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BLDC Motor and Drive Conducted RFI Simulation
for Automotive Applications
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Abstract—n considering automotive conducted radio-fre- TABLE |
guency-interference (RFI) specifications applicable to motors and SUMMARY OF RELEVANT MOTORWINDING PARAMETERS
their associated drives, simulation of conducted RF emissions in
the range from 150 kHz to 30 MHz is an area of interest from the Motor Winding | Winding Fan
product design perspective for several reasons. Traditionally, sup- Winding Resistance | Inductance Constant
pression of conducted noise in this frequency range of interest has Q) (uH) (rad s /Nm'?)
been achieved through the use of bulk suppression elements such 10 Turns, 100 120 302.85
as capacitors and inductors. These elements consume valuable 197TAWG 5% 1
space within the motor, as well as add cost. The selection of bulk 18 Xr\';,sé 111 336.50

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, Several pertinent papers have been published in recent years

as well as a virtual spectrum analyzer. Experimental validation concerning the simulation of conducted RFI emissions in brush-

of the model shows that accurate predictions can be made in the less motors [1]-[6] for industrial applications. All of these treat
low-frequency range, below 10 MHz. Suggestions are made onconducted emissions for high voltage, three phase, synchronous
how to improve the model at higher frequencies. and asynchronous, bipolar motors for electric vehicles, or indus-
Index Terms—Brushless dc (BLDC), electromagnetic (EMC) trial applications. As such, there are no papers examining con-

simulation, fast Fourier transform (FFT), pulsewidth modulation  ducted RFI emissions from low-voltage, high-current, unipolar
(PWM), radio-frequency interference (RFI). permanent magnet motors. This paper considers the simulation

of conducted RFI emissions from a 13-V, 400-W, five-phase,

l. INTRODUCTION permanent magnet, unipolar, BLDC motor for use in an un-

derhood automotive engine cooling application. The frequency

N RECENT YEARS, brushless dc (BLDC) motors hav‘?ange of interest for this study ranges from 0.15 to 30 MHz. The

beeq introduced for engine cooling appllcanpns, replac! gchniques implemented in this research can be easily extended
conventional belt driven and electrodrive cooling fans with ' .. 1 oior drive applications

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 EM@® block diagram of the experimental setup that was modeled
issues. The increase in the capabilities of electronic simulatithshown in Fig. 1. The loading of the motor consists of the
tools has resulted in the feasibility of modeling completeooling fan associated with the application. The motor case is
electromechanical systems. Through the use of analog lggounded to the negative control lead, whichin turnis connected
havioral modeling, the mechanical behavior of the motd® the ground plane of the test setup, and the motor itself is
and its associated load can be simulated using an electroritgced on a 50-mm-thick insulator.
simulation package such as PSPICE. Such a model can be usdd this study, the conducted emissions are obtained during
not only to predict low-frequency phenomenon such as torqoeedium- and high-speed operation. The magnitude and fre-
ripple, but can also be extended to the prediction of conductedency content of conducted RFI emissions in motors and
RFI emissions. drives is dominated by the magnitude and switching times of
The virtual motor model created in this study includes me&ie motor current. As such, the system model must consider the
sured, lumped parameter models of the self inductance of ihéeraction between the electrical, magnetic, and mechanical
motor phases, as well as mutual coupling between the mobshavior of the motor and load. This relationship is represented
phases, iron losses, and the associated pulsewidth-moduldtgalock diagram form in Fig. 2.
(PWM) drive and load. The parameters of the two motor wind- The electrical behavior of the machine is described by
ings studied are summarized in Table I.

