How to get started with current sense amplifiers – part 1
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Managing the thermal profile in electronics has become more critical as modern-day gadgets pack more performance and functionality into smaller packages. Even “big-box” items like base stations or servers have significantly higher performance than they used to. Monitoring consumed current is a great way to manage the thermal profile, and current-sense amplifiers (also called current-shunt monitors) help maximize your measurement accuracy. Figure 1 is a block diagram of a current-sense amplifier.
 



Figure 1: Current-sense amplifier block diagram
 
Current-sense amplifiers have a unique input stage that allows the common-mode voltage on the input pins to significantly exceed the supply voltage of the device. In addition, they integrate a very precise, low-drift gain resistor network that maximizes achievable accuracy while allowing for small shunt resistors. Choosing the best device for your application from TI’s current-sense portfolio requires some additional analysis, however.
 
The first decision you will need to make is whether you want to measure on the low side or high side. In low-side configurations, the shunt is between the load and ground. In high-side configurations, the shunt resistor is placed between the supply and load. One of the key device specifications that this decision drives is common-mode voltage. As a refresher, you would calculate the common-mode voltage (VCM) using Equation 1:
 
                            

(1)
 
In low-side implementations, V– is ground (0V) and V+ is only the small voltage drop across the shunt above ground, so VCM is essentially 0V (Figure 2). Therefore, your current-shunt monitor has to include 0V in its common-mode voltage range. Early current-sense amplifiers like the INA138 do not include 0V in their common-mode range and therefore cannot be used on the low side. Newer devices like the INA199, with a common-mode range from –0.3V to +26V, can be used on the low or high side.
 



Figure 2: Low-side current-sense amplifier block diagram
 
If used on the high side, as shown in Figure 3, the common-mode voltage is equal to the supply voltage since V+ is connected to this rail. The current-sense amplifier’s common-mode range must include the supply rail as well as any load margin that you need to factor in. For example, in many 24V automotive applications, the current-shunt monitor needs to accommodate up to 72V as the common-mode voltage. As I mentioned, the INA210 extends up to 26V and would seem to have the makings of a good solution for a 24V application, but not if there are regulations that mandate margin in excess of 26V. In that case, something like the INA282 would be one to consider, with its common-mode voltage range from -16V to +80V.
 



Figure 3: High-side current-sense amplifier block diagram
 
The final device selection criteria you’ll need to consider is directionality. As shown in Figure 4, in many applications current may flow in both directions; the load may sink current or source current. Examples of this include motor control or battery management. A current-sense amplifier that can monitor current flow in only one direction is labeled as unidirectional; an example is the INA193. A device capable of sensing current flow in both directions is called bidirectional; a good example is the INA225.
 
In order to determine which direction the current is flowing, an analog current-sense amplifier must have an additional input pin to divide the output-voltage range into system sinking or sourcing current. On a digital output device like the INA226, the VREF function is internal to the device and a two’s-complement output is used for “negative” current flow. If the current flow is equal in both directions, then the VREF pin should be tied to the midpoint of the full-scale output range. On the other hand, if the current flow is unequal in one direction versus the other, you may want to adjust the VREF input to match this ratio across the full-scale output range.
 



Figure 4: Bidirectional current-sense amplifier block diagram
 
I hope you’re now familiar with the concept of low-side and high-side monitoring and how the decision between these two principles affects the common-mode voltage range required by the current-sense amplifier. Stay tuned for the next installment of this series! I will discuss additional design decisions and how they affect device selection.
 
Additional resources
· Read more blog posts about current sensing.

· Learn more about TI’s broad current-sense portfolio.

· Watch this video on “Current Sensing: Low Side, High Side and Zero Drift.”

· Online training: Getting started with current sense amplifiers
· Check out these related TI Designs reference designs: 

· High-Voltage 12V-400V DC Current-Sense Reference Design.

· Current-Shunt Monitor with Transient Robustness Reference Design.

· EMC-Compliant High-Side Current-Sensing Reference Design with Overvoltage Protection.
How to get started with current sense amplifiers – part 2

[image: image7.png]


In part 1 of this series, I discussed the concepts of low-side or high-side monitoring and current flow directionality. In this second installment, I will discuss “how” the current information is used.

