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Abstract—In recent years, electromagnetic compatibility (EMC)
has become progressively important because of the rise in the
number of electronic auxiliary devices in motor vehicles. This ar-
ticle presents an angle modulated switching strategy for fractional
horsepower drives. It allows decreasing the size of the necessary
EMC filter, for the example case drive used, down to less than
50%, from nine to four capacitors. Simultaneously, it reduces the
radiated electromagnetic emissions over a wide frequency range
by almost 10 dBµV/m. The EMC measurements performed in a
shielded chamber are compared with the results for two con-
ventional switching strategies. Subsequently, the influence of the
presented switching strategy on the efficiency and on the emitted
airborne and structure-borne noise is investigated.

Index Terms—Brush less drive, electromagnetic compatibility
(EMC)/electromagnetic interference (EMI), noise, pulsewidth
modulation (PWM), switching strategy.

I. INTRODUCTION

THE number of safety and comfort relevant systems is ever-
increasing in the automotive sector. Additionally, more and

more conventional drive concepts are being replaced by electric
drives, e.g., electric oil and water pumps [1], [2], electric brake
boosters [3], and super chargers [4]. Both trends increase the
number of electric drives being installed. For example, numbers
are determined using the Volkswagen (VW) Golf7: One VW
Golf7 is equipped with 47 rotatory electric drives in the standard
configuration [5]. Assuming that all 9 68 284 Golf7s manufac-
tured in 2017 and all 805752 Golf7s manufactured in 2018 [6]
were delivered in the standard configuration. This results in a
total of approximately 45 million electric drives being installed
in 2017 in VW Golf7s, and approximately 37 million in 2018.
While these numbers are only for one specific model, they should
convey the impressive volume of auxiliary drives currently used
throughout the automotive sector.

Increasing requirements on the efficiency and the control-
lability of these drives has led to the use of brush less direct
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current (BLDC) motors, because they are known for their low
maintenance, high power density, and high efficiency [7]. Every
one of these drives is a possible source of electromagnetic
emissions (EME).

Different techniques have been proposed to reduce the EME
so as to comply to the limits according to the standard CISPR 25
[8]; hardware- and software-based approaches are distinguished.
The first include measures such as shielding of the cable harness
and/or the whole application, the filter design, the use of specific
materials and components for the electromagnetic compatibility
(EMC) filter, as well as the design of the printed circuit board
(PCB). Details on these methods are provided in the respec-
tive literature (e.g., [9]–[12]). Such hardware-based approaches
typically increase the costs for the overall system, and thus
they are not suitable for low-cost mass products, as it is in the
focus here. In contrast, software-based approaches to reduce the
EME are very popular for low-cost applications, because they
decrease the EME by use of the already available hardware of the
drive.

While pulsewidth modulation (PWM) has been widely es-
tablished to control the average current flow and thus power
flow of voltage source supplied electric loads, its high switching
frequency inherently comes with EME, which increases with
switching frequency [13]. PWM-related EMC has been a sub-
ject of research for a long time. As a matter of fact, several
different forms of PWM have been proposed to reduce EME
and meet EMC regulations, thereby following a software-based
approach. For example, spread-spectrum PWM, in which the
switching frequency is not constant, spreads the switching fre-
quency’s energy and its harmonics. Thereby, the energy of the
EME is spread over a wider range in the frequency domain;
and thus, the single peaks are reduced. A simple variant, the
frequency hopping PWM (FHPWM), operates at n different
frequencies to reduce the EME [14]. With increasing com-
putational power and decreasing cost, increasingly powerful
spread-spectrum techniques are used, ranging from periodic
[15] through random [16] to chaotic modulation [17] of the
switching frequency. Comprehensive overviews of the differ-
ent spread-spectrum techniques are given in [18] and [19].
For the sake of completeness, it should be mentioned that the
spread-spectrum approach also positively affects the acoustic
noise [20].

This article proposes an angle modulated switching strategy
(AMSS), i.e., a different software-based approach, which al-
lows reducing the switching frequency down to the electrical
frequency. The six-step mode has been used for operating AC
machines at their electrical frequency for decades, is well estab-
lished, and has recently found a newed attention, e.g., [21], [22].
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The proposed AMSS fundamentally differs from the six-step
mode by its principle of operation: It controls the mean value of
the voltage of the driven DC machine by adjusting the turn-ON

and turn-OFF angles. This, in turn, determines the speed of the
BLDC machine and not the base frequency, as in the case of AC
machines. Therefore, the expected radiated EME are decreased.
This in turn allows for a reduction of the EMC filter. For the
example case drive, which is used as a cooling fan in an LED
headlight, the required EMC filter was reduced from nine to four
capacitors. This not only reduces the costs, but also increases the
reliability of the electronics.