II. M ODEL FORMULATION

v =1Ti+ L1006,)i] + d/dtAn(6)) ()

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

the full battery voltage (PWM duty cycle 100%). The vector to model low-frequency behavior of motors and their associ-
T represents the dc resistance vector of the motor ph&ges @ted loads. The equations governing the behavior of a three
The rotor position is represented by(rad).L(6,.) is the motor phase synchronous machine under no-load conditions have been
inductance matrix as a function of rotor positiai)}; The in- solved using the Runge—Kutta technique [7]-[10]. Similarly, the
ductance matrix will include self and mutual inductance termeeal-time simulations of induction motors have been performed.
The phase current vector is represented £¥), and\,,.(6,.) is  Some authors such as Strahan [11], Zheingl.[12], Jacket al.
the flux vector with respect to the rotor position (Wb). [13], [14], and Cho [15] have studied motor performance via
The magnetic behavior of the machine is governed by numerical solutions of these, or similar, differential equations.
40, d Typically, models based on the solution of such equations can
T. a0 {'TE,\m(HT)} (2) be used to evaluate general electromechanical behavior but RFI
concerns cannot be taken into account. This is due primarily to
in which Te (Nm) represents the generated electromagnetie difficulty of incorporating parasitic properties of the motor

torque. drive circuit elements into these equations. Work has been per-

The mechanical behavior of the machine can be describedfoymed, however, on the use of state variable techniques to pre-
420, do, dict conducted emissions in switch-mode power supplies [16].

Te = JW + Bm% + 17 (3) Parasitic capacitance and inductance on the boards in which the

i i ) motor drives are implemented contribute greatly to the high-fre-
where J is the moment of inertia of the motor rotor and fan, ,ency conducted emissions. In the area of conducted RFI mit-
load (kg 1¥), B,,, represents the iron and damping losses of thation, measurement based techniques have been used to ex-
motor (Nm s/ rad), and, represents the motor load (Nm). FOrmine the effects of decoupling components across the power
the case of a fan load, the torque is given as supply of printed circuit boards for frequencies up to 1 GHz

.. )2 [17].
Tr, = (I?;Z) (4) Typically,. publications .dealirjg with brushless applicqtions
fan have examined the relationship between motor and drive for
where the motor shaft speed is representedihy dt (rad/s) high voltage, three phase bipolar induction motors for use in
while K., is the fan load constant (ras/Nm'/2). electric vehicle or industrial applications. As such, there are no

If the characterization of low-frequency motor performancgapers examining conducted RFI emissions from low-voltage,
is desired, (1)—(3) can be solved numerically. A humerical apigh-current, permanent magnet motors. In the prediction of
proach to solving these equations has been used in the mastducted RFI emissions, the steady-state-system behavior
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R stray L stray through measurements. At the bottom of the motor phase is

To Positive a voltage source used to represent the sum of the mutually
Supply "V V — g Curment coupled voltages from the other motor phases. The individual

[ Observer

é— (ToTorque  mutually coupled voltage contributions incorporate the actual
Generaton)  measured values of the mutual inductance between the phase of

Ph. +

Voltage due to Motor A interest and the other motor phases. The expressions for mutual

Mutual Coupling Back EMF <> inductances as a function of rotor position were represented

J through harmonic decomposition obtained through direct
l L phase R phase measurement. A description of the dependent voltage sources

Ph. - *__<>_NY\__/\/V\__ used to model the mutual coupling is given below.

To Power Stage R 1or In parallel with the motor phase are the phase self capaci-

VAV, —— tance, and the phase iron losses that were obtained using motor
C phase loss separation tests.
|| In a PWM motor drive, conducted RFI emissions at lower fre-

guencies are influenced by the larger energy storage elements
Fig. 3. Electrical model of a single motor phase. 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

under load conditions is of concern. For low-voltage, high'cué'tudied is unipolar, only the part of the-H curve in the first

rent a.p.plications, magnetic nonlinearities and switching d('Niﬁ%adrant is traversed during operation (i.e., current can only
pa_:_asmcs cannot bz |g|1nr(])rer?. hof behavior of th flow in one direction during one electrical cycle). In order to in-
o atte_mpt to mode t € high-frequency benhavior o t e,mﬁbrporate the effects of magnetic nonlinearities, it was decided
chine, drive, and associated load, a solution based on modlfyw& to use arL.CR meter to measure the motor inductances. A
the above equaﬁorr\]s_ 'ﬁ unw;)eldy ffor several reasor:s. The FE'Héthod of experimentally determining the inductance that takes
mary reason !St € igh numbero energy-storage € ements_-ﬁ% account the magnetic behavior of the motor under various
pacitors and inductors) that are present in the motor and dri ‘?J'erating conditions is described as follows. The inductahge,

