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While many instruments are available to accurately measure small DC currents (up to 3 A), few
devices are capable of accurate measurements (better than 1%) of DC currents in ranges that extend
beyond 50 A. Such large current ranges are typical of the loads in electric vehicles (EVs), grid
energy storage, and photovoltaic (photoelectric) renewable energy installations, to name a few.
Furthermore, such systems need to accurately predict state of charge (SOC) of the associated
energy storage batteries. As SOC estimation can be derived from current and charge (Coulomb
counting) measurement, accurate data is a necessity for precise SOC estimation.

 

In general, any system for current or charge measurements is designed to include built-in data
acquisition attributes, such as suitable amplifiers, filters, analog-to-digital converters (ADCs), etc. A
current sensor would sense the current; the output of a current sensor may require a circuit that
converts its output into a usable form (i.e. voltage). The signal is filtered with a view of reducing
electromagnetic and radio frequency interference; it’s then amplified and digitized. Each current
data sample may be multiplied by the appropriate time interval and accumulated (through digital
calculations) for charge value.

 

Alternatively, if digitization is performed at a constant and stable frequency, the current samples are
first accumulated, and then multiplied by an appropriate time interval only when the accumulated
charge value is read-out or utilized in some way. Selecting an appropriate minimum Nyquist
sampling rate and utilizing sufficiently narrow anti-aliasing filters in front of the ADC also require
consideration.
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Figure 1. The signal chain of a typical modern current measurement system

 

Available Sensor Technologies for Large Current Measurements

 

Two sensor technologies are most commonly used for measurements of large current. The first of
these techniques senses the magnetic field encircling the conductor that carries the current. The
second technique measures the voltage drop across a resistor (often called a current shunt) that
carries the current (and thus charge) to be measured; this voltage drop follows Ohm’s law (V = I ×
R).

One device used for high current measurements is generally known as the Hall-effect current
sensor; it incorporates a current-carrying element in which a voltage differential exists at the
element’s sides that is perpendicular to the direction of the current and perpendicular to the
direction of the external magnetic field when both are applied to such element. The Hall-effect
voltage differential has a low value in ordinary metals. Note that not all DC current sensors that
measure the magnetic field around the current-carrying conductor are based on Hall Effect. We’ll
explain the differences shortly. High-Current Hall-effect Sensors
 

High-Current Hall-effect Sensors

 

To make a current sensor with a Hall-effect device, the magnetic field that surrounds the current
flowing in a conductor is concentrated by a magnetic core that contains a slot with the actual Hall
element. Comparatively small dimensions of the slot (as related to the whole length of the magnetic
path) create a magnetic field that is nearly uniform and perpendicular to the plane of the Hall
element. When the Hall element is energized with current, a voltage is produced that’s proportional
to that excitation current and to the magnetic field in the core. The Hall voltage is amplified and
presented at the output of the current sensor.
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Figure 2. Diagram of magnetic field around conductor, linear open-loop Hall-effect sensor,
and closed-loop sensor

 

Since there’s no galvanic connection between the current-carrying conductor and the magnetic core
(the only coupling being magnetic), the sensor is naturally isolated from the circuit being measured.
The current-carrying conductor may have very high voltage potentials while the output of Hall-effect
current sensors can be safely connected to grounded circuits or to circuits that are at an arbitrary
potential relative to the current-carrying conductor. It’s relatively easy to provide clearance and
creepage values that satisfy the most demanding safety standards.

 

However, such linear sensors have some shortcomings. Perhaps the least of them is the fact that
Hall-effect sensors require constant excitation current. Furthermore, the amplification and
conditioning circuits that process the signals from Hall-effect elements typically consume significant
amounts of energy. Of course, depending on application, this may or may not be significant.
Nevertheless, the energy consumption of Hall-effect sensors that continuously measure the current
can’t be reduced to micro power levels.

 

Hall-effect Sensors: High drift, Small Usable Operating Temperature Range

 

Because the output of the typical linear sensor is ratiometric (it depends not only on the strength of
the magnetic field being measured, but also on the value of the excitation current), stability of the
excitation current greatly affects both the magnitude of the measured current and zero offset when
there is no current flow. Typically, both depend on the supply voltage’s stability and temperature
changes (since resistance of the Hall sensing element that influences the excitation current and Hall
voltage itself depend on the operating temperature).

 

A variation of the sensor where excitation current is measured and factored into the output is
possible; however it requires precision external components and a larger processing circuit.
Moreover, the Hall voltage is a nonlinear function of the sensed magnetic field. This further adds to



the sensor’s inaccuracies.