Because of the ever-increasing electrification of the automo-
tive sector and modern combustion engines, the noise level,
which previously masked disturbing noise, now decreases.
Therefore, the demand for auxiliary systems with better noise
performance is increasing [23]. While the proposed switching
strategy increases the torque ripple, investigations on the noise
have shown that the emitted noise does not increase significantly.

Selected results on the influence of the proposed switching
strategy on the EMC performance have been presented in [24].
This article extends these results by extensive additional investi-
gations of the EMC, measured at different speeds. Furthermore,
the influences of the switching strategy on both the energy
conversion efficiency of the drive system and on the acoustic
noise are investigated. Section II introduces the proposed AMSS.
Section III briefly describes the example case drive used and
reviews the two state-of-the-art modulation schemes used for
comparison, i.e., the conventional PWM and the frequency
hopping PWM. The influence of the switching strategies on the
conducted and radiated emissions is investigated in Section IV,
while the influence on the efficiency is reported in Section V, the
influence on the airborne and structure-borne sound is explored
in Section VI. A higher rated motor is investigated in Section VII.
Finally, Section VIII concludes this article.

II. ANGLE MODULATED SWITCHING STRATEGY

According to Parseval’s theorem and the Fourier represen-
tation of the gating signals, the energies of the fundamental
and of each of the harmonics do not change when the switch-
ing frequency increases; furthermore, the individual amplitudes
remain constant [25]. However, the limits demanded by the
standard CISPR 25 [8] decrease with higher frequencies. Hence,
a reduced switching frequency can help the device pass the EMC
tests [26], [27]. So, the main objective of the AMSS is to reduce
the switching frequency to its minimum, namely the electrical
frequency, to decrease the radiated emissions.

In contrast to the well-established six-step mode used for three
phase AC machines, the AMSS controls the mean value of the
voltage U by adjusting the turn-ON and turn-OFF angles. This, in
turn, determines the speed of the BLDC machine and not the base
frequency, as in the case of AC machines. In the example case
drive, the switching frequency of the single MOSFETs is reduced
to approximately 167 Hz for a rated speed of 5000 rpm, which
results in a frequency of approximately 333 Hz for the current
blocks in the cable harness. U is adjusted by the conduction
angle α of the respective switch during an electrical period. In
contrast to a fixed switching period with a varying duty cycle, the

conduction angle in this case is adjustable, resulting in a speed-
dependent switching period. Therefore, the proposed switching
strategy is called the “AMSS.” The angle

α =
U

UDC
· 180◦ (1)

is the conduction angle in electrical degrees required to obtain
a given U . To obtain the maximum torque per Ampere for a
given trapezoidal back-electromotive force (EMF), the voltage
is supplied symmetrically around 90◦, or 270◦, respectively,
electrically, see Fig. 1(a); the current blocks are in the middle of
the electrical half-period. The alignment of the blocks at these
positions also reduces the sensitivity to a possible error in the
rotor position.

Because the on time is longer than the winding’s time constant
τ = L/R, the current amplitude will increase until either the
switch is turned OFF again, see Fig. 1(b), or until the current
reaches its final value. Therefore, the AMSS does not offer the
possibility to control the current amplitude.

III. METHODOLOGY

The performance of the proposed switching strategy is inves-
tigated with respect to its EMC, its efficiency, and its airborne
as well as structure-borne sound. For its comparison to the
conventional switching strategies PWM and FHPWM are used,
so as to reference the possible performance improvement and/or
drawbacks with respect to its being state of art.

A. Example Case Drive

A four-pole single-phase outer rotor BLDC motor with a
concentrated random bifilar winding and trapezoidal back-EMF,
which drives a radial fan for an automotive cooling application is
used as the example case drive. Therefore, the range of the input
voltage UDC is 8–16 V. To keep the cooling capacity constant
over the entire input voltage range, the fan is speed-controlled.
Thus, also the power in the air gap and the average value
of the phase currents are constant. The power in the airgap
is 0.8 W, which corresponds to a torque of 1.54 mN·m and
an average value of the phase currents of iphase = 214 mA at
the nominal point of 5000 rpm. Fig. 2 shows the equivalent
circuit of the electric machine, the driving electronics, and the
conducted emissions test setup. It comprises the supply voltage
UDC, the line impedance stabilization networks LISNs, a diode
D for reverse polarity protection, a DC-link capacitorC, and the
MOSFETs SA and SB. The phases A and B of the BLDC motor
are modeled by the resistorsRCu, the stray and main inductances
Lσ and Lm, and the voltage sources uEMF for the back-EMF,
the motor parameters are listed in Table I. The bifilar winding
consists of two wires wound in parallel, but in inverse directions.
Therefore, the two phases are inversely magnetically coupled;
this coupling is denoted by the dashed lines between the main
inductances and the two dots. A positive current in phase A
produces the same field distribution as a negative current in phase
B. As a result, the high-side MOSFETs of a conventional H-bridge
for a monofilar wound single-phase motor can be eliminated.
This reduces the costs for the electronics and simplifies it.
However, it doubles the copper spent on the bifilar winding. As
the additional expense for the copper is more than outweighed
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Fig. 1. Measured currents for the AMSS: (a) Hall signal and phase currents; (b) Phase currents, detailed view; (c) Hall signal and cable harness current; (d) Cable
harness current, detailed view; nominal operating point, n = 5000 rpm.