These elements would add to the complexity of the set of dj f an N-turn phase winding for any angular positiéh, can be
ferential equations. The equations could be simplified throug\mtten as
u

various assumptions, however, the accuracy of the model wo
be compromised. To predict the conducted RFI behavior of the L(6,) A(0;) (H) )
system in this frequency range of interest, bulk and parasitic el- " )

ements of active and passive components in the inverter mus%N k%e

included. In order to include parasitic terms presentin electroqﬁifﬁ‘a(zg) aT thNe ¢£1€1Tg)u(l\e,1¥bgolzi:ig;tgf(; II(LZ() “irs],k%geecllunrlr(;g[

components such as diodes and MOSFETS, the entire motor an

drive system was simulated using lumped element modeling”ﬂn. e phase. The induced EMF in the phase winding may be
written as
PSPICE.
de(6r)
lll. SPICE ELECTRICAL-MOTOR MODEL B@y) = =N=3— V). ©

The magnetic behavior of the machine and the fan load wergegrating the induced EMF with respect to time, the total flux
determined experimentally and incorporated in the model. Aiakage \(#,.) is obtained
such, the magnetic model employed was a lumped, measured ¢
parameter model. All of the magnetic parameters such as the A#,) = / E(6,)dt (Wb). )
back EMF constants, self and mutual inductances were mea- 0
sured, but could have been predicted using numerical techniqg@ege the total flux linkage is determined, the inductance of the
such as a finite element method. Once the magnetic parametacgor phase can be easily obtained. In our measurements, ex-
were obtained, the magnetic behavior of the motor was adaptétion of the motor phase to a desired magnitude of current
for the fan load across the entire operational speed range of #ees achieved through low-frequency switching of the motor
system. The complete model of one motor phase is shownghase £ 0.5 Hz), and subsequent integration of the resultant
Fig. 3. The system was modeled omitting significant RFI sueMF. The magnetic coupling between adjacent motor phases is
pression components in order to examine the contribution of taralogous to the coupling present between the primary and sec-
motor and drive to conducted RFI emissions. ondary windings of a transformer. Therefore, the mutual cou-
Examining Fig. 3, the top of the motor phase is connectgding between adjacent motor phases was determined via the
to the positive voltage supply. This connection in turn, is iBame method. This arrangement is outlined in Fig. 4. As may
series with a current controlled voltage source which is useé seen, there are two separate integrators, one to determine the
as the phase current observer. This is in series with the phasenary motor phase inductance, and one to determine the mu-
back EMF, the phase self-inductance, and the phase windiogl coupling between two adjacent motor phases.
resistance. The trapezoidal motor phase back EMF was modThe determination of self and mutual inductance was per-
eled as a series of first, third, and fifth harmonics obtainddrmed at discrete angular positions across one mechanical pole
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Fig. 7. Electromechanical motor model equivalent analog circuit

. . . . . representation.
pair to determine the inductance matrix as a function of rotor po-p

sition. It was found that there was no significant change in the

phase self inductances as a function of rotor position and these Lzﬁ - (ﬁ) [Vl + M%}

were, therefore, represented by constant values. The mutual in- dt Ly zdt

ductances, however, were represented using discrete functions :deﬁ _ (%) Vi — <%> dly — V.. (11)
of the rotor position. dt Ly Ly ) dit

In considering the inclusion of mutual coupling terms in th&Vriting the effective inductances as

