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BLDC Motor and Drive Conducted RFI Simulation
for Automotive Applications

John E. Makaran, Student Member, IEEE,and Joe LoVetri, Member, IEEE

Abstract—In considering automotive conducted radio-fre-
quency-interference (RFI) specifications applicable to motors and
their associated drives, simulation of conducted RF emissions in
the range from 150 kHz to 30 MHz is an area of interest from the
product design perspective for several reasons. Traditionally, sup-
pression of conducted noise in this frequency range of interest has
been achieved through the use of bulk suppression elements such
as capacitors and inductors. These elements consume valuable
space within the motor, as well as add cost. The selection of bulk
noise suppression elements, has, in the past, been predominately
made through trial and error “brute force” methods. A method
is presented whereby conducted RFI emissions can be simulated
through the use of a high-fidelity virtual motor and drive model,
as well as a virtual spectrum analyzer. Experimental validation
of the model shows that accurate predictions can be made in the
low-frequency range, below 10 MHz. Suggestions are made on
how to improve the model at higher frequencies.

Index Terms—Brushless dc (BLDC), electromagnetic (EMC)
simulation, fast Fourier transform (FFT), pulsewidth modulation
(PWM), radio-frequency interference (RFI).

I. INTRODUCTION

I N RECENT YEARS, brushless dc (BLDC) motors have
been introduced for engine cooling applications, replacing

conventional belt driven and electrodrive cooling fans with
one or two discrete speeds. In automobiles, the introduction
of electronically commutated motors has been accompanied
by a proliferation of electronic devices. With this proliferation
of electronic devices, an emphasis has been placed on EMC
issues. The increase in the capabilities of electronic simulation
tools has resulted in the feasibility of modeling complete
electromechanical systems. Through the use of analog be-
havioral modeling, the mechanical behavior of the motor
and its associated load can be simulated using an electronics
simulation package such as PSPICE. Such a model can be used
not only to predict low-frequency phenomenon such as torque
ripple, but can also be extended to the prediction of conducted
RFI emissions.

The virtual motor model created in this study includes mea-
sured, lumped parameter models of the self inductance of the
motor phases, as well as mutual coupling between the motor
phases, iron losses, and the associated pulsewidth-modulated
(PWM) drive and load. The parameters of the two motor wind-
ings studied are summarized in Table I.
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TABLE I
SUMMARY OF RELEVANT MOTOR WINDING PARAMETERS

Several pertinent papers have been published in recent years
concerning the simulation of conducted RFI emissions in brush-
less motors [1]–[6] for industrial applications. All of these treat
conducted emissions for high voltage, three phase, synchronous
and asynchronous, bipolar motors for electric vehicles, or indus-
trial applications. As such, there are no papers examining con-
ducted RFI emissions from low-voltage, high-current, unipolar
permanent magnet motors. This paper considers the simulation
of conducted RFI emissions from a 13-V, 400-W, five-phase,
permanent magnet, unipolar, BLDC motor for use in an un-
derhood automotive engine cooling application. The frequency
range of interest for this study ranges from 0.15 to 30 MHz. The
techniques implemented in this research can be easily extended
to other motor drive applications.

II. M ODEL FORMULATION

A block diagram of the experimental setup that was modeled
is shown in Fig. 1. The loading of the motor consists of the
cooling fan associated with the application. The motor case is
grounded to the negative control lead, which in turn is connected
to the ground plane of the test setup, and the motor itself is
placed on a 50-mm-thick insulator.

In this study, the conducted emissions are obtained during
medium- and high-speed operation. The magnitude and fre-
quency content of conducted RFI emissions in motors and
drives is dominated by the magnitude and switching times of
the motor current. As such, the system model must consider the
interaction between the electrical, magnetic, and mechanical
behavior of the motor and load. This relationship is represented
in block diagram form in Fig. 2.

