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

• Automotive

• Industrial

• Communications

• Enterprise Systems

• Personal Electronics

AAJ articles include many helpful hints and rules of thumb to guide readers 
who are new to engineering, or engineers who are just new to analog, as well 
as the advanced analog engineer. Where applicable, readers will also find 
software routines and program structures and learn about design tools. These 
forward-looking articles provide valuable insights into current and future 
product solutions. However, this long-running digest also gives readers 
archival access to many articles about legacy technologies and solutions that 
are the basis for today’s products. This means the AAJ can be a relevant 
research tool for a very wide range of analog products, applications and  
design tools. 

Introduction引言

《模拟应用期刊》(AAJ) 是一份登载精选模拟技术文章的期刊，由德州仪器公司按季出版。这些以

设计工程师、工程经理、系统设计人员和技师为对象而撰写的“指导性”文章可让读者对 TI 的模拟

产品可用于应对各种不同的设计问题和要求的原因有一个基本的了解。读者将从中获得与下列应用

有关的辅导信息以及实际的工程设计和详细的数学解答：

  汽车

  工业

  通信

  企业系统

  个人电子产品

AAJ 发表的文章当中包含了许多有益的提示和经验法则，可为包括工程设计新手、刚刚开始接触模

拟设计的工程师和高级模拟工程师在内的广大读者提供指导。在适用的场合，读者还将找到所需的

软件例程和程序结构，并且了解和学习设计工具。这些前瞻性的文章针对当前及未来的产品解决方

案提供了有价值的见解。不过，这份长期出版的精选文摘还针对许多涉及了作为当今产品之基础的

传统技术和解决方案的文章为读者提供了档案查阅服务。这意味着 AAJ 可以作为一种适用于众多模

拟产品、应用和设计工具的关联搜索工具。

模拟应用期刊

AAJ 2014 年第四季度德州仪器
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Designers of low-distortion analog  circuits in 
industrial data acquisition, seismic measurement, 
and high-fidelity audio are aware that many 
operational amplifiers (op amps) produce greater 
distortion when configured as non-inverting ampli-
fiers. In the non-inverting configuration, the input 
signal appears as a common-mode signal at both 
inputs. The subtraction performed by the op amp 
on the two inputs is finite and slightly non-linear, 
producing a small amount of additional distortion 
at the op amp  output. This effect is often referred 
to as common-mode  distortion.[1]

It is less widely known that some op amps show 
more severe common-mode distortion when the 
input-signal source has a high output impedance. 
Using the TL072, a JFET-input  general-purpose 
op amp, let’s compare the  output distortion for 
two source impedances. Figure 1 shows the 
TL072’s output distortion when the source imped-
ance is 20 W and 10 kW. The total harmonic dis-
tortion and noise (THD+N) is substantially 
increased in the 10-kW case – more than could be 
attributed to the additional source resistor.

This behavior is typical of older JFET-input op 
amps like the TL072 and limits their usability in 
many circuits such as Sallen-Key active filters.[2] 
At the time, JFETs offered some advantages over 
bipolar transistors when used as the input devices 
of an op amp. For example, the reduced current 
noise allowed JFET-input op amps to be used in 
high-impedance applications. Furthermore, JFETs 
could be fabricated with the existing bipolar semi-
conductor processes, giving them a major advan-
tage over MOSFETs. 

Figure 2 shows the cross section of a p-channel 
JFET fabricated using ion implantation on a 
p-type substrate in a junction-isolation process.[3] 
The channel was formed by implanting p-type 
impurities into an n-type region. An n-type region 
is then implanted on top of the channel (n-type top  
gate) and connected to the region below the channel to 
form the gate.

The junction between the p-type substrate and n-type 
gate acts as a reverse-biased diode. This allows the JFET 
to have extremely low input current, while creating a par-
asitic capacitance (CGSS) from the gate to the substrate.

At the interface of p-type and n-type semiconductor 
material, a process of diffusion occurs where electrons and 
holes migrate across the interface leaving behind charged 

ions on their respective sides. The migrating charge carri-
ers recombine with the opposing charge carriers from the 
opposite side and are eliminated, which produces an area 
with no mobile charge carriers. This area is called the 
depletion region because the mobile charge carriers have 
been depleted. In this region, the semiconductor material 
behaves as an insulator. The resulting structure resembles 
a capacitor with n- and p-type regions being the conduc-
tive electrodes, and the depletion region acts as the 
dielectric. Due to the large contact area between the gate 

Distortion and source impedance in  
JFET-input op amps
By John Caldwell
Analog Applications Engineer

Figure 1. THD+N measurement of a TL072 op amp
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Figure 2. Ion-implanted p-channel JFET structure
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图 1：TL072 运放的 THD + N 测量

图 2：离子注入型 p 沟道 JFET 结构

工业数据采集、地震测量和高保真度音频领域中

的低失真模拟电路设计人员都明白，许多运算放

大器（运放）在被配置为非反相放大器时会产生

较大的失真。在非反相配置中，输入信号在两个

输入端上均表现为一种共模信号。运放在两个输

入端上执行的减法运算是有限的，并且呈现轻微

的非线性，因而在运放输出端上产生了少量的额

外失真。该效应通常被称为共模失真。[1]

当输入信号源具有高输出阻抗时，有些运放会表

现出更加严重的共模失真，这一点并没有被人们

普遍认识到。我们使用 TL072（一款 JFET 输入

通用型运放）来比较一下针对两种源阻抗的输出

失真。图 1 示出了当源阻抗为 20Ω 和 10kΩ 时 
TL072 的输出失真。在源阻抗为 10kΩ 的场合

中，总谐波失真与噪声之和 (THD + N) 大幅增

加，有可能超过因附加源电阻器而产生的 THD 
+ N。

这是TL072 等老式 JFET 输入运放的典型运行

方式，并限制了其在诸如 Sallen-Key 有源滤波

器等众多电路中的可用性。[2] 在那个时候，当用

作运放的输入器件时，JFET 提供了一些胜过双

极型晶体管的优势。例如，电流噪声的降低使

得JFET输入运放能够在高阻抗应用中使用。此

外，JFET还可以采用现有的双极型半导体工艺

来制造，从而令其拥有了一项超越MOSFET的
重大优势。

图2示出了在结隔离工艺中于p型衬底上采用离

子注入法制造的p沟道JFET的横截面。 [3] 沟道

是通过把 p 型杂质植入一个 n 型区形成的。然

后，在沟道的顶上植入一个 n 型区（n 型顶栅）

并连接至位于沟道下方的区以形成栅极。

JFET 输入运算放大器中的失真和源阻抗
作者：John Caldwell
模拟应用工程师

p 型衬底和 n 型栅极之间的结起一个反向偏置二极管的

作用。这允许 JFET 具有极低的输入电流，同时在栅极与

衬底之间产生一个寄生电容 (CGSS)。

在 p 型和 n 型半导体材料的交界面上出现了一种扩散过

程，在该过程中电子和空穴穿越界面进行迁移，而把带

电离子遗留在各自所在的那一侧。迁移的载荷子与来自

对面的对立载荷子重新组合并被消除，从而产生了一个

模拟应用期刊 工业
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没有移动载荷子的区域。该区域被称为耗尽区，因为移

动载荷子已被耗尽。在该区域中，半导体材料的作用相

当于绝缘体。最终的结构类似于一个电容器，n 型区和 
p 型区为导电电极，耗尽区充当电介质。由于栅极和衬

底之间的接触面积很大，因此栅极至衬底电容 CGSS 通常

远远大于栅极至源极和栅极至漏极电容。 [3] 于是，输入 
JFET 的 CGSS 是此类运放之输入共模电容的主要来源。
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and the substrate, the gate-to-substrate capacitance, CGSS, 
is typically much larger than the gate-to-source and gate-
to-drain capacitances.[3] Therefore, the CGSS of the input 
JFETs is the dominant contributor to the input common-
mode capacitance of these op amps.

Like all capacitors, the capacitance of the p-n junction is 
dependent on the area of its electrodes and the distance 
they are separated. Although the area of the junction is 
fixed, the width of the depletion region is not. It depends 
on the direction and intensity of the electric field across 
the depletion region. 

During the initial diffusion, the ions left behind by the 
diffusing charge carriers produce an electric field which 
opposes further diffusion. This is called the built-in voltage 
of the junction. The application of an external voltage to 
the junction has the effect of growing or shrinking the 
width of the depletion region and changing the capaci-
tance of the junction. The gate-to-substrate capacitance of 
a JFET varies as a function of gate-to-substrate voltage 
according to the equation:

 

C
C

V
GSS

GSS

GSS

=
+

0

0
1

ψ
 

(1)

In Equation 1, CGSS0 is the junction capacitance at 0 V, 
VGSS is the gate-to-substrate voltage. Further, ψ0 is the 
built-in voltage of the junction, which typically is about 
0.7 V. In most op amps, the substrate is held at the nega-
tive supply voltage (VEE). Therefore, as the common-
mode voltage changes, the VGSS term in Equation 1 
changes, which increases or decreases the gate-to- 
substrate capacitance, CGSS.

In Figure 3, input common-mode capacitances, CCM1 
and CCM2, were added to represent CGSS of the input JFETs.

The input common-mode capacitance of the non- 
inverting input, CCM1, must be charged and discharged by 
a small current, IS, from the input source, VS. If the input 
capacitance is not a constant, but depends on the input 
voltage, the charging current drawn from the source is no 
longer linearly related to the rate-of-change of the input 
voltage signal: 

     

I C
dV

dt
I

C

V V
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(2)

This behavior is similar to the voltage coefficient of dis-
crete ceramic capacitors.[4,5] The change in capacitance 
with applied voltage distorts the current in the capacitor. 
This distorted current drawn from the source produces a 
distorted signal at the op-amp input due to the voltage 
drop across RS.

