器在环路交叉频率下的阻抗（(1) 式）。该式

强调了在环路交叉频率 (fC) 下拥有低输出电容器阻抗对

于实现低过冲或下冲的重要性。环路交叉频率通常被定

为开关频率的十分之一。较高的环路交叉频率可最大限

度地抑制过冲 / 下冲。

VOVER/UNDER SHOOT ≈ ΔIOUT x ZOUT (fC)            (1)

输出纹波电压的一种近似计算法为：输出电容器在开关

频率下的阻抗乘以峰至峰电感器电流。[2]

    VRIPPLE ≈ IL(P-P) x ZOUT (fSW)                   (2)

(2) 式表明：输出纹波电压可通过减小峰至峰电感器电流

（其通过增加电感值来控制）得以降低。
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However, there are drawbacks. A more effective way to 
minimize ripple is to reduce the output capacitor’s imped-
ance at the switching frequency. The impedance used for 
ripple voltage is at a much higher frequency because the 
switching frequency is around ten times the loop cross-
over frequency.

To minimize ripple and overshoot voltage under load 
transients, the regulator requires a wide loop-crossover 
frequency. There should also be sufficient capacitance for 
energy storage and the impedance of the output capaci-
tors should be low over frequency.

Output capacitors minimize output 
impedance
Ideally, the output capacitor would be very large 
for energy storage and have very low impedance 
at the loop crossover and switching frequencies. 
Polymer and tantalum capacitors come in large 
values with low ESR, but they are expensive and 
the ESR is still not as low as a ceramic capacitor. 
Electrolytic capacitors are very good for obtaining 
large capacitance values at a low cost, however, 
they have a larger ESR and ESL. This makes them 
unsuitable for output load-step performance.

Ceramic capacitors have very low ESR and ESL 
that makes them great for transient performance, 
but they have limitations on capacitor size. 
Ceramic capacitor values of 22 µF and less are 
relatively inexpensive. The effective capacitance 
of ceramic capacitors decreases with bias voltage, 
which makes it more difficult to provide enough 
energy storage for large load steps. TDK SEAT 
software was used for the plot in Figure 2 to show 
the effect of VBIAS on effective capacitance. The 
two 22-µF-rated ceramic capacitors decrease to 
19 µF and 16 µF with 12 V of bias voltage. Note 
that two 22-µF, 25-V, X7R capacitors from the 
same vendor have very different VBIAS curves, so 
be sure to check the actual VBIAS curve.

With the same software, Figure 3 shows the 
impedance of 22-µF and 47-nF ceramic capacitors 
versus frequency. The 22-µF capacitor has low 
impedance at 100 kHz and above, but it does not 
provide enough energy storage. The electrolytic 
capacitor can be paralleled with the 22-µF 
ceramic, allowing low impedance at frequencies 
less than 100 kHz. The electrolytic capacitor is 
desirable at low frequencies because it has large 
capacitance and adding a small ceramic capacitor 
in parallel will reduce electromagnetic interfer-
ence (EMI) that results from switching noise. 

A 47-nF ceramic was chosen because it has a lower 
impedance than the 22-µF capacitor at 20 MHz and above. 
The 47 nF of additional capacitance is too small to affect 
stability. The black curve shows the impedance of the 
parallel combination of the 22-µF and 47-nF capacitors. 
Figure 3 shows the 22-µF ceramic as the dominant curve 
for the impedance through most of the frequency band. 
However, the electrolytic dominates at low frequencies 
and the 47-nF ceramic dominates at very high frequencies.

Figure 3. Impedance of ceramic and 
electrolytic capacitors
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Figure 2. Effective capacitance of different 22-µF, 25-V, 
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然而，这种做法是存在缺陷的。大幅降低纹波的一种更

为有效的方法是减小输出电容器在开关频率下的阻抗。

用于纹波电压的阻抗处在一个高得多的频率上，因为开

关频率是环路交叉频率的十倍左右。

为了尽量地降低负载瞬变情况下的纹波和过冲电压，稳

压器需要一个宽的环路交叉频率。此外，还应具有用于

能量存储的足够电容，而且输出电容器的阻抗在整个频

率范围内应当很低。

22 μF 电容器的阻抗。增加的 47 nF 电容非常之小，因

而不会影响稳定性。黑色曲线显示了 22 μF 和 47 nF 电
容器并联组合的阻抗。图 3 把 22 μF 陶瓷电容器显示为

阻抗的主导曲线（贯穿大部分频段）。然而，在低频条

件下电解电容器居主导地位，而在非常高的频率下则是 
47 nF 陶瓷电容器起支配作用。

输出电容器最大限度地减小输出阻抗

最理想的是：输出电容器非常大（以存储充足的

能量），并在环路交叉频率和开关频率条件下具

有非常低的阻抗。聚合物电容器和钽电容器具有

大的数值和低 ESR，但是它们价格昂贵，而且 
ESR 仍然不如陶瓷电容器低。电解电容器非常适

合以低成本获得大电容值，然而，其具有较大的 
ESR 和 ESL。这使它们不适用于要求高输出阶

跃性能的场合。

陶瓷电容器具有非常低的 ESR 和 ESL，从而使

其成为实现优良瞬态性能的绝佳选择，但它们在

电容值上存在局限性。22 μF 及以下数值的陶

瓷电容器相对便宜。陶瓷电容器的有效电容随

着偏置电压的增加而减小，这使其更加难以提

供针对大负载阶跃的足够能量存储。我们采用 
TDK SEAT 软件获得了图 2 中给出的曲线，以显

示 VBIAS 对有效电容的影响。当偏置电压为 12 V 
时，两个额定电容值为 22 μF 的陶瓷电容器减

小至 19 μF 和 16 μF。请注意，来自同一家供

应商的两个 22 μF、25 V、X7R 型电容器具有

迥异的 VBIAS 曲线，因此一定要核对实际的 VBIAS 

曲线。

借助相同的软件，图 3 示出了 22 μF 和 47 nF 
陶瓷电容器的阻抗与频率之间的关系曲线。22 
μF 电容器在 100 kHz 及更高的频率上具有低

阻抗，但其未提供足够的能量存储。可以把电解

电容器与 22 μF 陶瓷电容器相并联，以在低于 
100 kHz 的频率条件下提供低阻抗。在低频条件

下电解电容器是合乎需要的，因为其具有很大的

电容，而增设一个并联的小陶瓷电容器将降低源

于开关噪声的电磁干扰 (EMI)。

选择了一个 47 nF 陶瓷电容器，原因是它在 20 
MHz 及更高的频率上具有低于

图 2：不同的 22μF、25 V、X7R 型陶瓷电容器 
的有效电容

图 3：陶瓷电容器和电解电容器 
的阻抗
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A design with mixed output capacitors provides the 
lowest output impedance across the widest frequency 
range. However, compensation of the feedback loop for a 
buck regulator becomes very difficult to calculate. It is 
important to consider the pole/zero locations because of 
the combination of lower ESR and capacitance from the 
ceramics, and higher ESR and capacitance from the elec-
trolytics. The inductor and each capacitor provide differ-
ent pole/zero locations. TI’s WEBENCH® software takes 
each path into account separately, which makes the design 
easier and more robust than calculating by hand.

Mixed-capacitor design example
A mixed-capacitor design was chosen with a buck regula-
tor having an input voltage of 24 V (±20%) and a 12-V 
output voltage at 6 A. The focus is on obtaining a good 
transient response with a low-cost solution.

