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Current Sensing for Automotive
Electronics—A Survey

Asha Patel and Mehdi Ferdowsi, Member, IEEE

Abstract—Current sensing is widely used in power electronic
applications such as dc–dc power converters and adjustable-speed
motor drives. Such power converters are the basic building blocks
of drivetrains in electric, hybrid, and plug-in hybrid electric ve-
hicles. The performance and control of such vehicles depend on
the accuracy, bandwidth, and efficiency of its sensors. Various
current-sensing techniques based on different physical effects such
as Faraday’s induction law, Ohm’s law, Lorentz force law, the
magnetoresistance effect, and the magnetic saturation effect are
described in this paper. Each technique is reviewed and examined.
The current measurement methods are compared and analyzed
based on their losslessness, simplicity, and ease of implementation.

Index Terms—Automotive electronics, current sensing, power
electronics.

I. INTRODUCTION

CURRENT measurement is required for control, protec-
tion, monitoring, and power-management purposes in

automotive applications. Examples include control of motor
drives [1], converter control [2]–[8], overcurrent protection [9],
and state-of-the-charge estimation of batteries [10], [11]. Cur-
rent measurement is intrusive as there is a need to insert some
type of sensor. There are several other issues related to current
sensing, such as ac or dc measurements, complexity, linearity,
sensitivity to noise, isolation requirements, accuracy, stability,
robustness, bandwidth, transient response, cost, and power loss.
In addition, depending on the application, the average, peak,
root mean square, or total waveform of the current signal needs
to be measured. Most of the current measurement approaches
can be categorized as a resistive- or an electromagnetic-based
technique.

In resistive-based current-sensing techniques, the voltage
drop across a sensing resistor is sensed to determine the current.
Adding an external resistor to measure current [12]–[17] is ac-
ceptable where power loss, low bandwidth, noise, and noniso-
lated measurement are acceptable. Instead of adding an external
sense resistor, several approaches use the internal resistance of
the switches [18]–[20] or the inductor of the power electronic
converter to measure the current [21]. These techniques are not
involved with any extra power losses. However, they are not
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accurate, as the values of the discrete elements of the circuit
are unknown. In addition to this, the technique that uses the
internal resistance of an inductor for current sensing suffers
from time-constant mismatching issues. Therefore, for an accu-
rate and continuous current sensing, it is necessary for the time
constants to be matched and that information about the off-chip
elements is available. Current-sensing techniques with self-
calibration and/or self-tuning are solutions to these problems
[22]–[27]. In addition, average current-sensing techniques [6],
[28], [29], which provide average current information, will also
be discussed.

Electromagnetic-based current-sensing techniques are used
to measure current in high-power applications where isolation
is required. These techniques sense the magnetic field created
by the current to be measured. Different current transformers
(CTs) [30]–[39] are used to measure ac, dc, or pulsed cur-
rent by coupling the secondary of a coil to the variable flux
created by the primary current. Air-core-based CT techniques
[29], [40]–[43] are used to measure ac or pulsed currents.
Measurements by these techniques are insensitive to external
magnetic perturbations. Current measurement techniques based
on the Hall effect [44]–[56] are generally used to measure
ac, dc, or complex currents with wide frequency bandwidths.
Hall-effect-based sensors are more accurate than CTs, air core,
and fiber-optic current sensors (FOCSs) [57]–[61]; however,
they are more costly. Saturable inductor sensors [62] are used
to provide high resolution, high accuracy, and faster speed.
Magnetoresistor (MR) current sensors [63], [64] are used as
alternatives to the Hall-effect-based techniques.

Different current-sensing methods applicable to automo-
tive electronics such as resistive-based current sensing,
electromagnetic-based current sensing, current sensing with
self-tuning and/or autocalibration, and average current sensing
are reviewed and evaluated in this paper. Different resistive-
and electromagnetic-based current-sensing methods have been
introduced, and their principles of operation are described in
Sections II and III. Each method is evaluated based on the
desired characteristics. Several measurement techniques have
been compared with each other in Section IV. Section V draws
conclusions and presents an overall evaluation of the current-
sensing techniques.

