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

• Data Converters

• Power Management

• Interface (Data Transmission)

• Amplifiers: Audio

• Amplifiers: Op Amps

• Low-Power RF

• General Interest

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

Introduction

3Q 2013

引言

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

 数据转换器

 电源管理

 接口（数据传输）

 放大器：音频

 放大器：运算放大器

 低功耗RF
 一般常见问题

《模拟应用期刊》文章包括许多有用的建议和经验法则，为广大年青工程人员或者刚刚进入模拟行
业的新手以及高级模拟技术工程师们提供指导。适当情况下，读者还会看到软件程序和程序结构相
关内容。
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High-efficiency, low-ripple DCS-Control™ 
offers seamless PWM/power-save transitions

Texas Instruments (TI) offers synchronous buck converters 
with DCS-Control™ technology, a regulation topology of 
Direct Control with Seamless transition into power-save 
mode. This topology incorporates the advantages of the 
voltage-mode, current-mode, and hysteretic control topol-
ogies while providing a clean entry into power-save mode. 
This article discusses how the DCS-Control topology 
works, demonstrating its low output-voltage ripple in 
power-save mode, its superb transient response, and its 
seamless mode transitions.

Basic operation
The DCS-Control topology fundamentally is a hysteretic 
topology. However, it incorporates several circuits that 
provide the advantages of the voltage- and current-mode 
topologies. Figure 1 shows the basic block diagram of the 
DCS-Control topology, taken from the datasheet of TI’s 
TPS62130 step-down converter.1

There are two inputs to the DCS-Control topology: a 
feedback (FB) pin and an output-voltage sense (VOS) pin. 
The FB pin’s input behaves the same as in most DC/DC 
converters. It is the high-impedance input to an error 
amplifier, or operational amplifier, whose purpose is to 
output an error signal of the FB pin to an internal refer-
ence voltage, VREF. As in other DC/DC converters, the 

error amplifier provides precise output-voltage regulation. 
A voltage divider between the output voltage, FB pin, and 
ground programs the output voltage’s set point. For some 
devices, like TI’s TPS62131, the FB pin is connected inter-
nally by using a voltage divider from the VOS pin. This 
sets the output voltage, reduces the external component 
count by two, and reduces the FB pin’s sensitivity. Appro-
priate compensation is included around the error amplifier 
to ensure its stability.

The VOS pin is connected directly to the converter’s 
output voltage at the output capacitor. Like the FB pin, 
this is a high-impedance input into the control loop. Unlike 
the FB pin, the VOS pin enters a proprietary circuit, which 
creates a voltage ramp. This ramp is then compared to the 
error signal from the error amplifier, as in voltage- or  
current-mode control. This path from the VOS pin to the 
comparator provides the fast hysteretic response of the 
DCS-Control topology. Changes in the output voltage at 
VOS are directly fed to the comparator and immediately 
affect the device’s operation. For this reason, the VOS pin 
is noise-sensitive; so the output voltage’s route should be 
as short and direct as possible from the output capacitor 
back to the device’s VOS pin. Appropriate compensation 
is in cluded around the VOS pin’s circuitry to ensure its 
stability.

Power Management

By Chris Glaser
Applications Engineer

Control

Ramp

DCS-Control TopologyTM

VOS

FB

+

–

Gate
Driver

Comparator

Error
Amplifier

V
0.8 V

REF

Timer (tON_min)

Direct Control
and

Compensation

Figure 1. Block diagram of DCS-Control™ topology图1 DCS-ControlTM拓扑结构图

TI 推出了采用DCS-Control™技术的同步降压转换

器，它是一款可无缝转换至节能模式的直接控制调节

拓扑。这种拓扑融合了电压模式、电流模式以及迟

滞控制拓扑的众多优点，并同时实现顺滑转入节能模

式。本文为您介绍DCS-Control拓扑的工作原理，展

示其在节能模式下的低输出电压纹波、优异的瞬态响

应以及无缝模式转换性能。

基本工作原理

DC-Control拓扑基本上是一种迟滞拓扑。但是，它整

合了几种电路，同时拥有电压模式和电流模式拓扑的

优点。图1显示了DC-Control拓扑的基本结构图（取

自TI的TPS62130降压转换器产品说明书）。1

DC-Control拓扑的输入共有两个：反馈（FB）引脚

和输出电压检测（VOS）引脚。大多数DC/DC转换器

的FB引脚输入表现均相同。它是误差放大器或者运算

放大器的高阻抗输入，其目的是把FB引脚的误差信号

输出至某个内部基准电压VREF。与其它DC/DC转换器

中一样，误差放大器提供精确的输出电压调节。在输

出电压（FB引脚）和接地之间的分压器，设置输出电

压的设定点。就一些器件而言，例如：TI的TPS62131
等，通过一个VOS引脚分压器内部连接FB引脚。这样

便可设置输出电压，减少2个外部组件，并同时降低FB
引脚的敏感度。在误差放大器周围包含相应的补偿，

以确保其稳定性。

在输出电容，VOS引脚直接连接至转换器的输出电

压。与FB引脚一样，它是控制环路的高阻抗输入。

与FB引脚不同的是，VOS引脚进入某个专有电路，形

成电压斜升。之后，把该电压斜升与误差放大器的误

差信号比较，其同电压模式和电流模式控制的做法一

样。VOS引脚到比较器的通路，让DCS-Control拓扑

拥有快速的迟滞响应。VOS的输出电压变化直接馈给

比较器，并立即对器件的运行产生影响。正因如此，

VOS引脚对噪声敏感；因此，输出电压从输出电容器

返回至器件VOS引脚的路线应尽可能地短和直。VOS
引脚电路周围的相应补偿，目的是确保稳定性。

之后，比较器向控制电路输出一个信号，告诉它是

高效、低纹波DCS-Control™，
实现无缝PWM/节能转换
作者：Chris Glaser，德州仪器 (TI) 应用工程师
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Power Management

The comparator then outputs a signal to the control  
circuit, telling it whether or not to output a switching 
pulse to the gate driver, which controls the high-side 
MOSFET. The comparator works with the timer circuit to 
provide both the fastest response to load transients and a 
regulated switching frequency.

Based on the ratio of VOUT to VIN, the timer sets a mini-
mum ON time (tON_min) that can extend the ON-time 
control from the comparator. The minimum ON time set 
by the timer typically is shown in the device datasheet 
with an equation, such as

OUT
ON

IN

V
t 400 ns.

V
= ×

In this example based on the TPS62130, the target switch-
ing period is 400 ns; therefore, the switching frequency is 
its reciprocal, or 2.5 MHz. A regulated switching frequency 
is maintained over the input and output voltage ranges 
due to the VOUT/VIN factor, which adjusts the minimum 
ON time based on the ideal duty cycle for a buck con-
verter. Thus, the ON-time equation also can be written as 
tON = D × tPeriod, which is the exact definition of ON time 
for any buck converter.

The control of the low-side MOSFET is simple. After the 
high-side MOSFET turns off, the low-side MOSFET turns 
on and efficiently ramps down the inductor current. The 
low-side MOSFET turns off when either the inductor cur-
rent decays to zero, or the high-side MOSFET is told by 
the comparator to turn on again. An appropriate dead 
time is implemented to avoid shoot-through currents in 
the MOSFETs.

Power-save mode
A key component of the DCS-Control topology is its power- 
save mode. Generally, most power-save modes activate at 
lower load currents and increase the conversion efficiency 
by skipping switching pulses and reducing the device’s 
current consumption (quiescent current). Skipping switch-
ing pulses operates the device in discontinuous conduction 
mode (DCM), which eliminates the negative inductor cur-
rent (current flowing from the output towards the input) 
that otherwise would occur at light loads. Such current 
merely undoes the work of previous switching cycles and 
incurs additional losses, which decrease efficiency. Reduc-
ing the quiescent current improves the efficiency at very 
light loads, as explained in detail in Reference 2.

The power-save mode in the DCS-Control topology is 
very simple. It is implemented with the same circuitry as 
described earlier—there is no switching between two differ-
ent control modes during the transition from power-save 

mode to PWM mode. Some other control topol ogies switch 
between one control method for power-save mode and a 
different one for PWM mode. This creates the oppor tunity 
for glitches and random noise to occur during the transi-
tion. More details about these phenomena are provided 
later in this article under “Seamless transition.”

The DCS-Control topology implements its power-save 
mode in a straightforward way: If the comparator does not 
need a switching pulse, then no pulse is given. So, if the 
output voltage is above its set point (as measured by the 
error amplifier) when the inductor current decays to zero, 
the device does not output a new switching pulse; instead, 
it reduces its quiescent current and enters power-save 
mode. It waits until the error amplifier tells the compara-
tor that the output voltage has decreased to its set point 
and should now be increased. Then the device outputs a 
switching pulse that lasts for the minimum ON time, raising 
the output voltage just high enough to stay within regula-
tion. Minimum propagation delays through these circuits 
result in high efficiency and well-regulated output voltage 
during power-save mode.

A single switching pulse persisting for the minimum ON 
time transfers the smallest possible amount of energy to 
the output, creating the smallest amount of output-voltage 
ripple. As the light-load current increases, the single 
pulses occur closer together and increase the switching 
frequency above the audio band at a faster rate than other 
power-save topologies. Other topologies use groups or 
bursts of pulses during the power-save mode that cause 
much more energy than required to be transferred to the 
output during a burst. Since the output voltage takes more 
time to drop back down to its set point, the bursts are 
spaced further apart, keeping the effective frequency in 
the audio range longer. The single-pulse architecture of 
DCS-Control allows operation above the audio band at 
lower load currents than these other topologies. A case 
study of the noise performance in power-save mode is 
given in Reference 3.

When the load increases enough such that there is no 
time between the single pulses, the inductor current does 
not return to zero before the comparator tells the high-
side MOSFET to turn on again. This load condition occurs 
at the DCM boundary and is where the converter exits 
power-save mode and enters PWM mode.

Output-voltage ripple in power-save mode
This combination of predictable operation in power-save 
mode (a single pulse for the minimum ON time) and entry 
into PWM mode when a zero inductor current is reached 
makes the DCS-Control topology much more flexible than 
other topologies, allowing easier configuration to system 

冲。因此，如果电感电流衰减至零时输出电压高出其

设置点（由误差放大器测得），则器件不输出一个

新的开关脉冲；反之，降低其静态电流并进入节能模

式。除非误差放大器告诉比较器，输出电压已降至其

设置点，现在应该升压，否则它将一直等待。之后，

器件输出一个持续最小“导通”时间的开关脉冲，把

输出电压升高至足以保持在调节范围内的程度。节能

模式下，这些电路的最小传播延迟带来高效率和良好

调节的输出电压。

持续最小“导通”时间的单个开关脉冲，把最小能量

传输至输出端，从而实现最小输出电压纹波。随着轻

负载电流增加，单次脉冲更加靠近，并增加开关频率

至音频带之上，其速率高于其它节能拓扑。其它拓扑

在节能模式下使用数组或者连续脉冲，导致脉冲期间

输出端的能量更大。由于输出电压降回其设置点需要

花费更长的时间，因此脉冲的间隔更大，从而使有效

频率在音频范围内的时间更长。DCS-Control的单脉冲

构架，让其可以工作在音频带以上，并且负载电流小

于其它拓扑。《参考文献3》介绍了一个节能模式噪声

性能的案例研究。

当负载增长到一定程度、单次脉冲之间没有时间间隔

时，在比较器告诉高侧MOSFET再次开启以前电感电

流不会返回零。DCM边界处出现这种负载状态，届

时，转换器退出节能模式，进入PWM模式。

节能模式的输出电压纹波

组合使用节能模式（最小“导通”时间的单次脉冲）

和达到零电感电流时进入PWM模式，让DCS-Control
拓扑比其它拓扑更加灵活，从而实现更加简单的配

置，最终满足系统要求。例如，思考一个12V输入和

3.3V输出的系统在节能模式下的输出电压纹波情况。

TI的TPS62130评估模块（EVM）工作在2.5MHz设置

下，用于图2来演示如何通过增加外部电感和输出电容

减少这种纹波。无负载状态用于显示节能模式下的极

端输出电压纹波。

图2a显示了已经很低的26mV峰值到峰值输出电压

纹波，即3.3V输出电压的0.8%，其使用默认电路得

到。由于在每个开关脉冲期间传输的能量相同，因此

增加输出电容可以减少输出电压纹波。输出电容更

高，固定能量带来的电压纹波也就越少（图2b）。由

于“导通”时间不变，因此增加电感可以降低开关脉

冲内达到的峰值电流。低峰值电流存储的能量也更少

（E=½×L×I2），因此传输至输出的能量也更少，从

否向栅极驱动器输出一个开关脉冲，以控制高侧

MOSFET。比较器与计时器电路协同工作，同时提

供最迅速的负载瞬态响应和经过调节的开关频率。

根据VOUT与VIN的比率，计时器设置一个能够扩展比

较器“导通”时间控制的最小“导通”时间。器件

产品说明书通常会使用一个方程式说明计时器设置

的最小“导通”时间，例如：

在这个基于TPS62130的举例中，目标开关时间为

400ns；因此，开关频率为其倒数，即2.5MHz。由

于VOUT/VIN因素，调节后开关频率维持在输入和输

出电压范围，其根据某个降压转换器的理想占空比

调节最小“导通”时间。因此，“导通”时间方程

式还可写为 ，其准确定义了所有降压

转换器的“导通”时间。

低侧MOSFET控制较为简单。在高侧MOSFET关
闭以后，低侧MOSFET开启，并有效地使电感电

流斜降。当电感电流衰减至零，或者比较器让高侧

MOSFET再次开启时，低侧MOSFET关闭。施加相

应的死时间，以避免MOSFET出现击穿电流。

节能模式

DCS-Control拓扑的一个关键组成部分是其节能模

式。一般而言，大多数节能模式均在低负载电流时

启用，其通过跳过开关脉冲和降低器件的电流消耗

（静态电流）来提高转换效率。跳过开关脉冲让器

件工作在非连续导电模式（DCM）下，消除负电感

电流（从输出端流向输入端），如若不然，它会出

现在轻负载条件下。这类电流只会破坏前面开关周

期的工作，并带来更多的损耗，从而降低效率。降

低静态电流可以提高超轻负载下的效率，《参考文

献2》中对此有详细的说明。

DCS-Control拓扑的节能模式非常简单。它的实现

电路与前面所述一样：从节能模式转换至PWM模式

期间，在两个不同控制模式之间没有开关操作。其

它一些控制拓扑会在一种节能模式控制方法和另一

种PWM模式方法之间进行开关切换。这样做，在转

换期间可能会出现电子脉冲干扰和随机噪声。本文

后面的“无缝转换”将详细说明这种现象。

DCS-Control拓扑使用一种简单的方法实现其节能

模式：如果比较器不需要开关脉冲，则不产生脉
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requirements. As an example, consider the output-voltage 
ripple in the power-save mode of a system with a 12-V 
input and 3.3-V output. TI’s TPS62130 evaluation module 
(EVM),4 operating at the 2.5-MHz setting, was used for 
Figure 2 to demonstrate how to decrease the ripple by 
increasing the external inductance and output capacitance. 
The no-load condition was used to show the worst-case 
output-voltage ripple in power-save mode.