The electrical behavior of the machine is described by

(1)

in which the applied voltage vector,, represents the voltage ap-
plied to the terminals of the motor (). In the case where PWM
is used to control the speed of the motor,will be a function of
the PWM duty cycle. At full speed, the motor terminals will see
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Fig. 1. Schematic representation of experimental test setup.

Fig. 2. Relationship between electrical, magnetic, and mechanical system behavior.

the full battery voltage (PWM duty cycle ). The vector
represents the dc resistance vector of the motor phases ().

The rotor position is represented by(rad). is the motor
inductance matrix as a function of rotor position (). The in-
ductance matrix will include self and mutual inductance terms.
The phase current vector is represented by( ), and is
the flux vector with respect to the rotor position (Wb).

The magnetic behavior of the machine is governed by

(2)

in which (Nm) represents the generated electromagnetic
torque.

The mechanical behavior of the machine can be described by

(3)

where is the moment of inertia of the motor rotor and fan
load (kg m ), represents the iron and damping losses of the
motor (Nm s/ rad), and represents the motor load (Nm). For
the case of a fan load, the torque is given as

(4)

where the motor shaft speed is represented by (rad/s)
while is the fan load constant (rads Nm ).

If the characterization of low-frequency motor performance
is desired, (1)–(3) can be solved numerically. A numerical ap-
proach to solving these equations has been used in the past

to model low-frequency behavior of motors and their associ-
ated loads. The equations governing the behavior of a three
phase synchronous machine under no-load conditions have been
solved using the Runge–Kutta technique [7]–[10]. Similarly, the
real-time simulations of induction motors have been performed.
Some authors such as Strahan [11], Zhanget al.[12], Jacket al.
[13], [14], and Cho [15] have studied motor performance via
numerical solutions of these, or similar, differential equations.
Typically, models based on the solution of such equations can
be used to evaluate general electromechanical behavior but RFI
concerns cannot be taken into account. This is due primarily to
the difficulty of incorporating parasitic properties of the motor
drive circuit elements into these equations. Work has been per-
formed, however, on the use of state variable techniques to pre-
dict conducted emissions in switch-mode power supplies [16].
Parasitic capacitance and inductance on the boards in which the
motor drives are implemented contribute greatly to the high-fre-
quency conducted emissions. In the area of conducted RFI mit-
igation, measurement based techniques have been used to ex-
amine the effects of decoupling components across the power
supply of printed circuit boards for frequencies up to 1 GHz
[17].

Typically, publications dealing with brushless applications
have examined the relationship between motor and drive for
high voltage, three phase bipolar induction motors for use in
electric vehicle or industrial applications. As such, there are no
papers examining conducted RFI emissions from low-voltage,
high-current, permanent magnet motors. In the prediction of
conducted RFI emissions, the steady-state-system behavior
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Fig. 3. Electrical model of a single motor phase.

under load conditions is of concern. For low-voltage, high-cur-
rent applications, magnetic nonlinearities and switching device
parasitics cannot be ignored.

To attempt to model the high-frequency behavior of the ma-
chine, drive, and associated load, a solution based on modifying
the above equations is unwieldy for several reasons. The pri-
mary reason is the high number of energy-storage elements (ca-
pacitors and inductors) that are present in the motor and drive.
These elements would add to the complexity of the set of dif-
ferential equations. The equations could be simplified through
various assumptions, however, the accuracy of the model would
be compromised. To predict the conducted RFI behavior of the
system in this frequency range of interest, bulk and parasitic el-
ements of active and passive components in the inverter must be
included. In order to include parasitic terms present in electronic
components such as diodes and MOSFETs, the entire motor and
drive system was simulated using lumped element modeling in
PSPICE.