PSPICE model for a five-phase motor, the mutual coupling, or , M2 , M2
transformer action, between phases was modeled using depen- L1 = L1 — <L_2> andLy = Ly — <L_1> :
dent v_oltage sources. Considgr a simplg transformer pompri§9g a simple matter to write the KVL equations as
of a primary and secondary winding as illustrated in Fig. 5. The
primary and secondary windinds andL, respectively, are as- /1% _ <%> Vs =V (13)
sumed to be ideal and lossless. They are coupled together on a dt Ly

lossless iron core through a mutual inductarnde The primary , A1y <M

O91ESS — — | — | V4 =Vs. 14
winding is connected to a voltage source. The voltage across the 2 dt L1> ! s (14)

secondary of the transformer is representetl as When the mutual coupling between the windings is weak, the
Applying KVL to the voltage drops clockwise around the pricoupling factor)M is small, so thel/? term is negligible and
mary loop, we have L} = Ly andL}, = L». Our exact (or approximate) transformer
dl, dl, equations can now be implemented as dependent voltage con-
Ly —M—m =W ®)  tolled voltage sources as shown in Fig. 6.
whereas in the secondary loop, going counterclockwise, weBY knowing the value of the mutual inductance as a function
have of rotor position, the voltage drop across the primary inductance,
dl, dI, and the primgry inductance as a function of rotor position, the
Lo— — M— = Vs. (9) mutual coupling between two motor phases can be modeled as
dt dt a dependent voltage source.
We can think of the two terms M (d1y /dt) and—M (dI, /dt)
as voltage source contributions from the opposite side of the |V. SPICE HECTROMECHANICAL—MOTOR MODEL
transformer. These two equations can be manipulated to get

12)

In modeling the electromechanical motor model, the relation-
Llﬂ _ (%) [Vs + Mﬂ} ships in (2)— (4) had to be considered and incorporated into the
dt Ly dt SPICE model as a circuit element. Fundamentally, this was an

I dI; M M?\ dI, v 10 exercise of modeling the various electromechanical torques as
a1y N\, ) ar ! (10)  Gircuit elements.
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Considering the first term of the right-hand side of (3) dealing V. POWER-STAGE MODELING

with the torque contribution from the moment of inertia of the

motor and fan, we write The model of the power stage which was used, for each phase,

is shown in Fig. 8.
d?6, 9

Tnertia = J —- (15) As may be seen i_n Fig. 8, the power stage of the motor is
dt located on the low side of motor phase. The motor phases are
to energized by a BUZ100 MOSFET which, in turn, is energized
p o de,n (16) by a totem pole MOSFET driver connected to the gate of the
Inertia = <=, MOSFET. The MOSFET driver is bypassed with a 220 nF ca-

pacitor, while the MOSFET is bypassed with a 1 nF capac-
Thi S | 1o the relationshi 7°  jtor connected to the drain of the MOSFET to act as a turn-off
IS expression 1S anhalogous fo Ihe refationship governing itching aid. The freewheeling path for the coils is through the

current through a capacitdr= C dv/dt. Hence, the moment resistor, capacitor, diode (RCD) snubber comprised of th&)7.5-

of inertia of the motor and fan load may be represented asfeasistor, the 9.5:F capacitor, and the MURD320 diode. The

capacitor, and the voltage across the capacitor may be usegng snubber is shared by all five phases of the motor. The top

represent the speed of the motor. Q resi . .
Combining (2), (3), and (4) yields g; ttuz :ﬁitorresstor is connected to the positive voltage supply
.4 Am(6:) (17) Al active components were modeled using PSPICE equiv-

dw,
amir) _ g o _ J For _
dt  w, dt K2 alents from the appropriate manufacturers’ libraries. Capaci-

Thinking of this as a KCL equation, it is possible to repretors were modeled using their high-frequency model approx-
sent (17) as a circuit with the various generated, loss, and [dg#tions including the appropriate values of lead inductance
torques expressed as current sources. This circuit is illustraftfl equivalent series resistance from derived component data
schematically in Fig. 7. The motor speed is obtained by calcsheets. Printed-circuit-board (PCB) interconnections for high-
lating the node voltage labeled. in this circuit. current paths were modeled as series combinations of stray re-
The voltage controlled current source used to represent figtances and inductances. Consequently, the effects of capaci-
generated torque is comprised of the sum of the torques géie or inductive coupling of noise from one PCB layer to an-
erated from each motor phase. The term representing the I64€r, or from one trace to another were ignored. The stray PCB
torque is a voltage controlled current source incorporating tFSistances and inductances were obtained via measurements,
fan constant for the particular fan load. The internal motor log§!d varied between phases. The decision to exclude the effects
torque, such as bearing friction, is modeled as a constant c@f-£apacitive and inductive coupling in the power stage model
rent source. Windage losses in this application were not signiffas made to simplify the model and to reduce computing time.
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 The schematic for the line-impedance stabilization network
then used to determine the phase back EMF and the mutual c@uSN) that was used in the measuring of conducted RFI emis-
pling between phases at that position. sions appears in Fig. 9. The LISN is a typical:b- LISN that