You can enter the requirements either in the WEBENCH 
panel or directly into the panel on the product page of the 
chosen regulator. For this example, the LM25117 buck 
controller was chosen and the input conditions were 
entered on the product page. After the design is started, 
an advanced-option section will appear on the left side as 
shown in Figure 4. This design needs good transient 
performance, so the “user preferred frequency” box was 
checked and “500 kHz” was entered in the box below to 
allow a wide loop-crossover frequency. Under the “Output 
Cap Options,” “Mixed” was selected and then “Update” 
was clicked to start a new design that allows 500 kHz and 
mixed output capacitors. These selections are circled in 

red in Figure 4.
After clicking the schematic to enlarge the view, the 

components on the schematic can be changed by double-
clicking on the component. In this case, the inductor (L1) 
was double-clicked to choose a slightly lower cost option. 
Each output capacitor (red arrows in Figure 4) was 
changed for the desired mix of electrolytic and ceramic 
capacitors. COUT was changed to two 100-µF electrolytic 
capacitors from the tool’s database and COUTX to a ceramic 
capacitor. The database has several suitable ceramic capac-
itors. However, the tool did not have the 22-µF ceramic 
capacitor shown in Figures 2 and 3. The COUTX capacitor 
was double-clicked and then “Create Custom Part” (bottom 
of window) was selected. A 19-µF ceramic was substituted 
for the 22-µF typical value to adjust for reduced capaci-
tance at the 12-V bias voltage and 15 mW was entered for 
ESR, which adds a little resistance for traces.

After changing the output capacitors, the “Re-Comp” 
button (Figure 4, circled in red) was clicked to see the 
bode plot and change the compensation. 

On the following page, the blue curves in Figure 5 show 
the total loop magnitude and phase, while the orange 
curves show the power stage response. The tool marks the 
pole and zero locations of the power stage with the mixed 
output-capacitor design and the power-stage gain curve.

Stability of the selected design is sufficient, but the goal 
was to get a wider crossover frequency. The WEBENCH 
Compensation Designer allows auto compensation with 
the option to select a cross-over frequency, gain margin, 
and phase-margin ranges. In this example, however, 

Figure 4. Schematic with mixed output capacitors
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采用混合型输出电容器的设计可在极宽的频率范围内

提供最低的输出阻抗。不过，降压型稳压器反馈环路

的补偿因此变得很难计算。由于源自陶瓷电容器的较

低 ESR 和电容与来自电解电容器的较高 ESR 和电容组

合在了一起，因此重要的是考虑极点 / 零点的位置。电

感器和每个电容器提供了不同的极点 / 零点位置。TI 的 
WEBENCH® 软件单独地考虑了每条路径，这使得设计

比人工计算更加容易和稳健。

混合型电容器设计示例

我们为一款降压型稳压器选择了混合型电容器设计，该

稳压器具有 24 V (±20%) 的输入电压和 12 V/6 A 的输

出电压。关注的重点是利用低成本解决方案获得上佳的

瞬态响应。

您既可将要求输入 WEBENCH 面板中，也可以直接输入

到选定稳压器的产品网页上的面板中。就本例而言，选

择的是 LM25117 降压型控制器，而且输入条件在产品网

页上输入。在启动设计之后，一个高级选项部分将出现

在左侧，如图 4 所示。这款设计需要良好的瞬态性能，

因此勾选“user preferred frequency”框，并在其下面

的方框中输入“500 kHz”以提供一个宽的环路交叉频

率。在“Output Cap Options”下方选择“Mixed”，

然后点击“Update”以启动一个允许使用 500 kHz 频率

和混合型输出电容器的新设计。这些选择在图 4 中用红

色圆圈标出。

在点击原理图以放大视图之后，即可变更原理图上的组

件（通过在相应在组件上双击鼠标来完成）。在此场合

中，双击电感器  (L1) 以选择一款成本略低的选项。每

个输出电容器（图  4 中的红箭头）针对期望的电解电

容器与陶瓷电容器之混合进行变更。COUT 更改为两个 
100 μF 的电解电容器（取自该设计工具的数据库），

而 COUTX 则改为一个陶瓷电容器。数据库中有一些合适

的陶瓷电容器。然而，此设计工具并没有图 2 和图 3 中
所示的 22 μF 陶瓷电容器。双击 COUTX 电容器并随后选

择“Create Custom Part”（窗口的底部）。用一个 19 
μF 陶瓷电容器来代替 22 μF的典型值，以针对在 12 V 
偏置电压下减小的电容进行调节，并为 ESR 输入了 15 
mΩ，这给印制线增加了少量的电阻。

在变更了输出电容器之后，点击“Re-Comp”钮（图 
4，用红圈标出）以查看博德图并更改补偿。

在下一页上，图 5 中的蓝色曲线示出了总的环路幅值和

相位，而橙色曲线则显示了功率级响应。该工具标示了

混合型输出电容器设计的功率级的极点和零点位置以及

功率级增益曲线。

选定设计的稳定性是足够的，但我们的目标是获得较

宽的交叉频率。WEBENCH 补偿设计器  (WEBENCH 
Compensation Designer) 可实现自动补偿，并提供了用

于选择交叉频率、增益裕量和相位裕量范围的选项。然

而在本例中，（接下页）

图 4：采用混合型输出电容器的电路原理图
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manual compensation was selected for control of the 
compensation poles and zeroes instead. The “Edit Poles/
Zeroes” option allowed the compensation poles and zeroes 
to be moved and component values automatically changed 
to meet the pole/zero locations. “Zero1” was decreased 
from 5.3 kHz to 2.8 kHz to increase the crossover frequency 
and remove some of the dip in phase at 1 kHz. Pole1 was 

acceptable to stay near its original frequency of 80 kHz.
Moving the compensation zero to 2.8 kHz increased the 

crossover frequency from 21 kHz to 56 kHz. Phase margin 
was reduced to 65 degrees and the gain margin to 15 dB, 
which is still a very stable design. The stability results are 
circled in Figure 6. Selecting the “Apply Changes to 
Design” button updates the schematic. 

Figure 5. An initial bode plot with mixed output capacitors showing poles and zeros on the 
power stage magnitude curve
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B: 152.76 kHz

Figure 6. Bode plot with mixed output capacitors after manual compensation shows increased 
bandwidth and good phase margin
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图 5：采用混合型输出电容器的初始博德图（在功率级幅值曲线上显示了极点和零点）

图 6：在手动补偿之后，采用混合型输出电容器的博德图显示了增加的带宽和充足的相位裕量

（续上页）却选择了手动补偿作为替代来实施补偿极点

和零点的控制。“Edit Poles/Zeroes”选项允许移动补

偿极点和零点及自动变更组件值，以满足极点 / 零点位

置要求。“Zero1”从 5.3 kHz 减低至 2.8 kHz 以提高

交叉频率，并消除 1 kHz 频率下的某些相位下降。Pole1 
保持在其最初的 80 kHz 频率附近是可以接受的。

把补偿零点移动至 2.8 kHz 将交叉频率从 21 kHz 提高至 
56 kHz。相位裕量减小至 65°，增益裕量至 15 dB，这

仍然是一款非常稳定的设计。稳定性结果在图 6 中用圆

圈标出。选择“Apply Changes to Design”钮可更新原

理图。
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The final schematic is shown in Figure 7. If the system 
does not already have bulk decoupling, an electrolytic 
should be added to the input for additional bulk capaci-
tance. If needed, the 47-nF capacitor shown in Figure 3 
could be added to the output to reduce EMI.