What do I mean when I say “how”? A current-sense amplifier measures the current value, and in some cases can also calculate the power. In some cases, the amplifier can compare the current value to a threshold, but it cannot make a decision about what the value means and what the system should do about it.

 The output of a current-sense amplifier typically has one of three uses in the signal-conditioning chain, listed below.

1. The output can act as feedback to control a specific action of the next portion of the circuit.

2. It can go into a system microcontroller (MCU) that will make systemwide decisions based on the current level.

3. It can act as an interrupt to notify a controller that a specific threshold has been exceeded, without the controller caring about the actual value.

The first use of a current-sense amplifier output is leveraging the current level as feedback into other portions of the circuit, as shown in figure 1. In this case, an analog output device such as the INA210 or INA282 will most likely offer the best type of solution. The voltage output feeds into the input pin of the device that needs the feedback. An example of this is regulating a light-emitting diode (LED) with a constant current regulator. The current fed into the LED is measured with a current-sense amplifier, and that output goes into the feedback pin of the regulator, such as the TPS54218, a 2.95-V-to-6-V-input, 2-A synchronous step-down SWIFT™ converter.




Figure 1: Current-level output gives feedback to control an action in other parts of the circuit
 The second and most common use case is to provide the current level information to a controller that will then control other aspects of the system based on the level, as shown in figure 2. For example, the current system’s current level may be used to adjust fan speed to match the required cooling to the heat being created. The current level can also adjust the clock speed, at which a high-performance integrated circuit (IC) is operating to balance the performance versus the heat.

 While the analog output devices referenced above may offer all of the performance needed for this use case, there needs to be an analog-to-digital converter (ADC) for the controller to use the data. Many MCUs offer integrated ADCs that can do this job. However, using a digital-output device such as the INA226 or INA230 may allow the use of a lower cost MCU or free up the integrated ADC to perform other functions. In addition, many of these newer digital-output devices offer an alert functionality that can allow the MCU to ignore the current measurement system until a certain threshold is reached. Once the alert triggers the MCU, it then starts monitoring the current to determine the next steps.




Figure 2: Current level feeds into an MCU, which controls other aspects of the system
This brings us to the third common use case: simple alerts that trigger when an overcurrent threshold is exceeded, as shown in figure 3. (Think eFUSE technology.) A device like the INA300 is a simple-to-implement, small-footprint, low-cost, overcurrent comparator that supports this type of alert-only use case.

 


Figure 3: Current level serves as an interrupt, notifying a controller that a specific threshold has been exceeded
 I hope you now understand the three main ways that current information is used in current-sense amplifiers. In the next installment, I’ll discuss how the current range affects device-selection criteria and basics on calculating the value of the shunt resistor needed.

 Additional resources
· Learn more about TI’s broad current-sense amplifier portfolio.

· Watch this video about how the INA300 is optimizing overcurrent detection.

· Check out these related TI Designs reference designs: 

· High-Voltage 12V-400V DC Current-Sense Reference Design.

· Current-Shunt Monitor with Transient Robustness Reference Design.

· EMC-Compliant High-Side Current-Sensing Reference Design with Overvoltage Protection.

· Sign in to Comment 
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In parts one and two of this series, I discussed concepts related to specifications of current-sense amplifiers and how to use the application requirements to narrow device selection. In this installment, I’ll discuss how the current range helps derive the shunt-resistor value, as well as how the current range and shunt value combined with device performance drive a trade-off between accuracy and power dissipation.

Until the recent release of TI’s INA250 current-sense amplifier (more on this later), the current didn’t actually pass through the current-sense amplifier. Therefore, the current range being measured didn’t directly dictate the device specifications.

