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ABSTRACT The open-loop current transducer comprises a magnetic core made of soft magnet material
and includes a Hall sensor. Traction motors in applications such as electric vehicles tend to be driven at
high speeds. It pushes the inverters to increase the fundamental frequency of the output current above 1 kHz.
However, this high frequency current generates eddy currents in the magnetic core of the current transducers.
They deteriorate the measurement data thereby resulting the amplitude error and phase shift error, which
is applied open-loop current transducer with the lamination magnetic core. In this study, the errors of an
open-loop current transducer due to eddy currents were analyzed through mathematical modeling and finite
element method (FEM). Furthermore, the impact of the error on permanent magnet synchronous motor
current control was studied. The phase shift error of the current transducer used in this study reaches
3.6 degree when the frequency of current was 1.5 kHz, resulting in about a 20% torque reduction during
field-weakening operation at 200 kW, 22500 rpm. On the other hand, the amplitude error of the current
transducer is only 0.18% in the same condition. In order to correct the error, an online compensation method
is proposed based on FEM simulation results. The phase shift error was verified through the experiments
with a 300 µH , 3-phase inductive load. The proposed method was also validated through the experimental
results conducted for variable frequencies from 500 Hz to 1.5 kHz.

INDEX TERMS Open-loop current transducer, current sensor, magnetic core, electrical sheet, hysteresis,
eddy current, traction motor, motor control, vector control, inverter.

I. INTRODUCTION
Current feedback is crucial for motor control in inverters,
with various methods employed for current measurement
including shunt resistance, current transformers, current
transducers, Rogowski coils, and others [1], [2], [3]. This
paper focuses on an open-loop current transducer utilizing
a C-type magnetic core and a Hall sensor. This transducer

The associate editor coordinating the review of this manuscript and
approving it for publication was Veerpratap Meena.

operates by inducing a magnetic field through current mea-
surement on the primary side, with the field concentrated
on the C-type magnetic core. An air gap within the core
houses the Hall sensor, which detects the magnetic field and
outputs it as voltage [4]. Traction motors in applications such
as contemporary electric vehicles (EV) often operate at high
speeds, necessitatingmeasurement of the higher frequency by
the current transducer. However, as the frequency surpasses
hundreds of Hz, significant eddy currents arise within the
magnetic core, leading to pronounced hysteresis and resulting
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phase shift errors. This phenomenon causes the inverter to
measure incorrect currents at the same instantaneous value,
thereby compromising torque and impeding optimal current
control [5]. Consequently, under vector current control, the
actual applied current may increase, potentially decreasing
the efficiency of the inverter.

To mitigate phase shift errors, options such as employing
open-loop current transducers made of powdered magnetic
materials or closed-loop and flux gate types are available.
Nevertheless, for high-current measurement, environ-mental
robustness, and cost-effectiveness, an open-loop current
transducer with a simple structure and a highly reliable elec-
trical steel magnetic core is preferred [4].

This paper conducts a thorough analysis of the phase
shift error induced by eddy current within the magnetic
core, employing mathematical and finite element analysis
methods [6]. Through an experiment on the inverter’s cur-
rent control using silicon carbide FET, it is shown that the
open-loop current transducer contains a phase shift error that
is proportional to frequencywhen increased to 1.5 kHz.Math-
ematically, it is established that the phase shift error increases
linearly with frequency. When employing vector control, the
angular velocity (ω) can be derived from angle feedback and
can easily compensate for phase shift errors. Experimental
validation confirmed the adequacy of error compensation
strategies based on the modeled phase shift error.

II. PHASE SHIFT ERROR OF CURRENT TRANSDUCER
A. OPEN-LOOP TYPE CURRENT TRANSDUCER
A current transducer is a sensor that measures current using
an insulating method. It is categorized into three types based
on the measurement technique: open-loop, closed-loop, and
fluxgate [7], [8]. The current transducer consists of a C-type
magnetic core with an air gap, which concentrates the mag-
netic field generated by the primary current to be measured,
creating a high and uniform magnetic field in the air gap. The
resultant magnetic field is then measured and converted into
a current value, thereby facilitating the measurement of the
primary current [4], [5].