wherew, is the angular velocity of the motor rotor (rad'9.

2

+ Bpw, +

VI. LISN M ODELING
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Fig. 9. Schematic representation of LISN.
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Fig. 10. Simulated MOSFET drain-to-source voltage at midspeed.

was placed in series with the positive supply of the motor. In adrain-to-source voltage of one motor phase during midspeed
cordance with the measurement set up, as governed by the agreration, while, Fig. 11 illustrates the actual drain-to-source
ducted RFI specification which was used (a CISPR25 variantpltage of one motor phase during midspeed operation for a
an identical LISN was placed in series between the battery negetor using the ten-turn winding.

ative and the negative supply of the motor. Similarly, the simulated MOSFET drain-to-source voltage
In the conducted RFI Speciﬁcation used in this Study, ||m|tﬁ)r a phase MOSFET appears in F|g 12’ while the measured

are only placed on the differential mode noise; there was no }@OSFET drain-to-source voltage appears in Fig. 13 for

quirement to measure common mode noise. Therefore, the MAgh-speed operation for a motor using the ten-turn winding.

eling of sources of common mode emissions was not dealt with.A
In order to obtain the spectrum of the differential mode emis- .
sions, the time-domain LISN voltages were obtained throu%
simulation and subsequently subjected to spectral analysis.

s illustrated in the drain-to-source voltage waveforms,
block” commutation control scheme is employed. In this
heme, 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
Conducted emissions testing and simulations were perfornteé voltage across, and hence the current through, the motor
and compared at a constant midspeed and constant high-spegudings during the conduction period of the motor phase.
In the case of the nine-turn winding, this corresponds to speéldss is not the case during high-speed operation, where the full
of 2200 rpm, and 2800 rpm, respectively. In the case of tihattery voltage is switched across the motor windings without
ten-turn winding, this corresponds to speeds of 2000 and 26@@/M during the conduction period of the motor phase. As
rpm, respectively. such, conducted emissions during midspeed operation are more
Although the ultimate goal is to achieve frequency-domaijsroblematic. It is worthy to note that the typical switching
data, time-domain results provide a valuable qualitative vatimes for the MOSFET drain-to-source voltage during PWM
dation of the system model. Fig. 10 illustrates the simulatede equal to approximately As. The switching times of the

VII. TIME-DOMAIN RESULTS
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Fig. 11. Measured MOSFET drain-to-source voltage at midspeed.
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Fig. 12. Simulated MOSFET drain-to-source voltage at high speed.

microcontroller used to control the MOSFET drivers is consider midspeed conditions is shown in Fig. 15 for a motor using a
erably faster, between 150 and 200 ns. In both the simulatea-turn winding.
and measured cases for midspeed and high-speed operation thes may be seen in the waveforms for the midspeed case,
effects of mutual coupling from adjacent motor phases may tiee comparison between simulated and experimental wave-
seen during the nonconducting period of a motor phase. forms is good both in terms of magnitude as well as shape.
Examining Figs. 10-13, we see that the simulated and md@de maximum positive voltage of the conduction envelope in
sured results show good comparison. the simulated case is 66.7 mV which compares well with
To compare the simulated and measured LISN voltages, the measured value of 70.4 mV. The maximum negative
voltage at the output of the positive LISN was selected. The siweltage of the conduction envelope in the simulated case is
ulated positive LISN voltage for a motor operating at midspeee24.9 mV, which also compare well with the measured value
is shown in Fig. 14, while the measured positive LISN voltagef —22.0 mV. The envelope for the LISN voltage during one
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Fig. 14. Simulated LISN voltage at midspeed.

