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Low-cost solution for measuring input 
power and RMS current

Introduction
Real-time measurement of energy consumption, including 
measurement of real input power and input RMS current 
for off-line power supplies, is becoming ever more impor-
tant nowadays. These measurements can be used to adjust 
power delivery and optimize energy usage. More specifi-
cally, data centers, which contain many servers, are inter-
ested in submetering at the server level to implement  
low-cost data services and intelligently manage power  
processing during lower-power operation. The usual method 
of measuring input power and current uses a dedicated 
power-metering chip and an extra sensing circuit. While the 
power-metering chip provides acceptable results, it signifi-
cantly increases the cost and design effort. This article 
provides a novel, low-cost but accurate solution for mea-
suring input power and RMS current. It utilizes the existing 
digital power-factor-correction (PFC) control chip and 
hardware, with simple two-point calibration and optimized 
mathematical calculations. This provides excellent measure-
ment accuracy and greatly reduces the cost and design 
effort, while having no impact on normal PFC control.

Measurement setup
Figure 1 shows a conventional PFC setup controlled by a 
digital controller for isolated power. The input line and 
neutral voltages are both sensed through an attenuation 
network and are subsequently sampled by two separate 
analog-to-digital-converter (ADC) inputs. The current  
signal is sensed by a current shunt and is amplified and  
filtered by a signal- 
conditioning circuit. It is 
then connected to an ADC 
for current-loop control. 
Since the input voltage and 
current measurements are 
already available, they can 
be used to measure the input 
power and RMS current as 
well. The same conventional 
PFC setup is used for these 
measurements. The tradi-
tional dedicated power-
metering chip and extra 
sensing circuit are eliminated.

Current measurement and calibration
The current-sense signal-conditioning circuit (Figure 1) 
normally consists of an operational amplifier and a low-
pass filter to amplify the small sensed signal and remove 
high-frequency noise. The signal is then measured by an 
ADC and reported in ADC counts. To get the real current 
value, the ADC counts need to be translated back to cur-
rent in amperes. The relationship between ADC counts 
and amperes can be derived from the schematic; however, 
the component tolerances could make the measurement 
accuracy unacceptable. Therefore, a calibration is needed.

Given the circuit in Figure 1, at any moment the input 
current through the current shunt in milliamperes is

 i i ii k C m ,= −  (1)

where ki is the current-sense gain or slope, Ci is the 
ADC-conversion output (count), and mi is the current-
sense offset.

For constant direct-current (DC) input, the average value 
equals the instantaneous value, so Equation 1 is still valid:

 DC i i iI k C m= −  (2)

Equation 2 indicates that a DC source can be used to cali-
brate the current-measurement circuit. A constant DC 
power is applied to the PFC input, and measurements are 
taken with a 25% load and then a 75% load. For compari-
son, a meter is used to provide benchmark measurements 
of actual input current for both load conditions. The count 
output of the ADC conversion is also read for both load 
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Figure 1. PFC setup for measuring input power and current
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图1 输入功率和电流测量PFC装置