III. SPICE ELECTRICAL-MOTOR MODEL

The magnetic behavior of the machine and the fan load were
determined experimentally and incorporated in the model. As
such, the magnetic model employed was a lumped, measured
parameter model. All of the magnetic parameters such as the
back EMF constants, self and mutual inductances were mea-
sured, but could have been predicted using numerical techniques
such as a finite element method. Once the magnetic parameters
were obtained, the magnetic behavior of the motor was adapted
for the fan load across the entire operational speed range of the
system. The complete model of one motor phase is shown in
Fig. 3. The system was modeled omitting significant RFI sup-
pression components in order to examine the contribution of the
motor and drive to conducted RFI emissions.

Examining Fig. 3, the top of the motor phase is connected
to the positive voltage supply. This connection in turn, is in
series with a current controlled voltage source which is used
as the phase current observer. This is in series with the phase
back EMF, the phase self-inductance, and the phase winding
resistance. The trapezoidal motor phase back EMF was mod-
eled as a series of first, third, and fifth harmonics obtained

through measurements. At the bottom of the motor phase is
a voltage source used to represent the sum of the mutually
coupled voltages from the other motor phases. The individual
mutually coupled voltage contributions incorporate the actual
measured values of the mutual inductance between the phase of
interest and the other motor phases. The expressions for mutual
inductances as a function of rotor position were represented
through harmonic decomposition obtained through direct
measurement. A description of the dependent voltage sources
used to model the mutual coupling is given below.

In parallel with the motor phase are the phase self capaci-
tance, and the phase iron losses that were obtained using motor
loss separation tests.

In a PWM motor drive, conducted RFI emissions at lower fre-
quencies are influenced by the larger energy storage elements
in the motor and drive, such as the motor phase inductance. As
such, it was decided to measure the motor self and mutual in-
ductances as a function of rotor position. Since the motor being
studied is unipolar, only the part of the- curve in the first
quadrant is traversed during operation (i.e., current can only
flow in one direction during one electrical cycle). In order to in-
corporate the effects of magnetic nonlinearities, it was decided
not to use anLCRmeter to measure the motor inductances. A
method of experimentally determining the inductance that takes
into account the magnetic behavior of the motor under various
operating conditions is described as follows. The inductance,,
of an -turn phase winding for any angular position,, can be
written as

(5)

where (Wb) is the total flux linkage linking
that phase at the angular position, and is the current
in the phase. The induced EMF in the phase winding may be
written as

(6)

Integrating the induced EMF with respect to time, the total flux
linkage is obtained

(7)

Once the total flux linkage is determined, the inductance of the
motor phase can be easily obtained. In our measurements, ex-
citation of the motor phase to a desired magnitude of current
was achieved through low-frequency switching of the motor
phase ( 0.5 Hz), and subsequent integration of the resultant
EMF. The magnetic coupling between adjacent motor phases is
analogous to the coupling present between the primary and sec-
ondary windings of a transformer. Therefore, the mutual cou-
pling between adjacent motor phases was determined via the
same method. This arrangement is outlined in Fig. 4. As may
be seen, there are two separate integrators, one to determine the
primary motor phase inductance, and one to determine the mu-
tual coupling between two adjacent motor phases.

The determination of self and mutual inductance was per-
formed at discrete angular positions across one mechanical pole
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Fig. 4. Experimental setup to determine motor inductance matrix.

Fig. 5. Simple transformer model used in modeling of mutual coupling
between motor phases.

pair to determine the inductance matrix as a function of rotor po-
sition. It was found that there was no significant change in the
phase self inductances as a function of rotor position and these
were, therefore, represented by constant values. The mutual in-
ductances, however, were represented using discrete functions
of the rotor position.

In considering the inclusion of mutual coupling terms in the
PSPICE model for a five-phase motor, the mutual coupling, or
transformer action, between phases was modeled using depen-
dent voltage sources. Consider a simple transformer comprised
of a primary and secondary winding as illustrated in Fig. 5. The
primary and secondary windings and respectively, are as-
sumed to be ideal and lossless. They are coupled together on a
lossless iron core through a mutual inductance,. The primary
winding is connected to a voltage source. The voltage across the
secondary of the transformer is represented as.