II. RESISTIVE-BASED CURRENT-SENSING TECHNIQUES

A. Using an Externally Added Sense Resistor

In Fig. 1, external sense resistor Rsense is placed in series
with the inductor of a dc–dc buck power converter to measure

0018-9545/$26.00 © 2009 IEEE
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Fig. 1. Current sensing using an externally added sense resistor.

its current. Rsense functions as a current-to-voltage converter.
Inductor current iL(t) is measured by sensing Vsense(t), which
is the voltage across the sensing resistor, and is given by

iL(t) =
Vsense(t)
Rsense

. (1)

Discrete resistors or printed-circuit-board (PCB) traces are
the most common methods of Rsense implementation [12]–
[16]. High-precession Rsense guarantees accurate low-current
measurements.

Due to its simplicity and accuracy, this method is used
in applications such as power factor correction and overcur-
rent protection. The criteria for the selection of Rsense are
voltage drop, accuracy, efficiency, power dissipation, parasitic
inductance, and cost. The drawback of this technique is the
power loss incurred by resistor Rsense. Additionally, it does not
provide measurement isolation from transient voltage potentials
on the load. A noise filter is required to reduce the noise in
the signal output, which will affect the overall system band-
width. This technique is not applicable to high-performance
dc–dc converters with efficiency requirements of more than
85%–90%.

A modified metal–oxide–semiconductor current-sensing
technique using a current mirror to overcome power losses
incurred by the sense resistor is presented in [17]. This method
measures the current without requiring the entire output current
to pass from the series sense resistor. This technique uses the
microelectronic current mirroring concept. The current passing
through the sense resistor is proportional to the output current,
and its magnitude is smaller.

B. Using the Internal Resistance of an Inductor

To evade the use of an external sense resistor and its as-
sociated power losses, inductors in the topology of power
converters can be used for current-sensing purposes, as shown
in Fig. 2 [65]. Inductor L has an internal resistance of RL and
is magnetically coupled with an identical inductor (with equal
number of turns).

The voltage across the main inductor terminals consists of V1

and V2, which can be described as

VL = V1 + V2 = L
diL
dt

+ iLRL. (2)

The extra winding with a minimum current loading is coupled
with the main inductor, as shown in Fig. 2. The voltage across
the extra winding is also V1 due to the equal number of turns.
If the voltages of both windings are subtracted, the resulting
voltage is simply the iLRL drop, which is proportional with

Fig. 2. Current sensing using the internal resistance of an inductor.

Fig. 3. RDS -based current sensing.

the current to be measured. The disadvantage of this technique
is that the measured current is sensitive to noise as V2, which
is the difference between two large voltages, is quite small.
The inductor winding is built by copper wire; therefore, the
temperature coefficient of copper’s resistivity also applies. This
method is appropriate for low-voltage high-current power con-
verter applications.

C. Using the Internal Resistance of a MOSFET

A lossless current-sensing method based on the MOSFET
drain–source resistance, which eliminates the need for external
resistor Rsense, is shown in Fig. 3 [18]–[20]. A MOSFET
behaves like a resistor when it is turned on. This resistance RDS

can be described as

RDS =
l

WμCOX(VGS − VT )
(3)

where l is the channel length, W is the channel width, μ is the
carrier mobility, COX is the gate oxide capacitance, and VT is
the threshold voltage. Therefore, it is possible to determine its
current by measuring its drain–source voltage.

Current iL can be determined by measuring switch current
iS (when the switch is conducting), which is given by

iS = iL =
Vsense

RDS
. (4)

If needed, a sample-and-hold circuit is required to reconstruct
the inductor current when the switch is not conducting. The
value of resistance RDS is provided in the MOSFET data
sheet. The precession of this method depends on the accu-
racy of resistor RDS . The data sheet gives only the maxi-
mum and typical values of resistor RDS . The value of this
resistance also depends on the temperature and gate drive
voltage. This current-sensing method is very cost effective
in low-voltage high-current point-of-load converters. Higher
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Fig. 4. MOSFET RDS -based current-sensing technique with self-calibration.

switching frequencies and higher input voltages make this
method inaccurate.

D. Using the Internal Resistance of a MOSFET With
Real-Time Self-Calibration

The accuracy of most measurement techniques depends on
some assumed parameter, e.g., the resistor value in resistive-
based approaches. This assumed value is subject to temperature
variations and inaccuracies. Due to these nonideal effects,
conventional current measurement approaches are sensitive to
temperature, tolerance of components, noise, and operating
conditions. Therefore, self-calibration techniques are used to
improve the losslessness, accuracy, and temperature variations
of existing current measurement methods.