Fig. 2. Equivalent circuit of the conducted emissions test setup.

by the reduced cost for the electronics, the drive system with the
bifilar winding is still more cost effective than the version with
the unifilar winding.

B. Switching Strategies Investigated for Comparison

The proposed AMSS is compared to the conventional PWM
and the FHPWM, both of which are state-of-the-art switching

TABLE I
PARAMETERS OF THE EXAMPLE CASE DRIVE

strategies. For comprehensiveness, these, including the nomen-
clature used, are briefly reviewed in the following:

1) Conventional PWM: PWM is a common method of con-
trolling the average power of electrical loads. It switches with
a fixed frequency (for the example case drive, fPWM = 20 kHz)
between two states, the maximum and minimum of the voltage.
The duty cycle d gives the fraction of one switching period in
which the switch is active and can be determined by

d =
U

UDC
=

TON

TPWM
= TON · fPWM. (2)
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The phase and the cable harness current for the conventional
PWM with back-EMF zero-crossing commutation and advanced
phase current turn-OFF to improve the performance [28] are
shown in the Appendix, (see Figs. 16–19). During the ON-time
of the switch, the current waveform is characterized by the
winding’s time constant τ = L/R, the phase resistance, as well
as the difference of the back-EMF uEMF and the supply voltage
UDC. If the ON-time is much shorter than τ , as is the case
with the PWM approaches, the stored magnetic energy in the
inductance counteracts a change of the current amplitude. The
current amplitude can thus be controlled by the PWM’s duty
cycle, as illustrated in the Appendix (see Figs. 13 and 17).

2) Frequency Hopping PWM: As opposed to the conven-
tional PWM, which operates the switches at one fixed frequency,
the FHPWM operates at n different frequencies to reduce the
EME [14]. The choice of n and the switching frequencies is
a tradeoff between effort and expected benefit (for the ex-
ample, case drive, n = 2; fPWM,1 = 22.89 kHz, and fPWM,2 =
34.33 kHz). This results in n different PWM periods. Thus, all
individual switching instances have different durations, although
the duty cycle is the same for the whole electrical half-period

d =
U

UDC
=

TON,1

TPWM,1
= TON,1 · fPWM,1

=
TON,2

TPWM,2
= TON,2 · fPWM,2. (3)

This is also illustrated in Fig. 13, shown in the Appendix along
with the different durations of the phase current blocks influence
the cable harness currents, in Fig. 15.

C. Systematic

Everyone of the three switching strategies to be investigated,
is used to drive the MOSFETs to generate the desired average
voltage U from the DC-link voltage. To eliminate any influence
of effects other than the switching strategy on the results, all
measurements were carried out on the same PCB layout.

IV. EMC ANALYSIS

A. Theory

Prior to market launch, a product has to pass an application
specific EMC test. In one part of this test, the conducted and
radiated emissions are measured. For the verification of the
conducted emissions, the output voltage of the LISN uEMI is
measured; therefore, the cable harness current iDC is decisive for
this measurement. The influence of the frequency, the amplitude,
and the duty cycle on the spectrum of a signal is described in
[29]. Lower signal frequencies reduce high-order harmonics,
a lower signal amplitude cuts down all the harmonics, and a
reduced duty cycle decreases the low-order harmonics. Since
the AMSS switches the corresponding MOSFET ON and OFF only
once per electrical period, the current amplitude is a result of
the circuit dynamics, but is not controlled itself. Therefore, the
amplitude of the cable harness current for the AMSS is higher
than for the PWM approaches. Fig. 1(c) illustrates such high
current peaks, which may be compared to the currents of the
conventional PWM or the FHPWM provided in the Appendix
(see Figs. 14 and 18). However, the current does not contain

any ripple, as is the case with the PWM approaches. The higher
current amplitude and the absence of any high frequency current
ripple leads to increased harmonics of the cable harness current
in the frequency range up to approximately 500 kHz and reduced
harmonics in the frequency range above.

