7- Current Measurement Applications Circuits 

Current Shunts

High- current DC measurements are usually made by measuring the voltage drop across a shunt resistor. In order to keep the measurement voltage drop (burden) low, the shunt resistance is kept as low as possible. Typical values lie between a few milliohms and about 10 ohms. 

Two conventions are used in current measurement—high side (Figure 7- 1a.) and low side (Figure 7- 1b.) shunts. “High side or low side” refers to whether the shunt is placed in series with the supply output and load or it is placed in the ground return. The current is the same either way, of course, but there is one important consideration in choosing which convention to use. Low side shunts are ground- referenced while high side shunts operate with the full power supply voltage as a common mode voltage on the IA or diff amp. 

Making AC measurements is similar, but there one has an option of using a current transformer, which is inherently isolated from the supply voltage. In this case, common mode rejection is provided by the current transformer’s primary/secondary winding isolation. Transformers have bandwidth limitations due to parasitic effects (leakage inductance, distributed capacitance, etc) that may cause accuracy problems in phase- controlled or PWM switching systems. Bandwidth limitations and ringing of a current transformer should be considered if it is applied to switching systems.     
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Figure 7- 1       (a.) High Side Current Shunt



(b.) Low Side Current Shunt

Often, there may be shunts on multiple supply outputs so that current can be monitored into each circuit branch. This necessitates a high side shunt convention. A low side shunt placed in the power supply ground return in this case would measure the total supply output current.

In the days of the D’Arsonval (analog panel) meter, an industry standard was developed for shunt resistors that defined their full- scale range to be 50mV. The “ammeter” was actually a sensitive voltmeter; their movements were all 50mV full- scale and full- scale range was determined an appropriate shunt resistor. Meter scales were labeled to correspond to the shunt.

As we shall see, existing 50mV shunts can easily be interfaced to instrumentation amplifiers and difference amplifiers to upgrade older systems. Low accuracy systems can employ an op amp if the shunt is in the low side. While the ground-referenced shunt allows this single ended op amp connection, it also creates a serious limitation to its measurement accuracy due to ground loop errors. Small error voltages are created by the PC board traces or wiring in the shunt ground connection that appear in series with the op amp non-inverting input. This error becomes especially serious in high current measurements—here, the shunt resistance may be milliohms and keeping the ground return resistance negligible with respect to such a low resistance becomes impossible.

In addition to wiring and PC board trace resistance errors, there is one more factor to consider. High quality shunt resistors employ Kelvin sensing (a 4- terminal connection) for high current measurements in order to eliminate lead resistance errors within the body of the shunt resistor alone. These types of shunts will require a diff amp or IA, as the Kelvin sensing terminals will probably be at least a few mV above ground—even in a low- side sensing application. 

Low-Side Current Sensing

A typical 50mV low-side shunt connection is illustrated in Fig. 7- 2. For high accuracy, common mode voltage—although only a few mV—must be rejected by the amplifier. A common mode error of only 1mV in a 50mV shunt will generate a full- scale error of 2% if a single- ended (op amp) connection is attempted.
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Figure 7- 2. Shunt Resistor Kelvin Connection

The solution to ground loop (ground return) errors is to sense the voltage across the shunt with a differential amplifier so that the ground loop error voltage can be rejected. By using a difference amplifier (such as an INA132) as shown in Figure 7- 3., the lead connection CMV error is rejected by the CMR of the amplifier.

The measurement error due to the finite input impedance of a difference amplifier will, in most cases, be negligible, as the shunt resistor will be far lower than the diff amp input resistance. 
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Figure 7- 3. Differential Sensing Of The Voltage Drop Across A Low- Side Shunt Resistor Minimizes Ground Loop Errors

In other applications it may be more convenient to have the load tied directly to ground. In this case, the shunt resistor may be inserted into the power supply ground return connection as shown in Figure 7- 4.
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Figure 7- 4. Alternative Connection Of Shunt Resistor. Re: Figure 7- 3.

As we have seen, a 50mV shunt produces a very small differential signal that must be amplified to be useful. Small errors such as finite CMR and PSR, input offset voltage, and input offset voltage drift can contribute serious errors. The difference amplifier or instrumentation amplifier must be carefully chosen so that an overall system error budget can be met.

Designing a low- side current sensing circuit that operates on a single supply imposes a requirement that the amplifier be able to handle common mode voltages that go all the way to its negative supply—ground. A rail-to-rail input and output two-op amp instrumentation amplifier serves this function—in a gain of 10V/V-- in the application circuit of Figure 7- 5. A maximum offset voltage spec of +/-250uV keeps the amplifier errors small in comparison to the 500mV shunt voltage.
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Figure 7- 5. Low- Side Shunt Amplifier With Single Supply.

High- Side Current Sensing

High-side sensing is sometimes necessary due to system constraints but it imposes more severe requirements on the differential amplifier’s common mode rejection performance. Instead of a few millivolts in the case of low-side current shunt, the amplifier is now subjected to the full output voltage of the power supply. Common mode voltage may be as much as four or five orders of magnitude higher for a high- side current shunt amplifier.

One of the first steps in selecting a difference amplifier or instrumentation amplifier for high- side current sensing applications is to see that the amplifier’s common mode voltage range will include the high-side voltage (plus a margin for safety) under all conditions of that amplifier’s output swing.

Instrumentation amplifiers offer higher accuracy than simple diff amps and in low current measurements, their extremely high input impedance does not create appreciable error (“shunting the shunt” as it were) even with shunt resistors as high as 1 megohm.

In cost- driven systems, a simple difference amplifier may be a good low cost approach to high-side current measurement. Diff amps also offer higher CMV specifications (up to 200V) than IAs can achieve. 