Figure 2a shows the already low output-voltage ripple of 
26 mV peak-to-peak, or 0.8% of the 3.3-V output voltage, 
obtained with the default circuit. Increasing the output 
capacitance decreases the output-voltage ripple, since the 
same amount of energy is transferred during each switch-
ing pulse. With more output capacitance, this fixed energy 
results in less voltage ripple (Figure 2b). Increasing the 
inductance reduces the peak current reached in a switch-
ing pulse, since the ON time remains the same. Since a 
lower peak current stores less energy (E = ½ × L × I2), 
less energy is transferred to the output, again resulting in 
less voltage ripple (Figure 2c). Note that the ON time is 
the same for each circuit because it is fixed inside the 
device and cannot be changed by the external components.

The engineer can also set the load current at which 
power-save mode is entered by adjusting the inductance, 
which changes the boundary to DCM. A larger inductance 
results in less inductor-current ripple, which means the 
inductor current remains above zero down to lower output- 
current levels. This ability to adapt the power-save mode’s 
entry point and output-voltage ripple to specific needs 
allows this topology to be used in a variety of applications, 
including those that are highly sensitive to noise. Examples 
include low-power wireless transmitters and receivers in 
medical or industrial applications (see Reference 5),  
port able power in consumer devices, and power for  
solid-state drives.

Transient response
Since the DCS-Control topology detects the actual output 
voltage through the VOS pin, it is well-suited to respond to 
load transients. This signal is fed directly to the compara-
tor and does not travel through the bandwidth-limited 
error amplifier before affecting the ON time. Being hyster-
etic, the DCS-Control topology responds fastest to load 
transients, a capability that is further enhanced by its 
device’s 100% duty-cycle mode.

In this mode, the device keeps the high-side MOSFET 
on for as long as necessary for the output voltage to 
recover. In other words, the ON time demand of the com-
parator is fully met. Figure 3 shows the TPS62130 EVM’s 
response to a no-load to 1-A-load transient through its 
100% duty-cycle mode. The 300-ns time delay between the 

4

Time (100 ns/div) Time (100 ns/div) Time (100 ns/div)

26 mVPP 19 mVPP 15 mVPP

Switch Node (5 V/div)

V (AC, 50 mV/div)
OUT

I (500 mA/div)
Inductor

1

2

Figure 2. TPS62130’s output-voltage ripple

(a) With default EVM (b) With additional 22-µF output 
capacitor

(c) With additional 22-µF output capacitor 
and inductor increased to 2.2 µH

4

Time (500 ns/div)

1

2

100% Duty-Cycle Mode

Switch Node (10 V/div)

Start of Transient

V (AC, 100 mV/div)
OUT

Output Voltage Recovers

I (1 A/div)
Inductor

I
(1 A/div)

Load

3

Figure 3. TPS62130 EVM’s 100% duty-cycle 
mode during transient response

拓扑并非是器件瞬态响应能力局限的主要方面；在使

用特定输出滤波器组件时，它实现了优异的瞬态响

应。

无缝转换

在前面，我们注意到，在DCS-Control拓扑中，仅一

个电路控制PWM和节能模式。它实现了两种控制模

式之间的迅速且无缝的转换。另外，当电路的工作

状态接近两种模式之间的边界时，它仍然拥有更高的

性能。由于不存在模式开关，因此便没有输出脉冲干

扰。

图3 瞬态响应期间TPS62130 EVM的

100%占空比模式

图2 TPS62130的输出电压纹波

而再一次降低了电压纹波（图2c）。注意，每个电

路的“导通”时间相同，因为其为器件的内部固定

值，无法通过外部组件改变。

工程师还可以设置通过调节电感进入节能模式的负

载电流，其把边界更改为DCM。更大的电感带来

更小的电感电流纹波，其意味着，电感电流保持在

零以上，导致更低的输出电流电平。它可以让节能

模式的进入点和输出电压纹波满足各种特殊需求，

从而让这种拓扑可以用于各种应用中，包括那些

对噪声高度敏感的应用，例如：医疗或者工业应用

中的低功耗无线发射器和接收器（参见《参考文献

5》）、消费类设备的便携式电源以及固态硬盘电

源。

瞬态响应

由于DCS-Control拓扑通过VOS引脚检测实际输出

电压，因此其非常适合于对负载瞬态做出响应。该

信号直接馈给比较器，并不通过带宽限制误差放大

器传输，不影响“导通”时间。因其迟滞特性，

DCS-Control拓扑的负载瞬态响应更迅速，而器件

100%占空比又进一步增强了它的这种能力。

在这种模式下，只要输出电压恢复需要，器件便

可以让高侧MOSFET保持开启。换句话说，比较

器的“导通”时间要求得到完全满足。图3显示了

TPS62130 EVM通过其100%占空比对无负载到

1A负载瞬态做出响应的情况。在瞬态开始和高侧

MOSFET开启时之间的300ns时间延迟意味着，瞬

态响应几乎完全受大信号问题（电感）的限制，而

非小信号问题（控制拓扑）。因此，DCS-Control
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start of the transient and when the high-side MOSFET 
turns on means that the transient response is limited 
almost entirely by large-signal concerns (the inductance) 
and not by small-signal concerns (the control topology). 
Thus, the DCS-Control topology is not the main limitation 
of the transient-response capabilities of the device; rather, 
it enables outstanding transient response for given output-
filter components.

Seamless transition
It was previously noted that, in the DCS-Control topology, 
only one circuit controls both the PWM and the power-save 
modes. This allows a faster but also a seamless transition 
between control modes. It also allows for better perform-
ance when the circuit’s operating conditions approach the 
boundary between modes. Since there is no mode switch, 
there is no glitch at the output.

Figure 4 compares the mode-transition behavior of the 
TPS62130 to that of a device using another control topol-
ogy. The load current (bottom trace in green) varies from 
10 mA to 1 A in a triangle-like pattern. Both the inductor 
current and the output-voltage ripple are observed for 
perturbations or disturbances.

For the TPS62130, which uses the DCS-Control topol-
ogy, Figure 4 shows much smoother output-voltage and 
inductor-current waveforms than for the device using 
another control topology. The TPS62130 outputs lower 
voltage ripple at all load currents. The ripple increases 
slightly at lower loads; but, since the device enters power-
save mode, this increase is far less than for the device with 
the other topology. Finally, and most important, there is a 
relatively large drop in the output voltage (under some 
limited operating conditions, such as with this load ramp) 
as the load increases and the device with the other topol-
ogy exits power-save mode and enters PWM mode. Clearly, 
this is not desirable for the load or the system and is elimi-
nated with the DCS-Control topology.

Conclusion
The DCS-Control topology is a great improvement over 
other control topologies because it provides excellent 
transient response with a seamless transition into power-
save mode. Its single-pulse power-save mode provides low 
output-voltage ripple and improves the performance of 
numerous types of end equipment and systems, including 
noise-sensitive applications.
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图4 PWM模式到节能模式转换

图4把TPS62130的模式转换性能同使用另一种控制

拓扑的器件进行了比较。在类三角模式下，负载电

流（绿色表示的底部线条）范围为10mA到1A。我

们同时观察到了扰动或者干扰电感电流和输出电压

纹波。

对于使用DCS-Control拓扑的TPS62130来说，图4
表明，相比使用另一种控制拓扑的器件，它的输出

电压和电感电流波形都更加平滑。在所有负载电流

下，TPS62130输出的电压纹波都更小。更负载时纹

波稍有增加；但是，由于器件进入节能模式，这种

纹波增加远低于使用另一种拓扑的器件。最后也是

最重要的一点是，随着负载增加输出电压下降较明

显（在一些有限工作条件下，例如：负载斜升），

而使用另一种拓扑的器件则退出节能模式，进入

PWM模式。很明显，这是负载或者系统不希望出现

的情况，而DCS-Control拓扑可以避免这种情况的出

现。

结论

DCS-Control拓扑相比其它控制拓扑有了巨大的改

进，它拥有优异的瞬态响应，并可无缝地转换至节

能模式。它的单脉冲节能模式具有较低的输出电压

纹波，并提高了各种终端设备和系统的性能，包括

噪声敏感型应用。

参考文献

1、《采用3x3 QFN封装的3-17V 3A降压转换器》，

见于TPS62130/1/2/3产品说明书，

网址：www.ti.com/slvsag7-aaj

2、《IQ：如何辨别和使用》，作者：Chris Glaser，
见于《模拟应用杂志》（2011年第2季度），

网址：www.ti.com/slyt412-aaj

3、《TPS62125低噪声设计》，作者：Brian Berner，
见于《应用报告》，

网址：www.ti.com/slva523-aaj

4、《采用3x3mm、16引脚QFN的3A同步降压转换器

TPS62130的评估模块》，TI TPS62130EVM-505，
网址：www.ti.com/tps62130evm-aaj

5、《超低功耗无线应用的旁路模式降压转换器》，

TPS62732/33/30产品说明书，

网址：www.ti.com/slvsac3-aaj

相关网站

电源管理：

www.ti.com/power-aaj
www.ti.com/dcs-control-aaj
www.ti.com/tps62130-aaj
www.ti.com/tps62131-aaj

订阅《模拟应用杂志》，请访问：

www.ti.com/subscribe-aaj



9

Analog Applications Journal

Texas Instruments Incorporated

3Q, 2013 www.ti.com/aaj High-Performance Analog Products

Linear versus switching regulators in  
industrial applications with a 24-V bus

Linear regulators have been around for many 
years. Some designers still use linear regulators 
that are over 20 years old for new and old proj-
ects. Others have made their own linear regula-
tors from discrete components. The simplicity 
of a linear regulator is hard to beat for a wide 
range of voltage conversions. However, low- 
current applications with a 24-V bus, such as for 
industrial automation or HVAC controls, may 
have thermal issues if the voltage drop is too 
large. Fortunately, designers have several 
choices now that small, high-efficiency, wide-
input-voltage switching regulators are available.

This article compares three different solu-
tions that provide a 5-V output at 100 mA from 
a 24-V bus. A synchronous step-down (buck) converter is 
compared to an integrated linear regulator and a discrete 
linear regulator. Size, efficiency, thermal performance, 
transient response, noise, complexity, and cost are com-
pared to help designers choose the solution that best 
meets the constraints of a particular application.

Conditions of comparison
Most industrial applications use a 24-V bus and require 5 V 
to power various loads, such as logic and low-current 
micro processors. An output current of 100 mA is chosen 
because it accommodates many logic and processor loads. 
However, the power-dissipation level can affect the deci-
sion of whether to use a switching or linear regulator. The 
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By Rich Nowakowski, Product Marketing Manager, Power Management Group,
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Figure 1. Switching (buck) converter with integrated MOSFETs
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Figure 2. Integrated, wide-input-voltage linear regulator

circuits shown in Figures 1, 2, and 3 are all built on the 
same circuit board and use 1-µF input and 4.7-µF output 
ceramic capacitors with the same ratings.

The design in Figure 1 uses a synchronous buck con-
verter with integrated MOSFETs, the TPS54061 from 
Texas Instruments (TI). Note that this circuit does not 
require a catch diode but includes an inductor, five capaci-
tors, and four resistors. The device also employs external 
compensation and is tuned to use the same input and out-
put capacitors as the linear circuits in Figures 2 and 3.

The design in Figure 2 uses an integrated, wide-input-
voltage linear regulator, TI’s LM317, which is a popular, 
industry-standard regulator with a 1.5-A output capability. 
This circuit uses two external resistors and two external 

24V总线工业应用中线性稳压器
与开关式稳压器比较
作者：德州仪器 (TI) 电源管理组产品营销经理Rich Nowakowski和应用
工程师兼技术员组成员Robert Taylor

图1 集成MOSFET的开关式（降压）转换器

图1 集成、宽输入电压线性稳压器
线性稳压器已存在了许多年。一些设计

人员仍然把已存在了2 0多年之久的线

性稳压器用于众多新老项目。另一些设

计人员则通过离散组件制作出属于自己

的线性稳压器。在进行宽范围电压转换

时，线性稳压器的简单性是一个难以超

越的优势。但是，如果压降过大，则24V
总线的低电流应用（例如：工业应用或

者HVAC控制等）可能会遇到热问题。幸

运的是，设计人员现在有许多选择，可

以使用小型、高效、宽输入电压开关式

稳压器。

本文将对24V总线、100mA和5V输出的

三种不同解决方案进行比较。我们把一

个同步降压转换器与一个集成线性稳压

器和一个离散线性稳压器进行对比。通

过比较它们的尺寸、效率、散热性能、

瞬态响应、噪声、复杂度和成本，帮助

广大设计人员选择最能满足某个特殊应

用要求的解决方案。

比较条件

大多数工业应用都使用24V总线，并要求

5V电压来驱动各种负载，例如：逻辑和低电流微处理器等。我

们选择100mA的输出电流，原因是它可适应许多逻辑和处理器

负载。但是，功耗水平会影响我们使用开关式稳压器还是线性

稳压器的决定。图1、2和3所示电路均建立在相同电路板基础

上，并使用相同额定值的1µF输入和4.7µF输出陶瓷电容器。

图1所示设计使用一个具有集成MOSFET的同步降压转换器，

即德州仪器的TPS54061。注意，该电路并不要求使用一个保

护二极管，但却包含了1个电感、5个电容器和4个电阻器。该

器件还使用了外部补偿，并使用与图2和图3所示线性电路一样

的输入和输出电容器。
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capacitors. The wide difference 
between the input and output  
voltages requires the low thermal 
resistance of a double-decawatt 
package (DDPak).

Figure 3 shows a discrete linear 
regulator that employs a transistor 
and a Zener diode with two exter-
nal capacitors and four external 
resistors. The Zener diode breaks 
down at 5.6 V, and that voltage is 
fed to the base of an NPN transis-
tor. Due to the base-emitter voltage 
drop, the output is regulated to  
~5 V. The external resistors are 
used to help with the power dissipation  
in the NPN transistor.

Table 1 summarizes the board area and 
component count of each design.