 V V I RIN S S S= −  
(3)

It is possible to cancel this distortion by placing a resis-
tance equal to the source impedance in the op amp’s feed-
back loop. This produces an identical distortion signal at 

the op amp’s inverting input. Because the distortion is now 
common to both inputs, it is removed by the op amp’s 
common-mode rejection. Unfortunately, the resistance in 
the feedback path introduces additional noise and also can 
cause stability issues if it is very large.[6] 

Ideally, to preserve low distortion when operating with 
high source impedances, the input common-mode capaci-
tance needs to be stabilized to a constant value. One 
method to accomplish this is to fabricate the op amp with 
a dielectrically isolated (DI) process. As shown in Figure 4, 
DI processes use a layer of dielectric material, such as sili-
con dioxide (SiO2), to isolate devices from the substrate 
and other adjacent structures. These processes were origi-
nally introduced to improve the speed of on-chip transis-
tors by reducing the capacitance at their collectors.[3] 

An additional benefit of dielectric isolation is that the 
JFET’s gate-to-substrate capacitance no longer varies with 
the input common-mode voltage. The value of the gate-to-
substrate capacitance is determined by the size of the 
device and width of the isolation layer, which is completely 
unaffected by an applied electric field. Furthermore, the 
isolation layer prevents the diffusion of charge  carriers 
across the p-n interface that would form a depletion 

Figure 3. The varying common-mode 
capacitances of a JFET-input op amp
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Figure 4. The isolation layer in DI processes
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图 3：JFET 输入运放的可变共模电容

图 4：DI 工艺中的隔离层

德州仪器数据转换器

理想的情况是，为了在高源阻抗条件下运作时保持低失

真，必需把输入共模电容稳定至一个恒定值。一种实现

方法是采用电介质隔离 (DI) 工艺来制造运放。如图 4 所
示，DI 使用一层介电材料（比如：二氧化硅 [SiO2]）将器

件与衬底及其他相邻结构隔离开来。引入此类工艺的最初

目的是通过减小片上晶体管集电极上的电容来改善其速度

性能。 [3]电介质隔离的另一个好处是 JFET 的栅极至衬底

电容不再随着输入共模电压而变化。栅极至衬底电容的数

值由器件的尺寸和隔离层的宽度决定，其完全不受所施加

的电场的影响。此外，该隔离层还可阻止载荷子穿越 p-n 
界面进行扩散而形成一个耗尽区。虽然在隔离势垒的两端

仍然存在一个电场，但是其对于硅材料中移动载荷子的作

用并不足以影响总电容。

在图 5 中，利用网络分析仪对两款运放的共模电容进行

了非常精确的测量。TL072 运放是采用标准的结隔离工艺

制造的。在测量范围内，其输入共模电容从 ＋10 V 时的 
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和所有的电容器一样，p-n 结的电容取决于其电极的面

积以及电极的相隔距离。虽然 p-n 结的面积是固定的，

但耗尽区的宽度则并不固定。其取决于横跨耗尽区的电

场的方向和强度。

在初始扩散期间，扩散载荷子所遗留的离子产生了一个

阻碍进一步扩散的电场。这被称为 p-n 结的内置电压。

给 p-n 结施加一个外部电压具有扩大或压缩耗尽区宽度

以及改变 p-n 结电容的作用。JFET 的栅极至衬底电容的

变化与栅极至衬底电压之间存在着函数关系，依据的公

式如下：

在 (1) 式中，CGSS0 为 0V 时的结电容，VGSS 为栅极至衬

底电压。另外，ψ0为 p-n结的内置电压，通常为 0.7 V 
左右。在大多数运放中，衬底保持在负电源电压 (VEE)。
因此，当共模电压变化时，(1) 式中的 VGSS 项改变，从而

将增加或减小栅极至衬底电容 CGSS。

在图 3 中，增添了输入共模电容 CCM1 和 CCM2，用以表

示输入 JFET 的 CGSS。

非反相输入的输入共模电容 CCM1 必须利用一个来自输入

电压源 VS 的小电流IS 进行充电和放电。如果输入电容并

非一个常数，而是取决于输入电压，那么从电压源吸收

的充电电流与输入电压信号的变化率之间不再成线性关

系：

该运行方式类似于分立陶瓷电容器的电压系数。 [4] [5] 电

容随施加电压而发生的变化使电容器中的电流产生失

真。从电压源吸收的该失真电流将由于 RS 两端的电压降

而在运放的输入端上产生一个失真信号。

可以通过在运放的反馈环路中布设一个与源阻抗相等的

电阻来抵消该失真。这种做法在运放的反相输入端上产

生一个相等的失真。由于该失真如今为两个输入端所共

有，因此其可利用运放的共模抑制予以去除。不幸的

是，反馈路径中的电阻将引起额外的噪声，而且当其非

常大的时候还会引发稳定性问题。[6]

Texas Instruments 5 AAJ 4Q 2014

IndustrialAnalog Applications Journal

and the substrate, the gate-to-substrate capacitance, CGSS, 
is typically much larger than the gate-to-source and gate-
to-drain capacitances.[3] Therefore, the CGSS of the input 
JFETs is the dominant contributor to the input common-
mode capacitance of these op amps.

Like all capacitors, the capacitance of the p-n junction is 
dependent on the area of its electrodes and the distance 
they are separated. Although the area of the junction is 
fixed, the width of the depletion region is not. It depends 
on the direction and intensity of the electric field across 
the depletion region. 

During the initial diffusion, the ions left behind by the 
diffusing charge carriers produce an electric field which 
opposes further diffusion. This is called the built-in voltage 
of the junction. The application of an external voltage to 
the junction has the effect of growing or shrinking the 
width of the depletion region and changing the capaci-
tance of the junction. The gate-to-substrate capacitance of 
a JFET varies as a function of gate-to-substrate voltage 
according to the equation:
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In Equation 1, CGSS0 is the junction capacitance at 0 V, 
VGSS is the gate-to-substrate voltage. Further, ψ0 is the 
built-in voltage of the junction, which typically is about 
0.7 V. In most op amps, the substrate is held at the nega-
tive supply voltage (VEE). Therefore, as the common-
mode voltage changes, the VGSS term in Equation 1 
changes, which increases or decreases the gate-to- 
substrate capacitance, CGSS.

In Figure 3, input common-mode capacitances, CCM1 
and CCM2, were added to represent CGSS of the input JFETs.

The input common-mode capacitance of the non- 
inverting input, CCM1, must be charged and discharged by 
a small current, IS, from the input source, VS. If the input 
capacitance is not a constant, but depends on the input 
voltage, the charging current drawn from the source is no 
longer linearly related to the rate-of-change of the input 
voltage signal: 
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This behavior is similar to the voltage coefficient of dis-
crete ceramic capacitors.[4,5] The change in capacitance 
with applied voltage distorts the current in the capacitor. 
This distorted current drawn from the source produces a 
distorted signal at the op-amp input due to the voltage 
drop across RS.

 V V I RIN S S S= −  
(3)

It is possible to cancel this distortion by placing a resis-
tance equal to the source impedance in the op amp’s feed-
back loop. This produces an identical distortion signal at 

the op amp’s inverting input. Because the distortion is now 
common to both inputs, it is removed by the op amp’s 
common-mode rejection. Unfortunately, the resistance in 
the feedback path introduces additional noise and also can 
cause stability issues if it is very large.[6] 

Ideally, to preserve low distortion when operating with 
high source impedances, the input common-mode capaci-
tance needs to be stabilized to a constant value. One 
method to accomplish this is to fabricate the op amp with 
a dielectrically isolated (DI) process. As shown in Figure 4, 
DI processes use a layer of dielectric material, such as sili-
con dioxide (SiO2), to isolate devices from the substrate 
and other adjacent structures. These processes were origi-
nally introduced to improve the speed of on-chip transis-
tors by reducing the capacitance at their collectors.[3] 

An additional benefit of dielectric isolation is that the 
JFET’s gate-to-substrate capacitance no longer varies with 
the input common-mode voltage. The value of the gate-to-
substrate capacitance is determined by the size of the 
device and width of the isolation layer, which is completely 
unaffected by an applied electric field. Furthermore, the 
isolation layer prevents the diffusion of charge  carriers 
across the p-n interface that would form a depletion 
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and the substrate, the gate-to-substrate capacitance, CGSS, 
is typically much larger than the gate-to-source and gate-
to-drain capacitances.[3] Therefore, the CGSS of the input 
JFETs is the dominant contributor to the input common-
mode capacitance of these op amps.

Like all capacitors, the capacitance of the p-n junction is 
dependent on the area of its electrodes and the distance 
they are separated. Although the area of the junction is 
fixed, the width of the depletion region is not. It depends 
on the direction and intensity of the electric field across 
the depletion region. 

During the initial diffusion, the ions left behind by the 
diffusing charge carriers produce an electric field which 
opposes further diffusion. This is called the built-in voltage 
of the junction. The application of an external voltage to 
the junction has the effect of growing or shrinking the 
width of the depletion region and changing the capaci-
tance of the junction. The gate-to-substrate capacitance of 
a JFET varies as a function of gate-to-substrate voltage 
according to the equation:
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This behavior is similar to the voltage coefficient of dis-
crete ceramic capacitors.[4,5] The change in capacitance 
with applied voltage distorts the current in the capacitor. 
This distorted current drawn from the source produces a 
distorted signal at the op-amp input due to the voltage 
drop across RS.
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It is possible to cancel this distortion by placing a resis-
tance equal to the source impedance in the op amp’s feed-
back loop. This produces an identical distortion signal at 

the op amp’s inverting input. Because the distortion is now 
common to both inputs, it is removed by the op amp’s 
common-mode rejection. Unfortunately, the resistance in 
the feedback path introduces additional noise and also can 
cause stability issues if it is very large.[6] 

Ideally, to preserve low distortion when operating with 
high source impedances, the input common-mode capaci-
tance needs to be stabilized to a constant value. One 
method to accomplish this is to fabricate the op amp with 
a dielectrically isolated (DI) process. As shown in Figure 4, 
DI processes use a layer of dielectric material, such as sili-
con dioxide (SiO2), to isolate devices from the substrate 
and other adjacent structures. These processes were origi-
nally introduced to improve the speed of on-chip transis-
tors by reducing the capacitance at their collectors.[3] 

An additional benefit of dielectric isolation is that the 
JFET’s gate-to-substrate capacitance no longer varies with 
the input common-mode voltage. The value of the gate-to-
substrate capacitance is determined by the size of the 
device and width of the isolation layer, which is completely 
unaffected by an applied electric field. Furthermore, the 
isolation layer prevents the diffusion of charge  carriers 
across the p-n interface that would form a depletion 
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and the substrate, the gate-to-substrate capacitance, CGSS, 
is typically much larger than the gate-to-source and gate-
to-drain capacitances.[3] Therefore, the CGSS of the input 
JFETs is the dominant contributor to the input common-
mode capacitance of these op amps.

Like all capacitors, the capacitance of the p-n junction is 
dependent on the area of its electrodes and the distance 
they are separated. Although the area of the junction is 
fixed, the width of the depletion region is not. It depends 
on the direction and intensity of the electric field across 
the depletion region. 

During the initial diffusion, the ions left behind by the 
diffusing charge carriers produce an electric field which 
opposes further diffusion. This is called the built-in voltage 
of the junction. The application of an external voltage to 
the junction has the effect of growing or shrinking the 
width of the depletion region and changing the capaci-
tance of the junction. The gate-to-substrate capacitance of 
a JFET varies as a function of gate-to-substrate voltage 
according to the equation:
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In Equation 1, CGSS0 is the junction capacitance at 0 V, 
VGSS is the gate-to-substrate voltage. Further, ψ0 is the 
built-in voltage of the junction, which typically is about 
0.7 V. In most op amps, the substrate is held at the nega-
tive supply voltage (VEE). Therefore, as the common-
mode voltage changes, the VGSS term in Equation 1 
changes, which increases or decreases the gate-to- 
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In Figure 3, input common-mode capacitances, CCM1 
and CCM2, were added to represent CGSS of the input JFETs.

The input common-mode capacitance of the non- 
inverting input, CCM1, must be charged and discharged by 
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This behavior is similar to the voltage coefficient of dis-
crete ceramic capacitors.[4,5] The change in capacitance 
with applied voltage distorts the current in the capacitor. 
This distorted current drawn from the source produces a 
distorted signal at the op-amp input due to the voltage 
drop across RS.

