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Abstract

In this work, the low frequency electromagnetic emission from permanent magnet synchronous motors is

studied. The main objective is to provide a safety region for humans in the vicinity of these motors, especially

as these motors are now being used widely in inhabited areas, where high flux densities are expected. In this

study, a new proposed equivalent magnetic circuit is used to estimate the stray fields at the surface of the

motor. The analysis showed that the emission of the stray field in the radial direction depends on the

permeability of the stator body. Low values of permeability may result in very high stray flux emissions with

levels that require shielding to protect people in the surrounding areas. Relatively far away from the stator

(e.g. 50 cm for the tested motor), the flux is normally at a low level and should not pose a threat to life.

The traced waveforms of the magnetic field showed that waveforms similar to the heartbeat may result,

which constitutes a threat to people with pacemakers. In addition, the traced waveform of the x-sensor (radial

component) provided important information that could be used to estimate the rotor position of the motor.

Key Words: Magnetic field measurement, permanent magnet synchronous motor, stray electromagnetic

field, magnetic exposure, rotor position

1. Introduction

Nowadays, relatively large magnetic fields produced by electrical motors such as induction motors, permanent
magnet DC motors, and permanent magnet synchronous motors (PMSM) are widely used in inhabited areas,
especially in home appliances and electrical vehicles. In electrical vehicles, for example, the motors are generally
positioned just under the passenger seats, which expose the passengers to the risk of power frequency magnetic
fields (PFMF), as well as to high frequency components generated due to the existence of high current switching
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inverters (almost 50 A). For human bioelectronics equipment such as pacemakers [1, 2], this is a very dangerous
situation that may be life-threatening.

For biological effects, the responses to low frequency have been categorized into 3 groups [1]: cancer

initiation, induced electric fields/currents on body tissues, and disruption of hormonal and immune system
mechanisms following inhibition of the activity of the pineal gland. Though the response of biological systems
to PFMF is still unclear, a value of 0.20 μT (2 mG) of magnetic flux density has been defined as a safety

threshold for exposure of the whole body to PFMF [3]. However, based on epidemiologic studies [4] and 2

pooled analyses [5, 6], PFMF has been classified as a possible human carcinogen by the International Agency

for Research on Cancer [7]. In addition, it has been stated that exposure to PFMF of greater than 0.4 μT (4

mG) is considered as a possible cause of childhood leukemia [4, 7], and a low frequency magnetic flux density

of only 0.2 μT has been determined as the security limit in incubators for infants [3, 8, 9]. It has also been

reported in [10] that if pineal gland secretion, which produces the melatonin hormone in the human body, is
subjected to PFMF in the range of 1-100 μT, it may be affected, leading to the changing of the immunological
response to infection [3, 11]. Thus, in several applications, such as ship propulsion systems, small amplitude flux

densities such as 2.5 μT (25 mG) at 50 cm from the stator of the motor should not be neglected [12]. On the
other hand, the shape of the magnetic field density, if properly measured, may hold very important information
about the rotor position, which can be used in the PMSM motor control systems. Thus, knowledge about the
electromagnetic stray fields of electrical machines is required.

In the literature, a few research efforts have been made [12-16] to measure the magnetic fields around

electrical machines with different degrees of success. In [12], the effort was directed to measure the stray magnetic
fields necessary to develop a model to represent the stray field outside the induction motor; 3D magnetic sensors
were used to measure the induced voltage due to the magnetic field distribution. In [13], measuring techniques
were described and an evaluation method to characterize the generated fields was carried out. However, no
analytical analysis was carried out, and the results provided did not take the symmetry around the motors into
consideration. In [14], the evaluation of the electromagnetic emissions in the high frequency range (100 kHz to

MHz level) from large power electrical rotating machinery was considered, and it was reported that emissions

are correlated with the operating conditions and the characteristics of the machine under test. In [15-16], the
standard limits for electromagnetic and electrical field emissions around human areas were provided. However,
no research efforts were devoted to the study of PMSMs as a source of PFMF.