Conclusion
Low impedance of output capacitors across frequency and 
a high loop-crossover frequency provide good transient 
response. Using both ceramic and electrolytic output 
capacitors minimizes capacitor impedance across 
frequency. Ceramic capacitors are best for high frequency 
and large-value electrolytic capacitors are good for low 
frequency. Completing a stable design with mixed output 
capacitors using a pen and paper is challenging, but 
WEBENCH Power Designer makes it easy to design with 
mixed capacitors and also re-compensate for improved 
performance.
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Figure 7. Final WEBENCH schematic with mixed output capacitors
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最终的电路原理图示于图 7。如果系统尚不具备大容量

去耦电容，则应在输入端上增设一个电解电容器以提供

额外的体电容。假如需要的话，可给输出增添一个图 3 
所示的 47 nF 电容器以降低 EMI。

结论

输出电容器在整个频率范围内的低阻抗以及一个高的环

路交叉频率可提供优良的瞬态响应。同时采用陶瓷和电

解输出电容器能够最大限度地减小整个频率范围内的电

容器阻抗。陶瓷电容器是高频段的最佳选择，而大数值

电解电容器则适合低频范围。靠纸和笔来完成一款采

用混合型输出电容器的稳定设计是极其困难的，但是 
WEBENCH 电源设计器 (WEBENCH Power Designer) 
则可帮助设计人员轻而易举地采用混合型电容器进行设

计并通过重新补偿来改善性能。
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图 7：最终的 WEBENCH 原理图（采用混合型输出电容器）
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Design tips for a resistive-bridge pressure 
sensor in industrial process-control systems

Introduction
There are many physical parameters that need to be 
measured and controlled in industrial automation systems.  
Temperature, pressure, flow, and level are just a few of 
these physical parameters. Resistive-bridge sensors are 
commonly used in these applications. Figure 1 shows a 
typical diagram of a resistive-bridge pressure sensor in a 
process-control system. This article presents the primary 
design considerations for each block of the resistive-bridge 
pressure sensor.

Sensor basics
Industrial process-control systems commonly use resistive-
bridge sensors to measure changes in resistance, which 
ultimately represent changes in physical parameters such 
as strain, pressure, temperature, humidity, and so on. 
There are numerous resistive-bridge topologies, but the 
Wheatstone bridge (Figure 2) is the most widely known 
and documented. 

Each resistor in the pressure sensor either compresses 
or stretches (Figure 2). When pressure is applied to 
the sensor, the resistances of RAB and RCD decrease via 
compression while RAD and RBC increase by stretch-
ing. These changes in resistance yield a change in the 

By Peter Semig, Application Engineer, Precision Analog
Collin Wells, Application Engineer, Precision Analog
Miro Oljaca, Senior Application Engineer, Medical, High Reliability and Sensing

Figure 1. Resistive-bridge pressure sensor connection to process-control system
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differential voltage, VBD, which is amplified by a differen-
tial amplifier (Figure 1). Designers often use differential 
amplifiers with very large input impedance, such as 
instrumentation amplifiers (IAs) and programmable gain 
amplifiers (PGAs) when interfacing with bridge sensors. 
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引言

在工业自动化系统中有许多需要测量和控制的物理参

数。温度、压力、流量和电平等只是此类物理参数中的

区区几个而已。阻性桥传感器在这些应用中是常用的。

图 1 给出了过程控制系统中使用的阻性桥压力传感器的

典型示意图。本文阐述了阻性桥压力传感器每个功能部

件的主要设计考虑因素。

传感器基础知识

工业过程控制系统常常使用阻性桥传感器来测量电阻的

变化，其最终代表了诸如应变、压力、温度、湿度等物

理参数的变化。虽然阻性桥拓扑的种类繁多，但惠斯

通电桥（图 2）则是其中知名度最高和记录最详细的一

种。

压力传感器中的每个电阻器被压缩或拉伸（图 2）。当

把压力施加至传感器时，电阻 RAB 和 RCD 通过压缩而减

小，而电阻 RAD 和 RBC 则经由拉伸而增大。电阻中的这

针对工业过程控制系统中的阻性桥压力传感器的
设计小贴士
作者：Peter Semig，应用工程师，精密型模拟产品

 Collin Wells，应用工程师，精密型模拟产品

 Miro Oljaca，高级应用工程师，医疗、高可靠性与感测产品

些变化在差分电压中产生了一个变化 VBD，它被一个差分放

大器所放大（图 1）。当与桥式传感器相连接时，设计人

员常常使用具有非常大输入阻抗的差分放大器，如仪表放

大器 (IA) 和可编程增益放大器 (PGA)。

图 1：至过程控制系统的阻性桥压力传感器连接

图 2：施加压力的阻性桥传感器
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Common-mode voltage versus output  
voltage range
The bridge’s common-mode voltage (VCM) is the average 
voltage present at the differential amplifier’s input 
terminals.

 
V

V V
CM

BC DC=
+
2  

(1)

If the bridge is balanced, VCM is half of the bridge excita-
tion voltage, VEXT = VAC. For example, if VAC = 5 V, then 
VCM = 2.5 V. The common-mode voltage of the bridge is 
perhaps the most important design consideration for resis-
tive-bridge sensors. This is because the output voltage 
range (VOUT) of an IA depends on many factors, including 
common-mode voltage, gain, reference voltage, topology, 
and supply voltage.[1] As an example, Figure 3 shows a 
VCM versus VOUT plot of an IA with three operational 
amplifiers (op amps).

Recall that VAC = 5 V, then VCM = 2.5 V. For unidirec-
tional sensors, it is often desirable to power the IA with a 
single 5-V supply with VREF connected to 0 V (GND). 
Unfortunately, this will limit the output swing of the IA. 
Using the INA826 as an example, notice in Figure 3 that if 
VCM = 2.5 V, the output can only swing from 100 mV to 
approximately 3.2 V. As a result, the system cannot use 
the maximum resolution of the analog-to-digital converter 
(ADC) with a 5-V reference voltage. In this case, consider 
an alternate IA, select a different supply voltage and/or a 
different IA reference voltage, or modify the bridge 
common-mode voltage as shown in Figure 4.

Initial input offset voltage (VOS)
The input offset voltage is the DC error voltage between 
the differential amplifier’s input terminals (for example, op 
amp, IA, PGA, and so on). For a traditional IA with three 
op amps, this voltage depends on the device’s gain.[2] The 
offset voltage contributes to the solution’s overall offset 
error and if not calibrated, it also shifts the common-mode 
voltage. Therefore, a better choice may be a zero-drift IA 
or PGA (for example, a PGA900) which has a very low 
offset voltage.

Zero-drift is a term that applies to a chopper or devices 
with auto-zero topology that will internally correct for 
offset errors, such as initial input offset voltage, input 
offset voltage drift, power supply rejection ratio (PSRR), 
common-mode rejection ratio (CMRR), and some others.

Input offset voltage drift (DVOS/DT)
Input offset-voltage drift is the change in input offset 
voltage as the temperature deviates from room tempera-
ture (25°C). This offset error is in addition to the initial 
input offset voltage. Since most industrial systems must 
maintain accuracy over a wide temperature range, zero-
drift IAs or PGAs are preferred. While the initial input 
offset voltage can be removed with a room temperature 
calibration, the offset-voltage drift requires a more 
 complicated and time consuming over-temperature 
 calibration routine. Each individual system must be 

 calibrated at various temperatures because each system 
component may drift in different directions. In some cases 
the error over temperature may actually increase if the 
system is calibrated at 25°C without calibration at other 
temperatures.[3] 

Noise
An amplifier’s intrinsic noise is a primary concern when 
selecting the bridge amplifier. Of particular interest is the 
amplifier’s low-frequency, or 1/f, noise because industrial 
systems are typically low-bandwidth. Noise generated by 
the amplifier sums with the noise of the ADC, which ulti-
mately reduces the measurement’s noise-fee resolution. 
While zero-drift amplifiers may be preferred because the 
1/f region of their noise spectral-density curve is flat, some 
non-zero-drift IAs may have better overall noise perfor-
mance. Conduct a complete noise analysis to determine 
the amplifier’s total noise contribution. 