Kilovolt- range common mode voltages are the province of specialized amplifiers with no galvanic connection between their inputs and their output. These are termed “Isolation Amplifiers.” 

To measure current on up to a 200V common mode voltage requires a special type of difference amplifier that can withstand unusually high CMV without damage—the INA117. A precision thin film resistor network on-chip divides down the input while simultaneously providing gain in the op amp to bring the signal back up to its original level. In general purpose applications this unity- gain amplifier offers a simple low cost alternative to using an isolation amplifier. Accuracy suffers in very low level applications, however, and measuring current with an industry- standard 50mV shunt resistor becomes impractical due to the amplifier’s input errors.

A plastic- package surface mount INA117 has an input offset specified as 2mV maximum. This is an initial full- scale error of 4% due to offset alone. Although this offset can be trimmed to zero, the offset drift (40uV max) is a limitation on accuracy. DC common mode rejection is 80dB typ but a quick calculation reveals that a 150V CMV will produce a 30% error (15mV) on a 50mV input signal. Adding both error terms, we see that the worst case error could be as much as 34%. Needless to say, this is not acceptable.

All is not lost, however. If the 50mV signal can be gained up by a preamplifier, the INA117’s errors will be reduced by the gain of the preamp. A high accuracy preamp is necessary, of course, so as not to introduce its own errors. There are excellent op amps available on the market that will meet the accuracy criteria but they are single- ended (ground referenced) and this application requires a “differential amplifier.” 

By employing an isolated (1kV rms) 1 watt DC-DC converter to power the preamplifier, the op amp is “tricked” into acting as a differential amplifier by floating its output and common. These are then fed to the inputs of the INA117, where the common mode voltage is rejected. 

An applications circuit using this approach is shown in Figure 7- 6. The OPA277 op amp preamplifier provides a gain of 200V/V. Thus, the difference amplifier sees a 10V input rather than only the 50mV input that it would see without the preamp. It is important to select a precision op amp as its input errors can be a limitation on the accuracy of the measurement. In the case of the OPA277, its input offset voltage and drift are very low-- +/- 20uV and +/- 0.15uV maximum.

Initial error due to the preamp input becomes 20uV/50mV or only 0.04%. Strictly speaking, the preamp offset voltage will be multiplied by the noise gain of the preamp op amp, not by the circuit gain. Since the difference between a noise gain of 200+1V/V and 200V/V is very small, we can simply use the circuit gain when this gain is high. The diff amp input offset voltage error then is reduced to 2mV/10V or 0.02%. 

Errors due to the diff amp’s finite common mode rejection must also be considered.  In our example, the INA117 inputs see a 150V common mode voltage. Typical INA117 CMR is 80dB or 10-4. Multiplying 150V x 10-4 gives a CMR error of 15mV and calculating the percentage of error on a 10V input: 15mV/10V= 0.15%. Worst case error of the two amplifiers is a low 0.21% but realistically a circuit’s errors will not be all worst case at the same time. Statistically, one may expect to achieve better than 0.21% error. 

Adding a preamp to an INA117 has made quite an improvement in accuracy! 
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Figure 7-  6.  High Accuracy Current Measurement With Up To 200V Common Mode Voltage.

In similar example, designers can use a differential amplifier in a circuit for very small leakage current measurements under high common mode voltage conditions (Figure. 7- 7). When the DUT (device under test) ground return path is not available for low- side sensing, the cir​cuit must sense leakage cur​rent with a high- side current shunt resistor in series with the DUT’s in​put under test. Although similar in many ways to our previous example, this application requires a very low bias current op amp to minimize error with its 100megohm source resistance. 
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Figure 7- 7. Accurate Low Current Measurements With Up To +/-200V Common Mode Voltage.

Because the leakage currents that we are measuring are small, an 0PA128 electrom​eter-grade op amp is chosen to sense a 1V drop caused by a 10nA leakage current flowing through a high (100megohm) shunt resistor. The electrom​eter op amp's bias current is low-- less than 75fA—compared to the 10nA full- scale measurement in order to preserve accuracy. 

Its 1k input and 9k feedback resistors set the preamplifier’s non-inverting voltage gain to 10V/V. Two 1N4154 clamp diodes and l00k resistors protect the op amp from DUT short-cir​cuit fault conditions of the +/-200V power source. Since an op amp cannot withstand a 200-V differential input without damage—the result of a DUT short to ground—the input clamps are added for protection. 

The preamplifier is powered by an isolated +/-15VDC power supply and thus it “floats” at the +/-200V common mode voltage. This CMV is then rejected by the diff amp and, as a result, it de​livers a +/-10V output voltage referenced to the ground that is proportional to the +/-10nA leakage current in the DUT.

Although a small DC/DC converter can be used to power this circuit (as shown previously), the 100 megohm source resistance of the shunt makes this circuit much more sensitive to noise pickup. Linear supplies are much “cleaner” and a small modular +/-15VDC power supply with at least a 500V isolation voltage rating ( 200V CMV plus a safety margin) between the output and common and between the output and input is recommended for this preamplifier.

Common-mode rejection ratio (CMR) is the measure of the IA's ability to reject common-mode signals. CMR (expressed in dB) is mathematically equal to Gain (dB) + 20*LOG (dVd/dVcm). In addition, since CMR is the sum of common-mode gain to differential gain (in dB), this circuit boosts the overall CMR due to the OPA128 preamplifier’s gain. The 20-dB gain of the 0PA128 op amp combined with the 86-dB CMR of the INA 117 difference amplifier results in a total minimum CMR of 106dB.
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