引言

今天，包括离线电源真实输入功率和输入RMS电
流测量在内的能耗实时测量，正变得愈加重要。这

些测量可用于调节供电和优化能源利用。例如，安

装有许多服务器的一些数据中心对服务器层辅助功

耗测量就很感兴趣，因为这样可以实现低成本数据

服务，并对低功耗工作期间的处理能力进行智能的

管理。输入功率和电流的一般测量方法是使用一个

专用功率计芯片和附加检测电路。尽管功率计芯片

能够提供可接受的测量结果，但它大大增加了成本

和设计工作量。本文为您介绍一种新颖、低成本且

精确的输入功率和RMS电流测量解决方案。它使

用现有的数字功率因数校正（PFC）控制芯片和硬

件，以及简单的两点校准和优化数学计算。这样便

可提供优异的测量精确度，并极大降低成本和减少

工作量，同时不影响正常的PFC控制。

测量装置

图1显示了由一个数字控制器进行电源隔离控制

的传统PFC装置。输入线路和中性点电压通过一

个衰减网络检测，之后由两个单独的模数转换器 
(ADC) 输入采样。电流信号经由一个分流器检测，

然后被信号调节电路放大和滤波。之后，连接至一

个ADC进行电流环路控

制。由于输入电压和电

流测量已经具备，因此

可用它们来测量输入功

率和RMS电流。一样的

传统PFC装置用于这些

测量，无需传统专用功

率计芯片和附加检测电

路。

电流测量与校准

电流检测信号调节电路

（图1）一般由一个运算

放大器和一个低通滤波

器组成，目的是放大小

检测信号和去除高频噪

声。之后，通过一个ADC测量该信号，并以ADC计数

报告。为了获得真实的电流值，需把ADC计数转换为

以安培为单位的电流。ADC计数与安培的关系可由原

理图推导得出；但是，组件容差可能会使测量精确度

变得不可接受。因此，需要进行一次校准。

电路如图1所示，在任何时候，分流器的输入电流

（单位毫安培）均为：

其中，ki为电流检测增益或者斜率，Ci为ADC转换输

出（计数），而mi为电流检测偏移量。

直流（DC）输入恒定时，平均值等于瞬时值，因此

方程式1仍然有效：

方程式2表明，DC电源可用于对电流测量电路进行校

准。恒定DC电源用于PFC输入，先使用25%负载然

后再75%负载进行测量。为了方便比较，使用一个电

表对两种负载状态的实际输入电流进行基准测量。另

外，读取对两种负载状态的ADC转换计数输出，以确

定数字控制器的精确度。控制器使用下列数学关系。
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conditions to determine the accuracy of the digital control-
ler. The controller uses the following mathematical relation-
ships. For a 25% load,

 DC1 i i1 iI k C m .= −  (3)

For a 75% load,

 DC2 i i2 iI k C m .= −  (4)

The current slope and offset can be calculated from 
Equations 3 and 4:

 

DC2 DC1
i

i 2 i1

I I
k

C C

−
=

−
 (5)

 

i1 DC2 i 2 DC1
i

i 2 i1

C I C I
m

C C

−
=

−
 (6)

The calculated ki and mi are decimals and could be less 
than 1, while most of the digital controllers in PFC appli-
cations use a fixed point in mathematical calculation. To 
reduce the rounding errors and maintain enough accuracy 
in the calculations, the small decimal values are multiplied 
by 2N and then rounded to the closest integer. For exam-
ple, if the current-sense gain and offset for a PFC circuit 
are calculated as ki = 1.59 and mi = 229.04, then ki will be 
multiplied by 28 and rounded to 407; and mi will be multi-
plied by 20. The current slope and offset will respectively be

 ki = iin_slope >> iin_slope_shift

and

 mi = iin_offset >> iin_offset_shift,

where iin_slope = 407, iin_slope_shift = 8, iin_offset = 229, 
and iin_offset_shift = 0.

When the input power and RMS current are calculated, 
if ki and mi are multipliers, then instead of using them 
directly, one can use iin_slope and iin_offset to do mul tipli-
ca tion first. Then the result is right shifted by iin_slope_
shift and iin_offset_shift. For example, instead of the cal-
culation y = ki × x + mi × z, the following can be used:

y  = [(iin_slope × x) >> iin_slope_shift]  
+ [(iin_offset × z) >> iin_offset_shift]

Input-voltage measurement and calibration
The voltage-sense circuit is quite simple and can be just a 
voltage divider, as shown in Figure 2. Usually there are 
clamp diodes to protect the ADC pins. Since the reverse 
leakage current of the diodes affects the ADC’s measure-
ment accuracy, diodes with low reverse leakage current 
should be chosen.