One approach combines an externally added sense-resistor
technique with another lossless method, such as MOSFET
RDS- or filter-based current sensing for an accurate current
measurement. In Fig. 4, an externally added sense resistor-
based current-sensing method is combined with the MOSFET
RDS-based current sensing to effectively measure current iL by
determining the accurate value of resistance RDS of switch S2.
Accuracy, along with losslessness, is achieved using an extra
circuit, which is a series connection of switch S3 and resistor
Rsense [22], [23]. This extra circuit is infrequently added into
the circuit for calibration purposes; therefore, the current rating
of switch S3 is small.

Considering a typical range for the duty ratio when it is not
too close to 100%, during a normal cycle, inductor current iL
(when S2 is on) is specified by

iL =
−Vsense

RDS
. (5)

Resistance RDS is initially estimated from the MOSFET
data sheet. To find the calibrated value of resistance
RDS (RDS_cali), main switch S2 is kept off, switch S3 is turned
on, and the voltage across resistor Rsense (VR) is measured to
find the value of current iL, which is specified by

iL =
−VR

Rsense
. (6)

If current iL is not affected by the switching of switch S3,
from (5) and (6), the calibrated value of RDS can be de-
scribed as

RDS_calib =
Rsense ∗ Vsense

VR
. (7)

Fig. 5. Current-sensing power MOSFET.

The accuracy of (7) depends on the value of Rsense. The
combined resistance of switch S3 and resistor Rsense must be
low enough that the body diode of switch S2 is not turned on
when switch S3 is conducting. Another concern when finding
the value of RDS_cali is that the calibration cycle is performed
only when the circuit is operating in the steady state. If these
conditions are satisfied, then the value of (7) is used in place of
resistance RDS in (5) to accurately find current iL.

E. Using a Current-Sensing Power MOSFET

Measuring electric currents using a current-sensing power
MOSFET is more accurate than using the internal resistance
of a MOSFET [66]–[74]. A power MOSFET consists of a
large number of parallel-connected MOSFET cells. The gates,
sources, and drains of all transistor cells are connected to-
gether. A current-sensing power MOSFET is structured, so
that few cells in the power MOSFET are utilized to provide
a sensing field-effect transistor (SENSEFET). The remaining
MOSFET cells are used to provide the switching MOSFET. The
current-sensing power MOSFET is a parallel connection of a
SENSEFET (S2) and a switching MOSFET (S1), as shown in
Fig. 5. Switch S2 has relatively fewer transistor cells to provide
a small sensing signal proportional to the switch S1 current. An
external sense resistor is placed on the scaled-down current to
reduce the power dissipation; therefore, this technique is used
to provide an accurate and lossless current measurement. A
current-sensing power MOSFET is symbolically represented in
Fig. 5.

The current-sensing power MOSFET is a five-terminal de-
vice. Switches S1 and S2 have identical unit cell structures and
reside on the same silicon substrate. Their gate terminals are
connected to a common terminal G, and their drain terminals
are connected to a common terminal D. The source terminals of
switch S2 are connected to a current sense or mirror terminal S,
and the source terminals of switch S1 are connected to a main
terminal M , which consists of Kelvin-sense terminal K and
source terminal S. A Kelvin-sense terminal is internally shorted
to the source terminal of switch S1 to bypass the packaging and
interconnection parasitic resistance associated with switch S1,
which provides more accurate current sensing.

The most common practice of using S1 and S2 for current
sensing in a buck converter is shown in Fig. 6. N is the predeter-
mined ratio of the transistor cells of switch S1 to switch S2. For
example, N may be on the order of 100–1000. If N increases,
the accuracy of the circuit decreases. All the transistor cells
of the current-sensing power MOSFET are similar; therefore,
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Fig. 6. Current-sensing power MOSFET-based current sensing.

Fig. 7. Filter-based current-sensing technique.

if the sources of switches S1 and S2 are virtually connected,
switches S1 and S2 pass currents in the ratio of N : 1 and have
resistances in a 1 : N ratio.

An operational amplifier in Fig. 6 is used to make the gate-
to-source voltages of both switches virtually equal. Since only
a predetermined fraction of the total current is passing through
Rsense, power dissipation in Rsense is low. Considering a typical
range for the duty ratio when it is not too close to 0.0%, sense
voltage Vsense in this technique is given by

Vsense = Rsense

(
iL
N

)
. (8)

The utilization of current-sensing power MOSFET is im-
peded by its limited availability and high cost. This method is
not applicable to high-frequency systems, because it introduces
switching transients and noise to the sense signal. The accuracy
of this method is limited, because it works only when switches
S1 and S2 are matched. Since this technique’s current ratio is
N : 1, a low degree of coupling between S1 and S2 can induce
a significant error, and consequently, large spikes are injected
in the sense signal during high-di/dt periods.