To emit electromagnetic radiation into the environment, an an-
tenna must be available, which must be excited by the appropri-
ate frequencies. The frequency required for the excitation of the
antenna is determined by its geometric dimensions. In general,
however, antennas for higher frequencies can be smaller than for
lower frequencies. Thus, a lower switching frequency helps to
reduce the radiated emissions for the same antenna [26]. With
respect to the bifilar wound fractional-horsepower application,
the MOSFET is turned OFF, the phase current decreases to zero,
and the second phase takes over the current flow. This is also
illustrated by Fig. 1(b), as well as Figs. 13 and 17, provided in
the Appendix. This results in steep edges in the full height of
the phase current. In the case of the AMSS, due to the reduced
switching frequency, this occurs only once within each phase per
electrical period. Therefore, the harmonic content of the phase
currents of the PWM approaches exceeds the harmonic content
of the phase currents of the AMSS in the entire frequency range.

B. Measurement Setup

The measurement setup is based on the setup defined in the
standard CISPR 25 [8]. Fig. 2 shows the equivalent circuit of
the conducted emissions test setup. The two LISNs provide
the standardized impedance to the input power of the device
under test (DUT) and the measurement port for the conducted
emissions measurement. The LISN’s output voltageuEMI is mea-
sured by the EMI receiver, assessed by the different detectors,
and finally the resulting EMI spectrum is displayed [9]. For the
measurement of the radiated emissions, the measurement setup
is extended by a rod antenna, and the cable harness is adapted
according to [8]. In this setup, the measured quantity is the output
voltage of the antenna.

C. Measurement Results

The reduced switching frequency of the AMSS leads to a
lower harmonic content of the phase currents and, hence, im-
proves the EMC behavior when compared with the PWM ap-
proaches [26], [27]. This is illustrated in Fig. 3(a) and (b), which
shows the conducted and radiated emissions for the different
investigated switching strategies, measured at the nominal point
of the example case drive. Fig. 3(a) shows the conducted emis-
sions measurements using the quasi-peak detector. Although the
conducted emissions of the AMSS in the low frequency range are
slightly increased, the span to the limits still remains sufficient.
Fig. 3(b) shows the measured radiated emissions, using the
average detector. Due to the reduced number of capacitors, the
FHPWM exceeds the limits and the PWM is very close to the
limits, while the AMSS still decreases the radiated emissions
by almost 10 dBμV/m over a wide frequency range, although the
size of the EMC filter was reduced from nine to four capacitors.

Fig. 4 depicts the conducted and radiated emissions for the
AMSS at different speeds and with the reduced EMC filter. Be-
cause the AMSS operates the single MOSFETs with the electrical
frequency (166.66 Hz for 5000 rpm), at 150 kHz, the amplitudes



5464 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 5, MAY 2021

Fig. 3. Measured EMC performance for the three investigated switching strategies, measured according to [8], with four instead of nine capacitors on the PCB,
limits CIPSR 25 class 5: (a) conducted emissions, quasi peak detector, and (b) radiated emissions, average detector; nominal operating point, n = 5000 rpm.

Fig. 4. Measured EMC performance for the AMSS at different speeds and 13.5 V, measured according to [8], with four instead of nine capacitors on the PCB,
limits CIPSR 25 class 5: (a) conducted emissions, quasi peak detector, and (b) radiated emissions, average detector.

of the single harmonics already decreased to an insignificant
value. Thus, the measured emissions hardly change for a wide
speed range.

For a reduced speed, the current drawn by the motor decreases.
Independently of the speed, the PWM approaches operate the
MOSFETs with the PWM frequencies. Due to the reduced cur-
rent, the single harmonics for the PWM approaches decrease.
However, because of the high switching frequencies, the single
harmonics for the PWM switching strategies do not decrease
as strongly as with the AMSS at 150 kHz. Thus, the emitted
conducted and radiated EME decrease with lower speeds for the
PWM approaches.

V. EFFICIENCY ANALYSIS

A. Theory

Due to the bifilar characteristic of the motor winding, the
major part of the magnetic flux is coupled with both phases.
Therefore, when phase A is switched OFF, phase B takes over
the energy stored in the magnetic field

Wmag,Lm =
1

2
Lm,A · i2

A (4)

and, thus, the corresponding current as well. This is illustrated
in Fig. 1(b) in Section II, as well as in Figs. 13 and 17, provided
in the Appendix.

The energy stored in the stray inductance

Wmag,Lσ
=

1

2
Lσ,A · i2

A (5)

is only coupled with phase A, so phase B cannot take over the
energy stored in the stray field of phase A, when phase A is
switched OFF. Therefore, this energy is converted to heat in
the MOSFET of phase A. The considerations above also apply
for the change from phase B to phase A. These losses occur
in the channels of the MOSFETs. Assuming that the parasitic
MOSFET capacitances are lossless energy buffers, the drain to
source losses represents the main part of the switching losses
[30]. The average power loss in the channels of the MOSFETs
PDS is described by

PDS =
1

Tel

∫
Tel

(uDS,A · iA + uDS,B · iB) dt (6)

where Tel is the electrical period and uDS is the drain to source
voltage of the MOSFET. High values for uDS and i only occur
simultaneously during turn-ON and turn-OFF of the MOSFETs.
Thus, a reduced switching frequency decreases the switching
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losses, i.e., PDS ∝ fsw. For the same RL-element, a higher
current results in an increased induced voltage at any given
turn-OFF instant and, thus increased switching losses.