 V V I RIN S S S= −  
(3)

It is possible to cancel this distortion by placing a resis-
tance equal to the source impedance in the op amp’s feed-
back loop. This produces an identical distortion signal at 

the op amp’s inverting input. Because the distortion is now 
common to both inputs, it is removed by the op amp’s 
common-mode rejection. Unfortunately, the resistance in 
the feedback path introduces additional noise and also can 
cause stability issues if it is very large.[6] 

Ideally, to preserve low distortion when operating with 
high source impedances, the input common-mode capaci-
tance needs to be stabilized to a constant value. One 
method to accomplish this is to fabricate the op amp with 
a dielectrically isolated (DI) process. As shown in Figure 4, 
DI processes use a layer of dielectric material, such as sili-
con dioxide (SiO2), to isolate devices from the substrate 
and other adjacent structures. These processes were origi-
nally introduced to improve the speed of on-chip transis-
tors by reducing the capacitance at their collectors.[3] 

An additional benefit of dielectric isolation is that the 
JFET’s gate-to-substrate capacitance no longer varies with 
the input common-mode voltage. The value of the gate-to-
substrate capacitance is determined by the size of the 
device and width of the isolation layer, which is completely 
unaffected by an applied electric field. Furthermore, the 
isolation layer prevents the diffusion of charge  carriers 
across the p-n interface that would form a depletion 
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region. There is still an electric field across the 
barrier, but its effect on the mobile charge car-
riers in the silicon is not large enough to affect 
the total capacitance. 

In Figure 5, the common-mode capacitance 
of two op amps was measured very precisely 
with a network analyzer. The TL072 op amp 
was fabricated with a standard junction- 
isolated process. Over the measurement range, 
the input common-mode capacitance varies 
from 4.87 pF at +10 V to 7.10 pF at –10 V, a 
total change of 2.23 pF. As expected, the input 
common-mode capacitance increases with 
negative common-mode voltages because the 
gate-to-substrate voltage is decreasing. 

Alternatively, the OPA1642 was fabricated 
with a DI process. The input common-mode 
capacitance is greatly stabilized and shows a 
variation of only 30 fF over the entire measure-
ment range.

The improved stability of the input common-
mode capacitance is immediately apparent in 
distortion measurements. Figure 6 shows the 
measured THD+N of the OPA1642 configured 
in a gain of +1 for source impedances of 20 W 
and 10 kW. Unlike the TL072, the distortion of 
the OPA1642 is unaffected by an increase in 
source impedance.

The need for JFET-input op amps is still 
prevalent today because they continue to offer 
a unique combination of low noise, low bias 
current, and excellent AC/DC performance. 
The introduction of DI processes in their fabri-
cation and the resulting stabilization of the 
input capacitance allow modern JFET-input op 
amps to achieve extremely low distortion 
regardless of source impedance. 
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Figure 5: Common-mode capacitance of two 
JFET-input op amps
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4.87 pF 变为 －10 V 时的 7.10 pF，总的变化

量为 2.23 pF。不出所料，由于栅极至衬底电

压减小，因此输入共模电容随着负共模电压

的增加而增大。

另一方面，OPA1642 是采用  DI 工艺制造

的。其输入共模电容得到了极大的稳定，在

整个测量范围内的变化幅度仅为 30 fF。

输入共模电容稳定性的改善在失真测量中

立刻显现出来。图  6 示出了对于  20Ω  和 
10kΩ  的源阻抗，采用增益  = ＋1 配置的 
OPA1642 的实测 THD + N。与 TL072 不同

的是，源阻抗的增加并未影响 OPA1642 的
失真。

对于 JFET 输入运放的需求如今仍然普遍存

在，因为其将继续提供低噪声、低偏置电流

和卓越 AC/DC 性能的独特组合。在其制造中

引入 DI 工艺以及输入电容的最终稳定化使得

新式 JFET 输入运放能够实现极低的失真，

而丝毫不受源阻抗的影响。
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SPICE models for Precision DACs

The challenge – complete system 
verification
Predicting the performance of a design before it is 
implemented is a challenge faced by every design 
engineer. IC designers have myriads of tools and 
models at their disposal to simulate their designs 
even before fabrication. However, when consider-
ing the full system design, there are very few com-
ponents for which accurate models exist. 

This means that a full system-level verification 
has to be done manually by the designer via bud-
geting, spot checks, modeling, visual inspection 
and modifications based on previous experience. 
Unfortunately, this leaves a potential for errors and 
bugs in the design. In some cases, several board 
revisions are required to achieve the intended 
functionality and performance. 

The building blocks – Precision DAC 
models
The latest TINA-TI™ software models for precision 
DACs, such as the DAC8411 family from Texas 
Instruments, enable full system-level verification. 
The DAC8411 family consists of 8- to 16-bit single-
channel, voltage-output digital-to-analog convert-
ers (DACs). The SPICE models for this family are 
available in two variants. The first is a parallel 
n-bit wide interface with output buffer, compatible 
with all TINA versions (Figure 1).

The second is a serial peripheral interface (SPI) 
with output buffer, compatible with professional 
TINA-TI software (Figure 2).

Both variants can be useful in simulating the 
analog signal chain from the DAC output buffer. 
The SPI model with the output buffer completely 
models the full DAC functionality. It can be used to 
simulate the digital signal chain from the DAC’s 
input. 

The output buffer model for the DAC includes 
common DC parameters such as end-point errors 
with respective temperature coefficients, quies-
cent current, as well as AC parameters such as 
capacitive load stability, slew rate, settling time, 
and power-on glitch, among others. For example, simula-
tion results for DAC8411 gain (Gerr) and offset (Offs) 
error are shown in Figure 3. Note that the gain error is a 
percentage of the full-scale range, and the offset error is in 
microvolts (µV). 

By Rahul Prakash
Electrical Design Engineer

Figure 1. DAC parallel interface model
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Figure 3. Gain and offset error DC simulations

图 2：DAC 串行接口模型

图 1：FPD-Link III 的典型接口

图 3：增益和偏移误差 DC 仿真

用于高精度 DAC 的 SPICE 模型
作者：Rahul Prakash
电气设计工程师
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挑战 － 完整的系统验证

在着手实施一项设计之前预测其性能是每一位设

计工程师所面临的挑战。IC 设计人员手握大量的

工具和模型，即使是在制造之前也可用来进行其

设计的仿真。然而，当考虑整个系统设计时，我

们发现拥有准确模型的组件却非常之少。

这意味着，完整的系统级验证必须由设计人员根

据以往的经验通过预算、抽查、建模、目视检查

和修改，以手动的方式完成。不幸的是，这给设

计中出现误差和漏洞埋下了隐患。在某些场合

中，为了实现预期的功能和性能，需要多种版本

的电路板。

构建模块 － 高精度 DAC 模型

用于高精度  DAC（例如：由德州仪器提供的 
DAC8411 系列）的最新 TINA-TI™ 软件模型可实

现完整的系统级验证。DAC8411 系列包括 8 位
至 16 位单通道、电压输出数模转换器 (DAC)。
用于该系列的 SPICE 模型可提供两种变体。第

一种是一个具有输出缓冲器的并行 n 位宽接口，

其可兼容所有的 TINA 版本（图 1）。

第二种是一个具有输出缓冲器的串行外设接

口 (SPI)，其可兼容专业版的 TINA-TI 软件（图 
2）。

这两种变体皆可用于对始自 DAC 输出缓冲器的

模拟信号链路进行仿真。具有输出缓冲器的 SPI 
模型可全面模拟完整的 DAC 功能。其可用于对

始自 DAC 输入的数字信号链路进行仿真。

用于 DAC 的输出缓冲器模型包括常见的 DC 参
数（例如：端点误差和各自的温度系数、静态电

流）以及 AC 参数（如电容式负载稳定性、转换

速率、稳定时间和上电短时脉冲干扰等等）。比

如：针对 DAC8411 增益 (Gerr) 和偏移 (Offs) 误
差的仿真结果示于图 3。请注意，增益误差是全

标度范围的一个百分数，而偏移误差的单位则是微伏 
(μV)。

图 4 示出了在一个 1/4 标度至 3/4 标度的代码阶跃 
(code step) 情况下，于 DAC 上完成的瞬态仿真。如

该图所示，对于此项分析而言，仿真曲线图与产品手

册中提供的曲线图之间具有高度的相关性
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Figure 4 shows a transient simulation that was per-
formed on the DAC with a code step from quarter to 
three-quarter scale. The plot shows close correlation of 
the simulated plot to the datasheet plot for this analysis. 

The models also allow the designer to enter specific 
 values for some parameters such as the DAC gain and 
 offset errors. This is particularly useful in running what-if 
simulations for estimating system performance.

Bringing it together – complete system models
Case Study: 0- to 20-mA DAC
One of the most common DAC applications is to create a 
0- to 20-mA signal in an industrial automation system, also 
known as a three-wire system. There are multiple ways to 
implement this system that range from a fully discrete 
implementation using a DAC, operations amplifiers, and 
passive components, to fully-integrated implementations 
using devices such as the DAC8760.

For this exercise, let’s design a basic 0- to 20-mA system 
using a fully discrete implementation with TINA models 
for the DAC8411 and OPA192 (Figure 5).

Theory of operation
This implementation uses models for the DAC8411, two 
OPA192 operational amplifiers (OP1 and OP2), two MOS 
transistors (T1 and T2), and four resistors (R1, R2, R4, 
and RLOAD). This system generates an output load cur-
rent into RLOAD that is proportional to a 16-bit input digi-
tal code. For this design, OP1 and OP2 are required to 
handle rail-to-rail inputs.

In order to understand this basic system, we will assume 
that OP1 and OP2 are ideal. However, subsequent sections 
use the OPA192 TINA models to simulate the complete 
system. The DAC8411 model converts the 16-bit DAC 
code into a proportional analog output voltage (VDAC) in 
the 0- to 5-V range. This voltage is then applied to the 
positive input of the operational amplifier (OP2). The neg-
ative input of OP2 is also driven to the DAC output voltage 
(VDAC), thus forcing a current through resistor R4 
(VDAC/R4). The operational amplifier (OP2) ensures this 
current by controlling the gate voltage of MOSFET (T2). 
This current is drawn from the sup-
ply (V2) via resistor R1. This com-
pletes the first stage of this design 
in which a code proportional cur-
rent is generated.

The operational amplifier (OP1) 
maintains equal voltage drops 
across R1 and R2. Since the value 
of R2 in this design is a 100 times 
less than R1, for an equal voltage 
drop, the current flowing through 
R2 must be a 100 times greater 
than the current flowing through R1. 
This current can be expressed by 
the formula (VDAC/R4) × (R1/R2). 

The operational amplifier (OP1) 
ensures this current by controlling 

Figure 4. Transient simulation showing half-
scale settling time
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(b) Settling-time simulation
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Figure 5. DAC 0- to 20-mA system model

图 4：显示半标度稳定时间的瞬态仿真

图 5：DAC 0 mA 至 20 mA 系统模型
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另外，这些模型还允许设计人员输入某些参数的特定

值，如 DAC 增益和偏移误差。在运行用于估计系统性

能的“假设分析”(what-if) 仿真时，这一点是特别有用

的。

把它们整合起来 － 完整的系统模型

案例研究：0 mA 至 20 mA DAC

最常见的 DAC 应用之一是在工业自动化系统（也被称为

一种三线式系统）中生成一个 0 mA 至 20 mA 信号。实

现该系统的方法有多种，从采用 DAC、运算放大器和无

源组件的全分立型实施方案，到使用诸如 DAC8760 等器

件的全集成型实施方案均在其列。

针对此项练习，我们采用一款全分立型实施方案以及用于 
DAC8411 和 OPA192 的 TINA 模型来设计一个基本的 0 
mA 至 20 mA 系统（图 5）。

工作原理

该实施方案采用了用于 DAC8411 的模型、两个 OPA192 
运算放大器（OP1 和OP2）、两个 MOS 晶体管（T1 和 
T2）和四个电阻器（R1、R2、R3 和 RLOAD）。该系统

产生一个流入 RLOAD 的输出负载电流，此电流与一个 
16 位输入数字代码成正比。对于本设计，OP1 和 OP2 
需要处理轨至轨输入。

为了解该基本系统，我们将假设 OP1 和 OP2 是理想运

算放大器。不过，后面的部分则采用 OPA192 TINA 模型

来对完整的系统进行仿真。DAC8411 模型把 16 位 DAC 
代码转换为一个成比例的模拟输出电压 (VDAC)，其数值

在 0 V 至 5 V 的范围内。该电压随后被施加在运算放大

器 (OP2) 的正输入端。OP2 的负输入也被驱动至 DAC 输
出电压 (VDAC)，从而使一个电流流过电阻器 R4 (VDAC/
R4)。运算放大器 (OP2) 通过控制 MOSFET (T2) 的栅极

电压来确保该电流。此电流通过电阻器 R1 从电源 (V2) 
抽取。这就完成了本设计的第一

阶段，在该阶段中生成了一个与

代码成正比的电流。

运算放大器 (OP1) 在 R1 和 R2 
的两端保持相等的电压降。由于

在本设计中 R2 的阻值比 R1 小 
100 倍，因此为了获得相等的电

压降，流过 R2 的电流就必须比

流经 R1 的电流大 100 倍。该电

流可采用公式 (VDAC/R4) x (R1/
R2)来表达。
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the gate of MOSFET T1. The drain of the T1 is connected to 
the 250-W load resistor (RLOAD) via an ammeter (AM1).