F. Filter-Based Current Sensing

Earlier, in Section II-B, it was described how the internal
resistance of an inductor could be used to measure its current.
In the section, an identical coupled inductor was used. A more
applicable approach is to employ a passive RC filter, instead of
a coupled inductor, as shown in Fig. 7. The voltage across filter
capacitor Cf can be described as

VCf (s) =
(

RL + Ls

1 + RfCfs

)
iL(s). (9)

Fig. 8. Filter-based average current sensing.

The parallel RfCf filter is designed in such a way that the
following holds:

RfCf =
L

RL
. (10)

In that case, one can describe inductor current iL(t) as

iL(t) =
vCf (t)

RL
. (11)

This technique is popular due to its accuracy, losslessness,
low noise sensitivity, and high bandwidth. Other advantages
include continuous current measurement, low cost, and PCB
space saving [75]. The sensitivity of this method to temperature,
switching frequency, and inductor current is analyzed in [21].
Yan et al. [8] have successfully applied this method to a power
electronic converter with coupled inductors. The effect of time-
constant mismatches on the performance of the sensing network
is analyzed in [76]. In [76] and [77], the addition of a neg-
ative temperature coefficient resistive network is proposed to
compensate for the temperature variations of RL. Furthermore,
to overcome the time-constant mismatching issue, a modified
digital autotuning approach is presented in [24]. A mismatch of
time constants [see (10)] causes load transients, which create
a large change in the value of voltage VCf . This change is
sensed by a load transient detector. The controller measures the
derivative of the VCf signal and adjusts the value of variable
resistor Rf to compensate for the time-constant mismatch. To
satisfy (10), a self-learning scheme is proposed in [27]. In the
proposed method, during the power converter start-up process,
the parameters of the filter are self-tuned and self-calibrated.

G. Filter-Based Average Current Sensing

The filter-based current measurement technique can also be
applied to applications in which only the average value of the
inductor current needs to be measured. For instance, in average
current-mode control, there is no need to find the instantaneous
value of the current. The circuit diagram of a filter-based
average current-sensing network is shown in Fig. 8 [6], [28].
The RfCf filter is connected across the low-side switch S2 of
a synchronous buck converter.

Inductor voltage VL contains ac and dc components. In the
steady-state operation, the average value of its ac components
is zero. This technique measures the average dc voltage across
the inductor, which is only a dc voltage across internal resistor
RL. Therefore, by measuring the average inductor voltage, it
is possible to measure average inductor current 〈iL〉. The value
of Rf must be selected to be much greater than the internal
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Fig. 9. Combined filter-based current-sensing technique.

resistance of the switches. Another requirement is to make
sure that

RfCf � switching frequency. (12)

Under steady-state conditions, the average value of the cur-
rent passing through Cf is zero. Therefore, there is no average
voltage drop across resistor Rf . As a result, the voltage across
capacitor Cf will be equal to

〈VCf 〉 = Vout + 〈iL(t)〉RL (13)

or

〈iL(t)〉 =
〈VCf 〉 − Vout

RL
. (14)

From (14), it is inferred that the average inductor current is
only affected by RL. The values of Rf , Cf , L, and the switch
resistances have no effect on the current-sensing result. This
technique has successfully been used in interleaved parallel
dc–dc converters to balance the average load currents in vari-
ous channels [28]. This technique is useful for low-frequency
measurements only. Its main drawback is that, for an accurate
current sensing, the value of RL must be known. This technique
provides information about the average current only; it gives no
information about the ac and transient current values.

H. Combined Filter-Based Current Sensing

The internal resistance of an inductor is usually relatively
small. As a result, in the filter-based current-sensing method,
measured voltage vcf (t) has a small magnitude and, therefore,
is very sensitive to noise. At the same time, it is not efficient to
place an external resistance in series with the inductor to boost
up the magnitude of the measured voltage level. To overcome
this problem, Chang [25] and Lethellier [26] have proposed
a combined filter-based current-sensing method in which the
internal resistance of switches (in this case, power MOSFETs)
will be placed in series with the internal resistance of the
inductor to build up a larger resistor. As shown in Fig. 9, the
combined sense technique includes additional switches S3 and
S4, which have gate signals that are identical with those of
S1 and S2, respectively. The sensing network is configured so
that, in any switching state, the internal resistance of a power
MOSFET (RDS) is placed in series with RL. The increased
sense circuit resistance increases the amplitude of voltage
vcf (t); therefore, the output signal is clean and less susceptible

Fig. 10. Basic circuit of a single-turn primary CT.

to noise. It is worth mentioning that the new equation to be
satisfied is RfCf = L/(RL + RDS).