The ohmic losses in the bifilar winding of the motor are
proportional to the square of the current and linearly dependent
on the ON time, resulting in PDS ∝ i2 and PDS ∝ TON. Due to
(6), the ohmic losses in the MOSFETs are part of the drain to
source losses, so the remaining ohmic losses in the winding can
be written as

Pohmic =
1

Tel

∫
Tel

(
RCu,A · i2A +RCu,B · i2B

)
dt. (7)

Because the switching losses are proportional to the switching
frequency, and the AMSS operates the MOSFETs at a significantly
reduced frequency, the switching losses should decrease. De-
pending on the supply voltage UDC and the circuit dynamics, the
amplitude and the duration of the phase current blocks will adjust
accordingly for the AMSS. Due toPohmic ∝ i2 andPohmic ∝ TON,
the ohmic losses decrease faster with a decreasing supply voltage
for the AMSS than for the PWM approaches. Therefore, the
overall losses should decrease faster for the AMSS than for the
PWM approaches.

B. Measurement Setup

The different quantities were measured using 120 MHz differ-
ential probes with 1 % gain accuracy (uDS, uEMF, and uHall) and
100 MHz current probes also with 1 % accuracy (iDC and iphase),
via a 2.5 GHz digital storage oscilloscope. The input power of the
DUT (PDC) was measured using a data recorder with a sample
frequency of 2 MS/s and a basic accuracy of 0.02 %.

C. Measurement Results

For the following measurements, the same example case drive
is operated under the same conditions (UDC and n). Therefore,
the difference in the losses and also in the consumed power is
related to the switching strategy. Hereafter, the influence of the
switching strategy and the supply voltage on the switching losses
and the ohmic losses is investigated.

Although the phase current and, thus the drain to source
voltage at turn-OFF of the MOSFETs increases, the switching
losses are lower for the AMSS than for the PWM approaches.
This is due to the drastically reduced switching frequency. The
AMSS reduces the switching losses in the nominal point from
90 down to 8 mW.

The switching period of the AMSS is longer than τ , thus
the current shows exponential behavior [see Fig. 1(b)]. At the
nominal operating point, the current amplitude of the AMSS
is twice as high as for the PWM techniques. The ON-time of
the AMSS is only about half of the FHPWM’s ON-time. This is
illustrated in Fig. 1(b) in Section II and Fig. 12, provided in the
Appendix. As a result, the ohmic losses increase from 745 mW
for the FHPWM to 931 mW for the AMSS.

For a reduced supply voltage UDC, the difference between the
back-EMF and the supply voltage decreases also. Therefore, the
amplitude of the AMSS’s current blocks is reduced. To maintain
constant speed of the fan, the mean value of (10) must remain
constant. So, if the amplitude of the current blocks decreases,
the duration has to increase accordingly. Due to Pohmic ∝ i2

TABLE II
POWER CONSUMPTION FOR THE INVESTIGATED SWITCHING STRATEGIES AT

DIFFERENT SUPPLY VOLTAGE LEVELS AND A SPEED OF 5000 rpm

and Pohmic ∝ TON, the ohmic losses for the AMSS decrease. In
addition to the current, the voltage uDS, which the MOSFET must
absorb at power-ON and at power-OFF, also decreases. As a result,
also the switching losses decrease.

To maintain constant speed with the FHPWM for a reduced
supply voltage, the duty cycle must increase. The PWM periods
of the FHPWM are shorter than τ , thus the current ampli-
tude hardly changes, as do the ohmic losses. The voltage of
(6) decreases according to the reduction of the supply volt-
age UDC, therefore, also the switching losses decrease. Since
PDS ∝ i · uDS andPohmic ∝ i2, the overall losses of the FHPWM
do not decrease as much for a reduced supply voltage as for
the AMSS. At UDC = 12.5 V, both switching strategies have
the same power consumption. If the voltage UDC is further
decreased, the FHPWM’s power consumption exceeds that of
the AMSS (see Table II).

The conventional PWM approach shows a similar perfor-
mance as the FHPWM. Due to the lower switching frequency,
the overall losses are slightly lower (see Table II).