An open-loop current transducer utilizes a Hall sensor to
convert the magnetic field generated in the magnetic core into
voltage. The voltage output of the Hall sensor is expressed
as follows (1), where Vh represents the output voltage of
the Hall sensor, I⃗c denotes the current flowing within the
Hall sensor, and B⃗ signifies the magnetic flux density passing
vertically through the Hall sensor [9].

Vh ∝ I⃗c × B⃗ (1)

With the simplest structure comprising only a magnetic
core and a Hall sensor, as shown in Fig. 1, the open-loop
current transducer is cost-effective and robust, making it par-
ticularly suitable for applications demanding high reliability,
such as EV inverters [4], [5].
The magnetic core of the current transducer is composed

of soft magnet material with high magnetic permeability.
However, the magnetic nonlinearity of the core can introduce

FIGURE 1. Open-loop current transducer structure.

errors in the current transducer’s measurements [10], [11].
Therefore, careful material selection is crucial, typically
involving the lamination of thin steel plates to mitigate iron
loss resulting from eddy currents. In this study, a magnetic
core made of 0.35 mm isotropic steel plates was employed.
Thinner magnetic core materials result in reduced eddy
currents and, consequently, lower current transducer errors.
However, cost-effective manufacturing necessitates the use
of materials with appropriate thicknesses. Table 1 shows the
characteristics of the magnetic core (35PN230) used. Where
the iron loss is at 1.5 T and 50 Hz [10], [12].

TABLE 1. Material characteristics of the magnetic core.

B. EDDY CURRENT OF THE MAGNETIC CORE
Soft magnetic material, which is the magnetic core material,
has electrical resistance. It possesses the characteristic of
increased coercive force with rising frequency. Fig. 2 shows
a hysteresis loop where the coercive force increases as the
frequency increases. This characteristic is applied in the mag-
netic core of the current transducer [5], [13].

FIGURE 2. Hysteresis loop by the frequency.
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FIGURE 3. Lamination magnetic core and cross section.

Eddy currents are generated in response to alterations in the
magnetic field induced by the primary current. As depicted
in Fig. 3, injection of the primary current leads to eddy cur-
rent formation within the magnetic core. Higher frequencies
correspond to augmented eddy current generation [5], [13].

The eddy currents generated within the magnetic core are
primarily influenced by the electrical resistance of the core
material, which varies depending on the material and shape
of the core. Eddy currents in the magnetic core are calculated
from the current density Jx and are represented by (2).

Jx =
Ex
ρ

, (2)

where Ex denotes the electric field intensity, d is the dis-
tance to the magnetic core, Vx is the electric potential of the
magnetic core, which is expressed as (3).

Ex =
Vx
d

= −
1
2w

d
dt

φ = −
1
2w

d
dt

(2x · w · Ba)

= −
d
dt

(x · Ba) , (3)

where x, c, and w denote magnetic core shape, φ is the
magnetic flux in the core in Fig. 3, Ba is flux density in the
magnetic core, ρ is the resistivity of the magnetic core, and
current in the magnetic core is expressed as (4).

icore =

∫ c
2

0
JxdAx =

1
ρ

∫ c
2

0
−
d
dt

(x · Ba) · lcdx

= −
lc
ρ

1
2

( c
2

)2 dBa
dt

(4)

Equation (4) represents the current in the magnetic core,
which can be expressed as an eddy current in the magnetic
core equation, as shown in (5), especially when the primary
current is sinusoidal. This formulation incorporates magnetic
core properties, where N represents the number of magnetic
core laminations, ka is the correction coefficient, Bm is the
amplitude of the flux density in the magnetic core, and lc
denotes the length of the magnetic flux path.

ie = −
N · lc
ka · ρ

·
c2

8
· Bm · ω cos(ωt) (5)

The hysteresis and eddy current phenomenon cause phase
shift error in the current transducer. Following the deter-
mination of the magnetic core material, analysis can be

FIGURE 4. Phase shift error analysis with and without hysteresis.

conducted using the Preisach model, a mathematical model.
Utilizing nonlinear hysteresis analysis, the magnetic field
behavior within the air gap, contingent upon the magnetic
core shape, can be computed. Although hysteresis-inclusive
analysis enables precise examination, it entails significant
computational efforts, thereby prolonging the analysis dura-
tion [5], [14]. At low current measurement frequencies, phase
shift errors attributable to hysteresis exist but remainminimal.
Conversely, at current measurement frequencies, typically
hundreds of Hz or higher, phase shift errors due to the eddy
current phenomenon surpass those caused by hysteresis, ren-
dering the latter’s contribution negligible [5]. Fig. 4 shows
the phase shift error resulting from eddy currents within the
magnetic core, with and without the presence of hysteresis
phenomena.