electrical cycle is the same in both the simulated and maaated case, the magnitude of this peak is equat@8.5 mV,
sured case. which compares well with the measured value of approximately
The simulated positive LISN voltage at high speed is showh62 mV. The maximum negative voltage in the simulated case
in Fig. 16. The measured positive LISN voltage for high-speéslequal to—24.6 mV, while in the measured case, the maximum
operationis shown in Fig. 17. In comparing the two cases, it maggative voltage is equal t624.8 mV. As such, in terms of the
be seen that there is also good correlation between the simulateynitude of the LISN voltages, there is good comparison be-
and measured cases. The large periodic peak in the wavefaween the simulated and measured results.
is the result of the behavior of the motor and drive during the Once the time-domain LISN voltages were obtained, a
transition of one motor phase turning off, to the turning on ohethod of determining the frequency spectrum of the LISN
the next motor phase in the commutation sequence. In the sioltages was implemented.
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Fig. 16. Simulated LISN voltage at high speed.
VIII. D ETERMINATION OF CONDUCTED RFI SPECTRUM times. Only the important features of a spectrum analyzer were
modeled.

To obtain simulation results that could be correlated directly Two methods were attempted to implement the spectrum an-
to measured results, it was decided to simulate the behaviomdfzer in MATLAB. The first method involved the implementa-
a typical superheterodyne spectrum analyzer which might téen of a digital bandpass filter, whose characteristics approx-
used in a conducted RFI measurement. The spectrum analyipited those of the IF filter of the actual spectrum analyzer.
parameters that were duplicated in the MATLABimulation The center of the filter was swept across the frequency band
were obtained from a modified version of the CISPR 25 specifyf interest in discrete frequency steps. The digital filter was ap-
cation. The measurement parameters included an IF bandwiglied to the LISN time-domain voltage waveforms output from
of 10 kHz, frequency steps of 7.5 kHz, as well as peak detectiP$PICE for each frequency step.
with no attenuation. In the duplication of the IF filter characteristics, a third order,
To completely duplicate a superheterodyne type spectrum algital, butterworth filter was used to simulate the steep roll-off
alyzer in PSPICE would be impractical due to long computingharacteristics of the IF filter. Although this method yielded the



MAKARAN AND LOVETRI: BLDC MOTOR AND DRIVE CONDUCTED RFI SIMULATION 325

Tek SiGiLE 1.00MS/s 26 Acqgs
H T
§ | T i)
SN S S——— e Ta: 24.8mv
J@; 1.6my
b ¥ cte - gomy

i
l— -20mV
O 200mve M1.00ms Chi J  d4dmv
Time (1 ms/div)
Fig. 17. Measured LISN voltage at high speed.
Conducted Noise for 10 Turn Winding
(Positive LISN, Mid-Speed)

80

70
I~ 60 -
& 50 1 =
2 ]
2 40 ﬁ Iy o o
£ . T
S 0 | s
Z 20
3

10

0
0.1 1 10 100
Frequency (MHz)
Measured Values Noise Limit per
Simulated Values BMW N 60013, Pt. IT

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

most accurate results, this method was computationally intéfe simulate a “peak hold” function of the spectrum analyzer,
sive for a simple reason. According to Nyquist’s criterion, ththe FFT values for each window were subsequently compared,
sampling frequency of a signal must be at least two times thad the maximum value of the transform was kept for the
frequency of interest. In applying the digital filter to the signalparticular frequency of interest. The FFT was performed using
as the frequency of interest increased, so too did the samplaglamming window.
frequency. In terms of duplicating the characteristics of the IF filter using
The second method that was implemented was to passhis method, the FFT was performed using the 10 kHz resolu-
sliding window over the time-domain data and apply a fasibn bandwidth specified. As the filter characteristics of the IF
Fourier transform (FFT) to the windowed data. The FFT wditer in the spectrum analyzer used in experimental measure-
performed for each window over the entire frequency rangeents possessed a steep roll-off, the shape of the peaks in the
of interest at fixed frequency steps. In this case the conductthulation were a good approximation for the characteristics of
RFI was calculated every 7.5 kHz, from 150 kHz to 1 MHzthe IF filter used in experimental measurements.
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Fig. 19. High-speed conducted RFI spectrum. (Ten turns, 17 AWG.)