At any moment, the input voltage is

 v v vv k C m ,= −  (7)

where kv is the voltage-sense gain, Cv is the ADC-
conversion output (count), and mv is the voltage-sense 
offset. kv and mv can be calibrated in a way similar to cali-
brating the current-sense gain and offset. However, a 
much simpler way is to just calculate from the schematic. 
Since there is no calibration, the accuracy of the resist ance 

used for the voltage divider affects measurement accuracy. 
Using low-tolerance resistors as the voltage divider is rec-
ommended—for example, 0.1% tolerance.

For a digital controller with a 12-bit ADC and referenced 
to 2.5 V, the input voltage is attenuated by the voltage 
divider to a magnitude of less than 2.5 V. Then the attenu-
ated signal is converted to a digital signal by the ADC. 
Therefore,

 

2
v

1 2

vR
C 4096.

2.5(R R )
= ×

+
 (8)

By rearranging Equation 8, the input voltage can be calcu-
lated as

 

1 2
v

2

2.5(R R )
v C .

4096R

+
= ×  (9)

Therefore,
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v

2
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4096R
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and

 vm 0.=  (11)

Similar to the input-current measurement, the voltage-
sense gain and offset need to be manipulated to accommo-
date a fixed-point microprocessor and to reduce the calcu-
lation error.

VIN and IIN correlation
Real input power is defined as

 

T

0

1
P v(t)i(t)dt.

T
= ∫  (12)

In discrete format, it is defined as

 

[v(n)i(n)]
P ,

N
∑=  (13)

where N is the total number of samples. Equation 13 indi-
cates that VIN and IIN need to be sampled at the same 
time. However, VIN and IIN are sampled at different times 
by two different ADC channels. Even the small time dis-
crepancy can contribute to a measurement error. In some 
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Figure 2. Voltage-sense circuit for AC input图2 AC输入电压检测电路
25%负载状态时：

75%负载状态时：

使用方程式3和4计算电流斜率和偏移量：

计算得到的ki和mi为小数，小于1，而PFC应用的大

多数数字控制器均使用定点数学计算。为了降低计

算的化整误差和保持足够高的精确度，把这些小数

值乘以2N，然后四舍五入为最为接近的整数。例如，

如果PFC电路的电流检测增益和偏移量计算得到为

ki= 1.59和mi= 229.04，则ki乘以28，然后四舍五入为

407；mi乘以20。电流斜率和偏移量分别为：

和

其中，iin_slope = 407，iin_slope_shift = 8，iin_
offset = 229，而iin_offset_shift = 0。

计算得到输入功率和RMS电流以后，如果ki和mi为倍

数，则不要直接使用它们，你可以先使用iin_slope和

iin_offset来做乘法运算。然后，使用iin_slope_shift
和iin_offset_shift来转换结果。例如，不要使用y = 
ki× x + mi× z进行计算，而要使用下面的计算方

法：

输入电压测量与校准

电压检测电路十分简单，它可以只是一个分压器，如

图2所示。一般，会有一些箝制二极管来保护ADC引

脚。由于二极管的反向漏电流影响ADC的测量精确

度，因此应选择使用低反向漏电流的二极管。

任何时候，输入电压均为：

其中，kv为电压检测增益，Cv为ADC转换输出（计

数），而mv则为电压检测偏移量。Kv和mv的校准方

法类似，都是对电流检测增益和偏移量进行校准。但

是，一种更加简单的方法是只需根据原理图进行计

算。由于没有了校准，因此分压器使用的电阻会影响

测量精确度。我们推荐把低容差电阻器用作分压器，

例如：0.1%容差。

一个12位ADC和2.5V基准电压的数字控制器，输入

电压被分压器衰减至2.5V以下。这样，经过衰减的信

号被ADC转换为数字信号。因此：

重写方程式8之后，输入电压为：

因此：

以及：

与输入电流测量类似，需要对电压检测增益和偏移量

进行一些操作，以使其适应定点微处理器，并降低计

算误差。

VIN和IIN相互关系

真实输入功率定义为：

使用离散格式后，其定义为：

其中，N为总采样数。方程式13表明，需同时对VIN和

I IN采样。但是，VIN和I IN却是由两个不同的ADC通道

在不同时间采样。即使是很小的时间差，也会引起测
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digital controllers, such as the Texas Instruments UCD3138, 
a mechanism called dual sample-and-hold is provided 
that allows these two channels to be sampled simultane-
ously, eliminating this error.