III. ELECTROMAGNETIC-BASED

CURRENT-SENSING TECHNIQUES

A. Using a Current Transformer

A CT is similar to a voltage transformer, except that the
primary input is a current. The four basic types of CTs [78],
[79] include ac CTs (ACCTs), unidirectional CTs (UCTs), dc
CTs (DCCTs), and flyback-type CTs (FBCTs). ACCTs and
UCTs are commonly used; DCCTs are used for high-current
applications, and FBCTs are used when current pulses are very
short.

For typical switching converter applications, a CT has a
single-turn primary and a multiturn secondary. The basic CT
schematic is shown in Fig. 10. The primary is formed by wire
from which an unknown current is passing. The secondary has
a large number of turns, and it is terminated by terminating or
burden resistor Rt. If the number of the secondary turns is too
large, then there will be a significant interwinding capacitance
CW . In addition to primary and secondary windings, capac-
itance CW is also added in the model of a CT. One of the
most commonly used CTs is known as the clamp-on or clip-
on type. It has a laminated core, which is arranged in such a
manner that it can be opened by pressing a switch permitting
the admission of the current-carrying conductor. The current-
carrying conductor acts as a single-turn primary, whereas the
secondary is connected across the standard ammeter.

The relationship between currents IP and IS , in this case, is
given by

IS

IP
=

1
NS

. (15)

Capacitor CW is not considered here since the measured
frequency is low. The secondary output voltage Vsense in a CT is
proportional to resistor Rt based on the current flowing through
it. Voltage Vsense across the secondary is given by

Vsense = ISRt =
IP

NS
Rt. (16)

The CTs can only measure ac currents. However, it is possi-
ble to measure the current flowing through the switching com-
ponents of a converter. This is based on the fact that the value
of the current is zero when the switching device is off. The
secondary voltage of the CT can be sampled and held during the
off time of the switch and then subtracted from the secondary
voltage waveform of the CT (see Fig. 11). Mammano [65]
managed to measure the currents of both switches in a buck
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Fig. 11. Inductor current reconstruction using two ACCTs.

Fig. 12. Average inductor current sensing using two CTs.

converter and then reconstruct the inductor current waveform
by adding them. In addition, several approaches using ACCTs
and UCTs in power electronics applications are reported in
[31]–[38].

B. Using a Current Transformer to Measure the Average
Value of a Current

Transformers are used to measure the “switched” current and
not the “average” current delivered to the load. However, in
this section, different current-sensing techniques using CTs for
average inductor current measurement are described [39]. In
a boost converter, two CTs are used to sense the switch and
diode currents and consequently measure the average inductor
current, as shown in Fig. 12. CT1 measures switch current IS ,
and CT2 measures diode current ID. The outputs of the two CTs
are then added to get the average value of the inductor current.
The output is accurate in both the waveform and dc value. As
the two transformers may not exactly have the same number
of turns, this method may not be able to provide very accurate
information about the average current.

Another technique for measuring the average inductor cur-
rent in a forward converter is shown in Fig. 13. This method,
which uses only one CT, replicates the inductor current wave-
form that appears as capacitor voltage VC2. Voltage VC2 accu-
rately follows the ac and dc excursions of the inductor current.
When switch S is on, the CT measures the inductor current. The
output of CT is converted into a voltage signal using resistor
R1. This voltage is then used to charge capacitor C2, which
gives the rising portion of the inductor current. When switch S
is off, the CT gets reset, and capacitor C2 is discharged through
resistor R2, which gives the downslope of the inductor current.
The downslope of the inductor current can also be measured
by using the circuit shown in Fig. 14. The second winding

generates the discharge current for capacitor C2 through current
mirroring. By using the main inductor as a CT, isolation is
achieved with both charge and discharge signals. In all of the
previously discussed techniques in this section, the sensing
circuits have their own grounds. Therefore, the sensing circuit
can reside on either side of the isolation boundary.

C. Using an Air Core

The performance of a CT is often limited by the charac-
teristics of its magnetic core material [hysteresis, nonlinearity,
losses, saturation, and remanence (residual flux)]; therefore, the
design of an air core or coreless transformer is often considered.
The challenge with air core current-measurement techniques is
to have enough measurement sensitivity and to be insensitive to
external magnetic fields.