Applying KVL to the voltage drops clockwise around the pri-
mary loop, we have

(8)

whereas in the secondary loop, going counterclockwise, we
have

(9)

We can think of the two terms and
as voltage source contributions from the opposite side of the
transformer. These two equations can be manipulated to get

(10)

Fig. 6. Transformer model showing mutually coupled voltage terms as
dependent voltage terms.

Fig. 7. Electromechanical motor model equivalent analog circuit
representation.

(11)

Writing the effective inductances as

and (12)

It is a simple matter to write the KVL equations as

(13)

(14)

When the mutual coupling between the windings is weak, the
coupling factor is small, so the term is negligible and

and . Our exact (or approximate) transformer
equations can now be implemented as dependent voltage con-
trolled voltage sources as shown in Fig. 6.

By knowing the value of the mutual inductance as a function
of rotor position, the voltage drop across the primary inductance,
and the primary inductance as a function of rotor position, the
mutual coupling between two motor phases can be modeled as
a dependent voltage source.

IV. SPICE ELECTROMECHANICAL–MOTORMODEL

In modeling the electromechanical motor model, the relation-
ships in (2)– (4) had to be considered and incorporated into the
SPICE model as a circuit element. Fundamentally, this was an
exercise of modeling the various electromechanical torques as
circuit elements.
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Fig. 8. Schematic representation of power stage of one motor phase.

Considering the first term of the right-hand side of (3) dealing
with the torque contribution from the moment of inertia of the
motor and fan, we write

(15)

to

(16)

where is the angular velocity of the motor rotor (rad s).
This expression is analogous to the relationship governing the
current through a capacitor . Hence, the moment
of inertia of the motor and fan load may be represented as a
capacitor, and the voltage across the capacitor may be used to
represent the speed of the motor.

Combining (2), (3), and (4) yields

(17)

Thinking of this as a KCL equation, it is possible to repre-
sent (17) as a circuit with the various generated, loss, and load
torques expressed as current sources. This circuit is illustrated
schematically in Fig. 7. The motor speed is obtained by calcu-
lating the node voltage labeled in this circuit.

The voltage controlled current source used to represent the
generated torque is comprised of the sum of the torques gen-
erated from each motor phase. The term representing the load
torque is a voltage controlled current source incorporating the
fan constant for the particular fan load. The internal motor loss
torque, such as bearing friction, is modeled as a constant cur-
rent source. Windage losses in this application were not signifi-
cant, so they were excluded in the simulation model. The motor
moment of inertia is modeled as a capacitor. Finally, the motor
speed is integrated by a voltage controlled voltage source to ob-
tain the angular position of the motor rotor. This information is
then used to determine the phase back EMF and the mutual cou-
pling between phases at that position.

V. POWER-STAGE MODELING

The model of the power stage which was used, for each phase,
is shown in Fig. 8.

As may be seen in Fig. 8, the power stage of the motor is
located on the low side of motor phase. The motor phases are
energized by a BUZ100 MOSFET which, in turn, is energized
by a totem pole MOSFET driver connected to the gate of the
MOSFET. The MOSFET driver is bypassed with a 220 nF ca-
pacitor, while the MOSFET is bypassed with a 1 nF capac-
itor connected to the drain of the MOSFET to act as a turn-off
switching aid. The freewheeling path for the coils is through the
resistor, capacitor, diode (RCD) snubber comprised of the 7.5-
resistor, the 9.5-F capacitor, and the MURD320 diode. The
RCD snubber is shared by all five phases of the motor. The top
of the 7.5- resistor is connected to the positive voltage supply
of the motor.