For an analog output current-sense amplifier, the maximum current range combined with the full-scale input (maximum differential input voltage) will derive the ideal shunt resistor value, as shown in Equation 1:

                     

                   (1)

If you look at most current-shunt monitor data sheets, you’ll notice that the maximum differential voltage isn’t specified; rather, a maximum output voltage swing is specified. You’ll want to match this to the full-scale input range of the next link in the signal chain. To maximize performance, you’ll want the maximum-output voltage swing to be greater than the next link’s full-scale input range. Typically, the maximum output swing is a function of the supply voltage supplied to the current-sense amplifier. For example, with the INA282, the output-swing range is defined as 0.4V below the supply voltage to 0.04V above the voltage on the ground pin, as shown on page 6 of the datasheet (Table 1).



  
Table 1: Electrical characteristics of the INA82 current-sense amplifier
If you use the full-scale input range as the desired output swing of the current-shunt amplifier with maximum current flow, then you can modify the shunt-resistor equation, taking into account the gain (GAMP) of the current-sense amplifier. Equation 2 shows this modification.

                                          

       (2)

Let’s look at two examples of how to use this equation. For both examples, we will use the maximum current as 5A and the full-scale input of the next link in the signal chain as 2.5V. Let’s consider using either the INA286 (gain of 100V/V) or INA284 (gain of 500V/V), as shown in Table 2.




Table 2: INA286 and INA284 gain and ideal RSHUNT value with a maximum current of 5A and a full-scale input of 2.5V
The ideal RSHUNT value may not be readily available, so you may have to choose the closest value – which may be is less than ideal. The reason you need to choose a resistor that is of a lesser ohmic value than the ideal is to keep the voltage input to the next link below the full-scale input level.

Using Equation 3, you will also need to verify that the minimum current value creates an output voltage from the current-shunt amplifier that is above the minimum output voltage.

                                    

     (3)

Looking back at these two examples, you can calculate the minimum current for each solution as 80mA.

The next question is what to do with the fact that I have just calculated multiple options for different combinations of shunt value and amplifier gain. The answer comes down to a trade-off between the desired accuracy of the application versus the power dissipated in the shunt resistor. While I have not delved into accuracy yet, I will cover this in part 4 of this series; briefly, the larger the value of RSHUNT, the higher the accuracy. However, as shown in Figure 3, the higher values of RSHUNT lead to an increase in the power dissipated by the shunt resistor and adds to the overall load of the system.




Table 3: INA286 and INA284 power dissipation and voltage error
You’ll need to look at various current-sense amplifier options for gain and offset voltage and calculate how those options combined with the current range will affect the shunt-resistor value, achievable accuracy and power dissipation.

Most digital-output devices, such as the INA226, specify a full-scale shunt-voltage input range. This simplifies the calculations in many cases because there is not an additional gain stage to trade off against. The shunt value is simply the closest-available value resistor found by dividing the device’s maximum-input voltage by the maximum current.

I mentioned briefly the brand-new INA250 current-sense amplifier. By integrating the shunt resistor, the INA250 can support a maximum current level based on the heat generated by the current flowing through the shunt. Look for more information in future blog posts about how the INA250 is redefining precision current measurement.

In the next installment, I will address the basics of accuracy and how device selection affects accuracy.

Additional resources
· Learn more about TI’s broad current-sense portfolio.

· Watch this video about how the INA300 is optimizing overcurrent detection.

· Learn from online training about getting started with current-sense amplifiers.

· Check out these related TI Designs reference designs: 

· High-Voltage 12V-400V DC Current-Sense Reference Design.

· Current-Shunt Monitor with Transient Robustness Reference Design.

· EMC-Compliant High-Side Current-Sensing Reference Design with Overvoltage Protection.

· Sign in to Comment 
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In previous installments of this series, I discussed implementation alternatives and how those decisions affect and are affected by device parameters. In this post, I’ll explain how device parameters as well as system factors can affect the achievable accuracy.

 To understand how accurate a measurement we can achieve, we first need to understand the sources of potential errors. Here is a list of two types of error sources – note that this is not an exhaustive list, but rather highlights some of the main sources:

 Amplifier-related error (noise) sources:
· Input offset voltage (VOS).

· VOS drift.

· Common-mode rejection ratio (CMRR).

· Power-supply rejection ratio (PSRR).

· Gain error.

· Gain-error drift.

 Nonamplifier error sources:
· Printed circuit board (PCB) layout.