Linear-regulator solutions require more 
board area to provide proper thermal 
relief on the circuit board. At full load, 
each linear-regulator solution must dissi-
pate about 2 W. As a rule of thumb, 
approximately 1 W of dissipation in 1 in2 
of board area results in a 100°C tempera-
ture rise. The linear-regulator solutions 
are designed to allow for a 40°C tempera-
ture rise. The synchronous buck converter 
is clearly the design of choice when board 
area is limited, despite the number of 
external components and the design effort 
required to compensate the feedback loop 
and select the inductor.

Thermal performance
The thermal image in Figure 4 shows the tem-
perature rise of each design on the circuit 
board. The board is designed in a manner such 
that none of the circuits disturb the thermal 
performance of an adjacent circuit. Table 2 
shows that the switching regulator has the low-
est temperature rise, at 11°C. With a large dif-
ference between the input and output voltages, 
the switching regulator with synchronous rectifi-
cation excels in efficiency compared to either 

Table 1. Summary of board area and component count

REGULATOR TYPE
BOARD AREA

(in2)
NUMBER OF  

COMPONENTS COMPLEXITY

Switching (Buck) (TPS54061) 0 .14 11 High

Integrated Linear (LM317) 2 .25 5 Low

Discrete Linear (Zener/Transistor) 2 .25 8 Medium

Table 2. Summary of thermal performance

REGULATOR TYPE

TEMPERATURE 
RISE 
(°C)

MAXIMUM  
TEMPERATURE 

(°C) PACKAGE

Switching 11 40 .7 3×3-mm VSON

Integrated Linear 27 56 .2 DDPak

Discrete Linear 40 69 .1 SOT-23, SOT223

24VIN

GND
5 V at 100 mA

GND

1

2

J5

C7
1 µF

C8
4.7 µF

1

2

J6
TP9

TP10

TP11

TP12
D1
5.6 V

R7
4.99 kΩ

R8

51 Ω

R9

51 Ω

R10

51 Ω

1

32

4

Q1

BCP54TA

24VIN

Figure 3. Discrete linear regulator

Switching Regulator
30.5°C min, 40.7°C max 66.4°C

19.4°C

Discrete Linear Regulator
30.6°C min, 69.1°C max

Linear Regulator
31.4°C min, 56.2°C max

Figure 4. Heat generated from each circuit (white indicates 
highest temperature)

图3 离散线性稳压器图2所示设计使用了一个集成、

宽输入电压线性稳压器，即德

州仪器的LM317，它是一种具

有1.5A输出能力的流行工业标准

稳压器。该电路使用2个外部电

阻器和2个外部电容器。输入和

输出电压的巨大差异，要求双

decawatt封装（DDPak）的低热

电阻。

图3显示的是一个离散线性稳压

器，它使用一个晶体管和一个齐

纳二极管，并有2个外部电容器和4个
外部电阻器。5.6V下时，齐纳二极管

损坏，该电压被馈给NPN晶体管的基

极。由于存在基极-发射极压降，输出

被调节至~5 V。外部电阻器用于帮助

降低NPN晶体管的功耗。

表1概括了这类设计的板面积和组件数

目。

线性稳压器解决方案要求使用更多的

板面积来缓解电路板上的热问题。全

负载下时，所有线性稳压器解决方案

的功耗都必须达到约2W。一般而言，

1平方英寸板面积内，1W左右的功耗

会带来100°C的温升。按照设计，线

性稳压器解决方案仅允许40°C的温升。如

果不考虑外部组件的数目以及补偿反馈环路

和选择电感的大量设计工作，在板面积有限

时，同步降压转换器无疑是理想选择。

散热性能

图4所示热图像表明了这类电路板设计的温

升情况。这样设计电路板的目的是，让所有

电路均不会干扰相邻电路的散热性能。表2
表明，开关式稳压器具有低温升，其温度为

11°C。输入和输出电压之间存在巨大差异

时，相比线性电路，同步整流开关式稳压器

的效率表现优异。（参见表3）有趣的是，

我们注意到，集成线性电路的温升不同于离

散线性电路。由于集成线性稳压器的封装

（DDPak）更大，因此它的散热所分布面积

也更大。使用SOT-23和SOT223封装的离散线

性电路比DDPak小，并拥有更高的封装功耗

额定值，从而让散热更加困难。

图4 每种电路的发热情况（白色表示最高温度）

表2 散热性能总结表

表1 板面积和组件数目概括表
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linear circuit. (See Table 3.) It is interesting to 
note that the temperature rise of the inte-
grated linear circuit is different from that of 
the discrete linear circuit. Since the integrated 
linear regulator’s package (DDPak) is larger, 
its dissipated heat is spread over more area. 
The discrete linear circuit using the SOT-23 
and SOT223 packages is smaller than the 
DDPak and has a higher package power- 
dissipation rating, which makes dissipating  
the heat more difficult.

Efficiency comparison
The thermal performance is directly related to 
the efficiency of each regulator. Figure 5 shows 
an efficiency comparison of all three circuits. 
As expected, the switching regulator excels at 
both light-load and full-load efficiency. At light 
loads, switching losses and quiescent-current 
losses become more pronounced, which 
explains the reduced efficiency at lighter loads. 
At light loads, it is better to view the power-
loss graph (Figure 6) than the efficiency graph, 
since a 50% difference in efficiency at 10 mA 
seems like a large margin. However, the 
amount of current consumed by the load is 
small. When the input voltage is 24 V and the 
output current is 10 mA, the power loss of the 
switching regulator is 2.8 mW, and the loss of 
the integrated linear regulator is 345 mW. At 
full load, the measured power dissipated is 
0.093 W for the switching regulator versus  
2.06 W for the linear regulator, which shows a 
wide margin and a drastic improvement.

Table 3 summarizes the efficiency and power 
loss of all three circuits. Note that the quies-
cent current of the discrete linear circuit is 
lower than that of the integrated linear circuit. 
The integrated linear regulator has more power- 
consuming internal circuitry and incorporates 
more features than the discrete linear circuit.

Power Management

Table 3. Summary of efficiency and power loss

REGULATOR TYPE

MAXIMUM LOAD NO LOAD

EFFICIENCY  
(%)

POWER LOSS  
(W)

QUIESCENT CURRENT  
(mA)

Switching 84 .5 0 .093 0 .5

Integrated Linear 20 .0 2 .06 5 .5

Discrete Linear 20 .1 2 .02 4
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Figure 6. Power loss versus load current

表3 效率和功率损耗总结表

图5 效率与负载电流的关系曲线图

图6 功耗与负载电流的关系曲线图

效率比较

散热性能直接与每种稳压器的效率有关。

图5显示了所有三种电路的效率比较情况。

正如我们所预测的那样，在轻负载和全

负载效率两方面，开关式稳压器均表现优

异。在轻负载下，开关损耗和静态电流损

耗更加明显，其解释了更轻负载下效率较

低的原因。轻负载下时，最好是查看功耗

曲线图（图6），而非效率曲线图，因为

10mA下50%的效率差异看似为一个较大的

余量。但是，负载消耗的电流较小。当输

入电压为24V而输出电流为10mA时，开关

式稳压器的功耗为2.8mW，集成线性稳压

器的功耗则为345mW。在全负载条件下，

开关式稳压器的测得功耗为0.093 W，而线

性稳压器则为2.06W，其表明余量较宽并

且性能获得明显改善。

表3总结了所有三个电路的效率和功耗。注

意，离散线性电路的静态电流小于集成线

性电路。相比离散线性电路，集成线性稳

压器内部电路的功耗更高，并拥有更多的

功能。

输出电压特性

模拟电路对电压纹波敏感，而数字处理器

则对内核电压的精度敏感。应查看电源的

电压纹波、电压调节精度以及负载瞬态期

间的电压峰值偏差，这一点很重要。线性

稳压器本身的纹波较低，可用于消除开关

式稳压器的噪声。在最大负载条件下，集
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Output-voltage characteristics
Analog circuits may be sensitive to voltage  
ripple, and digital processors may be sensitive 
to the accuracy of the core voltage. It is impor-
tant to check the power supply’s voltage ripple, 
voltage-regulation accuracy, and voltage-peak 
deviations during load transients. Linear regula-
tors inherently have low ripple and are used to 
remove noise from switching regulators. The 
voltage ripple of both the integrated and the 
discrete linear-regulator circuits under maxi-
mum load is under 10 mV. When expressed as a 
percentage of the output voltage, accuracy is 
better than 0.2%. On the other hand, the volt-
age ripple of the switching regulator is 75 mV, or 
1.5% of the output voltage. The low equivalent 
series resistance of the switching regulator’s 
ceramic output capacitor allows for the circuit’s 
low ripple, despite the switching regulator’s 
inherent noise.

Comparing the output-voltage accuracy of the 
switching and linear regulators from no load to 
full load shows that the switching regulator has 
better performance. Further inspection of the 
product specification tables reveals that the ref-
erence voltage of the switching regulator is the 
most accurate of the three circuits. The switch-
ing regulator is a relatively new integrated  
circuit, and DC/DC converters are trending 
towards higher reference-voltage accuracies. 
The discrete linear circuit, which uses a simpler 
method for regulating the output voltage, has 
the worst performance. In many cases, applica-
tions do not need high voltage accuracy since 
the 5-V output may be postregulated.

The load-transient plots can be seen in 
Figures 7 through 9. Although the switching 
regulator has high output-voltage accuracy, its 
measured peak-to-peak voltage during a load 
transient is not as competitive as that of the lin-
ear circuits. The switching regulator’s measured 
peak-to-peak voltage during a 50- to 100-mA 
load step is 250 mV, or 5% of the output volt-
age, compared to 40 mV for the linear circuits. 
Additional output capacitance can be added to 
the switching regulator to reduce the voltage 
peaks, but with penalties in cost and size. Note 
that the discrete linear circuit is not designed to 
attempt recovery of the output voltage during a 
load transient. Also, the simplicity of the circuit 
does not allow for current limiting or thermal-
shutdown protection!

Time (1 ms/div)

4

3

Output Voltage (AC, 200 mV/div)

Load Current (100 mA/div)

Figure 7. Switching regulator during load transient

Time (1 ms/div)

4

3
Output Voltage (AC, 200 mV/div)

Load Current (100 mA/div)

Figure 8. Integrated linear regulator during load transient

Time (1 ms/div)

4

3

Output Voltage (AC, 50 mV/div)

Load Current (100 mA/div)

Figure 9. Discrete linear regulator during load transient

成和离散线性稳压器电路的电压纹波均

小于10mV。以输出电压百分比表示时，

精度应大于0.2%。另一方面，开关式稳

压器的电压纹波为75mV，即输出电压的

1.5%。开关式稳压器的陶瓷输出电容器

的低等效串联电阻特点，使这种电路的

纹波较低，但存在开关式稳压器的固有

噪声。

比较空载到全负载时开关式稳压器和线

性稳压器的输出电压精度表明，开关式

稳压器拥有更高的性能。进一步查看产

品规格表，我们可知道，开关式稳压器

的基准电压是三种电路中精度最高的。

开关式稳压器是一种相对较新的集成电

路，并且DC/DC转换器正朝着更高的基

准电压精度发展。离散线性电路使用一

种更加简单的方法来调节输出电压，其

性能最低。在许多情况下，由于调节后

输出电压为5V，许多应用不需要高电压

精度。

图7到图9显示了负载瞬态曲线图。尽管

开关式稳压器拥有高输出电压精度，但

其在负载瞬态期间测得的峰值到峰值电

压并没有线性电路好。50mA到100mA
负载步进期间，开关式稳压器的测得峰

值到峰值电压为250mV，即输出电压的

5%，而线性电路则为40mV。我们可

以为开关式稳压器添加更多输出电容，

以降低电压峰值，但是代价是成本和尺

寸的增加。注意，离散线性电路的设计

目的并非是恢复负载瞬态期间的输出电

压。另外，简单电路无法实现限流或者

热关断保护功能！

图7 负载瞬态期间的开关式稳压器

图8 负载瞬态期间的集成线性稳压器

图9 负载瞬态期间的离散线性稳压器
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Table 4 summarizes the output-voltage characteristics of 
the three regulator designs.

Cost comparison
Most of the external components used in these circuits are 
small, passive resistors and capacitors that cost well below 
$0.01. The highest-cost component of the three circuits is 
the silicon. Costs for all three bills of materials (BOMs), 
shown in Table 5, were collected from U.S. distribution 
channels at 10,000-unit suggested resale pricing. As can 
be seen, both linear-regulator solutions cost much less 
than the switching regulator. Unfortunately, the switching 
regulator requires an external inductor, which can cost 
about $0.10; but the improvement in efficiency and size 
may be worth the additional cost. The cost difference 
between the integrated and discrete linear circuits is only 
$0.06! The protection features alone may prove the value 
of the integrated over the discrete linear regulator.

Conclusion
There are many power-management solutions available to 
designers, and the best solution depends on the particular 
needs of the application. Power-management solutions that 
reduce energy consumption and save board space allow 
designers to make their products more differentiated and 
attractive on the market. A synchronous buck converter 

offers drastic improvements in efficiency and board space 
compared to either linear circuit. If a design must have the 
absolute lowest cost, a discrete linear circuit can help, but 
the trade-off is worse performance with potential penal-
ties, such as the additional cost of heat sinking and the 
lack of protection features.