Due to the low-pass filter used in the current-sense  
circuit, the measured current signal is delayed and out of 
phase with the actual current. This is shown in Figure 3, 
where Channel 2 is the actual current signal; and Channel 1 
is the same signal amplified, which then comes out of the 
low-pass filter. The amplified signal has a phase delay of 
about 220 μs. This delay needs to be compensated for; 
otherwise it will affect the accuracy of the input-power 
measurement. A simple way to compensate is to delay  
the VIN-sense signal by about 220 μs, then use the delayed 
VIN signal to do an input-power calculation. So if VIN is 
measured every 20 μs, it needs to be delayed by 220/20 = 
11 times.

Calculating real input power
Combining Equations 1, 7, and 13 yields

 

v i v i v i v

i v i
v i

k k C (n)C (n) k m C (n)
P

N N

k m C (n)
m m .

N

∑ ∑= −

∑− +  (14)

VIN and IIN are measured by ADCs in the standard interrupt 
loop, which has a limited time period and is mainly used 
for PFC loop control. Therefore, to save CPU calculation 
time and prevent overflow in the standard interrupt loop, 
only Cv(n)Ci(n) is calculated in this loop. Also, the terms

v i v iC (n)C (n) C (n) C (n)
, , and 

N N N
∑ ∑ ∑

from Equation 14 are implemented with infinite impulse 
response (IIR) filters. The final calculation of real input 
power is done in the background loop.

Calculating input RMS current
The current measurement by the digital controller in 
Figure 1 does not represent the total input current, since 
the contribution of the capacitance in the electromagnetic-
interference (EMI) filter is not included. At high line volt-
age and light load, this filter current is not negligible any 
more and must be included for accurate input-current 
reporting.

Figure 4 shows a simplified EMI filter where the induc-
tors are removed and the total capacitance is replaced with 
a single capacitor (C). In this figure, IEMI is the RMS reac-
tive current of the EMI capacitor, IMeasure is the input RMS 
current measured by the digital controller, and IIN is the 
total input RMS current.

The reactive current produced by the EMI filter is

 EMI IN(RMS)I 2 fCV .= π  (15)

To calculate the reactive current of the EMI capacitor, the 
input-voltage frequency first needs to be determined. The 
AC line and neutral voltage are sensed by two ADC chan-
nels and then rectified by firmware. The zero crossing is 

found by comparing the two ADC results. Since the input 
voltage is sampled at a fixed rate, the AC frequency can 
be calculated by counting the number of samples between 
two consecutive zero-crossing points. Once the input- 
voltage frequency is known, the reactive current of the 
EMI capacitor is calculated as

 

2 2
2v v v v v

EMI v
k C (n) 2k m C (n)

I 2 fC m .
N N

∑ ∑= π − +  (16)

As stated earlier, the voltage is measured in the standard 
interrupt loop; so, to save CPU calculation time and pre-
vent overflow in this loop, only Cv

2(n) is calculated in it. 
The terms

2
v vC (n) C (n)

 and 
N N

∑ ∑

from Equation 16 are implemented with IIR filters. The final 
EMI reactive current is calculated in the background loop.