All active components were modeled using PSPICE equiv-
alents from the appropriate manufacturers’ libraries. Capaci-
tors were modeled using their high-frequency model approx-
imations including the appropriate values of lead inductance
and equivalent series resistance from derived component data
sheets. Printed-circuit-board (PCB) interconnections for high-
current paths were modeled as series combinations of stray re-
sistances and inductances. Consequently, the effects of capaci-
tive or inductive coupling of noise from one PCB layer to an-
other, or from one trace to another were ignored. The stray PCB
resistances and inductances were obtained via measurements,
and varied between phases. The decision to exclude the effects
of capacitive and inductive coupling in the power stage model
was made to simplify the model and to reduce computing time.

VI. LISN M ODELING

The schematic for the line-impedance stabilization network
(LISN) that was used in the measuring of conducted RFI emis-
sions appears in Fig. 9. The LISN is a typical 5-H LISN that
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Fig. 9. Schematic representation of LISN.

Fig. 10. Simulated MOSFET drain-to-source voltage at midspeed.

was placed in series with the positive supply of the motor. In ac-
cordance with the measurement set up, as governed by the con-
ducted RFI specification which was used (a CISPR25 variant),
an identical LISN was placed in series between the battery neg-
ative and the negative supply of the motor.

In the conducted RFI specification used in this study, limits
are only placed on the differential mode noise; there was no re-
quirement to measure common mode noise. Therefore, the mod-
eling of sources of common mode emissions was not dealt with.
In order to obtain the spectrum of the differential mode emis-
sions, the time-domain LISN voltages were obtained through
simulation and subsequently subjected to spectral analysis.

VII. T IME-DOMAIN RESULTS

Conducted emissions testing and simulations were performed
and compared at a constant midspeed and constant high-speed.
In the case of the nine-turn winding, this corresponds to speeds
of 2200 rpm, and 2800 rpm, respectively. In the case of the
ten-turn winding, this corresponds to speeds of 2000 and 2600
rpm, respectively.

Although the ultimate goal is to achieve frequency-domain
data, time-domain results provide a valuable qualitative vali-
dation of the system model. Fig. 10 illustrates the simulated

drain-to-source voltage of one motor phase during midspeed
operation, while, Fig. 11 illustrates the actual drain-to-source
voltage of one motor phase during midspeed operation for a
motor using the ten-turn winding.

Similarly, the simulated MOSFET drain-to-source voltage
for a phase MOSFET appears in Fig. 12, while the measured
MOSFET drain-to-source voltage appears in Fig. 13 for
high-speed operation for a motor using the ten-turn winding.

As illustrated in the drain-to-source voltage waveforms,
a “block” commutation control scheme is employed. In this
scheme, the motor phase conducts for a defined period of time
when the back EMF in the motor phase is greater than zero,
and nonconducting for the remainder of the period. In Figs. 9
and 10, during midspeed operation, PWM is used to control
the voltage across, and hence the current through, the motor
windings during the conduction period of the motor phase.
This is not the case during high-speed operation, where the full
battery voltage is switched across the motor windings without
PWM during the conduction period of the motor phase. As
such, conducted emissions during midspeed operation are more
problematic. It is worthy to note that the typical switching
times for the MOSFET drain-to-source voltage during PWM
are equal to approximately 1s. The switching times of the
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Fig. 11. Measured MOSFET drain-to-source voltage at midspeed.

Fig. 12. Simulated MOSFET drain-to-source voltage at high speed.

microcontroller used to control the MOSFET drivers is consid-
erably faster, between 150 and 200 ns. In both the simulated
and measured cases for midspeed and high-speed operation the
effects of mutual coupling from adjacent motor phases may be
seen during the nonconducting period of a motor phase.

Examining Figs. 10–13, we see that the simulated and mea-
sured results show good comparison.

To compare the simulated and measured LISN voltages, the
voltage at the output of the positive LISN was selected. The sim-
ulated positive LISN voltage for a motor operating at midspeed
is shown in Fig. 14, while the measured positive LISN voltage

for midspeed conditions is shown in Fig. 15 for a motor using a
ten-turn winding.