Table 6 summarizes the characteristics of all three regu-
lator designs to aid the designer in choosing the best solu-
tion for a given application.
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Table 4. Summary of output-voltage characteristics

REGULATOR TYPE
MAXIMUM  

LOAD RIPPLE (mV)

OUTPUT TRANSIENT WITH  
50- TO 100-mA LOAD STEP 

(mV)

REGULATION ERROR WITH  
0- TO 100-mA LOAD STEP 

(mV)

Switching 75 250 1 .5

Integrated Linear <10 40 0 .7

Discrete Linear <10 40 21 .8

Table 5. Summary of BOM cost

REGULATOR TYPE
BOM COST AT 10-ku RESALE PRICE 

(U.S. DOLLARS)

Switching 1 .80

Integrated Linear 0 .32

Discrete Linear 0 .26

Table 6. Characteristics of 5-V/100-mA regulators with a 24-V input

REGULATOR TYPE
BOM COST AT 10-ku RESALE PRICE 

(U.S. DOLLARS)
VOUT RIPPLE 

(mV)

FULL-LOAD  
EFFICIENCY  

(%)
BOARD AREA  

(in2) COMPLEXITY

Switching 1 .80 75 84 .5 0 .14 High

Integrated Linear 0 .32 <10 20 .0 2 .25 Low

Discrete Linear 0 .26 <10 20 .1 2 .25 Medium

表4总结了三种稳压器设计的输出电压特性。

成本比较

这些电路中使用的大多数外部组件均为小型、无源电

阻器和电容器，成本不超过0.01美元。三个电路中成

本最高的组件是硅。所有三个材料清单（BOM）的

费用（如表5所示），均收集自10000颗批发建议销

售定价的美国销售渠道。正如我们所看到的那样，线

性稳压器解决方案的成本远低于开关式稳压器。不幸

的是，开关式稳压器要求使用一个外部电感，其费用

约为0.10美元，但它所带来的效率提高和尺寸缩减值

得我们为此多给钱。集成和离散线性稳压器的成本差

异仅为0.06美元！单是保护功能就能证明集成线性稳

压器相比离散线性稳压器的优势所在。

结论

有许多电源管理解决方案可供设计人员选择，但需根

据具体应用需求来选择最佳的解决方案。那些能够降

低能耗和节省板空间的电源管理解决方案，使设计人

员让其产品具备更加差异化的特性，并在市场上表现

出对用户的吸引力。相比线性电路，同步降压转换器

的效率更高，板空间更节省。如果某个设计必须实现

最低的成本，则可使用离散线性电路，但其性能最

低，并且还存在许多潜在问题，例如：散热和缺少保

护功能等。

表6总结了所有三种稳压器设计的特性，帮助设计人

员为某种具体应用选择最佳解决方案。

参考文献

1、《3端可调节稳压器》，LM317产品说明书，

       网址：www.ti.com/slvs044-aaj

2、《低IQ的60V、200mA同步降压DC-DC转换

       器》，TPS54061产品说明书，

       网址：www.ti.com/slvsbb7-aaj

相关网站

电源管理：

www.ti.com/power-aaj
www.ti.com/lm317-aaj
www.ti.com/tps54061-aaj
订阅AAJ，请访问：www.ti.com/subscribe-aaj

表4 输出电压特性总结表

表5 BOM成本总结表

表6 24V输入5V/100mA稳压器特性
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Improved LiFePO4 cell balancing in 
battery-backup systems with an  
Impedance Track™ fuel gauge

The Impedance Track™ battery-fuel-gauging technology 
from Texas Instruments (TI) is a proprietary algorithm 
that learns battery capacity and impedance over time to 
accurately calculate the state of charge (SOC) and 
remaining capacity.

There are special conditions that need to be understood 
when dealing with a battery-backup application where 
short charge periods occur every couple of days to replen-
ish self-discharge, and a full discharge rarely occurs. When 
lithium-iron-phosphate (LiFePO4) cells are used, either 
the gauge’s balancing feature must be disabled or an 
enhanced firmware must be used. This article provides 
information about TI’s specially developed firmware for 
the bq20z45-R1 gas gauge that allows data-flash parame-
ters to be programmed for proper battery cycling and the 
best balancing results. Guidelines are also provided for 
accomplishing off-line cell balancing when balancing has 
been disabled for normal operation.

Figure 1 shows a voltage-density plot of single-cell, open- 
circuit voltage (OCV) versus depth of discharge (DOD) for 
all lithium-based cells that TI has analyzed over a period of 
approximately ten years. (DOD is simply 1/SOC.) One can 
see that the voltage profile of the LiFePO4 cells is very flat 
for a significant portion of the SOC curve. This voltage 
flatness leads to difficulty in the precise SOC estimation 
required for cell balancing with the Impedance Track algo-
rithm. The steep voltage increase visible at the end of 
charge (approximately 0% DOD) can lead to significant 
cell-to-cell voltage divergence, further complicating SOC 
estimation and cell balancing.

Eliminating Qmax updates during operation
It is permissible not to have a Qmax update during field 
operation. Although not required, the ideal situation for a 
highly reliable battery-backup application is for the pack’s 
Qmax to be determined with a full discharge during the 
manufacturing process. After Qmax is learned, no further 
Qmax update is required.

Events for determining initial Qmax
Table 1 shows typical enhanced data-flash parameters of 
the bq20z45-R1 with version 7.02 firmware that must be 
modified via TI’s bq Evaluation Software tool to imple-
ment a Qmax update. These particular parameters are 
protected (classified as “hidden”) but can be unlocked 
by TI’s applications staff. Battery parameters in Table 1 
are from the TI database for a 2-series, 2-parallel (2s2p), 

By Keith James Keller
Analog Field Applications

Power Management

Table 1. Protected data-flash parameters that TI’s applications 
staff can unlock based on system characteristics

DATA-FLASH PARAMETER DEFAULT VALUE NEW VALUE

Operation Cfg C 0130 05B0

Min % Passed Charge for 
Qmax

37% No Change

Min % Passed Charge for 
1st Qmax

90% No Change

Q Invalid MaxV 3351 mV (chemical 
ID 404 default) No Change

Q Invalid MinV 3274 mV (chemical 
ID 404 default) No Change

OCV Wait Time 1800 seconds 600 seconds

Max Delta V 40 (10-µV units) 160 (10-µV units)

DOD Capacity Err 2% No Change

Qmax Max Time 18,000 seconds No Change

Max Capacity Error 1 .0% 3 .0%

Qmax Filter 96 26

Q Invalid MaxT 40 .0°C 55 .0°C

Q Invalid MinT 10 .0°C No Change

Min Cell Deviation 1750 s/mAh 1909 s/mAh

Manganese Spinel,
LiMn O2 4

Depth of Discharge (%)

4.0
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Figure 1. Map of voltage densities for lithium-
based battery cells

利用阻抗跟踪TM电量计改善电池备用系统
的LiFePO4电池平衡
作者：Keith James Keller，德州仪器 (TI) 模拟现场应用

图1 锂电池的电压密度曲线

TI 的阻抗跟踪TM电池电量计技术是一种专有算法，它可

获取随时间变化的电量和阻抗信息，从而精确地计算出

充电状态（SOC）和剩余电量。

电池备用电源应用中，每隔几天电池便会出现短暂的充

电以对自放电进行再补充，很少会出现完全放电的情

况。在处理这种应用时，我们需要知道一些特殊条件。

使用磷酸铁锂（lithium-iron-phosphate，即LiFePO4）
电池时，必须关闭电量计的平衡功能，或者必须使用一

种增强型固件。本文将介绍一款TI专门为bq20z45-R1电
量监测计而开发的固件，它对数据闪存参数进行编程以

实现正常电池循环和最佳的平衡结果。我们还将介绍当

正常工作状态下闭关平衡功能时实现离线电池平衡的一

些原则。

图1显示了TI经过约10年的分析所得出的所有锂离子电

池的单电池、开路电压（OCV）电压密度曲线图与放电

深度（DOD）的对比情况。（DOD刚好为1/SOC。）

您可以看到，SOC曲线的很大一部分，LiFePO4电池的

电压均非常扁平。这种电压扁平，导致很难通过阻抗跟

踪算法精确地估算电池平衡所需的SOC。在充电结束时

（约0% DOD），电压上升明显，其导致明显的电池到

电池电压发散，从而进一步使SOC估算和电池平衡变得

更加复杂。

消除工作期间的Qmax更新

在现场运行时，允许无Qmax更新。尽管不要求，但是一

种高度可靠电池备用电源应用的理想情况是，通过制

造工艺期间的完全放电来确定封装的Qmax。知道Qmax以

后，无需再更新Qmax。

确定初始Qmax的事件

表1显示了bq20z45-R1的典型增强型数据闪存参数，

其固件为7.02版，必须通过TI的bq评估软件工具进行修

改，以实现一次Qmax更新。这些特殊参数均受到保护

（类别为“隐藏”），但可通过TI的应用技术人员解

锁。表1的电池参数来自TI数据库，用于404化学ID的2
串联、2并联（2s2p）2500mAh LiFePO4电池组。该表

图1 锂电池的电压密度曲线



Texas Instruments Incorporated

15

Analog Applications Journal 3Q, 2013 www.ti.com/aaj High-Performance Analog Products

Power Management

2500-mAh LiFePO4 battery pack with chemical ID 404. 
The table also shows the changes that must be made to 
the data-flash parameters based on these characteristics. 
The “Operation Cfg C” register change enables the new 
features provided by the 7.02 firmware. The changes to 
“OCV Wait Time” and “Max Delta V” allow for the OCV 
measurements to occur immediately after the charge is 
complete. The changes to “Max Capacity Error” and “Qmax 
Filter” allow additional time for the Qmax update to happen 
with smaller-capacity batteries (since LiFePO4 cells gener-
ally have only 1100-mAh cells in an 18650 size).

Once the default values have been changed, a good Qmax 
update can be achieved with the approach that will now 
be described.

1. Start of Qmax update cycle
A Qmax update cycle should start when the battery has 
rested after a full charge. Ideally the cells should relax as 
long as possible. However, if the pack has a high self- 
discharge current because of onboard circuitry, this wait-
ing time could be as short as two hours.

2. Full charge and valid OCV learning
When the charge terminates, the IT enable command 
(0x0021) must be sent to prevent OCV learning from occur-
ring before the cell voltages have stabilized. The cells then 
should be allowed to relax as long as possible. LiFePO4 
packs have a tendency for one cell’s voltage to run away at 
the end of charge during taper conditions. This runaway 
can be prevented by charging to a lower voltage (3.5 V per 
cell) or disabling the charger after one cell’s voltage skews 
beyond 20 mV higher or lower than any other cell.

For chemical ID 404, if the lowest cell voltage in the  
battery stack is 3353 mV or more after the cells rest, the 
discharge procedure that follows can be started. If any cell 
voltage drops below 3353 mV while resting, another charge 
cycle is required to top off the battery, and the process 
must be started again. Different voltages apply to different 
chemical IDs. See Reference 1 and “Related Web sites” at 
the end of this article for more information.

The IT enable command is again sent to begin the Qmax 
update process. After this command is sent, there should 
be a five-minute wait before discharge begins, for two  
reasons: (1) to clear out the coulomb counter’s digital filter, 
which is integrated over five minutes; and (2) to allow the 
fuel gauge some time for calculations after the enable 
command is sent.

3. Discharge and rest
The battery should be discharged to empty or to sufficiently 
below its minimum disqualification voltage. As the cells 
relax, their voltages increase. All cell voltages must remain 
under the minimum disqualification voltage during the 
entire rest time specified by the “Qmax Max Time” setting, 
plus an additional five-minute buffer.

4. Completion of Qmax update
The updated Qmax values can be read from data-flash 
“state” offset 82/Qmax cell offset 0–8. If Qmax is not learned 
or updated, then the update cycle should be restarted so 

that the battery is again charged to full capacity, the 
appropriate commands are issued, and the battery is 
allowed to rest.

The golden cycle
To create the golden-image data for any battery pack, sev-
eral charge and discharge cycles should be run to obtain 
reliable Qmax and resistance-table (Ra-table) values. With 
LiFePO4 cells, it is preferable for Qmax to be learned on a 
discharge cycle following the process outlined previously.

It is important to create a log file (.LOG) with the bq 
Evaluation Software tool during both the charge and the 
discharge cycles of the golden cycle. This allows the values 
for Qmax and the Ra table to be verified by a Mathcad® 
calculation tool provided by TI’s applications staff.

When the golden gas gauge (.GG) file is created, con-
serv ative numbers based on cycling data should be assigned 
to the Qmax values. The assigned set of Ra-table values 
should be the same for each cell, and the Qmax values 
should be the same for parallel cells. Using nonsymmetrical 
Qmax and Ra-table starting values with continuous cycling 
could cause an SOC error and balancing issues. Table 2 
shows an example of adjusted golden .GG values that can 
improve cell balancing in a 2s2p pack configuration.

Example Learned .GG Parameters for 
2s2p Configuration with 2500-mAh 

Capacity (not comprehensive)

Values Used in a  
Golden .GG File

[Cell Balancing Cfg 
 (Charge Control)]

[Cell Balancing Cfg 
 (Charge Control)]

FC-MTO = 32400 FC-MTO = 0

[State(Gas Gauging)] [State(Gas Gauging)]

Qmax Cell 0 = 2583 Qmax Cell 0 = 2510

Qmax Cell 1 = 2510 Qmax Cell 1 = 2510

Qmax Cell 2 = 2500 (not used) Qmax Cell 2 = 2500 (not used)

Qmax Cell 3 = 2500 (not used) Qmax Cell 3 = 2500 (not used)

Qmax Pack = 2583 Qmax Pack = 2510

Update Status = 06 Update Status = 02

[R_a0(Ra Table)] [R_a0(Ra Table)]

Cell0 R_a flag = 0000 Cell0 R_a flag = 0055

Cell0 R_a 0 = 34 Cell0 R_a 0 = 34

Cell0 R_a 1 = 37 Cell0 R_a 1 = 37

Cell0 R_a 2 = 49 Cell0 R_a 2 = 49

Cell0 R_a 3 = 59 Cell0 R_a 3 = 59

Cell0 R_a 4 = 54 Cell0 R_a 4 = 54

Cell0 R_a 5 = 60 Cell0 R_a 5 = 60

Cell0 R_a 6 = 73 Cell0 R_a 6 = 73

Cell0 R_a 7 = 67 Cell0 R_a 7 = 67

Cell0 R_a 8 = 73 Cell0 R_a 8 = 73

Cell0 R_a 9 = 81 Cell0 R_a 9 = 81

Table 2. Example of learned data-flash parameters compared to 
those used in golden .GG file

(Continued on next page)