 

Because different errors arise under different conditions, most linear Hall Effect device makers
separate the total error into many individual components. Sometimes it’s not easy to calculate the
total combined error.

Closed-Loop Current Sensor
 

Closed-Loop Current Sensor

 

To combat the non-linearity of the Hall sensing element, a technique has been developed that relies
on detection of the absence or sign of the magnetic field in the sensing core, rather than on
measurement of the magnitude of such magnetic field. In addition, it frees the measurements from
the errors due to unstable excitation current for the Hall element.

 

A winding is added on the magnetic core that can introduce a magnetic field opposite in sign, but
exactly equal to the field produced by the current being measured. The Hall sensing element is now
only used to detect the magnetic field’s sign, and not its magnitude. The winding works in a circuit
with an op amp that maintains such a current in this compensation winding that the perceived



magnetic field by the Hall sensor is zero. The current in the compensation winding is many times
(perhaps over 1000) smaller than the current in the conductor being sensed. This is achieved simply
by making the compensation winding with many turns on the magnetic core; the number of turns is
precisely controlled.

 

Such current sensors are often called “closed-loop” due to the location and to the action of the
compensation winding in the op amp’s feedback loop. Conversely, the simple linear Hall-effect
sensors described earlier are often called “open loop,” signifying the absence of feedback action in
their operations.

 

In a Hall-effect device, the (offset) error in detecting zero magnetic fields can’t be reduced to an
arbitrarily-small value, due to various drifts, and mostly due to temperature dependency. This is why
some of the higher-performance current sensors operate with technologies that don’t rely on the
Hall effect. However, they may still be commonly called Hall-effect simply due to visual similarity of
their housing to Hall-effect devices.

 

Other Magnetic Field Detectors

 

In non-Hall devices, sensors based on various physical phenomena may perform the function of the
magnetic-field detector. One such technology is based on the magnetoresistance effect, the change
of the sensor’s resistance when a magnetic field is applied to it.

 

Another technology for magnetic-field detectors relies on nonlinear properties of ferrites in respect
to the relationship between the magnetic field strength (denoted by H), magnetic flux density
(denoted by B), and specifically on a phenomenon called saturation. When the H field increases, the
B flux density eventually reaches a point where it can no longer increase significantly – this point is
called saturation. Some materials have been specifically formulated to have quite low levels of
saturation. These are used in devices called fluxgates.

 

Effectively, a fluxgate-based sensor can convert a constant magnetic field into a “gated” or
“chopped” magnetic field that alternates between the full amount and almost zero. Such magnetic-
field changes are readily picked up by a winding on a core, and then easily amplified by an AC
amplifier. A value that’s proportional to the sensed constant magnetic field is recovered using so-
called synchronous detection (since the circuit itself controls the chopping action).

 

It should be clear that the complexities of the sensor’s mechanical construction and accompanying
circuit are much higher for the closed-loop sensors. Furthermore, they possess a significant
operational difficulty – application of the measurement current while the sensor isn’t energized or
the compensation winding circuit is open due to a loose connection to the external sense resistor –



results in the typically irrecoverable upset of the offset and gain specification. As the compensation
winding can’t counteract the magnetic field from the sensed current, the magnetic components in
the sensor acquire persistent magnetization.

Precision Resistor Needed
 

Precision Resistor Needed

 

The output signal of a closed-loop sensor is simply the current in the compensation winding (that’s
the specific number of times smaller than the current being measured). This current would be
normally converted to a voltage for further processing and digitization. A simple resistor could be
used for this purpose.

 

However, the accuracy and stability of this resistor will directly affect the accuracy and stability of
the closed-loop current sensor. A closed-loop sensor that has a specified basic accuracy of 0.0001 %
is quickly reduced to 1 % accuracy by using a 1 % sensing resistor.

Procurement of resistors that are better than 0.01 %, even when operated in a narrow temperature
range, can be difficult in commercial quantities.

 

High-current Shunts

 

As mentioned previously, the second technique for current measurements employs the voltage drop
across a resistor. When a current is being determined according to Ohm’s law, a unique set of
concerns applies, depending on the current’s magnitude. For relatively low currents, the shunt’s
voltage drop can be made quite large, as to overcome any errors due to sensing connections and
temperature differentials created by the passing current due to heat dissipation in the shunt, or from
the operating environment. However, for currents above 50 A, the heat dissipation and
thermoelectric errors are of paramount importance. Likewise, since the shunt will invariably be
heated up by the passing current and possibly operated in an unstable-temperature environment,
the stability of the shunt’s resistance in respect to temperature is particularly significant.