The current measured by the ADC is defined as

 

T

0

2
Measure(RMS)

1
I i(t) dt .

T
= ∫  (17)
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Figure 3. Current-sense phase shift
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Figure 4. Current in simplified EMI filter

图3 电流检测相移

图4 简化版EMI滤波器的电流

量误差。在一些数字控制器中，例如：TI UCD3138
等，具有一种被称作“双采样保持”的机制，其允许

两种通道同时采样，从而消除了这种误差。

由于电流检测电路中使用了低通滤波器，受测电流信

号出现延迟，并且实际电流存在相移。图3显示了这

种情况，图中，通道2为实际电流信号，通道1为经过

放大的相同信号，其随后经低通滤波器输出。该放大

信号有约220 μs的相位延迟。需要对这种延迟进行

补偿，否则它会影响输入功率测量的精确度。一种简

单的补偿方法是，让VIN-sense信号延迟约220μs，然

后使用该经过延迟的VIN信号来进行输入功率计算。

所以，如果每隔20μs测量一次VIN，则需要对其延迟

220/20 =11次。

真实输入功率计算

组合方程式1、7和13，得到：

VIN和IIN由ADC在标准中断环路中测量，其具有一定

的限制时间，并且主要用于PFC环路控制。因此，为

了节省CPU计算时间和防止标准中断环路溢出，仅在

该环路中计算Cv(n)Ci(n)。另外，方程式14的

以及

各项，使用无限脉冲响应（IIR）滤波器来实现。在

背景环路中完成真实输入功率的最终计算。

输入RMS电流计算

图1所示数字控制器所进行的电流测量并不代表总输

入电流，因为电磁干扰（EMI）滤波器中电容的作用

未包括在内。在高线压和轻负载条件下，这种滤波器

电流不再可以忽略不计，必须将其包括进来，以实现

精确的输入电流报告。

图4显示了一种简化版的EMI滤波器，我们去除了电

感器，并使用一个单电容器（C）来代替总电容。图

中，IEMI为EMI电容器的RMS电抗性电流，IMeasure为

数字控制器测量的输入RMS电流，而I IN则为总输入

RMS电流。

EMI滤波器产生的电抗性电流为：

为了计算EMI电容器的电抗性电流，首先需要知道输

入电压频率。AC线压和中性点电压由两个ADC通道

检测，然后通过固件整流。通过对比两个ADC结果，

我们可以发现零交叉。由于使用固定率对输入电压进

行采样，因此可以通过计数两个连续零交叉点之间的

采样数来计算AC频率。一旦知道输入电压频率，便

可计算EMI电容器的电抗性电流：

如前所述，在标准中断环路中测量电压，因此为了节

省CPU计算时间和防止该环路溢出，仅在其内计算

。方程式16的

和 项，

通过IIR滤波器实现。在背景环路中计算最终EMI电抗

性电流。ADC测得电流为：
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In discrete format, it is defined as

 

2
IN

Measure( RMS )
i (n)

I .
N

∑
=  (18)

Combining Equations 1 and 18 leads to

2 2
2i i i i i

Measure(RMS) i
k C (n) 2k m C (n)

I m .
N N

∑ ∑= − +  (19)

As stated earlier, the current is measured in the standard 
interrupt loop; so only Ci

2(n) is calculated in this loop. 
The terms

2
i iC (n) C (n)

 and 
N N

∑ ∑

from Equation 19 are implemented with IIR filters.
Finally, the EMI filter’s reactive current (IEMI) is added to 

IMeasure(RMS) to get the total input current. IEMI leads the 
measured current (IMeasure(RMS)) by 90º; therefore,

 
2 2

IN( RMS ) EMI Measure( RMS )I I I .= +  (20)

The final input RMS current is calculated 
in the background loop.

Test results
This method of measuring input power 
and RMS current was tested on a 360-W 
PFC evaluation module. The results, shown 
in Table 1, demonstrate that this method 
provides excellent measurement accuracy.