Figure 3. A VCM versus VOUT plot for the 
INA826 IA
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图 3：INA826 IA 的 VCM 与 VOUT 
关系曲线图

图 4：通过增设 RTOP 和 / 或 
RBOTTOM 来调节 VCM

共模电压与输出电压范围的关系

电桥的共模电压 (VCM) 是存在于差分放大器输入端子

上的平均电压。

    VCM = (VBC + VDC)/2                                       (1)

如果电桥是平衡的，则  VCM 为桥激励电压的一半，

VEXT = VAC。例如，倘若 VAC = 5 V，则 VCM = 2.5 V。对

于阻性桥传感器来说，电桥的共模电压也许是最重要

的设计考虑因素。这是因为 IA 的输出电压范围 (VOUT) 
取决于诸多的因素，包括了共模电压、增益、基准电

压、拓扑和电源电压。[1] 作为一个例子，图 3 示出了

一款具有三个运算放大器（运放）的 IA 的 VCM 与 VOUT 

关系曲线图。

回顾一下，当 VAC = 5 V 时，VCM = 2.5 V。对于单向传

感器，通常希望利用一个单 5 V 电源来给 IA 供电，并

把 VREF 连接至 0 V (GND)。不幸的是，这将限制 IA 的
输出摆幅。以 INA826 为例，我们在图 3 中注意到：

如果 VCM = 2.5 V，则输出仅能从 100 mV 摆动至大约 
3.2 V。因此，当采用一个 5 V 基准电压时，系统无法

使用模数转换器 (ADC) 的最大分辨率。在该场合中，

可考虑采用一款可供替换的 IA、选择一个不同的电源

电压和 / 或一个不同的 IA 基准电压、或者变更电桥共

模电压，如图 4 所示。

初始输入失调电压 (VOS)
初始失调电压是差分放大器的输入端子（比如：运

放、IA、PGA，等等）之间的 DC 误差电压。对于具

有三个运放的传统型 IA 而言，该电压取决于器件的

增益。 [2] 失调电压会增加解决方案的总失调误差，而

且假如不予以校正，它还将使共模电压产生位移。

因此，具有非常低失调电压的零漂移 IA 或 PGA（如 
PGA900）可能是一种更好的选择。

零漂移这个术语适用于具有自动归零拓扑的斩波器或

器件，这种拓扑可针对诸如初始输入失调电压、输

入失调电压漂移、电源抑制比 (PSRR)、共模抑制比 
(CMRR) 及某些其他的失调误差进行内部校正。

输入失调电压漂移 (ΔVOS/ΔT)
输入失调电压漂移是当温度偏离室温  (25°C) 时输

入失调电压中的变化。这是初始输入失调电压以外的

失调误差。由于大多数工业系统都必须在很宽的温度

范围内保持准确度，所以零漂移 IA 或 PGA 是首选

方案。虽然初始输入失调电压可利用室温校准予以消

除，但是失调电压漂移则需要采用一种更加复杂且费

时的过温校准例程来消除。必须在各种不同的温度条

件下对每个单独的系统进行校准，因为每个系统组件

的漂移方向也许是不同的。在某些场合中，如果系统

校准只是在 25°C 温度下进行的（而并未在其他温度

条件下实施），则整个温度范围内的误差实际上有可

能增加。[3]

噪声

当选择桥式放大器时，放大器的固有噪声是一个主要

关注的对象。人们特别感兴趣的是放大器的低频（即 
1/f）噪声，因为工业系统一般是低带宽的。由放大器

产生的噪声与 ADC 的噪声相加，最终将导致测量的无

噪声分辨率下降。尽管零漂移放大器可能因其噪声频

谱密度曲线的 1/f 区域很平坦而成为首选，然而某些

非零漂移 IA 则或许拥有更好有总体噪声性能。应进行

完整的噪声分析以确定放大器的整体噪声成分。
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Analog-to-digital converter
High-resolution (24 bit) delta-sigma analog-to-digital 
converters (delta-sigma ADCs) can be used to measure 
resistive-bridge signals. Generally, these ADCs include a 
modulator and digital filter. The total quantization energy 
is very high for the delta-sigma modulator because the 
number of bits-per-sample is extremely low. The decima-
tor must filter unwanted noise in the spectrum above the 
Nyquist band so that the noise is not aliased into the base-
band by the decimation process.

The decimator filter implemented in most delta-sigma 
ADCs is a Sinc filter. This filter topology is popular 
because it is inherently stable and simple to implement. 
The order and decimation ratio of this sinc filter deter-
mine the performance of the ADC.[4]

The ADC’s noise-free code resolution is defined as the 
number of bits of resolution beyond which it is impossible 
to resolve individual codes. The noise-free resolution of 
the ADC can be calculated based on the total number of 
codes (2N) and the peak-to-peak noise code measurement.

Noise-free code

 

resolution =








log

Peak-to-peak noise codes

N

2
2

 

(2)

Effective resolution can be calculated by adding log2 (6.6), 
or approximately 2.7 bits to the calculated noise-free code 
resolution.

 Effective
resolution 

= Noise-free code resolution + 2.7 bits
 

(3)

For example, the delta-sigma ADC in the PGA900 has a 
second-order modulator operating at a sampling frequency 
of 1 MHz, and a third-order Sinc filter with 128 oversam-
ples. The noise performance shown in Figure 5 is for an 
output data rate of 7.8 kHz with a bandwidth of 3.9 kHz, 
and a step response of 384 µs.

Applying additional digital filtering
It is common for the ADCs in this application to have data 
rates that are much higher than the required system band-
width. Therefore, additional digital filtering can be applied 
to further reduce the ADC noise and therefore increase 
the noise-free resolution at the expense of the output data 
rate. 

A simple averaging filter creates a low-pass filter that 
will lower the in-band noise by 3 dB and increase the 
measurement resolution by a half-bit for each two consec-
utive samples that are averaged. This is defined in 
Equation 4 where M is the number of consecutive samples 
averaged and W is the increase in output signal resolution. 

 
W log M= 1

2 2( )
 

(4)

From Figure 5, a gain of 40 dB results in a noise-free 
output resolution of 13.84 bits. Applying a moving-average 
filter with M = 32 to the ADC output data should improve 

the noise-free output resolution by 2.5 bits as shown in 
Equation 5 and Figure 6. 

 
W log bits= ( ) =1

2
32 2 52 .

 
(5)

Now the output noise-free resolution has increased from 
13.84 to 16.34 bits. However, the data rate of the output 
signal decreases from 7.8 kHz to 244 Hz.