C. PHASE SHIFT ERROR VERIFICATION
As mentioned previously, the output of an open-loop current
transducer includes the component of eddy current. Assum-
ing a-phase current is sinusoidal, the measured current with
the eddy current is given by

ı̂a = ia + ie

= Ia sin(ωt) −
N · lc
ka · ρ

·
c2

8
· Bm · ω cos(ωt)

= Ia
√
1 + ω2k2e sin (ωt − θh) , (6)

where ke is a coefficient defined as N ·lc
ka·ρ

·
c2
8 ·

Bm
Ia

and θh =

sin−1
(

ωke
1+ω2k2e

)
is the phase error caused by the eddy current.

Note that the amplitude of the measured current also becomes
larger than that of the actual current. The phase error can be
rearranged such that

sin θh =
ωke√

1 + ω2k2e
(7)

As ke has very small value, sinθh is close to zero. Then, (8)
can be approximated such that

θh ≈
ωke√

1 + ω2k2e
≈

ωke
√
1

(8)

62732 VOLUME 12, 2024



K. Kim et al.: Analysis and Compensation of Phase Shift Errors

The phase shift error increases linearly with ω. The eddy
current constant ke can be calculated once the magnetic core
is determined. Equation (5) can be derived when a constant
magnetic flux density is distributed throughout the magnetic
core of the current transducer. The magnetic core used in
this study is constructed by laminating insulated electrical
steel sheets. The magnetic field is induced by the primary
actual current crossing each sheet of the magnetic core,
generating eddy currents. Therefore, the distribution of mag-
netic flux density within the magnetic core is non-uniform,
with the average magnetic flux density slightly decreasing
with frequency. The magnetic flux density, accounting for
eddy currents, is determined through finite element method
(FEM) [6], [15]. In FEM, the shape and the material of a
magnetic core are characterized using the properties listed
in Table 1, and the core is modeled by laminating sheets.
By applying current at various frequencies, the average mag-
netic flux density of the magnetic core section is calculated
when the current reaches its maximum value. Fig. 5 shows
the magnetic flux density distribution of the cross section
of the magnetic core according to the applied current
frequencies.

FIGURE 5. Magnetic flux density distribution of the cross section of the
magnetic core according to frequency. Depending on frequency
(a) 500 Hz, (b) 1.5 kHz, and (c) is flux density distribution in the
on sheet.

The eddy current of the magnetic core considering the
skin effect depending on the frequency can be expressed
as

ie(f ) = −
N · lc · c2

8 · ρ · ka
· ω · BFEM (f , Ia) cos(ωt), (9)

where BFEM (f , Ia) is the average magnetic flux density of
the magnetic core based on the frequency and the amplitude
of the actual current. BFEM can be obtained by using the
FEM simulation results as shown in Fig. 5(c). The number

of laminations N of the magnetic core is 38 and the length
of magnetic flux path lc is 82.27 mm used in this paper.
Reflecting the skin effect and the stacking factor, ka is given
by 5.28.

The output of the current transducer has an additional
component of the eddy current to the primary current. Fig. 6
shows how the eddy current distorts the output of the current
transducer as a function of frequency, ranging from 500 Hz
to 1.5 kHz, as depicted in (9). The result has the phase error
and the amplitude error together. It can be seen that the
eddy current increases with frequency and the phase shift
error increases accordingly. Table 2 shows BFEM (f , Ia), the
phase error, and the amplitude error calculated through FEM
when the primary current was injected by a 100 A sinusoidal
waveform. Ie is the amplitude of the eddy current.

FIGURE 6. The distorted output of the current transducer and calculated
depending on frequency (a) 500 Hz, (b) 1 kHz, and (c) 1.5 kHz.