表2 相比黄金.GG文件的数据闪存参数例子

还列举了必须根据这些特性对数据闪存参数进行的一

些修改。“C配置运行”寄存器修改，实现了7.02固件

提供的一些新功能。“OCV等待时间”和“最大三角

V”修改，可在充电完成后立即进行OCV测量。“最大

电量误差”和“Qmax滤波器”修改，给更小电量电池

的Qmax更新留出更多的时间（原因是使用18650尺寸的

LiFePO4电池一般仅有1100mAh电池）

一旦默认值被改变，便可利用这种方法实现一次理想

的Qmax更新。

1、Qmax更新周期开始

在一次完全充电以后电池闲置时应开始Q max更新周

期。理想情况下，电池应尽可能地“休息”。但是，

如果由于板上电路，电池组有较高的自放电电流，则

这种等待时间可短至2小时。

2、完全充电与有效OCV信息获取

当充电终止时，在电池电压稳定以前，必须发送IT激
活命令（0X0021）来阻止获取OCV信息。之后，应尽

可能地允许电池休息。压降期间，LiFePO4电池组的一

节电池往往会在充电末尾逃离。通过充电至更低电压

（每节电池3.5V），或者在一节电池的电压超过或者

低于其它电池20mV时关闭充电器，可以防止这种电压

偏移现象出现。

就化学ID404而言，如果电池休息以后，电池组的电池

最低电压为3353mV或者更高，则可开始放电程序。如

果休息期间，有电池电压降至3353mV以下，则要求开

始另一个充电周期，以充满电池，必须再次开始该过

程。不同电压适用于不同的化学ID。更多详情，请参

见《参考文献1》和本文结尾处的“相关网站”。

再次发送IT激活命令，以开始Qmax更新过程。在发送

该命令以后，在放电开始以前需等待5分钟，原因有两

个：（1）清除5分钟积累的库伦计数字滤波器；（2）
让电量计有时间在激活命令发送以后完成计算工作。

3、放电与休息

电池应放电至空电量，也即电压降至最小不合格电

压以下。电池休息时，其电压上升。在“Qmax最大时

间”设置规定的完整休息时间加上5分钟缓冲时间期

间，所有电池电压都必须保持在最小不合格电压以

下。

4、Qmax更新完成

可从数据闪存“状态”补偿82/Qmax电池补偿0-8读取已

更新的Qmax值。如果Qmax未知或者未更新，则重新开始

更新周期，这样电池便被再次充电至全电量，发布正

确的命令，并且允许电池休息。

黄金周期

为了给所有电池组创建黄金镜像数据，应运行几个充

电和放电周期，以获得可靠的Qmax和电阻表（Ra表）

值。使用LiFePO4电池时，最好是在前述过程之后的放

电周期，更新Qmax。

在黄金周期的充电和放电周期，利用bq评估软件工具

创建一个日志文件（.LOG），这一点很重要。这样，

便可以利用TI应用人员提供的Mathcad®计算工具，验

证Qmax和Ra表值的正确性。

在创建黄金电量监测计（.GG）文件以后，应将基于

周期数据的保守数值分配给Qmax值。每个电池的Ra表
值分配集应相同，而并联电池的Qmax值也应相同。使

用连续周期的非对称Qmax和Ra表开始值，可能会引

起SOC误差和平衡问题。表2列举出了经过调整的黄

金.GG值的一个例子，它可以改善2s2p电池组配置的

电池平衡性。
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When the golden-image data is being created and during 
normal operation, the gas gauge’s charge time-out feature, 
FC-MTO, should be disabled (set to 0) so that the battery 
can continuously be topped off without requiring a dis-
charge to clear this timer. FC-MTO is hidden in TI’s 
bq20z4x/7x products, but fortunately it is already set to 
zero by default. The feature is called “FC-MTO” for TI’s 
bq20z80 and “CMTO” for TI’s bq20z6x/9x.

Cell balancing
For 3s or 4s cells, only internal cell balancing should be 
used in a battery-backup application. This is because adja-
cent cells cannot be balanced properly with external cell 
balancing. However, it is permissible to use external cell 
balancing in a 2s pack. Since a backup battery spends 
most of its time at rest and much less time in charging, 
adjacent cells need to be balanced correctly.2

As discussed earlier, the enhanced bq20z45-R1 firmware’s 
data-flash parameters must be modified for a battery-
backup application and for the designer’s particular pack 
characteristics (chemical ID 404 in this article). The 
enhanced firmware offers a weighted measurement of 
OCV values throughout the rest period and locks the 
cell-balancing calculation immediately after the first OCV 
measurement is taken after the charge is complete. It 
also disables cell balancing in the disqualified range after 
power-up or a reset condition.

Periodic discharges to learn Ra-table values is recom-
mended. Updates of these values happen with approxi-
mately every 11% change in SOC during discharge (89%, 
78%, 67%, etc.).

Additionally, loss in cell capacity over time can be esti-
mated and compensated for by using the reserve-capacity 
feature of the gas gauge. Another option to compensate 
for capacity loss is to have the host system calculate it. If 
the system is to be operated with no Qmax update, then 
the host controller must make sure that a Qmax update 
does not occur by issuing the IT enable command (0x0021) 
after a charge is complete.

Off-line cell balancing without  
enhanced firmware
TI’s bq20z6x/7x/8x/9x devices do not offer the enhanced 
firmware for LiFePO4 cells. If these devices are used in a 
standby application, the balancing must be disabled during 
normal operation. This is accomplished by setting the min-
imum cell deviation to zero. If the host system determines 
that cells are misbalanced over time, the following steps 
should be taken:

1. Cell balancing should be enabled by setting the minimum 
cell deviation to 1909 (or whatever the appropriate 
value is as calculated in Reference 2).

Steps 2 through 6 should be used in conjunction with  
the events and conditions given earlier to ensure a valid 
Qmax update.

2. The battery should be discharged to empty and the cells 
allowed to relax for five hours and five minutes (or five 
minutes past the setting for “Qmax Max Time”). Once 
this relaxation occurs at empty, a good SOC estimation 
can be made from the voltage measurement of each cell.

3. The battery should be charged to full to allow cell bal-
ancing to occur throughout the entire charge cycle.

4. After charging is complete, the host system should send 
an IT enable command, read the cell voltages, and deter-
mine whether another deep-discharge balancing cycle 
and rest are required.

5. If an additional balancing cycle is required, the dis-
charge to empty can be begun right away. Another rest 
period of five hours and five minutes is required at 
empty as before.

6. After the cells have been determined to be properly  
balanced, the minimum cell deviation should be set 
back to zero to disable cell balancing.

Conclusion
TI’s Impedance Track battery-fuel-gauging technology is an 
adaptive gauging algorithm that can provide considerable 

Example Learned .GG Parameters for 
2s2p Configuration with 2500-mAh 

Capacity (not comprehensive)

Values Used in a  
Golden .GG File

Cell0 R_a 10 = 85 Cell0 R_a 10 = 85

Cell0 R_a 11 = 94 Cell0 R_a 11 = 94

Cell0 R_a 12 = 93 Cell0 R_a 12 = 93

Cell0 R_a 13 = 204 Cell0 R_a 13 = 204

Cell0 R_a 14 = 304 Cell0 R_a 14 = 304

[R_a1(Ra Table)] [R_a1(Ra Table)]

Cell1 R_a flag = 0055 Cell1 R_a flag = 0055

Cell1 R_a 0 = 137 Cell1 R_a 0 = 34

Cell1 R_a 1 = 144 Cell1 R_a 1 = 37

Cell1 R_a 2 = 165 Cell1 R_a 2 = 49

Cell1 R_a 3 = 178 Cell1 R_a 3 = 59

Cell1 R_a 4 = 168 Cell1 R_a 4 = 54

Cell1 R_a 5 = 180 Cell1 R_a 5 = 60

Cell1 R_a 6 = 211 Cell1 R_a 6 = 73

Cell1 R_a 7 = 210 Cell1 R_a 7 = 67

Cell1 R_a 8 = 223 Cell1 R_a 8 = 73

Cell1 R_a 9 = 241 Cell1 R_a 9 = 81

Cell1 R_a 10 = 257 Cell1 R_a 10 = 85

Cell1 R_a 11 = 287 Cell1 R_a 11 = 94

Cell1 R_a 12 = 322 Cell1 R_a 12 = 93

Cell1 R_a 13 = 650 Cell1 R_a 13 = 204

Cell1 R_a 14 = 962 Cell1 R_a 14 = 304

Table 2 (Continued from previous page)在黄金镜像数据创建期间和正常工作期间，应关闭电

量监测计的充电超时功能即FC-MTO（设置为0），

这样便可在不要求放电来清除该计时器的情况下连续

充满电池。FC-MTO隐藏在TI的bq20z4x/7x产品中，

但幸运的是，它已被默认设置为0。TI的bq20z80将
该功能称作“FC-MTO”，而bq20z6x/9x则将其称作

“CMTO”。

电池平衡

就3节或者4节串联电池而言，应仅在电池备用电源应

用中使用内部电池平衡。这是因为，利用外部电池平

衡时，相邻的电池无法得到正确的平衡。但是，在2
节串联电池组中，允许使用外部电池平衡。由于备用

电池大多数时候均处于休息状态，充电时间较少，因

此需要正确地平衡相邻电池2。

如前所述，必须对增强型bq20z45-R1固件的数据闪存

参数进行修改，以用于电池备用电源应用，并适应设

计人员的特殊电池组特性（本文中为化学ID404）。

增强型固件提供对整个休息期间OCV值的加权测量，

并在充电完成后首次OCV测量以后立即锁定电池平衡

计算。另外，它在上电以后或者重置状态下，让不合

格范围内的电池平衡失效。

建议定期放电来更新Ra-表值。放电期间SOC每变化

约11%便对这些值进行更新（例如：89%、78%、

67%等）。

另外，利用电量监测计的备用电量功能，可估算和补

偿随时间而产生的电池电量损失。补偿电量损失的另

一种方法是让主机系统进行计算。如果系统将在没有

Qmax更新的情况下工作，则主控制器必须通过在充电

完成以后发布IT激活命令（0x0021）来确保没有出现

Qmax更新。

无增强型固件时的离线电池平衡

TI的bq20z6x/7x/8x/9x器件没有LiFePO4电池增强型

固件。如果这些器件用于待机应用中，则在正常工作

期间必须关闭平衡功能。通过设置最小电池偏差为0
可以实现这个目标。如果主机系统确定电池随时间而

出现错配，则应采取如下步骤：

设置最小电池偏差为1909（或者《参考2》中计算的

任何正确值），开启电池平衡。

结合前面所述事件和条件，采取步骤2到6，以确保有

效Qmax更新。

电池完全放电，并允许电池休息5小时5分钟（或者5
分钟以上，设置“Qmax最大时间”）。一旦在零电

量时出现这种电池休息，则可通过测量每节电池的电

压来准确估算SOC。

将电池完全充电，以允许在整个充电周期进行电池平

衡。

充电完成以后，主机系统应发送一条IT激活命令，读

取电池电压，然后决定是否需要另一个深度放电平衡

周期和休息。

如果需要另一个平衡周期，则马上开始完全放电，并

如前所述在零电量时要求再休息5小时5分钟。

在确定需要正确平衡的电池以后，应再把最小电池偏

差设置为0，以使电池平衡失效。

结论

TI的阻抗跟踪电池电量计技术是一种自适应计量算

法，它可以在整个电池寿命周期对电池SOC进行准确

的测量。但是，在电池备用电源应用中，为了获得最
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SOC accuracy over the life of a battery. However, in battery- 
backup applications, there are several things to consider 
and change for the best possible operation. This article has 
discussed using TI’s enhanced bq20z45-R1 firm ware with 
LiFePO4 cells to achieve proper cell balancing and to obtain 
reliable Qmax updates for the best possible accuracy.
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Basics of debugging the controller area 
network (CAN) physical layer

Introduction
The controller area network (CAN) standard continues to 
grow and is being adapted into many new applications 
outside of automotive and industrial networking. Micro-
processors supporting it have become prevalent at low 
cost, and open-source protocol stacks make it very acces-
sible and easy to add to new systems. There are CAN 
boards for BeagleBone (Capes), Stellaris® (BoosterPacks), 
Arduino (Shields), and many other microprocessor devel-
op ment platforms. When a designer’s system is powered 
up and doesn’t work, then what? This article presents a 
sound engineering approach to debugging the CAN physi-
cal layer. Basic debugging steps are provided, along with 
discussion of the expected behavior of a CAN physical 
layer and tips to help pinpoint the trouble.

Debugging basics
The ISO11898-2 and ISO11898-5 specifications provide 
details for the high-speed CAN physical layer or trans-
ceiver. With a fundamental knowledge of the CAN physical 
layer, common problems can be found quickly by using 
simple debugging tools. The basic lab tools needed are an 
oscilloscope, a digital multimeter (DMM), and a power 

supply. If the investigation leads to detailed problems, 
higher accuracy and more complex tools may be required. 
Problems at that level are outside the scope of this article, 
but the basics introduced here will help identify areas of 
concern and what additional tools will be required for fur-
ther debugging. A CAN demonstration system assembled 
by Texas Instruments (TI) and TI’s SN65HVD255D evalua-
tion module (EVM)1 are used for the demonstration hard-
ware. A few other helpful items are also used, such as a 
CAN connector breakout cable and chip hooks to grab the 
transceiver pins and bring them to a cable for easy attach-
ment to an oscilloscope probe (Figure 1).

Checking the connections
To begin the debugging session, a DMM is used to make 
sure the connections on the printed circuit board (PCB) 
are as expected—while the system is unpowered. This 
seems very basic, but it is amazing how many simple prob-
lems have been solved with this technique. Everyone 
assumes that the schematics, layout, and manufacturing 
are correct, but unfortunately sometimes they aren’t. 
Improperly seated daughtercards, cold solder joints, and 
cables not terminated or connected properly are all com-
mon issues. The resistance setting of the DMM is used to 

By Scott Monroe
Systems Engineer for Industrial Interface

Figure 1. Basic tools for debugging the CAN physical layer

控制器局域网（CAN）物理层调试基础知识
作者：Scott Monroe，德州仪器 (TI) 工业接口系统工程师

图1 CAN物理层调试基本工具

引言

控制器局域网（CAN）标准不断发展，正用于车载

和工业网络之外的许多新应用。支持它的微处理器变

得普遍且价格低廉，并且开源协议栈让其非常容易访

问，同时也容易添加至新系统。有许多CAN板可用于

BeagleBone (Capes)、Stellaris® (BoosterPacks)、

Arduino (Shields)和其他微处理器开发平台。当设计

人员的系统上电却不能工作时，应该怎么办呢？本文

为您介绍一种对CAN物理层进行调试的较好工程方

法。我们将介绍基础调试步骤，并说明一个CAN物理

层应有的性能，以及找出问题的一些小技巧。

调试基础知识

ISO11898-2和ISO11898-5规范详细说明了高速CAN
物理层即收发器。掌握CAN物理层的基础知识以后，

利用简单的调试工具便可迅速地找出常见问题。所需

的基本实验室工具为示波镜、数字万用表（DMM）

和一个电源。如果想要深入了解问题，则需要更高

精度和更复杂的工具。这种问题已非本文讨论的范

畴，但是这里介绍的基础知识可帮助确定问题所属类

别，以及进一步调试所需的其他工具。一个由  TI 组
装的CAN演示系统以及TI的SN65NVD255D评估模块

（EVM）1，用于演示硬件。另外，我们还使用了其

他一些东西，例如：CAN连接器外接头电缆和芯片钩

（抓住收发器引脚，让其连接至电缆，以更加容易地

连接示波器指针，如图1所示）。

连接检查

开始调试对话时，使用DMM确认印刷电路板（PCB）

上连接如我们所预计的那样—系统未上电。这看似很

基础，但令人吃惊的是，这个简单的方法却解决了许

多简单问题。所有人都会认为原理图、布局和制造工

艺没有问题，但不幸的是，它们有时却并不如人愿。

子插件板位置错误、虚焊和错误端接或者连接的电

缆，都是一些常见问题。利用DMM电阻设置来确认所

有线路和连接均正确。图2所示CAN应用的简易原理图

用作参考。
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make sure all the traces and connections are properly 
made. A simplified schematic for a CAN application is 
shown for reference in Figure 2.