Simulation setup and results
The test-bench configuration shown in Figure 6 uses an 
ideal 16-bit analog-to-digital converter (ADC) to convert a 
0- to 1-V analog signal (VG2) into the 16-bit code for the 
system. A DC sweep of VG2 generates full 16-bit code for 
the system. The resulting output current is shown in 
Figure 7.

Figure 8 shows a transient analysis for the same circuit. 
The DAC code is toggled from zero scale to full scale and 
the resulting output current is plotted.

Real system non-idealities 
Previously, the 0- to 20-mA system was simulated with 
DAC8411 and OPA192 parameters modeled as typical. As 
with any integrated chip, the parameters listed in the 
datasheet have a typical value, and for some, a max/min 
value. The intent of placing these boundaries is to guaran-
tee a level of performance on these parameters over a 
specified temperature range, supply voltages, and process 
variations. Thus, it is useful to have the system simulated 
for these variations in the specifications.

The latest TINA-TI 
software models for the 
DAC allow designers to 
modify some critical 
parameters and run 
what-if simulations. To 
illustrate this feature, an 
example simulation was 
chosen in which the DAC 
offset voltage is varied 
from a typical to the 
maximum value. This 
spec is captured in the 
models by the OFFS 
parameter shown in 
Figure 9. 

Figure 6. Input interface test bench for 
0- to 20-mA DAC system

Figure 7. DAC system simulation of 
output current DC sweep

0 500 750250 1000

Input Voltage (mV)

O
u

tp
u

t 
C

u
rr

e
n

t
( m

A
)

20

15

10

5

0

Figure 8. DAC system simulation of 
output current transient
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Figure 9. DAC model, user-adjustable DAC offset voltage
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运算放大器 (OP1) 通过控制 MOSFET T1 的栅极电压来

确保该电流。T1 的漏极通过一个安培计 (AM1) 连接至 
250Ω 的负载电阻器 (RLOAD)。

仿真设置和结果

图 6 所示的试验台配置采用一个理想的 16 位模数转换器 
(ADC) 将一个 0 V 至 1 V 模拟信号 (VG2) 转换为用于系

统的 16 位代码。VG2 的直流 (DC) 特性扫描分析可产生

用于系统的完整 16 位代码。最终的输出电流示于图 7。

图 8 示出了同一个电路的瞬态分析。DAC 代码从零标度

切换至全标度，并绘制了最终输出电流的曲线图。

实际系统的非理想性

过去，0 mA 至 20 mA 系统的仿真是把 DAC8411 和 
OPA192 参数作为典型值来建模的。与任何的集成型芯片

一样，产品手册中列出的参数具有一个典型值，而某些

参数还具有一个最大 / 最小值。设置此类边界值的意图是

保证这些参数在规定的温度范围、电源电压和工艺变化

情况下具有某种性能水平。因此，针对规格中的这些变
化来实施系统的仿真是

很有益处的。

用于 DAC 的最新 TINA-
T I  软件模型使得设计

人员能够修改一些关键

的参数并运行“假设分

析”仿真。为了阐明这

一特性，我们选择了一

种实例仿真，在该仿真

中 DAC 偏移电压从典型

值变为最大值。在模型

中该规格由图 9 中所示

的 OFFS 参数捕获。

图 6：用于 0 mA 至 20 mA DAC 系统
的输入接口试验台

图 7：输出电流直流特性扫描分析
的 DAC 系统仿真

图 8：输出电流瞬变的 DAC 系统仿真

图 9：DAC 模型，用户可调的 DAC 偏移电压
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Figure 10 shows the system’s DC performance 
(system output current of model in Figure 5) 
for two  values of DAC offset voltage. 

Note that the green curve is the simulation 
result with the worst-case offset voltage (3 mV), 
and the red curve is with offset voltage set to 
typical value of 0.05 mV. For simplicity, the 
 displayed output current in Figure 10 is zoomed 
in to show the offset in the output. This particu-
lar simulation is useful to predict the response 
of the system for the worst-case DAC offset 
voltage. 

Conclusion
The DAC models described allow full system 
verification. However, the level of accuracy and 
system parameters that can be verified depend 
on the accuracy of the models as well as the 
capability of the simulation tool. Using the sys-
tem shown in Figure 5 as an example, the level 
of verification depends on the DAC models, 
operational amplifiers, MOSFETs, and discrete 
components along with the capability of the TINA simula-
tor. The simulator capability can be improved by using the 
professional version of the simulation software. This leaves 
the accuracy of the component models to be the limiting 
factor for comprehensiveness of the system verification.
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Figure 10. DAC system simulation for output-current DC 
sweep with user-adjusted offset error
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图 10：针对输出电流直流特性扫描分析和用户
调节偏移误差的 DAC 系统仿真

图 10 示出了针对两个 DAC 偏移电压值的系

统 DC 性能（图 5 中所示模型的系统输出电

流）。

请注意，图中的绿色曲线是最坏情况偏移

电压 (3 mV) 的仿真结果，红色曲线表示的

是偏移电压设定在 0.05 mV 典型值时的情

形。为简单起见，对图 10 中示出的输出电

流进行了放大以显示输出中的偏移。这种特

殊的仿真可用于预测系统针对最坏情况 DAC 
偏移电压的响应。

结论

本文所述的 DAC 模型可实现完整的系统验

证。然而，准确度的水平和能够验证的系

统参数则取决于模型的准确度以及仿真工

具的功能。以图 5 中所示的系统为例，验

证的级别取决于 DAC 模型、运算放大器、

MOSFET 和分立型组件以及 TINA 仿真器的功能。仿真

器的功能可通过采用专业版本的仿真软件加以改进。这

样，系统验证全面性的限制因素就剩下了组件模型的准

确度。
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Isolated sensing systems with  
low power consumption

Current-shunt-monitor (CSM) ICs have been a mainstay in 
industrial applications for many years. Designed for either 
unidirectional or bidirectional current monitoring, CSMs 
offer excellent performance when used in either high-side 
or low-side current-shunt applications. However, many 
modern applications require some level of insulation to 
protect the end user from hazardous voltages. 

The level of insulation that a particular circuit needs is 
driven mainly by the type of end equipment and where 
the end equipment will be deployed. For instance, is the 
end equipment a solar inverter to be mounted on a roof 
top or is it part of a servo motor drive used on an indus-
trial robot? Global location of the end equipment plays a 
part as well. In the United States the Underwriters 
Laboratory (UL) maintains safety standards for various 
end-equipment. For Canada, it is the Canadian Standards 
Association (CSA). Europe has the International 
Electromechanical Commission (IEC) and the Association 
for Electrical, Electronic and Information Technologies 
(referred to as the VDE). 

There are four main categories of insulation. The first is 
functional, which offers no protection against electric 
shock. As the name implies, functional insulation is pro-
vided to allow proper operation of a circuit or device. 
Think of this as the minimum trace spacing across a 
printed circuit board from a shunt resistor to the input 
terminals of the monitoring device. 

The second level of insulation is basic. Basic insulation 
relates to the ability of an isolation device (an optocoupler 
or digital isolator, for example) to provide a level of pro-
tection against electric shock across an isolation barrier.

Next is supplemental or double insulation. This is an 
independent insulation layer that is applied in addition to 
basic insulation to ensure protection against electric shock 
in the event that the basic insulation fails. This is similar 
to adding a section of heat-shrink tubing over an input 
wiring harness. The fourth category is reinforced insula-
tion. Reinforced insulation is a single insulation system 
that provides a level of protection against electric shock 
equal to double insulation.

For a typical insulation example, the AMC1305 is a pre-
cision, delta-sigma (ΔΣ) modulator with the output sepa-
rated from the input circuitry by a capacitive isolation 
barrier that is highly resistant to magnetic interference. 
This barrier is certified to provide reinforced isolation of 
up to 7000 VPK, according to the VDE V 0884-10, UL1577, 

and CSA standards. As shown in Figure 1, the isolation 
barrier of this device is constructed with two series capaci-
tors, each having an equivalent of basic insulation through 
a silicon dioxide (SiO2) layer of 13.5 µm (27 µm total). 
The surge immunity is rated to ±10,000 V and the working 
voltage is 1500 VDC and 1000 VRMS, respectively.

Unlike traditional CSM devices that provide an analog 
output, the AMC1305 provides a digital bit stream. The 
differential analog input is a switched-capacitor circuit 
feeding a second-order delta-sigma modulator stage that 
digitizes the input signal into a 1-bit output stream. The 
converter’s isolated output (DOUT) provides a digital bit-
stream of ones and zeroes that are synchronous to an 
externally provided clock source at the CLKIN pin. The 
output bit-stream can be fed directly to the SD-24B mod-
ule of an MSP430™ microcontroller (MCU) or the sigma-
delta filter module (SDFM) of a C2000™ Delfino™ 
TMS320F2837x MCU.

In addition to dictating the level of isolation required, 
the type of application determines how many currents and 
voltages need to be monitored. In many cases, the vari-
ables of a polyphase system are monitored. One of the 
most common types of polyphase system is the three-
phase case. Typically, three currents and three voltages 
could be measured in three-phase systems, and sometimes 
a fourth voltage is measured, primarily in cases where a 
connection to neutral or ground is available.