III. COMPENSATION METHOD OF PHASE SHIFT ERROR
A. IMPACT OF CURRENT TRANSDUCER ERROR
ON MOTOR CONTROL
To increase the power density of EV powertrain, there are
two growing trends: One is to use motors with the higher
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TABLE 2. Calculated eddy current and error at 100 A current apply.

number of poles. The other is to perform field-weakening
operations in a speed range more than 3 times higher than
the rated speed. Fortunately, the advancement of the wide
band-gap (WBG) power semiconductors helps an inverter to
increase the fundamental frequency of the motor current. For
example, the motor current can be regulated as a sinusoidal
waveform above the fundamental frequency of 1 kHz by
the use of the pulse width modulation (PWM) frequency
at 20 kHz, which is regular value even for high power WBG
power semi-conductors [16], [17].

Remind from (6) that the eddy current phenomenon causes
the phase shift error and the amplitude error to the measured
current. In addition, the phase error should be considered
in particular as it is proportional to the frequency of the
motor current. On the other hand, the amplitude error is
small enough to be ignored. Note that the amplitude error
was 0.18% whereas the phase error was 3.5◦ when the fre-
quency was 1.5 kHz as shown in Table 2. Neglecting the
amplitude error of (6), the motor currents can be transformed
to the rotating reference frame such that

idq = ejθh ı̂dq =
(
cos θh ı̂d − sin θh ı̂q

)
+ j

(
sin θh ı̂d + cos θh ı̂q

)
, (10)

where idq is the actual stator currents and îdq is the measured
currents in the synchronous frame whose d-axis is aligned
with the rotor flux. This means that the actual dq-currents
leads the measured currents by θh. It deteriorates the perfor-
mance of the vector control and the impact gets more serious
during the field-weakening operation.

TABLE 3. Parameter of permanent magnet motor for EV powertrain.

Fig. 7 shows how θh affects the vector control of an EV
traction motor whose parameters are listed in Table 3. The
dq-current sets are found analytically to minimize the current
amplitudes when producing 100 kW and 200 kW of power
over the rated speed. As the actual current set is rotated anti-
clockwise by θh, the negative id should be used excessively.
It weakens the rotor field too much thereby reducing the
output torque. For example, the current-minimizing solution
for 100 kW at 22500 rpm is id = −194.9 A, iq = −48.2 A.
However, even if the inverter precisely regulates the stator
currents based on the measured data, θh = 3.5◦ distorts the

location of actual stator currents as follows: id = −197.5 A,
iq = −36.2 A. It reduces the motor torque by 24.6% from
42.4 Nm to 32.0 Nm.

FIGURE 7. Deterioration of dq-current vector control due to θh when
the motor of EV powertrain is driven from 7500 rpm (500 Hz) to
22500 rpm (1.5 kHz).

As a result, this inherent measurement error of an
open-loop current transducer increases the time and the cost
to find the entire map of optimal current sets for EV motors.
Furthermore, it deteriorates many control algorithms relying
on current information like sensorless speed estimator.

Fig. 8 shows the reduction of output torque due to θh in
the field-weakening operation. When the motor speed was
22500 rpm, torque decreased by 19.5% at 200 kW. The
reduction rate increases with the motor speed.

FIGURE 8. Reduction of torque due to θh when the motor of EV
powertrain is driven from 7500 rpm (500 Hz) to 22500 rpm (1.5 kHz).

B. PROPOSED MOETHOD
As discussed previously, the output error of an open-loop
current transducer results in the performance degradation of
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the motor control, especially at high speeds. Thus, the phase
shift error needs to be corrected. Here, we propose a simple
compensation method which utilizes the FEM simulation
results.

The phase shift error was approximated as a linear func-
tion of the frequency in (8). The coefficient of the linear
function, ke, can be calculated by using the geometric design
para-meters of a magnetic core of a current transducer and
the flux density as shown in (9). The average flux density is
obtained from the FEM simulations. Finally, the electric angle
used for the Park transformation from abc- to dq-currents is
corrected as follows

θe = θ̂e + ke · 2π f , (11)

where θ̂e is the electric angle measured by a position sensor
such as a resolver or an encoder. Fig. 9 shows the block dia-
gram of the current control for the PMSM with the proposed
error correction method.

FIGURE 9. Block diagram of phase shift error correction in inverter.