The Rogowski coil is a simple, inexpensive, and accurate
approach for current measurement. The structure of a Rogowski
coil is similar to that of a CT. However, instead of an iron
core, the Rogowski coil is based on air or ironless bobbins
with hundreds or thousands of turns, as shown in Fig. 15.
The Rogowski coil has an air core, and therefore, it will
never get saturated; therefore, its output will remain linear
for high-current measurement [29], [40]–[42]. The conductor
from which the unknown current flows is surrounded by the
Rogowski coil for current measurement, as shown in Fig. 15. To
place the current-carrying conductor inside the Rogowski coil,
it can be opened without interrupting the circuit. The magnetic
field produced by the current induces a voltage in the secondary
coil, i.e., E.

Voltage E is proportional to the time derivative of the current
flowing through the conductor, which is given by

E = M ∗ dIP

dt
. (17)

Here, IP is the unknown primary current, and M is the
mutual inductance of the circuit. M depends on the geometric
parameters of the coil and is given by

M =
μoANS

l
(18)

where μ0 is the permeability of free space, A is the cross-
sectional area of the coil, NS is the total number of secondary
winding turns, and l is the mean path length of the coil. Since
the derivative of the direct current is zero, the Rogowski coil
current sensor cannot measure dc currents. It is used to measure
ac and pulsed dc currents only.

The phase-delayed secondary voltage is integrated to pro-
duce an output voltage Vsense that is proportional to current
IP . If the Rogowski coil is used to measure the current in a
semiconductor switch, a simple resistor–capacitor integrator, as
shown in Fig. 15, can be used to reproduce the current wave-
form as voltage. The Rogowski coil terminals are connected
in a special way to avoid the external field effects. The output
voltage of the integrator circuit is given by

Vsense =
1

RC

∫
E ∗ dt =

1
RC

μ0ANS

l
IP (19)
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Fig. 13. Average inductor current sensing using one CT.

Fig. 14. Average inductor current sensing by adding second winding on the existing inductor.

Fig. 15. Rogowski coil current sensor.

which is proportional to unknown current IP .
The Rogowski coil works with a wound coil. The mechan-

ically open structure of the Rogowski coil can create a slight
gap in the coil structure, which leads to errors (below 1% with a
maximum of 2%) based on the position of the current-carrying
conductor in the aperture. This method’s accuracy is affected
by the external field due to the manufacturing tolerance of
the wound coil. A planar Rogowski coil current sensor is the
solution to these problems [43].

D. Using Fiber Optics

An FOCS determines the current flow in an electrical con-
ductor by measuring the magnetic field density within the
vicinity of the conductor [57]–[61]. The operation principal is
based on the Faraday effect. When a polarized monochromatic
light propagates in parallel to a magnetic field, the polarization
direction rotates, as shown in Fig. 16.

The polarization angle is proportional to the magnetic field
circulation on the optical path. The angular rotation experienced
by the light passing through the sensor is given by

θ = V Bl (20)

Fig. 16. Polarimetric FOCS.

where V is the Verdet constant of the material used for the
sensor, B is the magnetic flux density, and l is the length
of the FOCS exposed to the magnetic field. The polariza-
tion angle also depends on the light wavelength and fiber
material. The FOCS measures the exact integral of the mag-
netic field along the closed-loop created by the fiber. A true
current reading is obtained if the FOCS completely encloses
the conductor; otherwise, the reading reflects the magnetic
field intensity at the measurement point and has to be scaled
accordingly.

FOCSs are classified as intrinsic and extrinsic types. An
intrinsic sensor uses fiber for current sensing, whereas an
extrinsic sensor uses bulk optic. On the other hand, there are
three different approaches of FOCS, i.e., bulk, polarimetric, and
interferometric. Bulk current sensors have high-Verdet-constant
crystals, resulting in excellent sensitivity. Optical fibers have
a lower Verdet constant, but many turns of the fiber around
the conductor result in improved sensitivity. The polarimetric
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Fig. 17. Open-loop Hall-effect current sensor with a single-turn primary.

sensor measures the rotation of a linear polarization, whereas
the interferometric sensor using a Sagnac interferometer mea-
sures the nonreciprocal phase shift.