As may be seen in the waveforms for the midspeed case,
the comparison between simulated and experimental wave-
forms is good both in terms of magnitude as well as shape.
The maximum positive voltage of the conduction envelope in
the simulated case is 66.7 mV which compares well with
the measured value of 70.4 mV. The maximum negative
voltage of the conduction envelope in the simulated case is

24.9 mV, which also compare well with the measured value
of 22.0 mV. The envelope for the LISN voltage during one
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Fig. 13. Measured MOSFET drain-to-source voltage at high speed.

Fig. 14. Simulated LISN voltage at midspeed.

electrical cycle is the same in both the simulated and mea-
sured case.

The simulated positive LISN voltage at high speed is shown
in Fig. 16. The measured positive LISN voltage for high-speed
operation is shown in Fig. 17. In comparing the two cases, it may
be seen that there is also good correlation between the simulated
and measured cases. The large periodic peak in the waveform
is the result of the behavior of the motor and drive during the
transition of one motor phase turning off, to the turning on of
the next motor phase in the commutation sequence. In the sim-

ulated case, the magnitude of this peak is equal to63.5 mV,
which compares well with the measured value of approximately

62 mV. The maximum negative voltage in the simulated case
is equal to 24.6 mV, while in the measured case, the maximum
negative voltage is equal to24.8 mV. As such, in terms of the
magnitude of the LISN voltages, there is good comparison be-
tween the simulated and measured results.

Once the time-domain LISN voltages were obtained, a
method of determining the frequency spectrum of the LISN
voltages was implemented.
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Fig. 15. Measured LISN voltage at midspeed.

Fig. 16. Simulated LISN voltage at high speed.

VIII. D ETERMINATION OF CONDUCTEDRFI SPECTRUM

To obtain simulation results that could be correlated directly
to measured results, it was decided to simulate the behavior of
a typical superheterodyne spectrum analyzer which might be
used in a conducted RFI measurement. The spectrum analyzer
parameters that were duplicated in the MATLAB® simulation
were obtained from a modified version of the CISPR 25 specifi-
cation. The measurement parameters included an IF bandwidth
of 10 kHz, frequency steps of 7.5 kHz, as well as peak detection
with no attenuation.

To completely duplicate a superheterodyne type spectrum an-
alyzer in PSPICE would be impractical due to long computing

times. Only the important features of a spectrum analyzer were
modeled.

Two methods were attempted to implement the spectrum an-
alyzer in MATLAB. The first method involved the implementa-
tion of a digital bandpass filter, whose characteristics approx-
imated those of the IF filter of the actual spectrum analyzer.
The center of the filter was swept across the frequency band
of interest in discrete frequency steps. The digital filter was ap-
plied to the LISN time-domain voltage waveforms output from
PSPICE for each frequency step.

In the duplication of the IF filter characteristics, a third order,
digital, butterworth filter was used to simulate the steep roll-off
characteristics of the IF filter. Although this method yielded the
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Fig. 17. Measured LISN voltage at high speed.

Fig. 18. Midspeed conducted RFI spectrum. (Ten turns, 17 AWG.)

most accurate results, this method was computationally inten-
sive for a simple reason. According to Nyquist’s criterion, the
sampling frequency of a signal must be at least two times the
frequency of interest. In applying the digital filter to the signal,
as the frequency of interest increased, so too did the sampling
frequency.

The second method that was implemented was to pass a
sliding window over the time-domain data and apply a fast
Fourier transform (FFT) to the windowed data. The FFT was
performed for each window over the entire frequency range
of interest at fixed frequency steps. In this case the conducted
RFI was calculated every 7.5 kHz, from 150 kHz to 1 MHz.

To simulate a “peak hold” function of the spectrum analyzer,
the FFT values for each window were subsequently compared,
and the maximum value of the transform was kept for the
particular frequency of interest. The FFT was performed using
a Hamming window.