In this study, the objective was to obtain a model capable of estimating the stray magnet field outside
the motor, as well as to obtain good knowledge of PMSMs’ stray magnetic fields. This knowledge may help in
providing technical solutions to reduce stray fields, as well as in designing appropriate electromagnetic shields.

2. Analysis of Stray Magnetic Fields in PMSM

In electrical machines, the air gap flux is produced as an interaction of the rotor magnetic flux and the stator
magnetic flux. These variable magnetic fluxes, which have both amplitude and direction varying with time, can
be produced by alternating current excitation or by rotation of a permanent magnet attached to the rotor. The
net flux produced to the air gap is normally less than the flux produced in the motor due to many losses, such
as stray flux, fringing flux, or magnetomotive force (MMF) drop due to reluctances of the magnetic path. In
the following section, an analysis leading to estimation of the stray magnetic fields at the surface surrounding
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the motor will be discussed.

2.1. PMSM equivalent magnetic circuit

Regarding the permanent magnet as a flux source, the stray magnetic field from the motor can be included in
the magnetic circuit of the motor. The possible flux paths of an 8-pole motor are shown in Figure 1.

In Figure 1, the shown flux paths can be explained as follows:

ΨMain is the main flux linking the stator and the rotor without leakage,

ΨLr is the leakage flux from the rotor that fails to link the stator winding,

ΨLs is the leakage flux from the stator windings that fails to cross the air gap to link the rotor,

ΨStray is part of the main flux that links the stator and the rotor but leaks outside the stator surface,
and

Ψairgap is the air gap flux.

These fluxes, together with their magnetic path properties, can be represented by the equivalent circuit
shown in Figure 2.
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Figure 1. Possible flux paths of an 8-pole PMSM. Figure 2. PMSM equivalent magnetic circuit.

Here, Fa is the armature MMF due to stator currents and FM is the equivalent MMF of the magnets.
RLr leakage reactance due to the leakage flux ΨLr

The magnet, the rotor, and the stator reluctances depend on the structure and material properties used
to build these components. Generally, the reluctances shown in Figure 2 can be expressed as:

�Magnet =
�Magnet

μ0μMagnetAMagnet
, (1)

�Rotor =
�Rotor

μ0μRotorARotor
, (2)

�Airgap =
�Airgap

μ0μAirgapAAirgap
, (3)
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�Stator =
�Stator

μ0μStatorAStator
, (4)

�Stray =
�Stray

μ0AStray
. (5)

The reluctance due to stray flux ΨLs is not shown; however, it originates around the stator windings and its
leakage path consists of part of the stator body, the slot structure path, and part of the air gap. This flux
normally does not leak outside the motor.

The cross section area associated with these reluctances can generally be expressed as:

AMagnet < ARotor < AGap < AStator < AStray,

where l stands for the flux path length,A stands for the cross section area taken at the mean radius of the
corresponding section, and μ stands for the relative permeability.

2.2. Estimation of the stray magnetic fields

For PMSM, the existence of strong magnet bars, such as samarium-neodymium, produces a high magnetic
density in the air gap (up to 1 T). When the motor rotates, alternating magnetic fields are generated with a
frequency corresponding to the motor speed and the number of pole pairs. The leaking of this magnetic field
results in stray magnetic fields around the motor. These stray fields, at a few centimeters (up to 20 cm) from
the surface of the motor, can be estimated in the radial direction as follows.

Assuming that the air gap flux per pole is known and that initially Fa = 0, the flux crossing the air gap
will be divided between the stator body and the stray path according to

ψStray =
�Stator

�Stator + �Stray
ψairgap, (6)

where RStator is the stator reluctance given in equation (4) due to stator yoke and stator teeth. Assuming that
the path of the flux is uniform, then the stator flux path length lStator can be roughly estimated as:

lStator = stator thickness + stator pole arc length = 2S + 2πrsθp,

where θp is the pole angle (as a fraction of the complete circle). Therefore,

�Stator =
2S + 2πrsθp

μ0μStator(2πrsθpLStack)
, (7)

where LStack is the stack length.

