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A high-frequency modeling of AC motor in a frequency range from 40 Hz to 110 MHz

Introduction. Most electromagnetic compatibility models developed for the study of three-phase induction machines are generally valid for
low and medium frequencies (<< 1 MHz). This frequency limit seems to be too restrictive for the overall study of conducted electromagnetic
interference. In this paper, the model is using the proposed model and compared with experimental results in low and medium frequency.
And then, the high-frequency modeling of induction motor is presented new method based on transfer function model. The proposed
methodology is verified on an experimental and simulation, it’s suitable for prediction of the terminal overvoltage analysis and
electromagnetic interference problems and common-mode and differential-mode currents. The novelty of the work consists to develop an
improved high-frequency motor model based on transfer function to represent the motor high-frequency behavior for frequency-domain
analyses in the frequency range from 40 Hz up to 110 MHz .The purpose of this work is to study the common-mode impedance and the
differential-mode impedance of AC motor. The determination of these impedances is done for firstly both common and differential modes at
low and medium frequency, and then common-mode and differential-mode characteristics at high frequency. Methods. For the study of the
path of common-mode and differential-mode currents in typical AC motor (0.25 kW, 50 Hz) an identification method in high frequency for
induction motor has been proposed based on the transfer function in differential-mode and common-mode configuration. The low and
medium frequency model were presented in the first time based on equivalent circuit of electrical motor. Then, the common-mode and
differential-mode impedances were defined in high frequency using asymptotic approach. This motor was studied by MATLAB Sofiware for
simulation and also experimental measurements. Results. All the simulations were performed using the mathematical model and the results
obtained are validated by experimental measurements performed in the University of the Federal Armed Forces Hamburg in Germany. The
obtained results of common-mode and differential-mode at low frequency, medium and high frequency are compared between simulation
and experiment. References 34, table 2, figures 14.
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Bcemyn. Binvuwicms modeneli enekmpomacHimuoi CymMiCHOCI, po3poOnieHux Osk OOCTONCEHHST MPUGDAZHUX ACUHXPOHHUX MAUIUH, 302aI0M
3aCMOCOBHT OISl HU3LKUX ma cepeduix uacmom (<<I MIvy). L[]n wacmomna medxca 30acmucsi HAOMO CY8OPOK) OJs 3A2ANbHO20 GUBHEHHS
KOHOYKMUBHUX ~ eeKMPOMACHIMHUX nepewikod. Y yill cmammi 3anponoHosanda Mooenb BUKOPUCOBYEMbCs | NOPIGHIOEMbC 3
eKCRepUMEHMATILHUMU Pe3VIIbMamami. 34 Hu3bkoi ma cepeonvoi uacmomu. Tlomiv npedcmasnenuti HOBULL MeNOO GUCOKOUACHIOMHO20
MOOEO8AHHsL ACUHXPOHHO20 O08USYHA, WO 6asyemvcs Ha Mmoodeli nepedasanvHol GyHkyil. 3anpononosana memoodonocis nepesipena
EKCNepUMEHMANbHO Ma 3d OONOMO2010 MOOENIOBAHHS, 60HA NPUOAMHA Ol NPOSHO3YBAHHA AHANIZY NepeHanpye Ha Kiemax ma npoonem
eNeKMPOMASHIMHUX NEPeuKo0, a makodic cungasnux ma ougepenyianonux cmpymie. Hoeusna sanpononosanoi’ pobomu nonsieae y pospooyi
B800CKOHAIEHOT MO0l BUCOKOUACTNOMHO20 08UZYHA HA OCHOBI NepedasanbHoi QyHKYil Onia npedCcmagieHHs UCOKOUACHOMHOL NO8ediHKU
osucyHa 0ns. ananizy yacmomnoi obracmi 6 dianasoni yacmom 6i0 40 I'y 0o 110 MI'y. Mema po6omu nonsieac y 6ueuenHi cunghazHo2o
iMnedancy ma OughepenyianpHo2o IMNeOancy 08ueyHa 3MIHHO20 CmpyMy. Bushauenms yux iMneOaHcie SUKOHYEMbC CHOYamky OJis
CUHMA3HUX Ma JUpepeHYianbHUX MOO HA HU3LKIL Ma cepeOHill yacmoni, a nNomim 01 CUHGQAZHUX MA OUDEPEHYIATLHUX XAPAKMEPUCTNUK HA
sucoxii yacmomi. Memoou. /{1 0ocrioxicenHs: wiiaxy curgasHux ma oughepeHyianbHux cmpymie y munosomy 08UyHi 3MiHHO20 CIpyMy
(0,25 kBm, 50 I'y) 6yno 3anpononosano memoo idenmuikayii Ha 6UCOKI yacmomi Ol ACUHXPOHHO2O OBUSYHA, 3ACHOBAHUL HA
nepedasaivHiil  (QyHKkyil y Koughieypayisx ouepenyianbHoeo ma CcuH@asHo2o pedxcumis. Bnepuie npedcmaenena Huzbko- ma
CepeoHbOYaCMomHa MoOelb Ha OCHOBI cxemu 3amiuyerns enekmpoosucyna. Tlomim cungasnuii ma ougepenyianshuil iMneoancu 8UHa4eHi
Ha BUCOKIT 4acmomi 3 BUKOPUCIAHHAM ACUMIIMOMUYHO20 nioxody. Lleii osucyn 6ye susyenuii npoepamuum 3abesnevenusim MATLAB ona
MOO€TIOBAHHA MA eKCnepUMeHmanbHux sumipiosans. Pezynemamu. Bce mooenioganis GUKOHAHO 3 6UKOPUCIANHAM MAMEMAMUYHOT MOOeli,
a ompumani pesynbmamu NiOMeepONCceHi eKCHEPUMEHMATILHUMU SUMIPAMY, NPoGedeHuMy 6 YHisepcumemi ¢e0epanbHux 30potiHuX cun y
Tambyp3i, Hineuuuna. Ompumani pesynomamu cungaznoco ma ougepenyianshoco pejcumy Ha HU3bKill 4acmomi, cepeoHiti ma UCOKitl
uacmomi NOPIGHIOIOMbCA MIdHC MOOeT08aHHAM ma ekcnepumermom. biomn. 34, Tadm. 2, puc. 14.