E. Using Hall Effect

Hall-effect sensors are used to measure ac and dc currents
with electrical isolation. It is used to measure the current
without interrupting the circuit. A Hall-effect sensor is small,
provides noise-immune signal, and consumes little power [44]–
[48]. A Hall-effect sensor works based on the Lorentz force,
which acts on charges moving through a magnetic field. The
Hall-effect principle states that, when a magnetic field is ap-
plied to a conducting or semiconducting material through which
a current is flowing, a voltage will be developed across the sides
of the material.

If IC is the control current passing through the Hall sensor,
B is the magnetic flux density created by the unknown current-
carrying conductor, K is a constant of conducting material,
d is the thickness of the sheet, and VOH is the offset of the
Hall sensor in the absence of the external field, the output Hall
voltage VH of a Hall-effect sensor is given by

VH =
K

d
BIC + VOH. (21)

Flux density B for a Hall-effect sensor is inversely pro-
portional to the distance from the center of the conductor to
the point of sensing; therefore, usable flux density cannot be
achieved at a much greater distance from the conductor’s center.
Other disadvantages of Hall-effect sensors include low sensitiv-
ity, the need for a concentrator, tricky mechanical positioning,
limited linearity range, sensitivity to mechanical stresses and
ambient temperature variations, limited maximum frequency
range due to junction capacitance, and the requirement for an
isolated power supply. Different Hall-effect-based current mea-
surement techniques have been proposed to overcome the afore-
mentioned disadvantages. These techniques include open-loop
Hall-effect sensing, closed-loop Hall-effect sensing, and com-
binations of open- and closed-loop Hall-effect sensing with a
CT technique.

An open-loop Hall-effect current sensor uses a high-
permeability magnetic core (as a field concentrator) with an air
gap located around the conductor, which carries current IP , as
shown in Fig. 17 [49]–[51]. A linear Hall sensor is inserted into
the air gap and provides voltage VH proportional to flux density
B produced by current IP . Voltage VH is amplified, and the

Fig. 18. Closed-loop Hall-effect current sensor.

Fig. 19. Saturable inductor current sensor.

output voltage is then read as a voltage that represents current
IP through a scaling factor.

Open-loop Hall-effect current sensors are able to accurately
measure ac, dc, and complex currents. The benefits of an open-
loop Hall-effect current sensor include simple construction, low
cost, low power consumption, low insertion losses, and small
size for higher currents. However, the disadvantages include
magnetic core heating due to core losses at high-frequency
current measurements, a narrow bandwidth (dc to 25 kHz), a
high offset and gain drift, a limited range of linearity, and lower
accuracy.

A closed-loop Hall-effect current sensor improves the per-
formance of an open-loop Hall-effect current sensor by using
a compensation circuit, as shown in Fig. 18. In a closed-loop
Hall-effect sensor, a low-current secondary winding is wrapped
around the high-permeability core to develop magnetic flux in
opposition to the flux developed by current IP [52]–[54]. The
Hall sensor is enclosed in an overall feedback loop, as shown
in Fig. 18. The Hall sensor in the air gap produces voltage
VH proportional to the flux density in the core. Voltage VH

is then amplified by the operational amplifier and fed into a
push–pull amplifier. Compensation current IS is fed by the
push–pull amplifier into the secondary coil to null the flux in the
core. The Hall sensor in the air gap is also used to detect zero
flux. Therefore, the closed-loop Hall-effect sensors are also
known as compensated or zero-flux Hall-effect current sensors.
Current IS creates flux equal in amplitude—but opposite in
direction—to the flux created by current IP . Operating the core
near zero flux eliminates the dependence on the linearity of the
core and Hall sensor and reduces hysteresis errors.
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Fig. 20. Barberpole MR sensor with compensation circuit.

When the magnetic flux is fully compensated, the ampere
turns of the two windings are identical, which is given by

NP IP = NSIS . (22)

Closed-loop Hall-effect current sensors are able to accurately
measure ac, dc, and complex currents. Closed-loop Hall-effect
current sensors provide many advantages, such as high band-
width (dc to 200 kHz), high accuracy and linearity, fast response
time, low insertion losses, and low gain drift. However, their
disadvantages include higher cost, high current consumption,
larger dimensions, and limited output current due to the fact that
closed-loop sensors can only drive a finite amount of secondary
current. It is also possible to combine an open-loop Hall-
effect sensing or a closed-loop Hall-effect current sensor with
a CT. More information about this technique is given in [55]
and [56].