TABLE I
SUMMARY OF ERRORBETWEEN EXPERIMENTAL AND SIMULATED CONDUCTED
RESULTS FORMID-SPEED OPERATION. (TEN-TURN, 17-AWG WINDING)

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

Frequency Average Worst Case Worst Case - - k
Range Difference Maximum Minimum to several factors. Some discrepancy in the frequency-domain
i (()d630)8 Difflelreg'(')ge (dB) Diffle;e;zcg (dB) magnitudes at low frequencies may be due to the inherent
15 — z -0. . at -16. at : : B .
0.68251 MHz 0.88501 MHz, dlffere_nces between the FFT methpd used in simulation, and
1 =10 MHz 3491 8.941 at 23.145 experimental measurement. One discrepancy may have to do
8.078 MHz at 1.35001 MHz with the characteristics of the spectrum analyzer peak detector
1030 MHz 4.516 20.26 at -14.27 used in measurement. At the higher frequencies, the discrep-
29.6553 MHz at 10.1401 MHz " . .
ancy may be due to the absence of capacitive and inductive
coupling between the PCB layers, or from the motor windings
TABLE Il to the PCB, or from the PCB to the motor leads.

SUMMARY OF ERRORBETWEEN EXPERIMENTAL AND SIMULATED CONDUCTED
RESULTS FORHIGH-SPEED OPERATION. (TEN-TURN, 17-AWG WINDING)

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.

Frequency Average Worst Case Worst Case i ho . .
Range Difference Maximum Minimum The high-speed S|mulat|gn results appear to be more broadbaqd
(dB) Difference (dB) Difference (dB)  iN nature than the experimental results, decreasing at approxi-
0.15—1MHz +1.89 5.74 at -3.26 at mately 20 dB per decade.
IO iz Ty 0'97110; ;\thz 0'6?)0;’; ::IHZ At frequencies greater than 1 MHz, however, the compar-
; 6.03006 MHz 129751 MHz i;on between the_simula_ted and measured resu!ts grows progres-
10-30 MHz +6.47 34at 422 at sively larger, until the simulated conducted noise falls to zero
12.06012 MHz 14.60265MHz gt 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
The FFT results for midspeed operation, and high-speed ajp in the measured results of Fig. 19 are not evident in the sim-
eration for the motor and drive without RFI suppression computation results. Despite the peaks due to the microcontroller res-
nents appear in Figs. 18 and 19 for the ten-turn, 17-AWG motonator harmonics, the conducted noise in the measured results
winding, respectively. The straight line passing through the ddiatween 10 and 30 MHz remains largely at the noise floor of
on all graphs is the specification limit for the frequency range ¢iie measuring equipment. Clearly, at high-speed operation, the
interest. The darker curves on both graphs are the measuredgatribution of the motor as a source of conducted noise is neg-
sults. Tables Il and Ill are a summary of the average and woligfible in this frequency range.
case errors between simulation and measurement in the midin examining the conducted noise results between 1 and
speed and high-speed case respectively for the ten-turn windih@.MHz for the high-speed case, it was also concluded that
The midspeed results for the ten-turn, 17-AWG motdhe difference in the simulated and measured results was due
winding, show that the simulated values follow the sam® the absence of a microcontroller model in the simulations.
trend as the experimental values across the lower frequeddye MOSFET drivers in the application are controlled using a

IX. FREQUENCYDOMAIN RESULTS
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Fig. 20. High-speed conducted RFI spectrum including behavior of microcontroller. (Ten turns, 17 AWG.)
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Fig. 21. Midspeed conducted RFI spectrum. (Nine turns, 18 AWG.)