Supplying power to the sensing circuitry is greatly sim-
plified when the variables measured in a polyphase system 
have low common-mode voltages with respect to a com-
mon reference point. This could be the case when per-
forming low-side current measurements and voltage 
measurements using resistive dividers. However, many 
systems require measuring currents and voltages that can 
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Figure 1. Example of the dual-capacitor 
isolation barrier
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电流分流监视器 (CSM) IC 成为工业应用中的一种支柱

产品已有多年。CSM 专为单向或双向电流监视而设计，

其在高侧或低侧电流分流应用中使用时可提供卓越的性

能。然而，许多新式应用则要求提供一定级别的绝缘，

以保护末端用户免遭危险电压的伤害。

特定电路所需的绝缘等级主要受终端设备的类型以及终

端设备即将部署之场所的影响。例如：终端设备是一个

将要安装在屋顶上的太阳能逆变器，还是作为工业机

器人所使用的伺服电机驱动器的一部分？另外，终端

设备在世界上所处的地区也起着某种作用。在美国，保

险商实验室 (UL) 维护着针对各种不同终端设备的安全

标准。对加拿大而言，相应的机构则是加拿大标准协会 
(CSA)。而欧洲则设有国际电工委员会 (IEC) 和德国电

气、电子和信息技术协会（被称为 VDE）。

有四种主要的绝缘类别。第一种是功能性的，其不提供

针对触电的保护。顾名思义，功能性绝缘是专为实现某

种电路或器件的正确运作而提供的。把这想成是横穿印

刷电路板（从一个分流电阻器到监视器件的输入端子）

的走线的最小间隔。

第二种绝缘等级是基本型。基本绝缘关乎一个隔离器件

（例如：光耦合器或数字隔离器）提供一级保护以避免

遭受隔离势垒两端之触电危害的能力。

下一种类别是补充绝缘或双重绝缘。这是在基本绝缘之

外施加一个独立的绝缘层，以确保能够在基本绝缘失效

的情况下提供针对触电的保护。这类似于在输入线束之

上增设一段热缩套管。第四种类别是加强绝缘。加强绝

缘是单一绝缘系统，其可提供与双重绝缘相同的触电保

护等级。

我们来举一个典型的绝缘实例，AMC1305 是一款高精

度、增量-累加 (ΔΣ) 型调制器，其利用一个具有强抗

磁干扰能力的电容式隔离势垒将输出与输入电路分离开

来。该势垒经认证可提供高达 7000 VPK 的强化绝缘，符

合 VDE V 0884-10、 UL1577 和 CSA 标准的要求。如

图 1 所示，该器件的隔离势垒是采用两个串联电容器构

成的，各通过一个 13.5μm（总共为 27μm）厚的二氧

化硅 (SiO2) 层而拥有了相当于基本绝缘的绝缘等级。抗

浪涌能力额定在 ±10,000 V，而工作电压分别为 1500 
VDC 和 1000VRMS。

与提供一个模拟输出的传统 CSM 器件不同，AMC1305 
提供了一个数字位流。差分模拟输入是一个为二阶 ΔΣ 
调制器级馈电的开关电容器电路，该调制器级负责把

输入信号数字化为一个  1 位输出流。转换器的隔离输

出 (DOUT) 提供一个“1”和“0”（其同步至一个位于 
CLKIN 引脚上的外部提供时钟源）数字位流。输出位流

可直接馈送至 MSP430™ 微控制器 (MCU) 的 SD-24B 
模块，或者 C2000™ Delfino™ TMS320F2837x MCU 
的 ΣΔ 滤波器模块 (SDFM)。

除了规定所需的绝缘等级之外，应用的类型还决定了需

要监视多少个电流和电压。在许多场合中，对多相系统

的变量进行了监视。最常见的多相系统类型之一为三相

式。通常，在三相系统中可以测量三个电流和三个电

压，有时测量第四个电压，这主要是在可提供至中性点

或地的连接的场合。

当多相系统中测量的变量具有低共模电压（相对于一个

公共参考点）时，检测电路的供电将得到极大的简化。

这可能就是采用阻性分压器来执行低侧电流测量和电压

测量时的情况。然而，许多系统要求测量可以具有显著

不同之共模分量的电流和电压。在此类场合中，需要采

用隔离式电源，设计的复杂性略有增加。

具有低功耗的隔离式检测系统
作者：Jose Duenas
应用工程师

Tom Hendrick
应用工程师
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图 1：双电容器隔离势垒实例
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have significantly different common-mode 
components. In such cases, isolated power 
supplies are required and the design 
becomes a bit more complex.

Consider the system depicted in Figure 2. 
There are seven circuit functions that could 
be monitored: Three line currents, three 
phase-to-phase voltages and one common-to-
ground voltage. For simplicity, only three 
current shunts (RS) are depicted and the 
divider circuits for voltage measurement are 
not shown.

Depending upon which power transistors 
(elements labeled 1 through 6) are conduct-
ing, the common-mode voltage of the shunt 
resistors can be either near the full DC-Link 
voltage or near ground potential. 

In order to take advantage of a design 
using isolated delta-sigma modulators, each 
of the seven monitoring circuits require a 
separate isolated power supply for the high side of the 
delta-sigma modulators. The term “high side” is often used 
to refer to the analog input side of the galvanic isolation 
barrier. 

For example, in a system with a 48-V DC-Link voltage, 
one approach to design the required power supply could 

start by producing 3.3 VDC from the 48-VDC source with 
a buck-bias, step-down switching regulator (Figure 3). 
Figure 4 shows how a second stage could generate an iso-
lated 5-VDC supply from the 3.3-VDC supply with a small 
isolation transformer in conjunction with a transformer 
driver.

Figure 2. Example of a polyphase system 
with current shunts (RS)
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Figure 3. Step-down switching regulator design
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考虑一下图  2  中所描绘的系统。可以监

视的电路功能有七个：三个线路电流、三

个相间电压和一个公共端至地电压。为简

单起见，图中仅描绘了三个电流分流器 
(RS)，并未示出用于电压测量的分压器电

路。

分流电阻器的共模电压可以接近全 DC 链
电压，或者接近地电位，这取决于哪个功

率晶体管（用数字 1～6 标记的元件）处于

导通状态。

为了利用采用隔离式 ΔΣ 调制器的设计，

7 个监视电路各需要一个用于 ΔΣ 调制器

之高侧的单独隔离式电源。“高侧”这个

术语常常用来指电流隔离势垒的模拟输入

侧。

例如，在一个具有 48 V DC 链电压的系统

中，作为设计所需电源的一种方法，可以把利用一个降

压偏置开关稳压器从 48 VDC 电源产生 3.3 VDC 作为开

始（图 3）。图 4 示出了第二级电路如何同时利用一个

小型隔离变压器和一个变压器驱动器以从 3.3 VDC 电源

产生一个隔离式 5 VDC 电源。

图 2：具有电流分流器 (RS) 的多相
系统实例

图 3：降压型开关稳压器设计

图 4：采用 3.3 VDC 产生隔离式 5 VDC 电源



Texas Instruments 13 AAJ 4Q 2014

IndustrialAnalog Applications Journal

Table 1 compares two scenarios. In one scenario, seven 
AMC1305 units were used for monitoring. Figures 3 and 4 
show the circuits that fulfilled the power requirements for 
the design with seven AMC1305 devices. The second sce-
nario used an alternative device for the delta-sigma modu-
lator and different components were used for the 48-V to 
3.3-V power section. 

The alternative-device scenario shows the implications 
of using seven units of a device that has higher power con-
sumption on its analog input side (high side). 

TI’s family of isolated delta-sigma modulators includes 
some components with a specified input range of ±250 mV 
and others of ±50 mV. Compared to devices with a higher 
input range, devices with a lower input range allow system 
designers to reduce power dissipation in the sensing- 
current shunt by 80%. 

Using a low-power, isolated-sensing solution brings 
about more efficient acquisition systems (from an energy 
point of view) as well as better performance. The greatest 
impact that higher power consumption can have in the 
acquisition system’s performance is in gain-error drift and 
offset-error drift. An isolated delta-sigma modulator with 
higher power consumption is bound to experience a 
higher internal temperature rise during normal operation. 
Moreover, the ambient temperature of the isolated delta-
sigma modulator is bound to be higher for systems with 
power-management circuitry that is tasked to deliver more 
than three times more power. The combination of higher 
internal and ambient temperatures in systems with higher 
power consumption yields solutions with more errors and 
poorer signal-to-noise ratio (SNR).

Table 1. A comparison between two acquisition systems based on isolated delta-sigma modulators

ISOLATED 
DELTA-SIGMA 
MODULATOR

IAVDD  
(max) 
(mA)

UNITS PER 
SYSTEM

SUM OF CURRENTS 
REQUIRED IN THE 

5-VDC BUSES  
(mA)

EFFICIENCY OF 
THE 3.3-VDC TO 

5-VDC STAGE 
(%)

POWER REQUIRED 
ON THE 3.3-V BUS 

(W)

CURRENT 
REQUIRED FROM 

THE 3.3-V BUS 
(A)*

POWER DRAWN 
FROM THE  

48-VDC BUS  
(W)

AMC1305 7 7 49 54 0.45 0.155 0.69

Alternative 
Device 36 7 252 74 1.7 0.57 2.27

* An additional 10% to 12% margin has been added to the current requirement.

The best-in-class drift performance provided by the 
AMC1305 reduces temperature dependency and yields 
higher system performance over a wider temperature 
range. Also, gain-error drift is cut by as much as 58% and 
offset drift by 74% when compared to the closest 
competitor.

Conclusion
Many modern applications require isolation. The specific 
isolation level needed is driven by the type of end equip-
ment in question and the regulatory body certifying the 
equipment.

Although power consumption is sometimes neglected as 
a key design criterion, the performance and efficiency of 
isolated sensing systems can be greatly improved by care-
fully selecting devices that have high-precision, isolated 
front-ends with optimized power-consumption specifica-
tions, such as the TI family of AMC1305 products.

Related Web sites
www.ti.com/4q14-AMC1305L25 

www.ti.com/4q14-AMC1305M25 

www.ti.com/4q14-AMC1305M05 

C2000™ Delfino™ MCU
www.ti.com/delfino

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

外，与性能最为接近的同类竞争产品相比，增益误差漂

移的降低幅度高达 58%，而偏移漂移则锐减了 74%。

结论

许多新式应用都需要隔离。所需的特定隔离等级受所关

注之终端设备的类型以及负责设备认证工作的监管机构

的影响。

虽然功耗作为一项关键的设计准则有时被人们所忽

视，但是通过谨慎地选择具有高精度、隔离式前端和

优化功耗规格指标的器件（例如：TI 的 AMC1305 产
品系列），将能够极大地改善隔离式检测系统的性能

和效率。

相关网址

www.ti.com/4q14-AMC1305L25
www.ti.com/4q14-AMC1305M25
www.ti.com/4q14-AMC1305M05
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www.ti.com/delfino
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表 1 对比了两种方案。在第一种方案中，7 个 AMC1305 
组件用于监视。图 3 和图 4 示出的电路可满足采用 7 个 
AMC1305 器件之设计的电源要求。第二种方案采用了

一款用于 ΔΣ 调制器的替代器件，并在 48 V 至 3.3V 电
源部分使用了不同的组件。

通过采用替代器件的方案我们可以看出：采用 7 个各在

其模拟输入侧（高侧）上具有较高功耗的器件意味着什

么。

TI 的隔离式 ΔΣ 调制器系列包括某些具有 ±250 mV 规
定输入范围的组件和其他一些规定输入范围为 ±50 mV 
的组件。相比于具有较高输入范围的器件，输入范围较

低的器件可使系统设计人员将检测电流分流器中的功率

耗散减少 80%。

采用低功耗、隔离式检测解决方案可实现更高效的采集

系统（从能源的角度来看）和更好的性能。就采集系统

的性能而言，较高的功耗所产生的最大影响会表现在增

益误差漂移和偏移误差漂移。在正常操作期间，具有较

高功耗的隔离式 ΔΣ 调制器肯定会遭遇较高的内部温

升。而且，对于具有负责提供三倍以上功率的电源管理

电路的系统来说，隔离式 ΔΣ 调制器的环境温度必然

较高。在具有较高功耗的系统中，较高的内部温度与环

境温度的共同作用将导致解决方案的误差较多和信噪比 
(SNR) 较差。

AMC1305 提供的同类最佳的漂移性能可降低温度相关

性，并在较宽的温度范围内实现较高的系统性能。另
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表 1：基于隔离式 ΔΣ 调制器的两款采集系统的比较
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Design a transition-mode, bridgeless PFC with 
a standard PFC controller

Introduction
This article presents design information for using a stan-
dard, low-cost, power factor correction (PFC) controller 
to construct a high-efficiency transition-mode (TM) 
bridgeless-PFC power supply. Driven by the Northwest 
Energy Efficiency Alliance’s 80 PLUS® program,[1] com-
puter power-supply manufacturers are eager to investigate 
ways to improve converter efficiency. A standard power-
supply system with high power-factor requirements is 
shown in Figure 1. 