In terms of duplicating the characteristics of the IF filter using
this method, the FFT was performed using the 10 kHz resolu-
tion bandwidth specified. As the filter characteristics of the IF
filter in the spectrum analyzer used in experimental measure-
ments possessed a steep roll-off, the shape of the peaks in the
simulation were a good approximation for the characteristics of
the IF filter used in experimental measurements.
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Fig. 19. High-speed conducted RFI spectrum. (Ten turns, 17 AWG.)

TABLE II
SUMMARY OF ERRORBETWEENEXPERIMENTAL AND SIMULATED CONDUCTED

RESULTS FORMID-SPEEDOPERATION. (TEN-TURN, 17-AWG WINDING)

TABLE III
SUMMARY OF ERRORBETWEENEXPERIMENTAL AND SIMULATED CONDUCTED

RESULTS FORHIGH-SPEEDOPERATION. (TEN-TURN, 17-AWG WINDING)

IX. FREQUENCYDOMAIN RESULTS

The FFT results for midspeed operation, and high-speed op-
eration for the motor and drive without RFI suppression compo-
nents appear in Figs. 18 and 19 for the ten-turn, 17-AWG motor
winding, respectively. The straight line passing through the data
on all graphs is the specification limit for the frequency range of
interest. The darker curves on both graphs are the measured re-
sults. Tables II and III are a summary of the average and worst
case errors between simulation and measurement in the mid-
speed and high-speed case respectively for the ten-turn winding.

The midspeed results for the ten-turn, 17-AWG motor
winding, show that the simulated values follow the same
trend as the experimental values across the lower frequency

range of interest, however, the peak measurements obtained
in the simulation are higher than the measured case. The
difference between simulated and measured results increases at
frequencies above 10 MHz. The discrepancies are attributable
to several factors. Some discrepancy in the frequency-domain
magnitudes at low frequencies may be due to the inherent
differences between the FFT method used in simulation, and
experimental measurement. One discrepancy may have to do
with the characteristics of the spectrum analyzer peak detector
used in measurement. At the higher frequencies, the discrep-
ancy may be due to the absence of capacitive and inductive
coupling between the PCB layers, or from the motor windings
to the PCB, or from the PCB to the motor leads.

In the case of high-speed motor operation, the measured and
simulated results show better comparison at lower frequencies,
with the worst case difference equal to approximately 5.74 dB.
The high-speed simulation results appear to be more broadband
in nature than the experimental results, decreasing at approxi-
mately 20 dB per decade.

At frequencies greater than 1 MHz, however, the compar-
ison between the simulated and measured results grows progres-
sively larger, until the simulated conducted noise falls to zero
at approximately 5 MHz. In addition, because the simulation
model included a simplified model for the microcontroller used
in the motor controller, at frequencies greater than 10 MHz the
peaks due to the microcontroller oscillator harmonics that show
up in the measured results of Fig. 19 are not evident in the sim-
ulation results. Despite the peaks due to the microcontroller res-
onator harmonics, the conducted noise in the measured results
between 10 and 30 MHz remains largely at the noise floor of
the measuring equipment. Clearly, at high-speed operation, the
contribution of the motor as a source of conducted noise is neg-
ligible in this frequency range.

In examining the conducted noise results between 1 and
10 MHz for the high-speed case, it was also concluded that
the difference in the simulated and measured results was due
to the absence of a microcontroller model in the simulations.
The MOSFET drivers in the application are controlled using a
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Fig. 20. High-speed conducted RFI spectrum including behavior of microcontroller. (Ten turns, 17 AWG.)