Similarly, the stray reluctance at x meters from the stator surface can be calculated as

�Stray =
2x + 2π(rs + s + x)θp

μ0(2π(rs + s + x)θpLStack)
. (8)

Inserting equations (7) and (8) into equation (6) results in:

ψStray =
1

1 +
(

x+π(rs+s+x)θp

rs+s+x

) (
rsμStator

s+πrs.θp

)ΨAirgap. (9)
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In terms of magnetic flux density, this can be written as

BStray =
1

1 +
(

x+π(rs+s+x)θp

rs+s+x

)(
rsμStator

s+πrs .θp

)BAirgap

(
rs − s

rs + s + x

)
. (10)

3. Measurement and Experimental Results

3.1. Measurement setup

Two different measurement setups were used to study the stray magnetic field around the motor. The first setup
was composed of a commercial Gauss meter, which gives the net flux density at the selected points. The second
setup was composed of simple and direct visible measurements developed specially to measure the alternating
magnetic field density originating from rotating electrical machines and power lines. The block diagram of this
measuring setup is shown in Figure 3a. It is composed of 3 air core-based orthogonal magnetic coils used as
sensors. The air core is used to avoid disturbance of the magnetic field distribution.

Ignoring the saturation resistors in Figure 3b, the measured signal can be expressed as

Measured Signall = − 1
R2C

∫
Eoutdt

= Rf NA
R1R2C

∫
dB = Rf NA

R1R2C B

= kB

(11)

where Eout is the amplified induced voltage in the coil, N is the coil’s number of turns; and A is the coil cross
section area.

From equation (12), it can be seen that the measured signal is directly proportional to the number of
turns as well as to the cross section area. For the fractional error in turns, the number ΔN, the error in the
measured signal, is in the order of ΔN/N ; therefore, for a large number of turns, the sensitivity of the measured
signal to errors in number of turns can be ignored. However, since for compact systems it is preferable to have
small cross section areas, the sensitivity of the measured signal is directly proportional to the errors in the
cross section area. As a result, the sensitivity to both errors in number of turns and cross section area can be
expressed as:

Errors in measurement = (ΔN/N + ΔA/A) ∗ kB. (12)

The dimensions of the coils are as follows: number of turns = 200; apparent cross section area = 19.6 mm2 ,

and captured flux area = 1590 mm2 . The output of the sensors is connected to a signal conditioning circuit
composed of an amplifier circuit followed by an integrator. The output of the integrator is connected directly
to an oscilloscope to observe the measured shape of the magnetic flux. It should be noted that the output of
the integrator, as shown in Figure 3b, can also be connected to a digital calculating block to measure the net
magnetic flux, or may be used as a control signal for active shielding. This simple measuring interface photo is
shown in Figure 3c.
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Figure 3a. Block diagram of the measuring system. Figure 3b. Amplifier and integrator stage.

Figure 3c. Photo of the signal conditioning stage. Figure 3d. Magnetic field density sensed at 20 cm from

a 3-phase bar carrying 500 A, (a) without shield and (b)

with shielding, 1 mV ≡ 1.5 mG.

Examples of different measured magnetic field signals achieved with this arrangement are shown in Figures
3d and 3e.

Figure 3d shows the measured magnetic field density sensed at 20 cm from the 3-phase bar carrying 500
A. This figure consists of 2 measured signals to the same source, one (a) without a shield and the other (b)
with shielding. The shielding characteristic consists of cylindrical-shaped transformer grade iron with electrical

conductivity equal to 2.17 × 106 S/m and magnetic permeability equal to 4000; more detailed information is in

[17]. Figure 3e shows an example of measured magnetic field density sensed at 10 cm from a 4-pole permanent
magnet DC machine.
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Figure 3e. Magnetic field density waveform sensed at 10 cm from a 4-pole permanent magnet DC machine rotating

at 1000 rpm, 1 mV ≡ 1.5 mG.