VI. NOISE PERFORMANCE INVESTIGATION

A. Theory

Mechanical [31], aerodynamic [32], and electromagnetic
sources are distinguished from one another. The contribution
of magnetostriction and coil deformation to the electromagnetic
noise is very small and can usually be neglected [33]. Beside
radial magnetic forces, the torque ripple of electric machines
can also be a significant electromagnetic noise source [34]. The
resulting noise is the reason why BLDC machines have been
rarely used for indoor applications in the past [35]. The torque
ripple Trip is the difference of the maximum and the minimum
of the instantaneous torque Tinst

Trip = max (Tinst)− min (Tinst) . (8)

The instantaneous torque is composed of the electro-magnetic
torque Tem and the cogging torque Tcog

Tinst = Tem + Tcog. (9)

With the single-phase BLDC machines under consideration
here, the electro-magnetic torque is derived from the respective
phase variables uEMF and i and the mechanical angular velocity
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ωmech

Tem =
1

ωmech
(uEMF,A · iA + uEMF,B · iB) (10)

where ωmech is derived from the electrical period, the number of
pole pairs p, and the electrical period Tel by

ωmech =
2π

p · Tel
. (11)

B. Measurement Setup

All quantities of (10) and (11) were measured with the mea-
surement equipment described in Section V-B.

The cogging torque peaks are very often in the submilli-
Newton meter range for FHP permanent magnet (PM) motors
and, therefore, challenging to measure. For the example case
drive used, the cogging torque was measured with a rheometer
[36] with an angular resolution of <10 nrad and a torque reso-
lution of 0.05 nN·m. The maximum deviation of the measured
value to the real value of the torque is ±0.5 % with respect to
the measured value, but maximum ±0.2 μN·m.

Because international noise standards for automotive auxil-
iary drives are still under development, the airborne sound mea-
surements were carried out according to the in-house standard
VW82469 [37]. To comply with this standard, the measuring
microphones have to be placed at a distance of 1 m from the
center of the noise source. The orientation of the DUT with
respect to the microphones must be selected in such a way that
the maximum sound pressure level (SPL) is recorded, and the
DUT shall be operated as in the final application.

The structure-borne sound analysis was carried out with three
Brüel and Kjaer single-axis acceleration sensors (ISOTRON
2250AM1-1, one for each direction; x, y, and z) mounted on the
housings of the fans. The total mass of the sensors should not
exceed 10 % of the DUT [38]. A Nexus conditioning amplifier
type 2690 was used to process the measurement signals. To
obtain the resulting force components, the signals of the three
individual directions are added and then multiplied by the mass
of the fan system. As with the airborne sound measurements,
the fan was suspended with elastomers.

C. Measurement Results

Fig. 5 shows the measured cogging torque, the electromag-
netic torque, and the instantaneous torque for the AMSS at
the nominal speed of 5000 rpm. Fig. 6 shows the same results
for the FHPWM. Independently of the switching strategy, the
average value of the instantaneous torque must remain constant
to keep the fan at the desired speed (T inst = 1.54 mN · m for n =
5000 rpm). However, the torque ripple increases from 3.5–
7.4 mN·m by the use of the AMSS, compare Figs. 5 and 6. This
may increase the emitted airborne and structure-borne sound.
This effect is especially pronounced at lower speeds at which
the mass moment of inertia cannot smooth the output torque
sufficiently.

For frequencies above 400 Hz, the airborne noise is dominated
by the broadband in- and outflow noise of the fan [23], thus, it
remains almost unaffected by the switching strategy. However,
in the frequency range below 400 Hz, the SPLs of the AMSS

Fig. 5. Measured torques for the AMSS; Tem determined as per (10), Tcog
measured with a rheometer; nominal operating point, n = 5000 rpm.

Fig. 6. Measured torques for the FHPWM; Tem determined as per (10), Tcog
measured with a rheometer; nominal operating point, n = 5000 rpm.

Fig. 7. One-third-octave band analysis of the airborne sound according to [37]
for AMSS and FHPWM control, limits VW82469 class 3; nominal operating
point, n = 5000 rpm.

exceeds the SPLs of the FHPWM, due to the higher torque ripple,
see Figs. 7 and 8.

The increase of the torque ripple can also be seen in Fig. 9.
It compares the one-third-octave band analysis of the structure-
borne sound for the AMSS and the FHPWM at 5000 rpm. Both
switching strategies show a local maxima around 83.3 Hz, which
equals the mechanical speed of 5000 rpm.
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Fig. 8. One-third-octave band analysis of the airborne sound according to [37]
for AMSS and FHPWM control, limits VW82469 class 3; n = 4000 rpm.

Fig. 9. One-third-octave band analysis of the structure-borne sound for AMSS
and FHPWM control; nominal operating point, n = 5000 rpm.

Fig. 10. One-third-octave band analysis of the structure-borne sound for
AMSS control, measured at different speeds.

Fig. 10 shows the measured structure-borne sound analysis of
the AMSS for 4000, 5000, and 6000 rpm. Because of the distinct
peaks of the force at the mechanical speed, the fan operated with
the AMSS will more likely stimulate resonances and thus may
lead to structure-borne noise problems.