Fig. 21. Midspeed conducted RFI spectrum. (Nine turns, 18 AWG.)

compare timer output timer from a microcontroller that delivers
the appropriate PWM signal to the inputs of the MOSFET
drivers. For high-speed motor operation it is desired to operate
the motor without PWM operation by switching the input to the
MOSFET driver fully on. In the actual motor drive, however,
the compare timer is not capable of turning the output of the
microcontroller connected to the input of the MOSFET driver
fully on. As a result, there is a 166.7 ns pulse appearing at
the input of the MOSFET driver. Due to the time constants
associated with the MOSFET driver, this 166.67 ns pulse does
not affect the power stage of the motor phase, and as such, the
motor phase is turned fully on during high-speed operation.
This 166.7 ns pulse, however, is a significant noise source
affecting the conducted noise spectrum of the motor.

In the simulation model for high-speed operation, the actual
behavior of the microcontroller was originally omitted. Fig. 20
illustrates the conducted noise spectrum for the ten-turn winding

for high-speed operation once the actual behavior of the micro-
controller was included. As may be seen in Fig. 20, once this
noise source is included, the simulation results compare well to
the measured results.

The midspeed and high-speed results for the nine-turn,
18-AWG winding appear in Figs. 21 and 22 , respectively.
Tables IV and V are a summary of the average and worst case
errors between simulation and measurement in the midspeed
and high-speed case, respectively, for the nine-turn winding.

In examining the conducted noise results in Fig. 21 for the
nine-turn winding, the same trends in conducted noise for
medium speed operation are observed as with the ten-turn
winding.

The same may be said of the conducted noise results for the
high-speed case for the nine-turn winding illustrated in Fig. 22.
In making this observation, it is shown that the model is capable
of predicting conducted noise using different motor windings.
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Fig. 22. High-speed conducted RFI spectrum. (Nine turns, 18 AWG.)

TABLE IV
SUMMARY OF ERRORBETWEENEXPERIMENTAL AND SIMULATED CONDUCTED

RESULTS FORMID-SPEEDOPERATION. (NINE-TURN, 18-AWG WINDING.)

X. CONCLUSIONS

From the time-domain results, one may conclude that using
a lumped parameter measured model is an effective method of
predicting the time-domain LISN voltages from which a con-
ducted RFI spectrum may be obtained.

As far as frequency-domain results are concerned, the corre-
lation between simulated and experimental results show a few
differences. The simulated results follow the general trend of
the experimental results. The discrepancies may be attributable
in part, to the methods used to model various motor parame-
ters, and differences between the simulated and experimental
methods used to obtain the frequency spectrum.

For example, the phase back EMFs were modeled as the sum
of sinusoidal harmonic voltages. In reality, the phase back EMFs
are a function of the flux in the air gap. It may be more prudent
to use a finite element program to determine the flux in the air
gap under the load conditions of concern so as to incorporate
the effects of armature reaction on the shape of the phase back
EMFs. Finite element tools could also be used to predict the
values in the self and mutual inductance matrix, as well as iron
losses.

At frequencies above 10 MHz, however, the difference be-
tween simulated and measured results is suspected to be caused
by the absence in the model of parasitic coupling elements dis-
tributed across the various PCB layers.

TABLE V
SUMMARY OF ERRORBETWEENEXPERIMENTAL AND SIMULATED CONDUCTED

RESULTS FORMID-SPEEDOPERATION. (NINE-TURN, 18-AWG WINDING.)

Despite the differences between simulated and measured re-
sults, it can be concluded that this method of predicting con-
ducted RFI emissions over the frequency range of interest can
serve as a valuable simulation tool that can shorten the develop-
ment cycle.

In this study, simulation has only been conducted on two
motor windings with two different fan loads to frequencies of
30 MHz. It can be argued, through a more thorough charac-
terization of stray PCB elements, and through the inclusion
of capacitive and inductive coupling elements, the accuracy
of the model could be improved at frequencies between 10
and 30 MHz, or higher. At the present time, to further validate
the model the current motor windings with additional RFI
suppression components are being evaluated. In addition,
the conducted noise model is being further refined to 30
MHz through the inclusion of additional parasitic PCB trace
impedances.
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