It should be noted that the measured signal was very weak and could easily be affected by the surrounding
noises. For the inverter system driving the PMSM, there are wide ranges of noises, extending from switching
noises to generated EMI noises. These noises appear in the measured signal as sharp pulses, as shown in Figure
3e. Therefore, the final design should be protected against such noises by using EMI filters for a certain range
of measuring frequencies.

3.2. Experimental setup and results

In Figure 4, the experimental setup shows the PMSM and the zero level measured flux points, which are just
above the motor. The motor, which is positioned in the middle of a cubic measuring cage, is driven with an
IGBT inverter under a direct torque control algorithm. The motor parameters are shown in the Table. The
distance between the motor and the control system is taken as sufficiently large to neglect the interaction of
its field. The flux density is measured around the motor at the designated points at 2 different levels with a
standard Gauss meter that gives the net value of the flux density.
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Figure 4. Experimental setup shows the PMSM and points of measurement.
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The results of the measurements were plotted in 3D figures for 2 different levels above the motor to
inspect the stray field distribution. The flux performance at z = 10 cm above the motor is shown in Figure
5, while the performance at z = 20 cm above the motor is shown in Figure 6. The figures show the variation
of the field with horizontal distance from the motor. It is clear from the Figures that the flux density rapidly
decreased with the increasing of distance from the motor. The contours show that the resulting magnetic flux
density was smaller at the axial directions (x- in Figure 4), compared with the radial direction. It is seen that
this was an expected result, since the rotating motor flux is normally designed to be in the radial direction.
However, due to the end windings and the nature of the magnetic field distributions in the air, the field also
existed with a different waveform in the axial directions.

Table. Technical data of the MMD082A PMSM used in the experiments.

Rated output 0.750 kW
Number of poles 8
Rated speed 3000 rpm
Rated torque 2.4 Nm
Rated current 4.3 A (rms)
Supply voltage (AC) 200 V
Electrical Time constant L/R 7.4 ms
Voltage constant per phase 21.4e−3 V(rms)/min−1

Excitation Voltage constant 45.3e−3 V(0-p)/min−1

Torque constant 0.61 Nm/Amp (rms)
Flux per pole 72.25 mWeber
μstator 2000
rs 4 cm
s 1 cm
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Figure 5. 3D map (upper) and its contours (lower) showing the distribution of the magnetic field density at z = 10 cm

above the motor (line voltage, 54 V; rotor speed, 900 rpm).
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Figure 6. 3D map (upper) and its contours (lower) showing the distribution of the magnetic field density at z = 20 cm

above the motor (line voltage, 54 V; rotor speed, 900 rpm).

The variation of the magnetic field with distance, measured at the points above the middle of the motor
as shown in Figure 7, is plotted with logarithmic scale in Figure 8. Near the motor body (2 cm), a higher
field density of as much as 512 mG was recorded. The magnitude of the flux density decreased quickly with an
increase in the measured distance, to less than 10 mG at 50 cm from the motor surface.

Figure 8 also shows the estimated flux density calculated with equation (10); the motor parameters are
given in the Table, with the operating rotor speed equal to 900 rpm. It can be observed from the comparison
of the 2 curves that they were almost the same near the motor region up to 20 cm; however, when the distance
increased, they gradually parted. Thus, the developed equations (or model) can roughly be used to estimate
the stray magnetic flux density around the motor up to a few centimeters. Away from the motor, the figure
shows that the flux density decreases quickly, according to the inverse square law.
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Figure 7. Points of measurement in the radial direction above the middle of the motor.