Conclusion
A low-cost but accurate method of mea-
suring input power and RMS current for 
off-line power supplies has been presented. 
This method uses the existing PFC con-
trol ler chip and hardware, eliminating the 
traditional dedicated power-metering chip 

and extra sensing circuit, with no impact on normal PFC 
control. In addition, it provides the following features:

• Extremely low cost

• Simple two-point calibration

• Simultaneous sampling of VIN and IIN with dual sample-
and-hold

• Firmware EMI-current compensation

• Firmware current-sense, phase-shift compensation

• Optimized mathematical calculations with little over-
head in CPU usage
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Table 1. Test results of measuring input power and RMS current

OUTPUT 
LOAD  

(%)

PIN (W) IIN(RMS) (mA)

WITH 
METER

WITH DIGITAL 
CONTROLLER DIFFERENCE

WITH 
METER

WITH DIGITAL 
CONTROLLER DIFFERENCE

VIN(RMS) = 110 V

2 .50 11 .5 10 .3 1 .2 112 101 11 .0
5 18 .8 17 .9 0 .9 180 170 10 .0

10 35 .4 34 .3 1 .1 328 317 11 .0
20 72 .7 71 .7 1 .0 665 659 6 .0
30 107 .7 107 .2 0 .5 989 985 4 .0
40 143 .5 143 .1 0 .4 1314 1315 –1 .0
50 181 .0 180 .4 0 .6 1656 1661 –5 .0
60 216 .3 215 .4 0 .9 1980 1987 –7 .0
70 251 .6 250 .4 1 .2 2305 2315 –10 .0
80 287 .0 285 .3 1 .7 2631 2643 –12 .0
90 324 .9 322 .8 2 .1 2981 2994 –13 .0

100 360 .6 357 .9 2 .7 3313 3325 –12 .0

VIN(RMS) = 230 V

2 .50 11 .0 9 .1 1 .9 88 87 1 .0
5 19 .0 16 .8 2 .2 111 105 6 .0

10 36 .5 34 .5 2 .0 177 168 9 .0
20 71 .1 69 .1 2 .0 320 311 9 .0
30 107 .7 106 .0 1 .7 477 469 8 .0
40 144 .9 143 .1 1 .8 637 631 6 .0
50 179 .4 177 .6 1 .8 786 782 4 .0
60 216 .1 214 .6 1 .5 945 942 3 .0
70 253 .1 251 .6 1 .5 1105 1106 –1 .0
80 287 .7 286 .4 1 .3 1256 1258 –2 .0
90 324 .5 322 .9 1 .6 1416 1419 –3 .0

100 361 .2 359 .9 1 .3 1576 1580 –4 .0

使用离散格式，它可以写为：

组合方程式1和18得到：

所前所述，在标准中断环路中测量电流，因此仅在该

环路中计算 。方程式19的

和 项

通过IIR滤波器实现。

最后，把EMI滤波器的电抗性电流（IEMI）加上IMeasure

（RMS），得到总输入电流。IEMI领先受测电流（IMeasure

（RMS））90º，因此，在背景环路中计算最终输入

RMS电流。

测试结果

这种输入功率和RMS电流测量方法在

一个360W的PFC评估模块上进行了

测试。结果（表1）表明，这种方法

拥有优异的测量精确度。

结论

我们为您介绍了一种低成本但却精确

的离线电源输入功率和RMS电流测量

方法。这种方法使用现有PFC控制器

芯片和硬件，无需传统的专用功率计

芯片和额外的检测电路，并且不影响

正常的PFC控制。另外，它还具有如

下一些特点：

• 极低的成本

• 简单的两点校准

• 使用双采样保持，VIN和IIN同时采样

• 固件EMI电流补偿

• 固件电流检测，相移补偿

• 优化的数学计算，CPU使用开销较少

参考文献

1、《隔离式电源的高集成度数字控制器》，见于

《UCD3138数据手册》，网址：www.ti.com/
slusap2-aaj

相关网站

电源管理：

www.ti.com/power-aaj

《模拟应用期刊》订阅网址：

www.ti.com/subscribe-aaj

表1 输入功率和RMS电流测量的测试结果
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