If the supply voltage UDC decreases, also the amplitude of
the phase currents of the AMSS decreases. To maintain constant
speed, the duration of the phase current blocks must increase

TABLE III
PARAMETERS OF THE TWO INVESTIGATED MOTORS

accordingly (see Section V). The torque ripple also decreases
with the amplitude of the currents [see (8)–(10)]. Thus, while
the torque ripple generally increases the structure-born sound at
lower frequencies, this noise performance increases if the differ-
ence between the supply voltage and the back-EMF decreases.

The airborne and structure-borne sound analyses for the PWM
approach is not shown explicitly because they show similar
results to the analyses for the FHPWM approach.

VII. CURRENT AND TORQUE RIPPLE INVESTIGATIONS

This section investigates the influence of the proposed AMSS
on the current and torque ripple for motors of different size. In
general, the p.u. resistance decreases for motors with increasing
output power, for constant supply voltage UDC. The driving
voltage for the phase currents is the difference between the
supply voltage and the back-EMF, uEMF. Thus, the maximum
phase current increases with a decreasing resistance

iphase = f

(
UDC − uEMF

R

)
. (12)

As already stated in Section II, due to the AMSS’s low
switching frequency, the AMSS does not allow controlling the
current amplitude. In contrast, the current will increase with the
winding time constant τ = Lm/RCu until it reaches its final value,
or until the switch is turned OFF again.

As per (8), the torque ripple, Trip, is defined by the difference
between the maximum and the minimum of the instantaneous
torque. Whereas the instantaneous torque is composed of the
electromagnetic torque, Tem, and the cogging torque, Tcog, see
(9), Tcog is determined by the motor geometry and the PMs and
therefore cannot be influenced during operation. The electro-
magnetic torque depends on the shape of the current waveform,
see (10).

A. Method of Analysis

To investigate the influence of the proposed switching strategy
on the current and torque ripple for motors of different size, an
LTSpice model was implemented. For comparison, a second,
higher-power, single-phase BLDC motor with a bifilar winding
for an automotive water pump [39] is used. Table III shows its
parameters. The output power of the higher power motor is nine
times more than that of the example case drive.
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TABLE IV
rms AND RIPPLE OF THE PHASE CURRENT FOR THE INVESTIGATED MOTORS OPERATED AT DIFFERENT SPEEDS. PARAMETERS AS PER TABLE III.

Fig. 11. Model validation: measured and simulated phase currents for the
example case drive, AMSS control; nominal operating point, n = 5000 rpm.

Inputs for the LTSpice model are the motor parameters RCu,
Lm, p, and the wave form of the back-EMF uEMF. [39] does
not give any information on the cogging torque of the motor
chosen for comparison. Thus, the simulation results for the
torque correspond to the electromagnetic torque (10). The load
characteristic is modeled with an M ∝ n2 characteristic in such
a way, that the nominal torque is required at nominal speed.
Due to the higher time constant of the higher power motor, the
current in one electrical half-period would not rise fast enough to
maintain the speed. Therefore, the motor is precommutated with
the angle αprior. This angle is adopted linearly with the speed for
the simulations for the higher power motor at 13 V.

Fig. 11 shows the simulated and measured phase currents for
the example case drive, validating the model.

B. Simulated Current Ripple

1) Nominal Terminal Voltages: Table IV shows the simulated
current ripples and rms currents of both investigated BLDC
motors for 100%, 80%, and 60% nominal speed, as well as the
ratios between the current ripple and the rms-current.

Due to the higher power motor’s significantly lower resis-
tance, the time constant increases, (see Table III). Therefore, the
time the current needs to reach its final value increases. This in
turn reduces the relative current ripple Irip/Irms (see Table IV).

2) Elevated Terminal Voltage of the Higher Power Motor:
The example case drive is designed for a speed of 5000 rpm at
a minimal voltage of 8 V, while the experiments are realized at

the nominal voltage of 13.5 V. Due to the higher difference of
the back-EMF and the supply voltage, the current ripple is larger
than at 8 V operation. To drive the higher power motor in a similar
operating point as the example case drive, the supply voltage for
the higher power motor was increased to 13 V 13.5 V

8 V ≈ 22 V.
Due to the higher supply voltage, the motor does not need to
be precommutated (αprior = 0). The simulation results for the
increased voltage are depicted in Table IV.

The influence of the increased supply voltage can be clearly
seen by the increased current ripple, the ripple at the nominal
speed increases by 24% for the higher power motor (see Ta-
ble IV).