 

Physical Shunt Composition

 

At a first glance, the shunt is simply a resistor. A quantity of a current-conductive material with
suitable properties with respect to the level of the volume resistivity, its stability (with temperature
and time), and appropriate mechanical outline, can be used as a shunt. A low-precision shunt can be
exactly that – a length of a wire or rectangular shape constructed from suitable alloy and simply



soldered (or somehow electrically attached) in series with current-carrying conductors. However, it
would be nearly impossible to insert such a shunt into the circuit it’s supposed to measure without
affecting its resistance (due to a variable amount of solder on the joints, or mechanical details of its
attachment).

 

Moreover, for stability reasons, it’s advantageous to arrange the shunt in such a way that the
current density in any given cross-section of the shunt is mostly uniform. This prevents formation of
so-called hot spots, defined as areas within a shunt that have a higher temperature than the rest of
the material. In addition to simple resistance changes, the high temperature rise in the hot spots
may bring the resistive material to its annealing temperature, at which point its resistivity (achieved
by careful control of chemical composition and processing) may start to change permanently.

Even if the actual presence of hot spots wasn’t detrimental to the accuracy, it’s not possible to
assure that they’ll form in exactly the same places as at the time the shunt was calibrated.
Consequently, the shunt’s design includes the means to equally distribute the current across the
cross-section of the resistive material, or between individual parallel-connected resistive sections
and inside each of those sections.

 

That’s why most of the higher-precision shunts are constructed in three distinct parts: two areas that
are the terminals for connections into the circuit (almost invariably made from thick high-
conductivity material, such as copper), and one section or multiple parallel sections that constitute
most of the shunt’s resistance. The two terminal areas are jointed with the resistive portion or
portions using welding or metallurgical processes, with very uniform seams.

 

The material for the resistive (also called active) part of a precision shunt must have the attribute of
low dependency of resistance on the temperature. Because of its suitable resistance and low
Temperature Coefficient of Resistance (TCR), one of the most common alloys used for precision
shunts is Manganin, developed in 1892 by Edward Weston (well-known for his development of the
electrochemical cell, the Weston Cell).

 
 Heat Dissipation in Shunts
 

Heat Dissipation in Shunts

 

Heat dissipation in a resistor is proportional to the square of the current and to the resistance (W =
I2 × R). For example, a 1-mO shunt would dissipate 2.5 W of heat with 50 A current, a manageable
amount with moderate heat sinking and in still air. Conversely, at 1 kA, the same shunt would
dissipate 1 kW of heat, an amount that would necessitate large physical size and possibly forced air
(or liquid) cooling.

 



Figure 3: Heat dissipation in a shunt vs. resistance and current

 

 

 

Figure 4: Heat dissipation in a shunt vs. full-scale output voltage and current

 

It should be clear from the above charts that the only method for reducing the heat dissipation in a
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shunt, for a given current, is to reduce its resistance. However, this would also reduce the measured
voltage across the shunt, and the signal will become more sensitive to errors developing in the shunt
and in the sensing circuit, with resulting degradation of accuracy in low currents.

 

Error Sources in Shunt Current Measurement

 

High operating temperature and temperature differentials in a shunt adversely affect both gain and
offset errors. For shunt-based measurement systems, not only does the ambient temperature come
into play, but also the measured current itself, as high currents heat the shunt.

 

While the shunt’s resistive (active) portion is made from a material with low TCR, high operating
temperature will invariably instigate a resistance change from the calibrated value, however small
that change may be. This produces sensitivity (gain) errors.

 

Due to dissimilar materials used in the shunt’s construction (i.e. materials of the connecting
terminals and sensing wires are not typically the same as the shunt’s resistive portion), so-called
thermoelectric errors (such as the Seebeck Effect) exist that affect the offset error (reported current
reading when the actual current is zero). Because the shunt’s heating effects can be measured and
can be expressed in a predictable way, some shunt-based systems can compensate for the shunt’s
thermal effects that lead to both offset and gain errors. In any case, when designing a shunt-based
current measurement system as described in Figure 1. The signal chain of a typical modern current
measurement system, care should be taken to select components which can provide the lowest
errors and drifts.

 

Selecting the Right Measurement Method

 

For measurements of large DC currents, the fundamental issues are the accuracy of the
measurements and costs. Other important considerations include operating environment (especially
temperature range), power consumption, size, and durability (considering possible overloads,
transients, and un-energized operations). To determine accuracy of the measurements for any given



method, it’s important to consider all possible error sources, over all relevant extremes of the
operating conditions.

 

Table 1: Comparison of Current Sensors

 