Analog output stage
Once the sensor signal has been acquired and processed, 
the next step is to create a linear analog-output signal that 
represents the sensor measurement from zero- to full-
scale. The linear sensor output is transmitted over a 
2-wire current loop or a 3-wire voltage output signal, 
depending on sensor transmitter requirements. The most 
common output range of a 2-wire sensor transmitter is 
4 to 20 mA, although other output spans are occasionally 

Figure 5. Measured performance versus gain 
at output data rate of 7.813 kHz
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模数转换器

可采用高分辨率（24 位）增量-累加型模数转换器 (ΔΣ 
ADC) 来测量阻性桥信号。一般地，此类 ADC 内置了一

个调制器和数字滤波器。由于每样本位数极低，因此总体

量子化能量对于 ΔΣ 调制器来说是非常高的。抽取器必

须把高于奈奎斯特频段的频谱中不希望有的噪声滤除，这

样噪声就不会经由抽取过程而混叠至基带之中。

在大多数 ΔΣ ADC 中实现的抽取滤波器是 Sinc 滤波

器。这种滤波器拓扑因其固有的稳定性和易于实现的特点

而广受欢迎。该 Sinc 滤波器的阶数和抽取比决定了 ADC 
的性能。[4]

ADC 的无噪声代码分辨率被定义为这样的分辨率位数，

如果超过该位数就将无法解析各个代码。ADC 的无噪声

分辨率可根据总代码数量 (2N) 和峰至峰噪声代码测量值

来计算。

 (3)

有效分辨率可通过给无噪声代码分辨率计算值增加 
log2(6.6)（即大约 2.7 位）来计算。

有效分辨率 = 无噪声代码分辨率 + 2.7 位                  (3)

例如，PGA900 中的 ΔΣ ADC 具有一个工作于 1 MHz 
采样频率的二阶调制器，以及一个采用  128 倍过采样

的三阶 Sinc 滤波器。图 5 中示出的噪声性能针对的 7.8 
kHz 输出数据速率、3.9 kHz 带宽和 384μs 阶跃响应时

的情形。

应用额外的数字滤波

让该应用中所使用的 ADC 拥有远远高于所需系统带宽的

数据速率是很常见的。因此，可运用额外的数字滤波以进

一步降低 ADC 噪声，从而以牺牲输出数据速率为代价来

换取无噪声分辨率的提高。

一个简单的平均滤波器可创建一个低通滤波器，其将使带

内噪声降低 3 dB，并把测量分辨率提高 0.5 位（对于每

两个被取平均的连续样本）。这在 (4) 式中进行了定义，

式中的 M 是取平均的连续样本的数量，而 W 是输出信号

分辨率的增加。

W = (1/2)log2(M)                                             (4)

由图 5 可见，40 dB 的增益将产生 13.84 位的无噪声输

出分辨率。对 ADC 输出数据应用一个 M = 32 的滑动平

均滤波器将使无噪声输出分辨率提升 2.5 位，如 (5) 式和

图 6 所示。

    W = (1/2)log2(32) = 2.5 位                                    (5)

现在，输出无噪声分辨率从 13.8 位提高至 16.34 位。不

过，输出信号的数据速率则从 7.8 kHz 降低至 244 Hz。

模拟输出级

一旦采集并处理了传感器信号，下一步则是创建一个用于

代表零标度至全标度传感器测量值的线性模拟输出信号。

线性传感器输出通过一个两线式电流环路或三线式电压输

出信号（这取决于传感器发送器的要求）来传输。两线式

传感器发送器的最常用输出范围为 4 至 20 mA，但是偶

尔也会使用其他的输出范围。（接下页）

无噪声代码
分辨率

= log
峰至峰噪声代码

N

2
2

 

图 5：在 7.813 kHz 输出数据速率条
件下实测性能与增益的关系曲线

图 6：ADC 输出与滤波器输出的关系曲线
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used. The most common 3-wire voltage output range is  
0 to 10 V, but other output ranges can be implemented 
such as ±10 V, 0 to 5 V, and ±5 V.

The two main building blocks of the analog output stage 
are a digital-to-analog converter (DAC) and an op amp 
circuit configured to create the desired current or voltage 
output range. Be sure to match the performance of the 
analog output stage closely to that of the sensor acquisi-
tion circuitry; including resolution, offset, gain error, non-
linearity and noise. 

DAC considerations
The DAC commonly sets the performance capabilities for 
the analog output stage, so select it carefully. Many sensor 
transmitters are designed with 16-bit DACs, but systems 
with lower resolution requirements can use 12-bit DACs. 
Similar to the input stage and ADC, the DAC DC offset, 
gain and drift errors can be removed with calibration. 

Integral non-linearity (INL) errors cannot be removed 
with a standard gain and offset calibration and set the 
post-calibration accuracy. Therefore, make sure that the 
DAC INL specification is well below the desired final 
system accuracy. A differential non-linearity (DNL) speci-
fication less than 1 LSB is almost always a requirement to 
ensure a monotonic output.

2-wire, 4- to 20-mA output op amp circuit
A standard 2-wire, 4- to 20-mA, transmitter op amp circuit 
is shown in Figure 7. This circuit requires an op amp with 
very-low quiescent current to minimize the impact on the 
limited 2-wire supply-current budget of 4 mA. A linear 
voltage regulator is typically used to lower the +24-V loop 

supply voltage, which allows the use of low-voltage op amps.
The op amp input common-mode range must include 

the negative rail. To maximize the available output voltage 
swing, the output swing should include both rails. The 
output-current requirement is low because the op amp is 
only required to drive the base current of the bipolar junc-
tion transistor (BJT).  The majority of the 4- to 20-mA 
current flows through the BJT from the collector to the 
emitter.

Select op amp performance specifications to match the 
DAC and the rest of the signal chain. The op amp must 
have low input offset voltage and drift. High CMRR and 
PSRR will improve DC performance and noise immunity of 
the design. eTrim™, laser trim and zero-drift (chopper/
auto-zero) CMOS op amps are typically used to meet this 
circuit’s performance requirements.

As shown in the transfer function in Equation 6, resis-
tors R1, R2, and R3 set the circuit’s gain. Select precision 
resistors with low tolerance and temperature coefficients. 
Ratiometric tolerance and drift-matching the resistors 
greatly improves performance of the circuit over 
temperature.

 

I
V

R
R

R

OUT
DAC=

× +




1

2

3
1

 
(6)

The circuit must maintain a stable output response to 
load transients and changes in the output current. 
Therefore, it is important to select the proper emitter 
resistor (RE) based on the Q-point on the V-I curve load 
line.[5] A properly selected value for RE results in a stable 
feedback network.

Figure 7. Loop-powered 4- to 20-mA transmitter
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（续上页）最常用的三线式电压输出范围为 0 V 至 10 
V，但也可实施其他的输出范围，如 ±10 V、0 V 至 5 V 
和 ±5 V。