C. Simulated Torque Ripple

1) Nominal Terminal Voltages: Table V shows the simulated
torque ripples and mean values of the electromagnetic torque as
per (10) of both investigated BLDC motors for 100%, 80%,
and 60% nominal speed. As the high time constant of the
higher power motor slows down the current rise and fall times,
the higher power motor is energized for a larger share of the
electrical half-period to maintain the required speed. Thus, the
relative current ripple decreases. This, in turn decreases the
relative torque ripple (see Table V).

2) Elevated Terminal Voltage of the Higher Power Motor:
Table V shows the simulated torque for the higher power motor
at the elevated supply voltage. Here, the elevated voltage leads
to a smaller or higher Trip, depending on the precommutation
angle αprior of the higher power motor at nominal voltage. For
high values of αprior, the positive phase current and the still
negative value for the back-EMF results in a small negative
peak of the electromagnetic torque. This negative peak has only
a small influence on the mean value T em. However, it increases
the torque ripple Trip, compare to Trip for the higher power motor
at 100% nominal speed (see Table V).

D. Results

The current in the phase is determined by the time constant, the
ohmic resistance, and the difference between the supply voltage
and the back-EMF. If the time constant increases, the current will
rise and fall more slowly. Thus, the relative current ripple will
decrease. This also positively affects the relative torque ripple.

As the absolute value of the inherent torque ripple of single-
phase BLDC motors increases with output power, the sizing
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TABLE V
MEAN VALUE AND THE RIPPLE OF THE ELECTROMAGNETIC TORQUE AS PER (10) FOR THE INVESTIGATED MOTORS OPERATED AT DIFFERENT SPEEDS.

PARAMETERS AS PER TABLE III.

of single-phase machines is limited [39]. While the AMSS
further increases this torque ripple, especially at lower speeds
(see Table V) this effect is only minor when compared with the
inherent increase due to the motor size.

Thus, the AMSS is a favorable alternative to the PWM ap-
proaches to reduce the radiated EME.

VIII. CONCLUSION

This article presents a switching strategy to reduce the ra-
diated EME of FHP drives. The main objective is to reduce
the switching frequency down to the electrical frequency of the
driven electrical machine, and to adjust the mean value of the
voltage by the conduction angle. Thereby, the necessary EMC
filter can be reduced. A conventional PWM approach and a
frequency hopping PWM approach are used as state-of-the-art
references.

Compared with the PWM approaches, the AMSS decreases
the radiated EME by almost 10 dBμV/m over a wide frequency
range, although the size of the EMC filter was decreased, down
to less than 50%, from nine to four capacitors.

Next, the influence of the new switching approach on the
efficiency is investigated. At lower supply voltages, the AMSS
performs better than the PWM approaches, whereas the losses
within the drive system are higher with higher supply voltages.
For the example case drive, the threshold voltage is 12.5 V.

Furthermore, the influence of the proposed AMSS on the
airborne and structure-borne sound is investigated. Although
the AMSS increases the torque ripple by the increased cur-
rent amplitudes, the airborne and structure-borne noise does
not increase significantly. The structure-borne sound needs to
be addressed appropriately by the design of the fan’s housing
and the suspension thereof. Then, the AMSS allows the EMC
filter to be drastically reduced in size, in this case from nine
to four capacitors. This also lowers the cost of the electron-
ics and increases its reliability due to the reduced number of
components.

Finally, the simulation results of a motor with a more than
nine times higher output power than the example case drive are
evaluated. Due to the higher time constant of the higher power
motor, the relative current and torque ripple decrease, although
the absolute values increase. But, this is inherent to single-phase

BLDC motors and also limits their size. Thus, the AMSS is
a favorable alternative to the PWM approaches to reduce the
radiated EME of FHP BLDC motors.

APPENDIX

ADDITIONAL MEASUREMENT RESULTS AT DIFFERENT

CONTROL STRATEGIES

Fig. 12. FHPWM control: measured phase currents and Hall signal; nominal
operating point, n = 5000 rpm.

Fig. 13. FHPWM control: measured phase currents, detailed view of 4.9 ms
≤ t ≤ 5.3 ms; nominal operating point, n = 5000 rpm.
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Fig. 14. FHPWM control: measured cable harness current and Hall signal;
nominal operating point, n = 5000 rpm.

Fig. 15. FHPWM control: measured cable harness current, detailed view of
4.9 ms ≤ t ≤ 5.3 ms; nominal operating point, n = 5000 rpm.

Fig. 16. PWM control: measured phase currents and Hall signal; nominal
operating point, n = 5000 rpm.
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Fig. 17. PWM control: measured phase currents, detailed view of 4.9 ms≤ t ≤
5.3 ms; nominal operating point, n = 5000 rpm.

Fig. 18. PWM control: measured cable harness current and Hall signal;
nominal operating point, n = 5000 rpm.

Fig. 19. PWM control: measured cable harness current, detailed view of
4.9 ms≤ t ≤ 5.3 ms; nominal operating point, n = 5000 rpm.
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