· Shunt-resistor tolerance and drift.

· Gain-setting passives tolerance, matching and drift.

 The worst-case accuracy is a simple linear summation of all error sources, e, shown in Equation 1:

 

                      (1)

 It is statistically improbable that all errors are maxed at the same time, so a more probable accuracy equation would be a root-sum-square of the error sources, shown in Equation 2:

 

  (2)

 First, let’s consider the external error sources. The VSENSE that the amplifier sees is what is across the input pins, which will be different than what a designer may experience if measuring across the resistor. Ideally VSHUNT = VSENSE, but parasitics and trace etch will cause this not to be true. A Kelvin connection will minimize the PCB parasitic-error contribution.

 When it comes to shunt-resistor tolerance and drift, there will be a trade-off between the cost you are willing to pay and the required performance for the application. The shunt-resistor temperature drift is one of the main error sources over temperature, unless you choose a costly resistor. High-precision (0.1%), low-drift (50ppm/°C) resistors on catalog distribution sites cost somewhere between US$4.00 and US$8.00 in 1,000-unit quantities.

The error contribution of an operational amplifier’s external circuitry is eliminated using a current-shunt monitor due to its integrated, matched, low-drift gain-resistor networks. The effects of these on-chip networks are factored into the error contributions of the current-sense amplifier itself.

 When it comes to amplifier error sources, you will need to make similar trade-offs on precision versus cost. It is important to review the operating conditions of each of the parametric specifications listed in the datasheet and compare those to your actual operating conditions. For this discussion, I will focus on two of the main error contributors: input offset voltage and gain error.

 The input offset voltage will be the dominant error source at low VSENSE levels. If you simplify and assume that VSENSE = VSHUNT = ILOAD x RSHUNT (no parasitic error contribution), then the error contribution of VOS is calculable using Equation 3:

                           

         (3)

 Let’s look at two different current-shunt monitors, the INA199 and INA210, to see how VOS will affect the error. The INA199 datasheet lists the VOS(MAX) as 150µV, while the INA210 is 35µV. Table 1 shows the respective error contributions using a current value of 1mA and a 1Ω shunt resistor.

 

	
	INA199
	INA210

	VOS(MAX)
	150µV
	35µV

	VOS error
	15.0%
	3.5%


Table 1: INA199 and INA210 current-shunt monitor error contributions
 

If you are measuring low current values that will result in low VSENSE values, it is critical to minimize VOS to minimize the error. As VSENSE grows relative to VOS(MAX), this error contribution is minimized. If VSENSE is 1,000 times the value of VOS, then the error contribution is 0.1%. On the other end of the spectrum is when VSENSE is much greater than VO. The main error contribution will be the gain error. In most datasheets, this is specified as a flat percentage, and the contribution is a straightforward percentage adder.

 Let’s see how these two errors contribute to a total error, again assuming that they are the only two error sources. Figure 1 shows how the linear sum as well as the root-sum-square method of error calculation work for the INA199 and INA210.

 


Figure 1: INA210 and INA199 total error
 Here, the offset voltage is the major error source when VSENSE is low, and gain error dominates when VSENSE is high relative to VOS.

 My analysis has simplified the error calculations to two primary sources. However, current measurement accuracy is a very complex subject with many moving parts that need to be traded off against each other to maximize performance under specific operating conditions. One of the key elements for a more thorough analysis is temperature. The temperature drift will affect multiple specifications, including shunt-resistor value, offset voltage and gain error. Using a current-shunt monitor that has zero drift, including the INA210 or INA282, will help minimize the offset drift contribution.

 Additional resources
· Read the datasheets for the INA210, INA199 and INA282 current-shunt monitors.

· Read this “Current sensing tutorial” article series on EE Times.

· Watch our training series on current-sense amplifiers.

· Check out related TI Designs reference designs: 

· High-Voltage 12V-400V DC Current-Sense Reference Design.

· Current-Shunt Monitor with Transient Robustness Reference Design.

· EMC-Compliant High-Side Current-Sensing Reference Design with Overvoltage Protection.

· Sign in to Comment 