The rectified input voltage is boosted to a level higher 
than the maximum input to ensure that a high power factor 
is achieved over the whole input range. After the boost 
PFC, an isolated DC/DC converter steps the boost voltage 
down through a safety isolated transformer. For a two-
stage power supply with 400-W output power, power dissi-
pation of the bridge diodes could go up to 6 W with a full 
load and the input at 120 VAC/60 Hz. That is a 1.5% effi-
ciency reduction just because of the power dissipation by 
the bridge diodes. As a result, bridgeless PFCs[2] (a combi-
nation of rectifier and boost converters) 
replace conventional PFCs for better con-
verter efficiency. However, the complexity 
of bridgeless-PFC control makes its control-
ler more expensive than a standard analog-
PFC controller. Additionally, the parasitic 
capacitance on the bridgeless-PFC MOSFETs 
creates more electromagnetic interference 
(EMI) than the conventional PFC.[3] 

The aforementioned issues greatly increase the cost of a 
bridgeless PFC circuit. An alternative bridgeless PFC with 
return diodes[4] is shown in Figure 2.

Slow-recovery return diodes, DR1 and DR2 in Figure 2, 
alleviate EMI concerns. Moreover, the same pulse-width 
modulation (PWM) signal can be used to drive both 
MOSFETs, which greatly reduces control complexity and 
controller cost. 

This article focuses on the design considerations 
of using low-cost standard analog-PFC controllers for 
TM-bridgeless PFCs with return diodes. Two 370-W refer-
ence boards were built for performance evaluations with 
the UCC28051 TM-PFC controller; a TM-bridgeless PFC 
and a TM-conventional PFC. The results show that over 
97% efficiency can be achieved with the TM-bridgeless 
PFC prototype at 120 VAC, which is about 1% higher than 
that of the TM-conventional PFC prototype. 

Digital controllers such as TI’s C2000™ real-time 
 microcontrollers[5] are also widely used for controlling 
bridgeless PFCs.

By Sheng-Yang Yu
Application Engineer, Power Design Services

Figure 1. Conventional two-stage power-supply 
system with high power-factor requirements
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Figure 2. Bridgeless PFC with return diodes
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引言

本文提供了采用一个标准的低成本功率因数校正 (PFC) 
控制器来构建高效率转换模式 (TM) 无桥 PFC 电源的

相关设计信息。在美国西北能源效率联盟 (Northwest 
Energy Efficiency Alliance) 的 80 PLUS® 计划 [1] 的推动

之下，计算机电源制造商们急于探究改善转换器效率的

方法。图 1 示出了一个具有高功率因数要求的标准电源

系统。

经过整流的输入电压被提升至一个高于最大输入的电

平，以确保在整个输入范围内实现高功率因数。在升压 
PFC 之后，一个隔离式 DC/DC 转换器通过一个安全隔

离变压器对增高电压进行降压。对于一个具有 400 W 输
出功率的两级电源，在满负载和 120 VAC/60Hz 输入条

件下，桥式整流二极管中的功率耗散有可能升至高达 6 
W。仅仅是因为桥式整流二极管产生的功率耗散就导致

利用一个标准的 PFC 控制器来设计转换模式、
无桥 PFC
作者：Sheng-Yang Yu
应用工程师，电源设计服务

效率下降了 1.5%。因此，用无桥 PFC 
[2 ]（整流器与升压转换器的组合）取

代传统的 PFC 可改善转换器效率。不

过，相比于标准的模拟 PFC 控制器，

无桥  PFC 控制的复杂性导致其控制

器的成本较为昂贵。此外，无桥  PFC 
MOSFET 上的寄生电容所产生的电磁

干扰 (EMI) 也高于传统 PFC。[3]

上述问题极大地增加了无桥 PFC 电路

的成本。图 2 示出了一种采用回程二

极管  (return diode)  [4] 的替代型无桥 
PFC。

图 1：具有高功率因数要求的传统两级电源系统

图 2：采用回程二极管的无桥 PFC
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图 2 中的慢恢复型回程二极管 DR1 和 DR2 减轻了 EMI 问
题。而且，同一个脉宽调制 (PWM) 信号可用于驱动两个 
MOSFET，这极大地降低了控制的复杂性和控制器的成

本。

本文着重讨论将低成本的标准模拟  PFC 控制器用于具

有回程二极管的 TM 无桥 PFC 的设计考虑因素。利用 
UCC28051 TM-PFC 控制器；一个 TM 无桥 PFC 和一

个 TM 传统 PFC 制作了两个用于性能评估的 370 W 参
考板。实验结果显示：在 120 VAC 条件下，采用 TM 无
桥 PFC 原型可实现 97% 以上的效率，比采用 TM 传统 
PFC 原型时大约高出了 1%。

另外，诸如 TI C2000™ 实时微控制器 [5] 等数字控制器

也被广泛地用于控制无桥 PFC。



Texas Instruments 15 AAJ 4Q 2014

IndustrialAnalog Applications Journal

Circuit operations and design considerations
Circuit operations
The circuit operations of a TM-bridgeless 
PFC, shown in Figure 3, are similar to a boost 
converter. When VAC > 0 (or Va – Vb > 0), the 
main currents flow through the first boost 
converter components, L1, S1, D1, C1 and 
the load, then back to the source through 
DR2. When VAC < 0 (or Va – Vb < 0), the main 
currents flow through the second boost con-
verter components, L2, S2, D2, C1 and the 
load, then back to the source through DR1. 
The return diodes allow both switches S1 
and S2 to be on and off at the same time to 
keep the boost converters operating normally.

Design considerations
A standard TM-PFC controller relies on the 
sensing results of current-sensing and zero-
current-detection (ZCD) circuits as the on/
off trigger of the driving signal. A current-
sensing circuit is used to detect the peak 
value of the inductor current to turn off the 
switch. A ZCD circuit detects the zero- 
current point of the inductor current to turn 
on the switch.

Another characteristic of a standard 
TM-PFC controller is that the switching-frequency range 
is much narrower than costly digital controllers. It is 
important to properly design the PFC inductors because 
they determine the switching frequency. There are three 
key considerations when applying a standard TM-PFC 
controller to the TM-bridgeless PFC: Current-sensing cir-
cuit design, ZCD design, and PFC-inductor design.

Current-sensing design
Power resistors for a peak current-sensing circuit (RCS1 
and RCS2 in Figure 4a) are no longer the first choice for 
bridgeless-PFC current sensing. This is mainly because 
there are two switch legs to be sensed. If each switch is in 
series with a current-sensing resistor, then additional cir-
cuitry is needed to be sure the controller receives the 
 current-sensing signal from the desired switch leg. Because 
these circuits generally require higher current-sensing 
resistance, higher power losses occur with current- 
sensing resistors. Higher resistance is needed for RCS1 and 
RCS2 because of the diode voltage drop. 

Instead of using current-sensing resistors, current trans-
formers for current sensing are  suggested as shown in 
Figure 4b. Diodes in the current- sensing circuit with cur-
rent transformers ensure that peak-current from the 
desired switching leg is detected and also minimize power 
losses in the current-sensing circuit. 

Figure 3. Operations of bridgeless PFC with return diodes
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电路工作原理和设计考虑因素

电路工作原理

图 3 所示的 TM 无桥 PFC 的电路工作原理

与升压型转换器很相似。当 VAC > 0（或 Va 
– Vb > 0）时，主电流流过第一个升压转换

器组件（L1、S1、D1、C1）和负载，然后

经由 DR2 返回电源。当 VAC < 0（或 Va – Vb 
< 0），主电流流过第二个升压转换器组件

（L2、S2、D2、C2）和负载，然后经由 DR1 
返回电源。回程二极管允许两个开关 S1 和 
S2 同时接通或关断，以保持升压转换器正

常运作。

设计考虑因素

标准的 TM-PFC 控制器依赖电流检测和零

电流侦测 (ZCD) 电路的感测结果作为驱动

信号接通 / 关断的触发器。电流检测电路

用于侦测电感器电流的峰值以关掉开关。

ZCD 电路负责侦测电感器电流的零电流点

以接通开关。

标准 TM-PFC 控制器的另一个特征是其开关频率范围要

比昂贵的数字控制器窄得多。正确地设计 PFC 电感器是

很重要的，因为它们决定了开关频率。当把一个标准的 
TM-PFC 控制器应用于 TM 无桥 PFC 时有三个主要的考

虑因素：电流检测电路设计、ZCD 设计和 PFC 电感器设

计。

电流检测设计

对于无桥 PFC 电流检测来说，用于峰值电流检测电路的

功率电阻器（图 4a 中的 RCS1 和 RCS2）不再是首选。这

主要是因为将要检测两根开关引线 (switch leg)。如果每

个开关与一个电流检测电阻器相串联，那么就需要额外

的电路以确保控制器从期望的开关引线接收电流检测信

号。由于这些电路通常需要较高的电流检测电阻，因此

伴随着电流检测电阻器的使用将出现功率损耗的增加。

因为二极管电压降的缘故，RCS1 和  RCS2 需要较高的电

阻。

如图 4b 所示，建议使用电流变压器取代电流检测器来进

行电流检测。采用电流变压器的电流检测电路中的二极

管可确保能够检测到来自期望开关引线的峰值电流，并

且最大限度地减少电流检测电路中的功率损耗。

图 3：采用回程二极管的无桥 PFC 的工作原理

图 4：电流检测电路
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Zero-current-detection design
In a standard TM-boost PFC, ZCD is achieved by detecting 
the voltage signal from an auxiliary winding of the PFC 
inductor (Figure 5a). This ZCD circuit uses the inductor’s 
voltage-second characteristic. When boost diode D1 is con-
ducting, positive voltage appears at the IC’s ZCD pin. Also, 
with a proper turns-ratio design of L1, VZCD is greater than 
VREF. Once the inductor current decreases to zero, the 
inductor’s voltage changes its polarity. Now the ZCD volt-
age changes from positive (VZCD > VREF) to negative 
(VZCD < VREF). This voltage polarity-changing transient is 
detected by the internal comparator and pulls the driving 
signal high to turn on S1. 

When using a TM-bridgeless PFC, all zero-current 
events must be detected. It may be necessary to apply the 
ZCD circuit for a TM-boost PFC to both inductors in the 
TM-bridgeless PFC and include blocking diodes. However, 
blocking diodes extend the VZCD falling duration and make 
the ZCD pin sensitive to noise, which causes incorrect 
trigger and protection. Instead of using the inductor auxil-
iary winding, a series-connected RC circuit (Figure 5b) 
provides a simple detection option. 