3.3. The shape of the magnetic field waveform

The measuring system shown in Figure 3 was used to trace the actual waveform of the stray magnetic field
from the motor; the coil sensor set was positioned at 5 cm away from the stator surface, as shown in Figure
9. The traced x-sensor flux density was a sinusoidal waveform with an amplitude of 150 mG and some pulse
harmonics due to inverter switching, as in Figure 10a. This flux was indeed a combination of the flux due to
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the permanent magnet rotation and the flux due to the stator winding currents. The traced y-sensor in Figure
10b describes a sinusoidal waveform, as well, with a relatively smaller amplitude (75 mG). On the other hand,
the traced z-sensor flux density was the smallest; in addition, the waveform was full of pulse harmonics and
oscillated with a different frequency. The combinations of such harmonics may result in a waveform similar to
a heartbeat (Figure 10c), which may interfere with pacemakers and similar devices. The combination of the 3
components, in fact, describes the shape of propagation of the magnetic field in the region around the motor.

! #  !  # �! �# �! �# (!
 ! 

 !�

 !�

)���	���������
����%��'

��
	�
��
���
��
��
�$
�%
�
&
'

��	�*��$

+����	��$
�����%# ���&'

Figure 8. Flux density measured and estimated with equation (10) above the middle of the motor.

Figure 9. The 3 orthogonal air coil sensors measuring the flux density leaking from the PMSM.

In a PMSM, the measurement of the rotor angle is very important for achieving accurate torque or speed
control. The measured rotor position is normally used to calculate the motor’s instantaneous flux and torque
values, as well as to achieve the axis transformation necessary for the control system. This angle is normally
measured with hall sensors, or is sometimes inaccurately estimated from the measured motor currents. In
Figures 11 and 12, the traced flux waveform for the x-sensor and y-sensor with the instantaneous phase A
current are shown, respectively. It is clear that the flux waveform and the current waveform were oscillating
together with a small phase difference. Bearing in mind that the rotor position was almost identical to the radial
flux distribution and that the flux waveform was smoother than the pulsed current waveform due to inverter
switching, the accurate measurement of the radial flux component could lead to an accurate estimation of the
rotor position.
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Figure 10a. The magnetic flux density traced with the

x-sensor (CH 1 = ∼0.5 V, TB = 10 ms, 1 mV ≡ 3/2 mG).

Figure 10b. The magnetic flux density traced with the

y-sensor (CH 1 = ∼0.5 V, TB = 10 ms, 1 mV ≡ 3/2 mG).

Figure 10c. The magnetic flux density traced with the z-sensor (CH 1 = ∼0.5 V, TB = 10 ms, 1 mV ≡ 3/2 mG).

Figure 11. Instantaneous flux of the x-sensor (upper; CH

1 = ∼0.5 V, TB = 10 ms, 1 mV ≡ 3/2 mG) and phase A

current (lower; CH 2 = ∼1 V, TB = 10 ms).

Figure 12. Instantaneous flux density of the y-sensor

(upper; CH 1 = ∼0.5 V, TB = 10 ms, 1 mV ≡ 3/2 mG)

and phase A current (lower; CH 2 = ∼1 V, TB = 10 ms).
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4. Conclusions

In this work, the low frequency electromagnetic emission from a PMSM is studied. The main objective was to
provide safety regions for humans in the vicinity of these motors, especially in electrical vehicles where high
current and hence high flux density emissions are expected. A new proposed equivalent magnetic circuit is used
to estimate the stray fields from the PMSM. It was shown by analysis that the emission of the stray field in the
radial directions depended on the permeability of the stator body. Low values of this parameter may result in
very high stray flux emissions at levels that may require shielding of the motor. Relatively far away from the
stator, the flux is normally of a small level and may not represent an exposure threat.

The traced z-sensor showed that waveforms similar to the heartbeat may result, which may interfere
with pacemaker operating mechanisms; therefore, wearers of cardiac pacemakers should not be exposed to high
power frequency fields.

The traced waveform of the x-sensor (radial component) provided important information that could be
used to estimate rotor position.
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