compare timer output timer from a microcontroller that deliverf®r high-speed operation once the actual behavior of the micro-
the appropriate PWM signal to the inputs of the MOSFEGontroller was included. As may be seen in Fig. 20, once this
drivers. For high-speed motor operation it is desired to operateise source is included, the simulation results compare well to
the motor without PWM operation by switching the input to théhe measured results.
MOSFET driver fully on. In the actual motor drive, however, The midspeed and high-speed results for the nine-turn,
the compare timer is not capable of turning the output of tH8-AWG winding appear in Figs. 21 and 22 , respectively.
microcontroller connected to the input of the MOSFET driveFables IV and V are a summary of the average and worst case
fully on. As a result, there is a 166.7 ns pulse appearing etrors between simulation and measurement in the midspeed
the input of the MOSFET driver. Due to the time constan@nd high-speed case, respectively, for the nine-turn winding.
associated with the MOSFET driver, this 166.67 ns pulse doedn examining the conducted noise results in Fig. 21 for the
not affect the power stage of the motor phase, and as such,iree-turn winding, the same trends in conducted noise for
motor phase is turned fully on during high-speed operatiomedium speed operation are observed as with the ten-turn
This 166.7 ns pulse, however, is a significant noise soureénding.
affecting the conducted noise spectrum of the motor. The same may be said of the conducted noise results for the
In the simulation model for high-speed operation, the actuaigh-speed case for the nine-turn winding illustrated in Fig. 22.
behavior of the microcontroller was originally omitted. Fig. 20n making this observation, it is shown that the model is capable
illustrates the conducted noise spectrum for the ten-turn windin§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 ERRORBETWEEN EXPERIMENTAL AND SIMULATED CONDUCTED
RESULTS FORMID-SPEED OPERATION. (NINE-TURN, 18-AWG WINDING.)

TABLE V
SUMMARY OF ERRORBETWEEN EXPERIMENTAL AND SIMULATED CONDUCTED
RESULTS FORMID-SPEED OPERATION. (NINE-TURN, 18-AWG WINDING.)

Frequency Average Worst Case Worst Case Frequency Average Worst Case Worst Case
Range Difference Maximum Minimum Range Difference Maximum Minimum
(dB) Difference Difference (dB) (dB) Difference Difference (dB)
(dB) (dB)
0.15—1MHz -0.347 11.324 at -19.07 at 0.15—-1MHz -3.88 8.03 at -1.38 at
0.80251 MHz 0.93001 MHz 0.92251 MHz 0.69751 MHz,
1—10 MHz 4383 11.63 at 24013 1-10 MHz -10.247 20.2 at -1.00501
8.13008 MHz | at1.11751 MHz 3.69004 MHz | at2.40221 MHz
— - . 4.
10-30 MHz 8.35 2342 at -12.88 107530 Miiz 67 12.327]672 ?\thz at 10_153;51 MHz
29.8578 MHz at 10.1401 MHz

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

As far as frequency-domain results are concerned, the corre-
lation between simulated and experimental results show a f
differences. The simulated results follow the general trend
the experimental results. The discrepancies may be attribut
in part, to the methods used to model various motor paramt?-
ters, and differences between the simulated and experimer?ta

X. CONCLUSIONS

methods used to obtain the frequency spectrum.

For example, the phase back EMFs were modeled as the
of sinusoidal harmonic voltages. In reality, the phase back EM
are a function of the flux in the air gap. It may be more prude
to use a finite element program to determine the flux in the air
gap under the load conditions of concern so as to incorporz';\qqeIO

a

Despite the differences between simulated and measured re-
.sylts, it can be concluded that this method of predicting con-

ment cycle.

[ o .
alaggted RFI emissions over the frequency range of interest can
Serve as a valuable simulation tool that can shorten the develop-
In this study, simulation has only been conducted on two
motor windings with two different fan loads to frequencies of

%ﬁ MHz. It can be argued, through a more thorough charac-

ﬁrézation of stray PCB elements, and through the inclusion
0

capacitive and inductive coupling elements, the accuracy
fhe model could be improved at frequencies between 10

and 30 MHz, or higher. At the present time, to further validate

)

edances.

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-
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