The PCB and network connections to check are summa-
rized in Table 1. The expected resistance between the pins 
on the transceiver and the relevant other connections on 
the PCB is 0 W, unless the design uses some of the options 
outlined in the table comments. Examples include current- 

limiting series resistors, bus-termination resistors, or pull-
up or pull-down resistors on digital I/Os.

Checking bus termination
Most CAN standards specify a single twisted-pair cable 
(shielded or unshielded) with 120-W characteristic imped-
ance (ZO). Resistors equal to the characteristic impedance 
of the line should be used to terminate both ends of the 
cable to prevent signal reflections. Termination may be a 

Table 1. Summary of PCB and CAN transceiver connections

CONNECTION COMMENTS

Ground The transceiver GND should be connected to the PCB ground plane .

Power Supply (VCC, VIO, VRXD)
The VCC on the transceiver should be connected to the voltage regulator’s output . One should be careful in multirail 
designs: The VCC of the transceiver may be 5 V or 3 .3 V, depending on the CAN transceiver family . Some 5-V CAN 
transceivers have an I/O level-shifting pin (VIO or VRXD) .

Transmit Data (TXD or D) If a current-limiting series resistor is used, that is the expected resist ance value . The TXD may need a pull-up to 
the VCC if an open-drain output on a microprocessor is used .

Receive Data (RXD or R) If a current-limiting series resistor is used, that is the expected resist ance value .

Mode

RS, S, STB, EN, AB, or LBK may be available, depending on the specific CAN transceiver . RS provides three modes 
of operation that need to be checked:

1 . High-speed mode. There should be a connection to ground or low from the microprocessor’s output pin .
2 . Slope-control mode. There should be a pull-down resistor to ground between 10 and 100 kW .
3 . Low-power mode. There should be a logic high via a pull-up resistor or via the output from the microproces-

sor’s output pin .
The other pins are digital inputs with logic-low and -high thresholds that may be either driven by a microprocessor 
output or pulled high or low via a resistor . It should be verified that the device is in the proper mode .

VREF or SPLIT pin Some transceivers may have a VCC/2 output reference . It may be floating, connected by a bypass capacitor to 
ground, or used to actively drive split termination . The application use should be verified .

CAN Bus (CANH, CANL) The transceiver’s CANH and CANL pins should be connected to the respective pins on the CAN bus . More informa-
tion is provided under “Checking bus termination” in this article .

3-V MCU

SN65HVD256

CAN
Transceiver

S

RXD

TXD

CANH

CANL

Port x

RXD

TXD

VCC

VCC

8

1

4

2

3
7

5
6

GNDVRXD

3-V Voltage
Regulator

5-V Voltage
Regulator

VIN

VIN

VIN

VOUT

VOUT

Transceiver
Protection
Function

Bus
Termination:

Optional
on PCB

Optional
Pull-up

Optional
Pull-down

Figure 2. Simplified schematic for a CAN application

表1列举了需要检查的PCB和网络连接。收发器引脚和

PCB上其他相关连接之间的电阻应为0Ω，除非设计使

用表注里介绍的一些选项。例如，限流串联电阻器、

总线端接电阻器或者数字I/O的上拉或下拉电阻器。

总线端接检查

大多数CAN标准均规定使用一条单双绞线（有或者无

屏蔽层），其特性阻抗（Z0）为120Ω。应使用与线路

特性阻抗相同的电阻器来端接电缆两端，以防止信号

反射。端接可以为电缆上总线端的单120Ω电阻器，

如图3中CAN总线左侧所示；或者，它也可以位于某

个端接节点内，如图3右侧所示。不得将端接电阻从

总线移除。如果CAN端接电阻负载不存在，则信号完

整性会受到影响，并且无法满足比特计时要求。如果

图2 CAN应用简易原理图

表1 PCB和CAN收发器连接总结
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single 120-W resistor at the end 
of the bus on the cable, as shown 
on the left side of the CAN bus 
in Figure 3; or it may be in a 
terminating node, as shown on 
the right side of Figure 3. The 
termination resist ance should 
not be removed from the bus. If 
the resistive load of the CAN  
termination is not present, signal 
integrity will be compromised 
and the bit timing will not be 
met. If filtering and stabilization 
of the bus’s common-mode volt-
age is desired, split termination 
may be used as in Figure 2. In 
this figure, each resistor is 60 W, 
and the split capacitor may be 
anywhere from 1 nF to 100 nF, 
depending on the frequency desired for the common-mode 
filter.2 The measured resist ance from CANH to CANL 
should be between 45 and 65 W to account for the toler-
ances within the CAN standard, the parallel impedance of 
the two termination resistors, and the input resist ance of 
many nodes in parallel. The power rating of the termina-
tion resistors should be sized according to the worst-case 
fault conditions they may encounter, usually the power-
supply voltage of the system to ground.

Checking the power supply
Before the system is powered up, the power supply (or 
supplies) to the CAN transceiver should first be checked. 
The VCC should be powered with 3.3 V or 5 V, depending 
on the transceiver type used. Believe it or not, there have 
been several cases where a missing VCC was the root cause 
of the problem. Therefore, it should be ensured that the 
VCC is present at the transceiver’s VCC pin. A simple check 
with a DMM will confirm that power supplies are present. 
Care must be taken not to short the supply to ground, 
which unfortunately is a pin next to the VCC pin.

There is approximately a 50-mA difference in current 
(ICC) needed between the dominant state (~60 mA with a 
60-W bus load) and the recessive state (10 mA). This 
50-mA difference is needed to generate the differential 
voltage across the termination resistance during the domi-
nant bus state and varies with bus loading. The DMM also 
may be used in current mode to verify the expected ICC 
supply currents. Due to the switching nature of CAN, cur-
rent measured with a DMM is a pseudo-average reading.

A local bypass capacitor of at least 4.7 µF is recom-
mended to ensure adequate supply buffering during the 
bus-state transitions. Otherwise, there may be significant 
voltage-supply ripple caused by the inrush current of the 
transceiver. An oscilloscope can be used to verify whether 
the supply voltage is stable or varying with the bus state. 
It would be undesirable to “starve” the transceiver during 
the transitions. The transceiver will be protected by its 
cur rent limiting, but the supply current will be significantly 

higher if one of the bus lines is shorted to a supply or 
ground when the transceiver is trying to drive the bus  
to a dominant state. If the voltage regulator cannot supply 
that amount of current, the voltage level may drop out of 
the transceiver’s specification range, or may even be low 
enough to trip an undervoltage lockout condition on the 
transceiver.

CAN physical-layer basics
Once all the basics have been checked, the heart of the 
CAN physical layer—the CAN bus—can be examined. The 
transceiver’s two key components are the receiver and the 
transmitter. The transmitter is normally called the driver in 
a CAN. The CAN physical layer is biased with a common-
mode point of VCC/2, or approximately 2.5 V (Figure 4).

MCU or DSP MCU or DSP MCU or DSP

MCU or DSP

CAN
Controller

CAN
Controller

CAN
Controller

CAN
Controller

CAN
Transceiver

CAN
Transceiver

CAN
Transceiver

CAN
Transceiver

Node 1 Node 2 Node 3

Node n
(with termination)

RTERM

RTERM

Figure 3. Typical CAN bus

Driver (Transmitter)

Receiver with Common-Mode Bias

TXD
CANH

CANH

CANL

CANL

RXDV /2CC

VCC

Figure 4. Simplified CAN bus transceiver

总线共模电压滤波和稳压理

想，则使用分裂端接，如图2
所示。在该图中，每个电阻器

均为60Ω，而分裂电容器范

围为1 nF到100 nF，具体取

决于共模滤波器所需的频率。
2CANH到CANL的测得电阻应

介于45Ω到65Ω之间，以达

到CAN标准、两个端接电阻

器的并联阻抗以及并联节点输

入电阻的容差。应根据可能碰

到的极端故障状态（通常为系

统接地的电源电压）来确定端

接电阻器的额定功率。

电源检查

在系统上电以前，应首先检查CAN收发器的一个

或者多个电源。根据所使用的收发器类型，VCC

应为3.3V或者5V。不管您相不相信，在一些情况

下，丢失VCC确实为问题的根本原因。因此，我们

应确保VCC存在于收发器的VCC引脚上。只需检查

DMM，便可确认有电源存在。必须注意电源短路

接地（不幸的是，该引脚就在VCC引脚的旁边）。

显性状态（60Ω总线负载时约为60mA）和隐性状

态（10mA）之间所需电流（ICC）差约为50mA。

显性总线状态期间端接电阻差分电压的产生需要

这50mA的电流差，并且其随总线负载变化而变

化。DMM还可用在电流模式下，以验证预计ICC电

源电流。由于CAN的开关性质，DMM测得的电流

伪平均读取值。

建议本地旁路电容器至少应为4.7µF，以确保总线

状态转换期间有足够的电源缓冲。否则，收发器

的突入电流可能会引起明显的电压电源纹波。我

们可以使用一个示波器来验证电源电压是稳定，

还是随着总线状态变化而变化。转换期间，最好

不要让收发器“饥饿”。收发器受到其限流的保

护，但是，当收发器试图驱动总线至显性状态

时，如果其中一条总线短路至电源或者接地，则

电源电流极高。如果电压调节器无法提供这么多

的电流，则电压电平降至收发器规格范围以下，

甚至可能会低至触发收发器的欠压锁定状态。

CAN物理层基础知识

一旦完成所有基础检查，就可以检查CAN物理层的核心

CAN总线了。收发器的两个关键组件便是接收器和发射

器。发射器被称作CAN的驱动器。通过VCC/2共模点（约

2.5V）对CAN物理层偏置，见图4。

发收器将单端数字逻辑信号、TXD（或者D）和RXD（或

者R）转换为差分CAN总线所要求的电平。当总线为显

性时，在接收节点，其CAN标准定义的差分电压（Vdiff

（D））大于1.2V，并且处于逻辑低状态。当总线为隐性

时，在接收节点，其CAN标准定义的差分电压（V diff

图3 典型CAN总线

图4 简易CAN总线收发器
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The transceiver translates the single-ended digital logic 
signals, TXD (or D) and RXD (or R), to the levels required 
by the differential CAN bus. When the bus is dominant, it 
has a differential voltage (Vdiff(D)) defined by the CAN 
standard of >1.2 V at the receiving nodes and is in a logic-
low state. When the bus is recessive, it has a differential 
voltage (Vdiff(R)) defined by the CAN standard of –120 mV 
≤ (Vdiff(R)) ≤ 12 mV at the receiving nodes and is in a logic-
high state. Both of these bus states are biased via the 
common-mode network in the transceiver. The typical bus 
levels are shown in Figure 5.

To debug the bus, one of the most useful tools is an 
oscilloscope. While a single-channel scope allows the sig-
nals to be seen, a dual- or quad-channel scope is the best. 
Ideally, TXD, RXD, CANH, and CANL can be seen at the 
same time to ensure that the transceiver and bus are 
behaving as expected with respect to each other. For the 
initial debugging, a low-bandwidth scope is all that is 
needed, since the CAN is limited to 1 Mbps in the stan-
dard. (In the near future this may change, with the intro-
duction of a CAN with flexible data rates.) If the node is 
transmitting the bitstream of data, the input data can be 
seen on the TXD input. There is a propagation delay to 
the differential CAN bus pins (CANH/CANL), followed by 
another propagation delay to the RXD output. These 
delays are the loop time, or loop delay, in a CAN. If the 
node is receiving, then TXD will be idle; but the bus and 
RXD output will show the CAN frame.

To demonstrate basic CAN-bus operation, Figure 6 
shows an oscilloscope with two analog channels and two 
digital channels, plus a function generator. The CAN bus is 
made up of two SN65HVD255D EVMs, each with 120-W 
termination set on the bus. The function generator from 
the scope is connected to the TXD input pin of the top 
EVM. In Figure 7, digital channel 1 shows the TXD input 
(light purple); analog channel 1 shows the CANH signal 
(blue); analog channel 2 shows the CANL signal (yellow); 
and digital channel 2 shows the RXD signal (green). While 
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Figure 5. CAN bus states

Figure 6. Debugging on a CAN bus of two EVMs

Figure 7. TI CAN EVM signals

（R））为-120mV≤(Vdiff(R))≤ 12 mV，并且处于逻辑高状

态。两种总线状态均通过收发器内共模网络偏置。图

5显示了典型的总线层级。

对总线进行调试时，最为有用的工具之一便是示波

器。尽管单通道示波器便可看到信号，但最好还是

用双或者四通道。理想情况下，可同时看到TXD、

RXD、CANH和CANL，以确保收发器和总线性能如

预期。进行初次调试时，只需一个低带宽示波器，因

为标准CAN被限定在1Mbps。（在不远的将来，在

引入拥有灵活数据速率的CAN以后，这种情况将有所

改变。）如果该节点正发送数据比特流，则可在TXD
输入端看到输入数据。差分CAN总线引脚（CANH/
CANL）存在传输延迟，同时还存在RXD输出传输延

迟。在CAN中，这些延迟均为循环时间，或者说循环

延迟。如果该节点正在接收，则TXD闲置；但是总线

和RXD输出会显示CAN帧。

为了演示基础CAN总线工作情况，图6显示了一个示

波器，它拥有两个模拟通道和两个数字通道，以及一

个函数生成器。CAN总线由两个SN65HVD255D EVM
组成，每个在总线上的端接电阻均为120Ω。示波器

函数生成器连接至顶部EVM的TXD输入引脚。图7
中，数字通道1显示了CANH信号（蓝色）；模拟通道

2显示了CANL信号（黄色）；数字通道2显示了RXD
信号（绿色）。尽管该示波器的精确度很低，但这个

简单的测试表明，该CAN物理层的表现在总体上符合

我们的预期。

图5 CAN总线状态

图7 TI CAN EVM信号

图6 两个EVM的CAN总线调试
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the accuracy of this scope is very low, it 
appears from this simple test that in general 
the CAN physical layer is behaving as expected.

Figure 8 shows the oscilloscope and probe 
set up to debug on the TI CAN demonstration 
system. The nodes are set up in a daisy chain 
that uses CANopen® D-SUB 9-pin connectors. 
A bus breakout connector is in the upper left 
portion of Figure 8. It is used to easily connect 
the analog scope probes to the CANH and 
CANL pins of the CAN bus and to GND. 
Because the probes are too large to grab the 
TXD and RXD IC pins of the middle CAN node, 
these pins are connected to the digital channels 
of the scope with chip hooks and a short cable 
going to the probes. Another option is to solder 
a small wire to each transceiver pin so the 
scope probe may be more easily attached.