模拟输出级的两个主要构件是一个数模转换器 (DAC) 和
一个的运放电路，其通过配置以建立期望的电流或电压

输出范围。一定要使模拟输出级的性能与传感器采集电

路的性能严密匹配；包括分辨率、偏移、增益误差、非

线性及噪声。

DAC 考虑因素

DAC 常常设定了模拟输出级的性能，因此其选择必须谨

慎仔细。虽然许多传感器发送器是采用 16 位 DAC 设计

的，但是分辨率要求较低的系统则可使用 12 位 DAC。与

输入级和 ADC 相似，DAC DC 偏移、增益和漂移误差也

可利用校准予以消除。

积分非线性 (INL) 误差无法借助标准的增益和偏移校准

来消除，而且它设定了校准后的准确度。于是，应确定 
DAC INL 规格远远低于期望的最终系统准确度。为了确

保提供一个单调输出，几乎总是要求差分非线性 (DNL) 
规格小于 1 LSB。

两线式、4 至 20 mA 输出运放电路

图 7 示出了一款标准的两线式、4 至 20 mA、发送器运

放电路。该电路需要一个具有非常低静态电流的运放，

以尽量减轻对于有限的两线式电源电流预算 (4 mA) 的影

响。通常使用一个线性电压调节器以降低 ＋24 V 回路电

源电压，从而允许采用低电压运放。

运放输入共模范围必须包括负电源轨。为了最大限度地增

加可用的输出电压摆幅，输出摆幅应包含两个电源轨。由

于运放仅需驱动双极结型晶体管 (BJT) 的基极电流，所以

对输出电流的要求很低。4 至 20 mA 电流的大部分流过 
BJT（从集电极至发射极）。

应选择合适的运放性能规格以与 DAC 及信号链路的其余

部分相匹配。运放必须具备低的输入失调电压和漂移。高 
CMRR 和 PSRR 将改善设计的 DC 性能和抗噪声能力。

通常使用 eTrim™、激光修整和零漂移（斩波器 / 自动归

零）CMOS 运放以满足该电路的性能要求。

如 (6) 式中的转移函数所示，电阻器 R1、R2 和 R3 设定了

电路的增益。应选择具有低容差和温度系数的高精度电阻

器。实现电阻器的比例式容差及漂移匹配可极大地改善整

个温度范围内的电路性能。

                                    (6)

针对负载瞬变和输出电流中的变化，该电路必须保持稳定

的输出响应。因此，应根据 V-I 曲线负载线上的 Q 点来选

择正确的发射极电阻器 (RE)，这一点很重要。[5] 正确选定

的 RE 阻值可形成一个稳定的反馈网络。

图 7：由回路供电的 4 至 20 mA 发送器
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3-wire voltage-output op amp circuit
A standard op amp circuit used to create a 3-wire voltage 
output is shown in Figure 8. High-voltage op amps are 
required for 3-wire circuits to meet the output voltage-
range requirements. Single-supply, 0- to 10-V outputs 
require an input common-mode range that includes 
ground (GND) with a rail-to-rail output stage to reduce 
zero code errors in the system.[6] Performance require-
ments for the op amp are the same as the 2-wire circuit; 
such as low-offset and drift with high CMRR and PSRR.

The gain is set by resistors RF and RG. Select them 
based on the same criteria as the gain-setting resistors in 
the 2-wire circuit.

 
V V

R

ROUT IN
F

G
= × +







1
 

(7)

In a 3-wire voltage-output circuit, the op amp directly 
drives the system load, which can vary greatly depending 
on the final application. Therefore, a robust op amp output 
stage is required that can deliver upwards of ±30 mA of 
output current into a wide range of capacitive loads. Few 
amplifiers can directly drive large capacitive loads, so the 
compensation network formed by RISO, RF, CF, and CL is 
required for a stable output.[7] To properly compensate the 
circuit, the op amp open-loop gain (AOL) and open-loop 
output impedance (ZO) must be known. Furthermore, the 
variations in the AOL and ZO curves over the system oper-
ating conditions need to be considered, or the design may 
become unstable.[8, 9]

Conclusion
There are many design considerations for resistive-bridge 
pressure sensors in industrial process-control applications. 
Performance and specifications of the input signal- 
conditioning stage, the ADC, and the analog output stage 
must all be evaluated. This article presented primary 
design considerations for each of these stages of the signal 
chain and provided guidance to the designer when select-
ing components for the design. 
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三线式电压输出运放电路

图 8 示出了一款用于建立一个三线式电压输出的标准运

放电路。三线式电路需要使用高电压运放以满足输出电

压范围要求。单电源、0 V 至 10 V 输出需要一个包括

地  (GND) 的输入共模范围和一个轨至轨输出级，旨在

减少系统中的零代码误差。 [6] 对于运放的性能要求与两

线式电路相同；例如：低失调和漂移以及高 CMRR 和 
PSRR。

增益由电阻器 RF 和 RG 来设定。它们的选择标准与两线

式电路中的增益设定电阻器是一样的。

                                    (7)

在三线式电压输出电路中，运放直接驱动系统负载，此

类负载会因最终应用的不同而千差万别。于是，需要一

个能够为各种各样的电容性负载提供超过 ±30 mA 输出

电流的稳健型运放输出级。几乎没有放大器能直接驱动

大的电容性负载，因而需要利用由 RISO、RF、CF 和 CL 构
成的补偿网络来提供一个稳定的输出。 [7] 为了对电路实

施正确的补偿，必须获知运放开环增益 (AOL) 和开环输出

阻抗 (ZO)。此外，还必需考虑所有系统工作条件下 AOL 和 
ZO 曲线中的变化，否则设计有可能变得不稳定。[8，9]

结论

工业过程控制应用中的阻性桥压力传感器具有许多设计

考虑因素。对输入信号调节级、ADC 和模拟输出级的性

能和规格指标均必须进行评估。本文逐个介绍了这些信

号链路级的主要设计考虑因素，并为设计人员选择设计

所用的组件提供了相关的指导。
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图 8：用于电容性负载驱动的补偿电路
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Introduction
Telecommunications equipment is often subjected to envi-
ronmental and other electrical stresses such as lightning 
strikes, equipment faults, and capacitor-bank switching. 
These events can cause input-voltage transients of up to 
100 V for durations of 10 ms. Various telecommunications 
standards, including the American National Standard 
(ANSI T1.315-2001 Specification) and Alliance for Tele-
communications Industry Solutions (ATIS-0600315.2007 
Specification), dictate the behavior of DC-powered equip-
ment used in telecommunications environments. 

In particular, these standards stipulate required behav-
iors when exposed to overvoltage transients. Overvoltage-
transient conformance to the above specifications requires 
that a power supply must:

• Be able to handle an input surge voltage of 100 V  
for 10 ms 

• Not be damaged or result in performance degradation

The design goals for today’s state-of-the-art isolated DC/
DC converters generally target an output voltage distur-
bance of less than 10% for all transient conditions of the 
input voltage. A large overshoot at the output may damage 
the downstream equipment and a big output-voltage 
undershoot can cause the equipment to shut 
down or reset. In the case of isolated DC/DC 
converters with synchronous rectification, a 
large reverse current may be generated that 
subjects electrical components to overstress 
and increases system noise, thus, disturbing 
the converter’s normal operation.

One condition that a designer must be 
mindful of is the input-voltage slew rate. An 
extremely-fast voltage slew rate (for example, 
50 V to 75 V in 2 µs) often can cause the 
output-voltage disturbance to exceed ±10%. It 
is unlikely that these standards will be relaxed 
any time soon. In fact, these conditions most 
likely will become even more stringent. 
Therefore, today’s isolated DC/DC power 
supplies must have a very good control method 
(or voltage feed forward) to limit the 

magnitude of the output-voltage undershoot and over-
shoot caused by an input-voltage transient.

Input-voltage feed forward within the power 
supply’s nominal input range
A huge challenge for designers of digitally-controlled 
isolated DC/DC converters is the attenuation of the 
output-voltage fluctuations during abrupt input-voltage 
transients that are within the power supply’s nominal 
input voltage range. However, in traditional primary-side 
controlled solutions (Figure 1), this is easy to manage. 
The sawtooth signal to the comparator has a peak value 
that is proportional to the input voltage and is used to 
terminate the duty cycle of the pulse-width modulator 
(PWM). In this way, the product of the input voltage and 
primary turn-on time is almost a constant value, no matter 
how fast the input voltage changes. Using this method, the 
output voltage has a very fast response for line-input 
transients.