When both S1 and S2 are turned off, there is still one 
switch (generally MOSFET) conducting current through 
its body diode. Hence, a voltage difference is created 
between the two switch legs. The capacitors in the ZCD 
circuit are charged and result in VZCD > VREF. The voltage 
difference becomes zero when the inductor current goes 
to zero, which makes VZCD < VREF and triggers the turn-on 
event. In short, this circuit uses the capacitor charge/dis-
charge to achieve ZCD.

PFC inductor design
Unlike a continuous-conduction-mode (CCM) PFC circuit, 
a TM PFC requires various switching frequencies in an AC 
cycle to ensure that the inductor current is discharged to 
zero before the next switching cycle begins. Generally, an 
analog TM-PFC controller has a narrower operational fre-
quency range than a digital controller. Therefore, choosing 
the proper inductance for the boost inductors in the 
TM-bridgeless PFC becomes an important task to ensure 
that the switching frequencies are within the IC limits in 
most conditions. The inductor value can be calculated.
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where ton_max is the maximum on time of switches S1 and 
S2 at the minimum input voltage (Vin_min), and fsw_min is 
the minimum switching frequency at Vin_min. The rms 
value of the input current (Iin(rms)), can be determined by 
Iin(rms) = Pout/(Vin(rms) × η), where η is the PFC efficiency.

Figure 5. Zero current detection circuits
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Once inductance is determined, the converter switching 
frequencies over an AC switching period with a fixed-
input AC voltage can be found.
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where Di is the duty cycle in the i-th switching action, 
ωAC = 2πfAC and fAC is the AC switching frequency. The 
time that the i-th switching begins is xi, so with 
x1 = 0, xi + 1 can be determined.
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Now consider a TM-bridgeless PFC with a 380-V output 
voltage, 380-W output power, and universal AC input 
range of 90 to 264 VAC. With fsw_min set to be 65 kHz and 
η assumed to be 96%, the inductance can be calculated as 
104 µH with Equation 1. Now apply equations 2 and 3 with 
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零电流侦测设计

在标准的 TM 升压 PFC 中，ZCD 是通过检测来自 PFC 
电感器的一个辅助绕组的电压信号实现的（图 5a）。

该 ZCD 电路运用了电感器的伏特-秒特性。当升压二极

管 D1 导通时，正电压出现在 IC 的 ZCD 引脚。而且，

借助正确的 L1 匝数比设计，VZCD 可大于 VREF。一旦电

感器电流减小至零，电感器的电压将改变其极性。此时 
ZCD 电压从正 (VZCD > VREF) 变为负 (VZCD < VREF)。内部

比较器将检测到这种电压极性瞬变，并把驱动信号拉至

高电平以接通 S1。

当采用 TM 无桥 PFC 时，所有的零电流事件都必须检

测到。有可能必需把 TM 升压 PFC 的 ZCD 电路应用到 
TM 无桥 PFC 中的两个电感器，并引入隔离二极管。然

而，隔离二极管的使用会延长 VZCD 的下降持续时间并

使 ZCD 引脚对噪声敏感，这将导致错误的触发和保护

动作。如果不使用电感器辅助绕组，而代之以一个串接

式 RC 电路（图 5b），则可提供一种简单的可选检测方

案。

当  S 1  和  S 2  均关断时，仍然有一个开关（一般是 
MOSFET）通过其体二极管传导电流。于是，在两根开

关引线之间产生了一个电压差。ZCD 电路中的电容器被

充电，并导致 VZCD > VREF。当电感器电流变至零时该电

压差变为零，从而使得 VZCD < VREF 并触发接通过程。简

而言之，该电路运用电容器的充电 / 放电来实现 ZCD。

PFC 电感器设计

与连续导通模式 (CCM) PFC 电路不同，TM PFC 在一

个 AC 周期中需要各种不同的开关频率，以确保电感器

电流在下一个开关周期开始之前被放电至零。一般来

说，模拟 TM-PFC 控制器的工作频率范围比数字控制器

窄。因此，在大多数场合中，为了确保开关频率处在 IC 
的限值范围之内，为 TM 无桥 PFC 中的升压电感器选择

正确的电感值就变成了一项重要的任务。电感值是可以

计算的。

式中的 ton_max 是开关 S1 和 S2 在最小输入电压 (Vin_min) 
条件下的最大导通时间，fsw_min 是在 Vin_min 条件下的最

小开关频率。输入电流的 rms 值 (Iin(rms)) 可利用 Iin(rms) = 
Pout/(Vin(rms) x η) 来确定，其中的 η 为 PFC 效率。

一旦确定了电感，即可以求得固定输入 AC 电压下转换器

在一个 AC 开关周期中的开关频率。

式中的 Di 为第 i 个开关动作中的占空比，ωAC = 2πfAC 
和 fAC 是 AC 开关频率。第 i 个开关动作的开始时间为 
xi，因此当 x1 = 0 时，就可以确定 xi + 1。

现在，设想一个具有 380 V 输出电压、390 W 输出功率

和 90 VAC 至 264 VAC 通用 AC 输入的 TM 无桥 PFC。

当把 fsw_min 设定为 65 kHz 且假设 η 为 96% 时，利用 
(1) 式可计算出电感值为 104μH。现在，借助电感计算

值来应用 (2) 式和 (3) 式。图 6 示出了在 120 VAC 和 240 

图 5：零电流侦测电路
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the calculated inductance. The switching frequency varia-
tions at 120 VAC and 240 VAC are shown in Figure 6. The 
results show that a high power factor can be ensured in 
both low-line and high-line inputs for this design  
(fsw_max ≅ 400 kHz) because the switching frequencies 
during high-current operation are all below the controller’s 
frequency limitation.

Circuit implementation and experimental 
verifications
Two 380-W, TM-PFC reference boards (conventional- 
boost and bridgeless) were built to compare performance. 
For boost switches, an N-channel MOSFET with RDS(on) = 
140 mW was used for the boost PFC and N-channel 
MOSFETs with RDS(on) = 199 mW were used for the 
bridgeless PFC. The UCC28051 TM-PFC controller and 
inductors with a PQ3220 ferrite core were applied to both 
reference boards. Note that two 260-µH inductors were 
connected in parallel for the boost PFC reference board to 
share the magnetic flux density and power losses on the 
boost inductor. Two 100-µH inductors were used as boost 
inductors in the bridgeless-PFC reference board. Identical 
low-cost bridge diodes were used for the rectifier in the 
conventional-boost PFC and for the return diodes in the 
bridgeless PFC. Current sensing with current transformers 
and a RC-connected ZCD circuit was applied to the 
bridgeless-PFC reference board.

Inductor current waveforms of the TM-bridgeless PFC 
are shown in Figure 7. Notice that when one inductor pro-
cesses a switching operation, the other inductor conducts 
negative current. This is because the inductance of the 
boost inductors is very low at the 50-/60-Hz frequencies. 
Therefore, part of the return current flows back to the 
source through the boost inductors instead of the return 
diodes.

Figure 6. Switching frequencies of 
TM-bridgeless PFC over a half AC cycle
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VAC 条件下的开关频率变化。结果显示：由于高电流操

作期间的开关频率均低于控制器的频率限值，因此就该

设计而言 (fsw_max ≅ 400 kHz)，在低线路电压输入和高线

路电压输入情况下皆能确保一个很高的功率因数。

电路实现方案和实验验证

制作了两个 380 W、TM-PFC 参考板（传统升压和无

桥）以比较性能。对于升压开关，把一个具有 RDS(on) = 
140 mΩ 的 N 沟道 MOSFET 用于升压 PFC，并将具有 
RDS(on) = 199 mΩ 的 N 沟道 MOSFET 用于无桥 PFC。

两个参考板均使用了 UCC28051 TM-PFC 控制器和具有 
PQ3220 铁氧体磁芯的电感器。请注意，对于升压 PFC 
参考板，两个 260μH 电感器采取并联连接以共享升压

电感器上的磁通密度和功率损耗。在无桥 PFC 参考板

中，把两个 100μH 电感器用作升压转换器。传统升压 
PFC 中的整流器和无桥 PFC 中的回程二极管采用了相

同的低成本桥式整流二极管。无桥 PFC 参考板运用了采

用电流变压器和一个 RC 连接式 ZCD 电路的电流检测

方法。

图 7 示出了 TM 无桥 PFC 的电感器电流波形。请注

意，当一个电感器处理开关操作时，另一个电感器传导

负电流。这是因为升压电感器的电感在 50/60 Hz 频率

下是非常低的。所以，部分返回电流通过升压电感器

（而不是回程二极管）流回到电源。

图 6：TM 无桥 PFC 在半个 AC 周期中
的开关频率

图 7：TM 无桥 PFC 在 350 W 输出时
的电感器电流
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Figure 8 compares the efficiency of these two proto-
types. In the light- to mid-load range, an efficiency 
improvement of approximate 1% was noted for the 
TM-bridgeless PFC compared to the boost PFC. The 
power-factor measurements of the prototypes are shown 
in Figure 9. The high power factor was obtained for both 
120 VAC and 240 VAC, which verifies the previous analysis.

Conclusion
Design considerations of a low-cost TM-bridgeless PFC 
show that standard PFC controllers can be used to greatly 
reduce overall circuit cost while keeping the advantages of 
a bridgeless PFC circuit. Experimental comparisons to the 
conventional TM PFC show strong evidence of efficiency 
improvement with the TM-bridgeless PFC. 
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Figure 9. Power factor for TM-bridgeless PFC
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图 8 比较了这两款原型的效率。在轻负载到中等负载的

范围内，我们发现：相比于升压 PFC，TM 无桥 PFC 的
效率提升了大约 1%。原型的功率因数测量结果示于图 
9。在 120 VAC 和 240 VAC 条件下均获得了高功率因

数，从而验证了先前的分析。

结论

低成本  TM 无桥  PFC 的设计考虑因素表明：标准的 
PFC 控制器可用以极大地降低总体电路成本，同时保持

无桥 PFC 电路的固有优势。与传统 TM PFC 的实验对

比有力地证明：利用 TM 无桥 PFC 可实现效率的改善。
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Power-supply sequencing for FPGAs
By Sami Sirhan 
Analog Systems Engineering
Sureena Gupta 
Applications Engineer

Introduction
Power-supply sequencing is an important aspect to con-
sider when designing with a field programmable gate array 
(FPGA). Typically, FPGA vendors specify power-sequenc-
ing requirements because an FPGA can require anywhere 
from three to over ten rails. 

By following the recommended power sequence, exces-
sive current draw during startup can be avoided, which in 
turn prevents damage to devices. Sequencing the power 
supplies in a system can be accomplished in several ways. 
This article elaborates on sequencing solutions that can be 
implemented based on the level of sophistication needed 
by a system. 

Sequencing solutions addressed in this article are:

1. Cascading PGOOD pin into enable pin

2. Sequencing using a reset IC

3. Analog up/down sequencers

4. Digital system health monitors with PMBus interface

Method 1: Cascading PGOOD pin into enable pin
A basic, cost-effective way to implement sequencing is to 
cascade the power good (PG) pin of one power supply 
into the enable (EN) pin of the next sequential supply 
(Figure 1). The second supply begins to turn on when the 
PG threshold is met, usually when the supply is at 90% of 
its final value. This method offers a low-cost approach, but 
timing cannot be eas-
ily controlled. Adding 
a capacitor to the EN 
pin can introduce tim-
ing delays between 
stages. However, this 
method is unreliable 
during temperature 
variations and repeated 
power cycling. 

Also, this method 
does not support 
power-down 
sequencing.