Figure 9 shows the CAN signals in more 
detail as captured by the scope. While these 
signals are not high in resolution or accuracy, 
they help determine what needs to be known 
about the operating CAN nodes. The scope 
was triggered on TXD of the middle node; the 
CANH and CANL signals are differential as 
expected; and the acknowledge (ACK) bit with 
the higher differential voltage is clearly visible 
at the end of the CAN frame. This higher volt-
age is the result of multiple CAN nodes gener-
ating this ACK bit at the same time in parallel. 
Another way to easily identify the ACK bit is 
that it is visible in the RXD signal but not in the 
TXD signal, which means it was generated by 
the other nodes as it should be.

CAN debugging examples
Figure 10 shows a CAN demonstration system 
where the CANH trace leading to the daisy-
chain output has been broken on the righthand 
PCB. This occurred because a mounting bolt on 
the rear of this system had rubbed against the 
PCB while the system was being carried around 
the world over a number of years. When this 
system was connected to other CAN nodes via 
this daisy-chain bus connection, it didn’t work. 

Figure 8. Debugging on the TI CAN demonstration system

Figure 9. TI CAN demonstration system’s signals

Figure 10. CAN demonstration system with broken 
CANH trace

图8显示了该示波器和用于调试TI CAN演

示系统的探针装置。该节点使用菊形链，

并使用CANopen® D-SUB 9针连接器。一

个总线外接头连接器位于图8左上方。利

用它，我们可以轻松地连接模拟示波器探

针至CAN总线的CANH和CANL引脚以及

GND。由于探针过大，无法抓住中间CAN
节点的TXD和RXD IC引脚，因此可通过连

接至探针的芯片钩和一小段电缆，将这些

引脚连接至示波器的数字通道。另一种方

法是，给每个收发器焊接一小段线，这样

示波器探针便可更容易地连接。

图9显示了示波器获得的CAN信号详细情

况。尽管这些信号的分辨率和精度均不

高，但它们可以帮助确定需要了解CAN节

点工作的那些信息。中间节点的TXD触发

了示波器；CANH和CANL信号差异符合预

期；在CAN构架端可清楚地看到高差分电

压的收到确认（ACK）位。该高压为同时

并行产生ACK位的多个CAN节点的结果。

轻松找出ACK位的另一个方法是其存在于

RXD信号中而非TXD信号中，这意味着它

由另一些节点产生。

CAN调试例子

图10显示了一个CAN演示系统，在PCB右

边，连接至菊形链输出的CANH线路被损

坏。出现这种情况的原因是，系统后面的

一个固定螺栓摩擦PCB，而在几年的时间

里该系统被运输至世界各地。当系统通过

菊形链总线接口连接至其他CAN节点时，

便故障无法工作。

图8 TI CAN演示系统调试

图9 TI CAN演示系统的信号

图10 带有损坏CANH线路的CAN演示系统
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The CANH signal in Figure 11 shows the result of this  
broken PCB trace. A DMM continuity check also confirmed 
the open circuit.

Figure 11 also highlights in detail another important 
part of the CAN frame, the ACK bit. The scope was used 
in single mode and triggered on the TXD pin of the right-
hand node until a trigger on a single bit was found. This 
single bit is the ACK bit generated by this node to acknowl-
edge that a valid CAN frame was received. All receiving 
nodes acknowledge the CAN frame from the sending node. 
The ACK bit seen on the bus has a slightly longer bit time 
than the transmitted ACK bit seen on TXD. This is an arti-
fact of the multiple nodes transmitting ACK bits at the 
same time. Factors affecting this longer bit time are a 
5-ns/m delay through the cabling; clock timing drift 
between the three CAN nodes; and the higher bus  

differential voltage resulting from two nodes transmitting 
an ACK bit concurrently. If these factors cause the ACK 
bit (slot) to become too long and to remain dominant in 
the ACK delimiter, it may cause a CAN error frame.

Another example of CAN bus debugging was a system 
where only very slow CAN data rates (bit timings) would 
work. Connecting an oscilloscope to the TXD pin showed 
very slow rise times on the TXD input (Figure 12). The 
9.6-µs timing delay was equivalent to 10 bits at a CAN data 
rate of 1 Mbps. This discovery led to the root cause: A 
microprocessor with an open drain was being used to drive 
the transceiver’s TXD pin. In this case there was no real 
drive to the logic-high level. Only the weak inter nal pull-
up of the CAN transceiver was bringing the TXD pin high, 
so it had a very long RC time constant. This problem was 
easily solved by adding a pull-up resistor on the TXD pin.

Figure 11. TI CAN signals with broken CANH trace on PCB

Slow rise time causes
9.6-µs timing delay

Figure 12. Example with slow rise time on TXD pin

图11所示CANH信号表明了该损坏PCB线路的效果。另

外，DMM连续性检查也可证实该开路。

图11还突出详细显示了CAN帧的另一个重要部分，即

ACK位。示波器使用单一模式，在某个单比特发现触发

器时，其在右手节点的TXD引脚上被触发。该单比特为

这一节点产生的ACK位，目的是确认接收到一个有效的

CAN帧。所有接收节点确认收到发送节点的CAN帧。

相比在TXD上看到的发送ACK位，总线上所看到的ACK
位的位时间稍长。这是同时发送ACK位的多个节点的假

象。影响这种长位时间的一些因素包括：通过线缆的

5ns/m延迟、三个CAN节点之间的时钟计时漂移以及同

时发送一个ACK位的两个节点所产生的高差分电压。如

果这些因素使ACK位（空档）变得更长，并在ACK分隔

符内保持显性，则其可能引起CAN误差帧。

CAN总线调试的另一个例子是，在某个系统中，只有

非常慢的CAN数据速率（比特计时）才会起作用。把

一个示波器连接至TXD引脚，在TXD输入端显示出非

常慢的上升时间，如图12所示。1Mbps的CAN数据

速率下，9.6µs计时延迟相当于10比特。它的根本原

因是：我们正使用一个具有开路漏极的微处理器来驱

动收发器的TXD引脚。在这种情况下，没有真正的逻

辑高电平驱动。仅有CAN收发器的弱内部上拉正驱动

TXD引脚高，因此它的RC时间常量非常长。通过在

TXD引脚上添加一个上拉电阻器，便可轻松解决这个

问题。

图11 PCB上CANH线路遭损坏的TI CAN信号

图12 TXD引脚上慢上升时间例子
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Conclusion
The basics of the CAN physical layer and the debugging 
examples presented in this article should ease any fear of 
jumping into the CAN world. With the additional references 
provided here and the appropriate datasheets, designers 
should have their CAN systems up and running in no time.
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Exploring anti-aliasing filters in signal  
conditioners for mixed-signal, multimodal 
sensor conditioning

Introduction
Some sensor-signal conditioners 
are used to process the output 
of multiple sense elements. This 
processing is often provided by 
multimodal, mixed-signal condi-
tioners that can handle the out-
puts from several sense elements 
at the same time. This article 
analyzes the operation of anti-
aliasing filters in such sensor- 
signal conditioners.

Basics of sensor-signal 
conditioners
Sense elements, or transducers, 
convert a physical quantity of 
interest into electrical signals. 
Examples include piezo resistive 
bridges used to measure pres-
sure, piezoelectric transducers used to detect ultrasonic 
waves, and electrochemical cells used to measure gas  
concentrations. The electrical signals produced by sense 
elements are small and exhibit nonidealities, such as tem-
perature drifts and nonlinear transfer functions.

Sensor analog front ends such as the Texas Instruments 
(TI) LMP91000 and sensor-signal conditioners such as TI’s 
PGA400/450 are used to amplify the small signals produced 
by sense elements into usable levels. The PGA400/450 
include complete signal-conditioning circuits as well as  
circuits that generate stimuli for sense elements, manage 
power, and interface with the external controllers. Further-
more, devices such as the PGA400 provide the ability to 
correct for the nonidealities of the sense elements.

Multimodal signal conditioning
Often, for the purpose of signal conditioning or higher-level 
monitoring, there is a need to measure outputs of more 
than one sense element. For example, processing the out-
put of a typically piezoresistive bridge requires measuring 
the outputs of both the bridge and a temperature sensor. 
Similarly, processing the output of a thermocouple requires 
measuring the outputs of both the thermo couple and a 
sensor that measures the connector temperature. The 
connector temperature is measured in order to perform 
cold-junction compensation. The scenario where more 

than one sense element is processed by the same signal 
conditioner is called multimodal signal conditioning.

Mixed-signal signal conditioning
Another aspect of sensor-signal conditioning is the electri-
cal domain in which the signal conditioning occurs. TI’s 
PGA309 is an example of a device where the signal condi-
tioning of resistive-bridge sense elements occurs in the 
analog domain. In devices such as the PGA400, the signal 
conditioning occurs in both the analog and the digital 
domains. The latter scenario is called mixed-signal 
signal conditioning.

A critical component of mixed-signal conditioners is the 
analog-to-digital converter (ADC). Figure 1 shows a block 
diagram of a multimodal, mixed-signal sensor-signal condi-
tioner. This figure shows that the two sense elements have 
independent signal paths until the signals reach the intelli-
gent compensation block. This block then combines the 
two signals to produce the processed output.

Nyquist criterion
A key aspect of mixed-signal sensor-signal conditioning is 
the discretization of the continuous-time analog-domain 
signal into a discrete-time digital-domain signal. In other 
words, mixed-signal conditioners are sampled systems. 
Hence, the well-known Nyquist criterion of sampling is 
applicable to mixed-signal sensor-signal conditioning. This 
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Figure 1. Multimodal, mixed-signal sensor-signal conditioner图1 多模态、混合信号传感器信号调节器
引言

一些传感器信号调节器用

于处理多个传感元件的输

出。这种处理过程通常由

多模态、混合信号调节器

完成，它可以同时处理数

个传感元件的输出。本文

对这类传感器信号调节器

中抗混淆滤波器的工作情

况进行详细分析。

传感器信号调节器基础知识

传感元件（变送器）将有

用的物理信号转换为电信

号，例如：用于测量压力

的压阻桥、用于检测超声波的压电传感器以及用于测

量气体浓度的电化单元等。传感元件产生的电信号都

很小，并且为非理想状态，例如：温度漂移和非线性

传输函数等。

传感器模拟前端（例如：德州仪器LMP91000）和传

感器信号调节器（例如：德州仪器PGA400/450），用

于把这些传感元件所产生的小信号放大到可用水平。

PGA400/450包含完整的信号调节电路，以及可刺激传

感元件、管理功率并与外部控制器连接的一些电路。

另外，如PGA400等器件还能够对这些传感元件的非理

想状态进行校准。

多模态信号调节

通常，为了实现信号调节或者更高级别的监控，我们

需要对多个传感元件的输出进行测量。例如，处理某

个典型压阻桥的输出，便要求同时对桥和温度传感器

的输出进行测量。同样，处理热电偶的输出，要求同

时对该热电偶和测量连接器温度的传感器的输出进行

测量。测量连接器温度的目的是完成冷接点补偿。同

一个信号调节器对多个传感元件进行处理的情况被称

作“多模态信号调节”。

利用信号调节器的抗混淆滤波器，实现混合
信号、多模态传感器调节
作者：Arun T. Vemuri，德州仪器 (TI) 增强型工业应用系统构架部

混合信号信号调节

传感器信号调节的另一个方面是发生信号调节的电

域。德州仪器PGA309器件的电阻桥传感元件的信

号调节发生在模拟域内。在如PGA400等器件中，

信号调节同时发生在模拟和数字域内。后一种情况

被称作“混合信号信号调节”。

混合信号调节器的一个关键组成部分是模数转换器

（ADC）。图1显示了一个多模态、混合信号传感

器信号调节器的框图。该图表明，在信号达到智能

补偿模块以前，两个传感元件始终都有独立的信号

通路。之后，该模块组合这两个信号，产生经过处

理之后的输出。

尼奎斯特（Nyquist）准则

混合信号传感器信号调节的一个重要方面是，将连

续时间模拟域信号离散化为离散时间数字域信号。

换句话说，混合信号调节器为采样系统。因此，著

名的尼奎斯特采样准则适用于混合信号传感器信号

调节。简单来说，该准则是指，采样频率必为信号

带宽的两倍。就图1而言，我们假设每个信号通路
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criterion simply states that the sampling frequency has to 
be double the signal bandwidth of interest. For Figure 1  
it is assumed that the amplifiers in each signal path limit 
the bandwidth of the signal in order to satisfy the Nyquist 
criterion. In other words, the amplifiers amplify the signals 
while at the same time providing the necessary anti-aliasing, 
or limiting of bandwidth, to satisfy the criterion.

Figure 1 also shows digital filters in the signal paths. 
The digital filters are used to reduce the signal band-
widths further to help improve the system’s signal-to-
noise ratio (SNR).

Unwanted sinusoid signals
For some applications, it may be desirable to reduce the 
cost of the circuit shown in Figure 1. Figure 2 shows a 
more cost-effective example wherein the two analog signal 
paths share an amplifier and an ADC. The signal paths in 
either circuit could have out-of-band sinusoid components 
introduced into either the sense element (for example, 
due to electromagnetic interference) or the signal path 
itself (for example, due to interference from adjacent  
circuits). Because of the common signal path in Figure 2, 
the digital filters may not be effective in eliminating out-
of-band or unwanted sinusoid components. This section 
analyzes this problem.

For this analysis it is assumed that the circuits in 
Figures 1 and 2 share the same conditions:

• ADC sampling rate: 10 kHz

• Amplifier bandwidth to satisfy Nyquist criterion: 5 kHz

• Signal band of interest or digital-filter bandwidth:  
2.5 kHz

• Unwanted sinusoid component at 3 kHz in sense  
element 1’s path

In the circuit in Figure 1, the unwanted 3-kHz signal  
is effectively attenuated by the digital filter. This is 

because the 3-kHz signal is not aliased into the baseband. 
That is, the 3 kHz will show up at 3 kHz—even in the digi-
tal domain.

However, if the same 5-kHz amplifier is used for the  
circuit in Figure 2, and if the signals from the two sense 
elements are alternately sampled, the digital filter will be 
ineffective in attenuating the unwanted 3-kHz signal. This 
is because the effective sampling frequency of the signal 
from sense element 1 is only 5 kHz, even though the ADC 
sampling rate is 10 kHz. Thus, the 3 kHz will alias into the 
baseband (or appear as an in-band signal), rendering the 
digital filter ineffective in removing the unwanted signal.

It is noted that in order to prevent aliasing of the 
unwanted signal and to satisfy the Nyquist criterion, the 
amplifier bandwidth has to be lowered to 2.5 kHz. In this 
case, a 2.5-kHz digital filter is not needed any more; the 
digitized signal’s bandwidth is limited to 2.5 kHz by the 
analog amplifier.