In digitally-controlled solutions, the digital controller is 
usually located on the transformer’s secondary or output 
side. This allows the controller to achieve a better load-
transient response and to easily perform communication 
with the host microcontroller via I2C or PMBus™. 

Figure 1. Analog controller with PWM generation
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引言

电信设备常常会遭受诸如雷击、设备故障和电容器组开

关切换等环境及其他电应力。这些事件会引起高达 100 
V 且持续时间为 10 ms 的输入电压瞬变。各种电信标

准，包括美国国家标准（ANSI T1.315-2001 规范）和电

信业解决方案联盟（ATIS-0600315.2007 规范）在内，

都指定了电信环境中所使用的 DC 供电型设备的运行方

式。

特别地，这些标准规定了当遭遇过压瞬变时所必需的运

行方式。针对上述规范的过压瞬变相符性要求电源必须

拥有以下特性：

• 能够处理持续时间为 10 ms 的 100 V 输入浪涌电压

• 不会受损或导致性能劣化

当今顶尖的隔离式 DC/DC 转换器的设计目标一般是在

所有的输入电压瞬变条件下实现低于 10% 的输出电压

扰动。输出端上的大过冲有可能损坏下游设备，而大的

输出电压下冲则会导致设备停机或复位。对于采用同步

整流的隔离式 DC/DC 转换器而言，也许会

产生一个大的反向电流，该电流将使电气组

件承受过应力并增加系统噪声，因而干扰转

换器的正常工作。

设计人员必须注意的一个条件是输入电压转

换速率。极快的电压转换速率（例如：在 2 
μs 内从 50 V 至 75 V）常常会导致输出电

压扰动超过 ±10%。短时间内上述标准不

大可能放宽。事实上，最有可能的是这些条

件将变得更加严苛。因此，如今的隔离式 
DC/DC 电源必须具备一种非常好的控制方

法（即电压前馈）以限制由输入电压瞬变引

起的输出电压下冲和过冲的幅值。

电源标称输入范围内的输入电压前馈

对于数字控制型隔离式 DC/DC 转换器的设计人员来说，

面临的一个巨大的难题是如何减小突发输入电压瞬变（在

电源的标称输入电压范围之内）期间输出电压的波动。然

而，在传统的初级侧控制型解决方案（图 1）中，这是很

容易管理的。至比较器的锯齿波信号具有一个与输入电压

成正比的峰值，并用于终止脉宽调制器 (PWM) 的工作周

期。这样，无论输入电压变化的速度有多快，输入电压

与初级接通时间的乘积都几乎是一个恒定值。利用这种方

法，针对线路电压输入瞬变，输出电压可提供非常快的响

应。

在数字控制型解决方案中，数字控制器通常位于变压器的

次级或输出侧。这使得控制器能够实现更好的负载瞬态响

应，并通过 I2C 或 PMBusTM 轻松完成与主机微控制器的

通信。

图 1：具有 PWM 生成功能的模拟控制器
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Compared with a primary analog controller 
solution, it becomes more difficult for the 
digital controller to quickly and accurately 
detect the input voltage transients occurring 
on the transformer’s primary side. In a 
purely digital solution, the designer must 
consider further complexities such as A/D 
conversion delay, digital processing delay, 
and digital pulse-width modulator (DPWM) 
generating delay.

Solution
It is possible for a digitally-controlled solu-
tion to control duty cycle much like the 
analog solution. This means that the digital-
power controller in Figure 2 can be config-
ured with similar performance to the analog 
controller in Figure 1 while maintaining its 
digital flexibility.

The key challenge is how to generate a 
ramp similar to the analog solution. In buck-
derived DC/DC isolated topologies, input 
voltage can be reflected on the transformer’s 
secondary winding during the effective on time of the 
primary switch. The hard-switching full-bridge (HSFB) 
topology shown in Figure 3 is an example of the method 
for generating this ramp.

T1 represents the power transformer used in the HSFB 
topology. When a pair of primary switches are turned on, 
the input voltage reflected on the secondary winding 
charges C1 through R1 and R3. This continues until the 

Figure 2. A digital controller configured similar 
to an analog PWM controller
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Figure 3. RAMP generation with HSFB topology
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PCM comparator terminates the pulse of the primary gate 
driver when the sawtooth voltage on the EAP2 pin 
exceeds the DAC’s output. DPWM3A is a complementary 
signal of the primary gate driver that is generated by the 
digital controller. This controller is used to discharge C1 at 
every half switching cycle. R2 is added to limit the voltage 
on the EAP2 pin, which is lower than its maximum voltage 
rating at any condition. 
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图 2：被配置为类似于模拟 PWM 控制器的
数字控制器

图 3：采用 HSFB 拓扑的斜坡生成

C1 充电。这将持续到 PCM 比较器在 EAP2 引脚上的锯

齿波电压超过 DAC 的输出时终止主栅极驱动器的脉冲为

止。DPWM3A 是主栅极驱动器的一个互补信号，其由数

字控制器产生。该控制器用于给 C1 放电（每半个开关周

期一次）。增设 R2 的目的在于限制 EAP2 引脚上的电

压，在任何条件下该电压都低于其最大电压额定值。

相比于最初的模拟控制器解决方案，数字

控制器要想快速而准确地检测出现在变压

器初级侧上的输入电压瞬变变得更加困难

了。在纯数字解决方案中，设计人员必须

考虑深一层的复杂性，如 A/D 转换延迟、

数字处理延迟和数字脉宽调制器 (DPWM) 
生成延迟。

解决方案

数字控制型解决方案可以采用与模拟解决

方案非常相似的方式来控制占空比。这意

味着可通过配置使图 2 中的数字电源控制

器拥有与图  1 中的模拟控制器相似的性

能，同时保持其数字灵活性。

主要的挑战是怎样生成一个类似于模拟

解决方案的斜坡。在由降压导出的隔离

式 DC/DC 隔离式拓扑中，输入电压可在

主开关的有效导通时间里反射在变压器的次级绕组上。

在用于生成该斜坡的方法中，图 3 中示出的硬开关全桥 
(HSFB) 式拓扑便是一个例子。

T1 代表 HSFB 拓扑中使用的电源变压器。当一对主开关

接通时，反射在次级绕组上的输入电压通过 R1 和 R3 给 
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Test results 
The test comparison in Figure 4 was generated with the 
UCD3138HSFBEVM-029 evaluation module (EVM), which 
is a HSFB demo module with a 12-V output. This EVM 
employs a non-linear multiplier solution to implement 
input-voltage feed-foward control that can achieve a good 
output response. However, the method proposed here can 
achieve an even better performance. The amplitude of 
both overshoot and undershoot is reduced by four times 
when the input voltage steps between 36 V and 60 V with 
a voltage slew rate of 1 V/µs. The 36-V minimum voltage of 
this transience test was chosen because the output voltage 
cannot maintain below that limit, or output voltage-hold 
threshold.

Avoid reverse current when input voltage drops 
below the output voltage-hold threshold
When the input voltage drops below the output voltage-
hold threshold, the duty cycle reaches its maximum value. 
Now the product of the input voltage and duty cycle 
decreases. If the power stage still operates in the synchro-
nous rectification mode, this causes the energy stored in 
the output capacitor to flow in a reverse direction to the 
input.