Figure 1. Cascading PGOOD pin into enable pin
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Method 2: Sequencing using a reset IC
Another simple option to consider for power-up sequenc-
ing is a reset IC with time delay. With this option, the reset 
IC monitors the power rails with tight threshold limits. 
Once the power rail is within 3% or less of its final value, 
the reset IC enters the wait period defined by the solution 
before powering up the next rail. The wait period can be 
programmed into the reset IC using EEPROM or be set by 
external capacitors. A typical multi-channel reset IC is 
shown in Figure 2. The advantage of using a reset IC for 
power-up sequencing is that the solution is monitored. 

图1 反向降压-升压转换器

图 2：采用一个多输出复位 IC 来实现上电排序
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引言

当采用现场可编程门阵列 (FPGA) 进行设计时，电源排

序是需要考虑的一个重要的方面。通常情况下，FPGA 
供应商都规定了电源排序要求，因为一个 FPGA 所需要

的电源轨数量会从 3 个到 10 个以上不等。

通过遵循推荐的电源序列，可以避免在启动期间吸取过

大的电流，这反过来又可防止器件受损。对一个系统中

的电源进行排序可采用多种方法来完成。本文将详细说

明可根据系统所要求的复杂程度来实现的电源排序解决

方案。

本文中所讨论的电源排序解决方案为：

1. 把 PGOOD 引脚级联至使能引脚；

2. 采用一个复位 IC 来实现排序；

3. 模拟上电 / 断电排序器；

4. 具有 PMBus 接口的数字系统健康状况监视器。

方法一：把PGOOD 引脚级联至使能引脚

实现排序的一种基本的成本效益型方法是把一个电源

的电源良好 (PG) 引脚级联至相继的下一个电源的使能 
(EN) 引脚（图  1）。

第二个电源在  PG 门
限得到满足（通常是

在电源达到其终值的 
90% 之时）时开始接

通。这种方法的优势

是成本低，但是无法

轻松地控制定时。在 
E N  引脚上增设一个

电容器会在电路级之

间引入定时延迟。然

而，此方法在温度变

化和反复电源循环期

间是不可靠的。

而且，这种方法并不

支持断电排序。

用于 FPGA 的电源排序
作者：Sami Sirhan
模拟系统工程师

Sureena Gupta
应用工程师

方法二：采用一个复位 IC 来实现排序

另一种可以考虑的用于上电排序的简单选项是采用一个

具有时间延迟的复位 IC。当采用此选项时，复位 IC 以严

格的门限限值来监视电源轨。一旦电源轨处于其终值的 
3%（或更小）以内，复位 IC 将进入由解决方案定义的

等待周期，然后再执行下一个电源轨的上电操作。该等

待周期可以采用 EEPROM 编程到复位 IC 中，也可利用

外部电容器来设定。图 2 示出了一款典型的多通道复位 
IC。采用复位 IC 来实现上电排序的优点是解决方案处于

受监视的状态。
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Each rail is confirmed to be within regulation before 
releasing the next rail and there is no need for a PGOOD 
pin on the power converter. The drawback of using a 
reset-IC solution for sequencing is that it does not imple-
ment power-down sequencing.

Method 3: Analog up/down sequencers
Implementing power-up sequencing can be easier than 
implementing power-down sequencing. To achieve power-
up and power-down sequencing, there are simple analog 
sequencers (Figure 3) that can reverse (Sequence 1) or 
even mix (Sequence 2) the power-down sequence relative 
to the power-up sequence. Upon power up, all the flags 
are held low until EN is pulled high. After EN is asserted, 
each flag goes open drain (pull-up resistor is required) 
sequentially after an internal timer has elapsed. The 
power-down sequence is the same as power up, but in 
reverse order. 

Cascading multiple sequencers
Sequencers can be cascaded together to support many 
power rails, as well as provide fixed and adjustable delay 
times between enable signals. In Figure 4, two sequencers 
cascade together to achieve six sequenced rails. Upon 
power up, the AND gate ensures that the second 
sequencer does not trigger until it has received both an 
EN signal and rail C has triggered. On power down, the 
AND gate ensures that the second sequencer sees the EN 
falling edge, irrespective of output C. The OR gate ensures 
that the first sequencer is triggered with the EN rising 
edge. Upon power down, the OR gate ensures that the 
first sequencer can’t see the EN falling edge until D has 
fallen. This guarantees power-up and power-down 
sequencing, but does not offer a monitored sequence.

Monitored up/down sequencing
Monitored sequencing can be added to the circuit in 
Figure 4 by simply adding a couple of AND gates between 
the FlagX output and the PG pin as shown in Figure 5. In 
this example, PS2 is enabled only if PS1 is greater than 
90% of its final value. This method offers a low-cost, moni-
tored sequencing solution.

Method 4: Digital system health monitors with 
PMBus interface
If a system requires the utmost flexibility, a good solution 
is a PMBus/I2C-compatible, digital-system health monitor 
such as the UCD90120A. Such solutions offer maximum 
control for any sequencing need by allowing the designer 
to configure ramp up/down times, on/off delays, sequence 
dependencies, and even voltage and current monitoring.

Figure 4. Cascading multiple analog sequencers
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Figure 5. Adding monitored sequencing to a 
simple time-based sequencer
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必须在确认每个电源轨都处在稳压范围内之后再释放

下一个电源轨，而且无需在电源转换器上提供一个 
PGOOD 引脚。采用复位 IC 的电源排序解决方案的缺点

是其并不实施断电排序。

方法三：模拟上电 / 断电排序器

实施上电排序会比实施断电排序更加容易。为了实现上

电和断电排序，人们推出了能够相对于上电序列进行断

电序列的逆转（序列 1）乃至混合（序列 2）的简单模拟

排序器（图 3）。在上电时，所有的标记均保持在低电

平，直到 EN 被拉至高电平为止。在 EN 被置为有效之

后，每个标记于一个内部定时器计时结束后顺序地变至

漏极开路状态（需要上拉电阻器）。断电序列与上电序

列相同，但次序正好相反。

级联多个排序器

可以把排序器级联在一起以支持多个电源轨，并在使能

信号之间提供固定和可调的延迟时间。在图 4 中，两个

排序器级联在一起以实现 6 个有序的电源轨。上电时，

AND 门确保第二个排序器在其接收到一个 EN 信号且 C 
电源轨被触发之前不被触发。断电时，AND 门确保第二

个排序器承受 EN 下降沿，而不考虑 C 输出。OR 门确

保第一个排序器由 EN 上升沿来触发。断电时，OR 门确

保第一个排序器不能承受 EN 下降沿，直到 D 电源轨下

降为止。这保证了上电和断电排序，但并未提供一个受

监视的序列。

受监视的上电 / 断电排序

如图 5 所示，通过简单地在 FlagX 输出和 PG 引脚之

间增设几个 AND 门，就能给图 4 中的电路添加受监视

的排序功能。在该例中，PS2 仅在 PS1 超过其终值的 
90% 的情况下使能。这种方法可提供一种低成本、受监

视的排序解决方案。

方法四：具有 PMBus 接口的数字系统健康状
况监视器

如果系统需要最大的灵活性，那么可兼容 PMBus/I2C 标
准的数字系统健康状况监视器（比如：UCD90120A）是

一种不错的解决方案。通过允许设计人员配置电源斜坡

上升 / 下降时间、接通 / 关断延迟、序列相关性、甚至包

括电压和电流监视，此类解决方案可为任何排序需求提

供最大的控制。
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图 3：一个模拟上电 / 断电排序
器的实施方案

图 5：给基于时间的简单排序器增添受监视的
排序功能

图 4：级联多个模拟排序器
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Digital-system health monitors come with a graphical 
user interface (GUI) that can be used to program power-
up and power-down sequencing along with other system 
parameters (Figure 6). Some digital system health moni-
tors also have non-volatile-error and peak-value logging 
that helps with system-failure analysis in case of a brown-
out event. 

FPGA sequencing requirements examples 
FPGA vendors such as Xilinx or Altera provide either a 
recommended or required power-up sequence in their 
datasheets that are easily accessible online. Sequencing 
requirements vary between vendors and vary from one 
vendor’s FPGA family to another. Also listed in datasheets 
are timing requirements for ramp-up and shutdown. The 
recommended power-down sequence is typically the 
reverse order of the power-up sequence. An example of 
power-up sequencing is shown in Figure 7.

Conclusion
There are several sequencing solutions that can be utilized 
to follow the requirements specified by FPGA vendors. 
System requirements may include power monitoring in 
addition to power-up and power-down sequencing, but the 
optimal power solution for an FPGA will depend on sys-
tem complexity and specifications. 

Related Web sites
www.ti.com/4q14-LM3880

www.ti.com/4q14-TPS62085

www.ti.com/4q14-TPS386000

www.ti.com/4q14-UCD90120A

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

Figure 7. Example of a FPGA 
power-logic sequence
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Figure 6. Example of power up sequencing using the UCD90120A GUI
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数字系统健康状况监视器配有一个图形用户界面 (GUI)，
其可用于设置上电和断电排序以及其他的系统参数（图 
6）。另外，有些数字系统健康状况监视器还具有非易失

性误差和峰值记录功能，可在发生欠压事件的场合中帮

助完成系统故障分析。

FPGA 排序要求实例

诸如 Xilinx 或 Altera 等 FPGA 供应商在其产品手册中提

供了推荐或要求的上电序列，这些产品手册可以很容易

地在线查阅。不同的供应商之间、同一家供应商的不同 
FPGA 系列之间的排序要求存在差异。另外，在产品手

册中还罗列了针对电源斜坡上升和关断的定时要求。推

荐的断电序列通常是上电序列的倒序。图 7 示出了上电

排序的一个实例。

结论

可以运用多种电源排序解决方案来满足 FPGA 供应商所

规定的要求。除了上电和断电排序之外，系统要求可能

还包括电源监视，但是针对 FPGA 的最优电源解决方案

将取决于系统的复杂性与规格参数。

相关网址
www.ti.com/4q14-LM3880
www.ti.com/4q14-TPS62085
www.ti.com/4q14-TPS386000
www.ti.com/4q14-UCD90120A

订阅 AAJ：

www.ti.com.cn/subscribe-aaj 

图 6：采用 UCD90120A GUI 的上电排序示例

图 7：FPGA 电源逻辑序列实例
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客户应提供充分的设计与操作安全措施。

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

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

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。

产产品品 应应用用

数字音频 www.ti.com.cn/audio 通信与电信 www.ti.com.cn/telecom
放大器和线性器件 www.ti.com.cn/amplifiers 计算机及周边 www.ti.com.cn/computer
数据转换器 www.ti.com.cn/dataconverters 消费电子 www.ti.com/consumer-apps
DLP® 产品 www.dlp.com 能源 www.ti.com/energy
DSP - 数字信号处理器 www.ti.com.cn/dsp 工业应用 www.ti.com.cn/industrial
时钟和计时器 www.ti.com.cn/clockandtimers 医疗电子 www.ti.com.cn/medical
接口 www.ti.com.cn/interface 安防应用 www.ti.com.cn/security
逻辑 www.ti.com.cn/logic 汽车电子 www.ti.com.cn/automotive
电源管理 www.ti.com.cn/power 视频和影像 www.ti.com.cn/video
微控制器 (MCU) www.ti.com.cn/microcontrollers
RFID 系统 www.ti.com.cn/rfidsys
OMAP应用处理器 www.ti.com/omap
无线连通性 www.ti.com.cn/wirelessconnectivity 德州仪器在线技术支持社区 www.deyisupport.com
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