Unwanted wideband white noise
The signal paths in Figures 1 and 2 can produce unwanted 
wideband white noise. To investigate and clearly under-
stand this, it will be assumed that the signal path does not 
have any unwanted sinusoid components. It will also be 
assumed that the signal path’s white noise is the dominant 
source of noise compared to the quantization noise, which 
is usually the case in such signal paths.

Anti-aliasing filters for white noise: Case 1
With the independent signal paths shown in Figure 1, each 
5-kHz amplifier acts as an anti-aliasing filter to limit the 
white-noise bandwidth of the respective signals to 5 kHz. 
The digital filters further reduce these bandwidths to  
2.5 kHz, thus achieving a certain signal-to-white-noise ratio.

With the two analog signal paths in Figure 2 sharing a 
5-kHz amplifier, sense element 1’s effective sampling fre-
quency is once again 5 kHz, assuming that the two sense-
element outputs are sampled alternately. In this case, all 
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Figure 2. Analog signal paths sharing an amplifier and an ADC图2 共用一个放大器和一个ADC的模拟信号通路

中的放大器均对信号带宽进行限制，以满足尼奎斯特

准则要求。换句话说，放大器放大信号的同时，进行

必要的抗混淆（限制带宽），以满足尼奎斯特准则要

求。

图1还显示了信号通路中的数字滤波器。这些数字滤波

器用于降低信号带宽，从而进一步帮助改善系统的信

噪比（SNR）。

多余的正弦波信号

对于一些应用来说，可能需要降低图1所示电路的成

本。图2显示了一个更具性价比的例子，其中，两个模

拟信号通路共用一个放大器和一个ADC。上述两个电

路中的信号通路都有带外正弦波分量，其会进入传感

元件（例如，由于电磁干扰），或者进入信号通路本

身（例如，由于相邻电路的干扰）。由于图2所示公共

信号通路的存在，数字滤波器可能在消除带外或者多

余正弦波分量方面不起作用。本小节将对该问题进行

分析。

就了方便分析，我们假设图1和图2的条件相同：

ADC采样率：10kHz
满足尼奎斯特准则的放大器带宽：5kHz
信号带或者数字滤波器带宽：2.5kHz
传感元件1通路的3kHz多余正弦波分量

在图1所示电路中，多余3kHz信号被数字滤波器有效

衰减。这是因为3kHz信号未进入基带。也就是说，

3kHz将出现在3kHz下，甚至是在数字域内。

但是，如果相同的5kHz放大器用于图2所示电路，并

且两个传感元件的信号被依次采样，则数字滤波器在

衰减多余3kHz信号方面不起作用。这是因为，传感

元件1信号的有效采样频率仅为5kHz，尽管ADC采

样率为10kHz。因此，3kHz会进入基带（即表现为

带内信号），从而让数字滤波器在消除多余信号方

面不起作用。

请注意，为了防止出现多余信号失真，并满足尼奎

斯特准则要求，放大器带宽必须降至2.5kHz。在这

种情况下，便不再需要一个2.5kHz数字滤波器；数

字化信号带宽被模拟放大器限制在2.5kHz。

多余宽带白噪声

图1和图2所示信号通路会产生多余宽带白噪声。为

了研究和清楚地理解这个问题，我们假设信号通路

没有任何多余正弦波分量。同时，我们还假设，相

比量化噪声，信号通路的白噪声是主要噪声源（这

类信号通路的常见情况）。

白噪声抗混淆滤波器：案例1

由于存在图1所示独立信号通路，每个5kHz放大器

都起到一个抗混淆滤波器的作用，从而将各个信号

的白噪声带宽限制在5kHz。数字滤波器进一步将这

种带宽降至2.5kHz，从而实现某个信白噪比。

由于图2所示两个模拟信号通路共用一个5kHz放大

器，因此传感元件1的有效采样频率再一次为5kHz
（假设对两个传感元件输出进行依次采样）。在这

种情况下，2.5kHz到5kHz的所有模拟域噪声均进入

0kHz到2.5kHz范围（有用频带）。但是，该频率范

围内的均方根（RMS）噪声不受影响！换句话说，

该电路的SNR与图1所示电路一样。
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analog-domain noise from 2.5 to 5 kHz aliases into the 0- to 
2.5-kHz range, which is the frequency band of interest. 
However, the root mean square (RMS) noise in this fre-
quency range is not affected! In other words, the SNR is 
the same for this circuit as for that in Figure 1.

Anti-aliasing filters for white noise: Case 2
For Case 2, it is assumed that the signal band of interest is 
1.25 kHz, which is half the band of interest used in Case 1. 
That is, the signal band is reduced because there is no sig-
nal content beyond 1.25 kHz that is wanted, and because 
limiting the noise bandwidth improves the SNR. Assuming 
that the 5-kHz amplifier is used for anti-aliasing, one will 
naturally conclude that a 1.25-kHz digital filter will reduce 
the bandwidth and achieve the same SNR for the circuit in 
Figure 1 as for the one in Figure 2. However, this is not 
the case. While it is true that, with the 5-kHz anti-aliasing 
filter, the RMS noise in the sampled domain is the same in 
both architectures, their noise densities are different. With 
the independent signal paths, the noise density of the 
sampled signals is NoiseRMS/√5

—
 kH
—

z
—

, while the noise 
density for the common signal path is NoiseRMS/√2.

—
5 
—

kH
—

z
—

. 
Thus, using a 1.25-kHz band-limiting filter in the common 
analog signal path results in RMS noise of √1.

—
25
—

 k
—

Hz
—

 × 
NoiseRMS/√2.

—
5 
—

kH
—

z
—

 at the digital filter’s output. This noise 
is higher than the RMS noise in the independent signal 
paths, which is √1.

—
25
—

 k
—

Hz
—

 × NoiseRMS/√5
—
 kH
—

z
—

. That is, the 
SNR in the common signal path is worse than that in the 
independent signal paths. Note that these RMS calcula-
tions assume ideal filters, which are filters with 0-dB gain 
in the passband and infinite attenuation in the stopband.

Table 1. RMS noise of the independent and common signal paths

AMPLIFIER 
BANDWIDTH 

(kHz) std(x_ind)

std(y_ind) 
WITH  

DIGITAL 
FILTER std(x_com)

std(y_com) 
WITH  

DIGITAL 
FILTER

5 7018 3250 7004 4806

2 .5 4934 3300 4938 3365
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Figure 3. MATLAB®/Simulink® simulation model

Simulation model
Figure 3 shows a MATLAB®/Simulink® model used to ana-
lyze the effect of signal-path architectures on unwanted 
wideband white noise. The model includes both the circuit 
with independent signal paths and the circuit with a com-
mon signal path. Note that the downsample-by-2 block is 
used to represent the effects of alternate sampling of the 
common signal path. The analog amplifier is assumed to 
have a gain of 10 and is a fourth-order elliptical low-pass 
filter. The FDA tool in MATLAB/Simulink was used to 
design the digital filters in Figure 3, which are also fourth-
order elliptical low-pass filters.1

Table 1 summarizes the RMS noise of the 1.25-kHz digi-
tal filter when the amplifier bandwidth is 5 kHz or 2.5 kHz. 
The MATLAB “std” function was used to calculate the 
RMS noise.

For the amplifier bandwidth of 5 kHz, the RMS value of 
the ADC output and its downsampled-by-2 value shown in 
the “std(x_ind)” and “std(x _com)” columns, respectively, 
are about the same. That is, the down sampling does not 

白噪声抗混淆滤波器：案例2

案例2中，我们假设有用信号带为1.25kHz，其为

案例1的二分之一。也就是说，由于在1.25kHz以
外没有我们想要的信号内容，并且噪声带宽限制

改善了SNR，因此信号带得到了降低。假设5kHz
放大器用于抗混淆，则我们会理所当然地得出结

论：1.25kHz数字滤波器可降低带宽，并实现与

图2所示电路一样的图1电路的SNR。但是，实际

却并非如此。利用5kHz抗混淆滤波器，两种构

架的采样域内RMS噪声相同，这的确没有错，

但是它们的噪声密度却不同。使用独立信号通路

时，采样信号的噪声密度为 ，而公共

信号通路的噪声密度为 。因此，在公

共模拟信号通路中使用1.25kHz限带滤波器，会

导致数字滤波器输出下的RMS噪声为

。 该 噪 声 高 于 独 立 信 号 通 路

（ ）的RMS噪声。也就是

说，公共信号通路的SNR比独立信号通路差。注

意，这些RMS计算均假设使用理想的滤波器，也

即0dB通带增益和无限抑止带衰减的滤波器。

仿真模型

图3显示了一个MATLAB®/Simulink®模型，其用于分析

信号通路构架对多余宽带白噪声的影响。该模型同时包

括使用独立信号通路和公共信号通路的电路。注意，采

样缩减2模块（downsample-by-2 block）用于表示公共

信号通路依次采样的效果。假设模拟放大器增益为10，
并且为是一个四阶椭圆低通滤波器。MATLAB/Simulink

图3 MATLAB®/Simulink®仿真模型

的FDA工具用于设计图3所示数字滤波器，其同样为四阶

椭圆低通滤波器。1

表1总结了放大器带宽为5kHz到2.5kHz时1.25kHz数字滤

波器的RMS噪声。MATLAB“std”函数用于计算RMS
噪声。

表1 独立和公共信号通路的RMS噪声
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affect the RMS value. Therefore, if the downsampled value 
is used directly without further digital filtering, then the 
signal-to-white-noise ratio for the common signal path is 
the same as for the independent signal path.

For the amplifier bandwidth of 2.5 kHz, the RMS values 
of the digital-filter outputs are shown in the “std(y_ind)” 
and “std(y_com)” columns. From the data in these col-
umns, it is clear that the effect of the 1.25-kHz digital filter 
depends on the frequency of the analog anti-aliasing filter. 
If the anti-aliasing filter’s bandwidth is 2.5 kHz, which cor-
responds to half of the sampling frequency in the common 
signal path, then the noise at the output of the common-
path digital filter matches the noise at the output of the 
digital filter in the independent signal path. If, however, 
the anti-aliasing filter’s bandwidth is 5 kHz, then the RMS 
values of the digital-filter outputs are very different, 
resulting in different signal-to-white-noise ratios.

Conclusion
For multimodal, mixed-signal sensor-signal conditioners, 
the bandwidths of anti-aliasing filters have to be chosen 
appropriately to remove unwanted signals and to achieve 

the desired SNRs. If a sigma-delta modulator ADC is used, 
ADC samples that are unsettled after switching have to 
be discarded. This reduces the effective sampling rate 
even more.
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使用5kHz放大器带宽时，ADC输出RMS值及其采样

缩减2值分别列举在“std（x_ind）”和“std（x_
com）”两栏内，其大概相等。也就是说，采样缩

减不影响RMS值。因此，如果采样缩减值在没有进

一步数字滤波的情况下直接使用，公共信号通路的

信白噪比与独立信号通路相同。

放大器带宽为2.5kHz时，数字滤波器输出的RMS
值列举在“std（y_ind）”和“std（y_com）”栏

内。由这些数据，我们可以清楚地知道，1.25kHz数
字滤波器的效果取决于模拟抗混淆滤波器的频率。

如果抗混淆滤波器的带宽为2.5kHz（相当于公共

信号通路采样频率的一半），则公共通路数字滤波

器输出的噪声与独立信号通路中数字滤波器输出的

噪声不相上下。但是，如果抗混淆滤波器的带宽为

5kHz，则数字滤波器输出的RMS值非常不同，从而

产生不同的信白噪比。

结论

就多模态、混合信号传感器信号调节器而言，必须

正确选择抗混淆滤波器的带宽，以消除多余信号和

达到理想的SNR。如果使用∑-Δ调制器ADC，则必

须丢弃那些在转换之后仍不稳定的ADC采样。这可

以进一步降低有效采样率。
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重重要要声声明明

德州仪器(TI) 及其下属子公司有权根据 JESD46 最新标准, 对所提供的产品和服务进行更正、修改、增强、改进或其它更改， 并有权根据
JESD48 最新标准中止提供任何产品和服务。客户在下订单前应获取最新的相关信息, 并验证这些信息是否完整且是最新的。所有产品的销售
都遵循在订单确认时所提供的TI 销售条款与条件。

TI 保证其所销售的组件的性能符合产品销售时 TI 半导体产品销售条件与条款的适用规范。仅在 TI 保证的范围内，且 TI 认为 有必要时才会使
用测试或其它质量控制技术。除非适用法律做出了硬性规定，否则没有必要对每种组件的所有参数进行测试。

TI 对应用帮助或客户产品设计不承担任何义务。客户应对其使用 TI 组件的产品和应用自行负责。为尽量减小与客户产品和应 用相关的风险，
客户应提供充分的设计与操作安全措施。

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

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

在转售 TI 组件或服务时，如果对该组件或服务参数的陈述与 TI 标明的参数相比存在差异或虚假成分，则会失去相关 TI 组件 或服务的所有明
示或暗示授权，且这是不正当的、欺诈性商业行为。TI 对任何此类虚假陈述均不承担任何责任或义务。

客户认可并同意，尽管任何应用相关信息或支持仍可能由 TI 提供，但他们将独力负责满足与其产品及在其应用中使用 TI 产品 相关的所有法
律、法规和安全相关要求。客户声明并同意，他们具备制定与实施安全措施所需的全部专业技术和知识，可预见 故障的危险后果、监测故障
及其后果、降低有可能造成人身伤害的故障的发生机率并采取适当的补救措施。客户将全额赔偿因 在此类安全关键应用中使用任何 TI 组件而
对 TI 及其代理造成的任何损失。

在某些场合中，为了推进安全相关应用有可能对 TI 组件进行特别的促销。TI 的目标是利用此类组件帮助客户设计和创立其特 有的可满足适用
的功能安全性标准和要求的终端产品解决方案。尽管如此，此类组件仍然服从这些条款。

TI 组件未获得用于 FDA Class III（或类似的生命攸关医疗设备）的授权许可，除非各方授权官员已经达成了专门管控此类使 用的特别协议。

只有那些 TI 特别注明属于军用等级或“增强型塑料”的 TI 组件才是设计或专门用于军事/航空应用或环境的。购买者认可并同 意，对并非指定面
向军事或航空航天用途的 TI 组件进行军事或航空航天方面的应用，其风险由客户单独承担，并且由客户独 力负责满足与此类使用相关的所有
法律和法规要求。

TI 已明确指定符合 ISO/TS16949 要求的产品，这些产品主要用于汽车。在任何情况下，因使用非指定产品而无法达到 ISO/TS16949 要
求，TI不承担任何责任。
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