The reverse current could be huge, which may cause 
overcurrent stress on the power train. A popular solution 
is to add a reverse-current protection circuit where the 
synchronous rectifier (SR) is turned off when reverse 

Figure 4. A comparison test for input-voltage transients between 36 V and 60 V
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测试结果

图 4 中的测试结果比较是利用 UCD3138HSFBEVM-029 
评估模块  (EVM) 生成的，其为一款具有  12 V 输出的 
HSFB 演示模块。该 EVM 采用了一种非线性乘法器解决

方案，以实施能够实现优良输出响应的输入电压前馈控

制。不过，这里提出的方法能够实现更好的性能。当输

入电压阶跃介于 36 V 至 60 V 之间且电压转换速率为 1 
μV/s 时，过冲和下冲的幅度均降低了 4 倍。该瞬变测试

之所以选择 36 V 的最小电压，原因是在该限值（即输出

电压保持门限）以下无法维持输出电压。

避免在输入电压降至低于输出电压保持门限时
出现反向电流

当输入电压降至输出电压保持门限以下时，占空比达到

其最大值。此时，输入电压与占空比的乘积减小。如果

功率级仍然工作于同步整流模式，则将导致输出电容器

中的储存能量反方向流动至输入端。

反向电流有可能很大，这或许会在功率链路上引起过流

应力。常用的解决方案是增设一个反向电流保护电路，

该电路将在反向电流大于某个安全门限时关闭同步整流

器 (SR)。（接下页）

图 4：针对 36 V 至 60 V 输入瞬变的测试结果比较

（a）建议的解决方案：过冲小于 200 mV

（c）建议的解决方案：下冲小于 200 mV

（b） 原先的解决方案：过冲大于 900 mV

（d）原先的解决方案：下冲大于 800 mV
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current is larger than a safe threshold. This way, the loop 
of the reverse current through the output inductance is 
cut off abruptly. The energy stored in the output induc-
tance, causes an avalanche breakdown of the SR, which 
can cause SR failure.

Solution
To solve this problem, a voltage-detection circuit can turn 
off the SR immediately. This occurs before the reverse 
current is generated and when the input voltage drops 
to lower than the output voltage-hold threshold. The 
circuit shown in Figure 5 detects the input voltage 
from the transformer’s center tap (V_TAP). The EAP1 
pin, which belongs to the UCD3138 front-end block, 
can be configured to sample the voltage only at the 
on-time of the primary switch when the V-TAP’s 
voltage reflects an input voltage.

In Figure 6, the scaled down input voltage is 
converted to a digital number stored in the ABS regis-
ters. A pair of digital window comparators inside the 
digital controller are configured to detect the under-
voltage input and the input-voltage recovery. When an 
input voltage below the output voltage-hold threshold 

is detected, within nanoseconds, digital comparator 0 
issues a fault signal to the DWPM module to shut down 
the DMPM0B/1B, SR-gate drive signal. When the input 
voltage recovers, the digital comparator 1 triggers a fast 
firmware interruption that enables the SR-gate driver. A 
pre-bias startup routine is started so that the output 
voltage can recover in the shortest amount of time.

Figure 6. Turn-on/off control of a synchronous rectifier 
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（续上页）这样，通过输出电感的反向电流环路被突然

切断。存储在输出电感中能量引起 SR 的雪崩击穿，从

而会导致 SR 失效。

解决方案

为了解决该问题，采用一个电压检测电路能够立即关

闭  SR。这发生在反向电流生成之前以及输入电压降

至低于输出电压保持门限之时。图 5 中示出的电路可

检测来自变压器中心抽头的输入电压 (V_TAP)。属于 
UCD3138 前端功能块的 EAP1 引脚可配置为仅在主开

关的导通时间进行电压采样（当 V-TAP 的电压反射一个

输入电压时）。

在图 6 中，调低的输入电压被转换为一个数字值存储在 
ABS 寄存器中。数字控制器内部的一对数字窗口比较

器被配置为检测欠压输入和输入电压恢复。当检测到一

个低于输出电压保持门限的输入电压时，数字比较器 0 
将在几纳秒之内向 DPWM 模块发送一个故障信号，以

关断 DMPM0B/1B（SR 栅极驱动信号）。当输入电压恢

复时，数字比较器 1 将触发一个快速固件中断，以使能 
SR 栅极驱动器。起动一个预偏压启动例程以便输出电压

能够在最短的时间里恢复。

图 5：输入电压检测电路

图 6：同步整流器的接通 / 关闭控制
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Test results
The proposed solution is designed to shut down the SR 
gate driver signal as soon as the input voltage drops below 
36 V (Figure 7a). There is no reverse current discharging 
the output capacitor and the output voltage under no-load 
test barely changes while the input voltage stays at 22 V. 
In comparison, the original SR gate-driver EVM solution 
(Figure 7b) continues to run, even though the input 
voltage is below 36 V. The reverse current is generated, 
causing the output voltage to be discharged, even under 
no-load conditions.

The original EVM solution does not have a pre-bias start-
up function when the input voltage recovers to its normal 
value, which causes an output voltage overshoot and trig-
gers OVP after the input voltage recovers (Figure 7d). For 
a full-load test, the output voltage in the proposed solution 
is discharged by the load (Figure 7c). When the input 
voltage recovers, the output can immediately and monoto-
nously rise back to the regulated voltage, which is 
controlled by the pre-bias startup routine.

Conclusion
It was shown that a secondary-side, digitally-controlled 
solution provides good performance under line-transient 
test conditions.

A proposed solution showed that the output voltage 
remained almost unchanged as long as the input-voltage 
transient is above the output voltage-hold threshold. The 
solution also avoided reverse current from occurring when 
the input voltage was lower than the output voltage-hold 
threshold. Additionally, a stringent and monotonous 
startup waveform was achieved when the input voltage 
recovered.

Related Web sites
Product information:
UCD3138HSFBEVM-029 
UCC28251 
UCD3138 

Subscribe to the AAJ:
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Time (1 ms/div)

4

1

3

Input (50 V/div)

Output (2 V/div)

SR Gate Drive
(5 V/div)

Figure 7. Test results when the input-voltage transient is between 60 V and 20 V
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测试结果

建议的解决方案专为在输入电压降至低于 36 V 时立即

关断 SR 栅极驱动器信号而设计（图 7a）。没有对输

出电容器放电的反向电流，而且当输入电压处于 22 V 
时，无负载测试条件下的输出电压几乎不变。相比之

下，原先的 SR 栅极驱动器 EVM 解决方案（图 7b）
则继续运行，即使输入电压降至 36 V 以下也不例外。

这生成了反向电流，从而引起输出电压放电，即便在

无负载情况下也是如此。

当输入电压恢复至其正常值时，原先的 EVM 解决方

案不具备预偏压启动功能，这将引起输出电压过冲并

在输入电压恢复之后触发过压保护 (OVP)（图 7d）。

对于满负载测试，建议解决方案中的输出电压由负载

放电（图 7c）。当输入电压恢复时，输出能够立刻和

单调地回升至稳定电压，这受控于预偏压启动例程。

结论

结果表明，一款次级侧、数字控制型解决方案可在线路电

压瞬变测试条件下提供良好的性能。

建议的解决方案显示：只要输入电压瞬变高于输出电压保

持门限，则输出电压几乎保持不变。该解决方案还能够避

免在输入电压低于输出电压保持门限时出现反向电流。此

外，当输入电压恢复时还实现了严格和单调的启动波形。

相关网站

产品信息：

UCD3138HSFBEVM-029
UCC28251
UCD3138

订阅 AAJ：

www.ti.com.cn/subscribe-aaj

图 7：输入电压瞬变介于 60 V 和 20 V 之间时的测试结果

（a）建议的解决方案（无负载）

（c）建议的解决方案（满负载）

（b） 原先的解决方案（无负载）

（d）原先的解决方案（满负载）
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