IV. EXPERIMENT RESULTS
The phase shift error of the open-loop current transducer was
validated through experiments, with the measurement con-
ducted at the zero crossing point of the actual and measured
currents. The actual current is measured by a fluxgate type
current transducer. By measuring the output current of the
inverter, the proportional relationship between phase shift
error and frequency was demonstrated. The power module of
the inverter used in the experiment was a silicon carbide FET,
CAB530M12BM3 (Wolfspeed). The PWM frequency was
set to 20 kHz. A reactor was used for the load. To ensure
accurate measurement unaffected by the error, the fluxgate
type ITL 900-T (LEM) sensor was utilized, a bandwidth
within −1 dB at 100 kHz. The open-loop current transducer
employed in this paper has a bandwidth of −3 dB at 40 kHz
and is used for motor control. Fig. 10 shows the experimental
environment configuration. Open-loop and fluxgate current
transducer connected in series to the inverter output [5], [10].

Fig. 11 shows the measured output current of the inverter.
The same currents are compared using open-loop and
fluxgate current transducers at 500 Hz, 1 kHz, and 1.5 kHz.

FIGURE 10. Experimental environment (open-loop current transducer and
fluxgate current transducer).

FIGURE 11. Inverter current measurements for open loop current
transducer and fluxgate current transducer depending on frequency
(a) 500 Hz, (b) 1 kHz, and (c) 1.5 kHz.

The phase shift errors between both current transducers
obtained through the experiment are 1.17◦, 2.37◦, and 3.45◦,
respectively. Fig. 12 shows the phase shift error for each
frequency by calculation result using (11) and experiment
result. The compensation coefficient ke in (11) is obtained
as 6.61 × 10−6. Through the experiment, it was proven that
the phase error that occurs is linear and that the eddy current
calculation using FEM is valid.

Fig. 13 shows the experimental results of the phase shift
error using the analog-to-digital conversion results in the
microcontroller, TMS320F28377D (TI). Each waveform is
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FIGURE 12. Inverter output frequency Vs. phase shift error.

displayed by using the digital to analog conversion (DAC)
unit. The green-line denotes data from the fluxgate cur-
rent transducer, whereas the red-line denotes data from the
open-loop current transducer. The results are zoomed at the
zero-crossing points as highlighted by red circles. The differ-
ences between two waveforms represent the phase shift error
of the open-loop current transducers.

FIGURE 13. DAC current waveform of flux gate and open-loop current
transducer measurement current depending on frequency (a) 500 Hz,
(b) 1 kHz, and (c) 1.5 kHz.

Fig. 14 shows the experimental results after the phase shift
error is corrected by implementing the proposed method to
the open-loop current transducer. Note that the differences
between the open-loop and the fluxgate current transducer

are reduced significantly so the two waveforms are nearly
overlapped. The exact changes of the phase shift error were
analyzed using fast Fourier transform (FFT) after restoring
the data from the oscilloscope as listed in Table 4. Before
implementing the proposed method, the error increases from
0.98◦ to 3.81◦ as the frequency of the current increases
from 500 Hz to 1500 Hz. After implementing the proposed
method, the error was reduced to below 0.2◦ for all the cases.

FIGURE 14. Compensated open-loop and flux gate current transducer
DAC output waveforms depending on frequency (a) 500 Hz, (b) 1 kHz,
and (c) 1.5 kHz.

TABLE 4. Phase shift error correction results obtained by the FFT analysis.

V. CONCLUSION
The open-loop current transducer is widely used in traction
inverters. The eddy current induced in the magnetic core of
the current transducer generates a measurement error of the
phase shift. The relation between the error and the frequency
of the current is found by using the mathematical approach
and the FEM results together. An approximation method is
also applied to simplify the solution. We analyze how this
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phenomenon affects the vector control of a motor depending
on the frequency of the current. Finally, we propose an online
method that corrects the phase shift error using the angular
data from a position sensor such as a resolver or an encoder.

The experimental results showed that the phase error is
almost linearly proportional to the frequency of the current.
A fluxgate current transducer was used for verification. The
proposed method well eliminated the phase error for variable
frequencies. It will be helpful to improve the performance
of the vector control of PMSM, especially for the field-
weakening operations.

This work does not fully reflect the effect of the core satu-
ration or the changes in ambient temperature. These nonlinear
problems will be studied and verified with the actual motor
test setup in the future.
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