F. Using a Saturable Inductor

Saturable inductor current sensors work on the same mea-
surement principle as Hall-effect-based current sensors. The
magnetic field created by the primary current to be measured
is detected by a specific sensing element [62]. The design of
the saturable inductor current sensor is similar to that of a
closed-loop Hall-effect current sensor; the only difference is
that this method uses a saturable inductor, instead of a Hall-
effect sensor, in the air gap. A saturable inductor current sensor
is based on the detection of an inductance change, as shown in
Fig. 19.

The saturable inductor is made of a small and thin magnetic
core wound with a coil around it. The saturable inductor oper-
ates in its saturation region. It is designed in such a way that
the external and internal flux densities will affect its saturation
level. Changes in the saturation level of a saturable inductor will
alter its permeability and, consequently, its inductance L. The
value of saturable inductance L is high at low currents (based
on the permeability of the core) and low at high currents (the
core permeability becomes unity when saturated).

Fig. 19 shows a saturable inductor current sensor using one
core. High-frequency performance is achieved by using two
cores without air gaps. One of the two main cores is used to
create a saturable inductor, and the other is used to create a
high-frequency transformer effect. In another approach, three
cores can be used without an air gap. Two of the three cores are
used to create a saturable inductor, and the third core is used to
create a high-frequency transformer effect. More information
about these techniques is given in [62].

It is difficult to compare different saturable inductor tech-
niques. The advantages of saturable inductor sensors include
high resolution, high accuracy, low offset and gain drift, and
large bandwidth (up to 500 kHz). The drawbacks of saturable
inductor technologies include the limited bandwidth for sim-
pler design, relatively high secondary power consumption, and
risk of current or voltage noise injection into the primary
conductor.

G. Using a Magnetoresistor

Every conducting material has some magnetoresistance. This
magnetoresistance effect is large in Permalloys (Fe-Ni) and
other ferromagnetic materials. An MR is a two-terminal de-
vice that parabolically changes its resistance with the applied
magnetic field. This variation of the resistance of MR due to
the magnetic field is known as the anisotropic magnetoresistive
effect. More information about this technique is given in [63]
and [64]. An MR sensor with a compensation circuit is shown
in Fig. 20.

An MR device cannot detect the direction of field Hy and
has vanishing sensitivity for low fields. The nonlinearity and
nondirectionality of an MR device are corrected by modifying
the MR transfer curve using a barberpole configuration [63].
External magnetic fields can distort the current measurement
of a barberpole MR sensor. To avoid this distortion, barberpole
MR devices can be configured into Wheatstone bridge configu-
ration (see Fig. 20).

Even with the barberpoles, the linearity of the MR device
is not very high; therefore, a compensation circuit is required,
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TABLE I
COMPARATIVE OVERVIEW OF DIFFERENT RESISTIVE- AND ELECTROMAGNETIC-BASED CURRENT-SENSING TECHNIQUES

as in the closed-loop Hall-effect current sensor. An electrically
isolated aluminum compensation conductor is integrated on
the same substrate above the Permalloy resistors, as shown
in Fig. 20. The output of the Wheatstone bridge is connected
to the input of an operational amplifier, which generates the
compensating current IS . Current IS then flows through the
aluminum conductor to generate a magnetic field that exactly
compensates the field created by current IP . The bridge output
voltage is usually close to zero; therefore, sensor nonlinearity
is minimized. Current IS is then measured through resistor Rt,

which is an exact representation of current IP . To have the
same amplitude but opposite directions of the magnetic fields
on two arms of the bridge, the primary current conductor under
the substrate is U shaped.

IV. COMPARATIVE OVERVIEW

Table I summarizes the advantages and disadvantages of
different resistive- and electromagnetic-based current-sensing
techniques.
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V. CONCLUSION

For safety, improved performance, and feedback control of
switched-mode power converters and motors, it is often neces-
sary for the controller to better understand its operating environ-
ment, particularly the input and/or output currents. In addition,
current sensing is the most common method for the battery
state of charge estimation. The most common current-sensing
method is to insert a resistor in the path of an unknown current.
This method incurs significant power losses for high currents.
In this paper, different alternatives for accurate and lossless
current measurements have been presented, and the advantages
and disadvantages of each technique have been discussed.
For accurate and continuous current measurement, different
current-sensing options with self-tuning and/or self-calibration
have been evaluated. Many applications require the average cur-
rent information for control purposes. Several average current-
sensing methods have been reviewed in this paper. Different
electromagnetic-based current-sensing techniques, which are
used to achieve high-bandwidth current measurements, have
also been analyzed in this paper.
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