Knuiouoei ciosa: IBUTYH 3MiHHOTO CTpyMY, Tu(epeHIianbHMI pe:kuM, cuH(A3HHIT peskuM, eJIeKTPOMATrHITHI 3aBa/ii, BHCOKA YacTOTA.

Introduction. The evaluation impedance characteristic c
of the induction machine in high-frequency can help study
and analyze the electromagnetic interference (EMI) in
adjustable drives system, so accurate modeling of induction

motors in high-frequency range plays an important role in P FOINT N\ —
overvoltage and EMI problems [1, 2]. R, L R R,
In association with the inverter-fed-AC motor, the

motor constitutes one of the main propagation paths of

T

common-mode (CM) and differential-mode (DM) currents
[3-5]. The proposed model based on the transfer function
description of the main parasitic couplings in the induction
machine can be used to evaluate the high-frequency leakage
currents, which are the cause of electromagnetic interference
to electronic, electric equipment, and electrical networks. We
developed a behavioral model allowing a better
representation of impedances of the machine.

In this paper the two models are presented, the first one
is shown in Fig. 1, which is valid for low and medium
frequencies (<< 1 MHz), this model was reported in [6-8].
After, we develop a new model for the high-frequency that is
based on the asymptotical method using DM and CM
impedance measurements of the induction machine.

C;
G 1=

Fig. 1. Single-phase CM impedance proposed of AC motor [6, 9, 21].
Here r is stator and rotor phase resistance; L is phase leakage
inductance; C is capacitance representing the turn to turn
distributed capacitive coupling; R is resistance representing eddy
currents inside the magnetic core and the frame; R, is resistance
representing winding-to-ground distributed resistances; C, is
capacitance representing the winding to ground distributed
capacitive coupling

The proposed approach needs only the magnitude plot
in the CM measurement configuration to descript the CM
impedance of the AC motor, and the magnitude plot in the
DM measurement configuration to descript the DM

© H. Miloudi, M. Miloudi, A. Gourbi, M.H. Bermaki, A. Bendaoud, A. Zeghoudi

Electrical Engineering & Electromechanics, 2022, no. 6

3



impedance of the AC motor, and after we can verify the
transfer function parameters of the motor by the second
curve. So in this experimental setup, the motor is considered
as a black box, and with frequency response, we can find the
transfer function of CM and DM impedances of AC motor in
a frequency range from 40 Hz up to 110 MHz.

A high-frequency induction machine model. The
most frequency models of three-phase induction machines
are generally constituted of a limited number of elements
such as that presented in [2, 7, 9]. These models have
been proposed in the literature for overvoltage and
electromagnetic interference (EMI) analysis.

Many investigations into high-frequency induction
motor modeling were recently reported in [6-8, 10-19].
The model presented in this work as well as those found
in the literature requires the hypothesis of linearity of the
machine. This assumes that the machine is never
saturated. The elements depend solely on the frequency,
which makes it possible to use the notion of impedance.

In [20] the influence of saturation is proved to be
smaller than 2 % of the impedance’s absolute value with a
5.5 kW induction machine. With frequencies higher than
80 kHz, the influence of the saturation disappears completely.

The studies in [16] have shown that the state of
electromagnetic compatibility in motors, synchronous or
induction, is not dependent on operating point, the high
frequency (HF) model motor has the same characteristic
with low speed or high speed. This enables us to restrict
ourselves to identifying the machine in an off state.

The initial development of the equivalent models
(Fig. 1) is generally based on an interpretation of the
physical phenomena in the machine. The simplicity of
this equivalent circuit gives them the advantage of being
able to determine the various elements that make up them
with a minimum number of measurements.

The impedance is a complex quantity, hence the
magnitude and phase information are included in the
impedance [22].

The magnitude Zp,, and phase angle ¢, of the DM
impedance of the induction machine can be evaluated
respectively as:
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The magnitude Z¢,, and phase angle ¢, of the CM
impedance corresponding to the circuit of Fig. 1 can be

evaluated as:
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where @ is the pulsation (@ = 2-zf, where fis the frequency);
s is the variable from a Laplace transform (s = j-@); rest of
symbols are described in Tables 1, 2.

Experimental results. The impedance Analyzer
Agilent 4294A was used to measure the impedance and
phase angle of the motor ranging from small size (0.25 kW —
50 Hz) in the frequency range from 40 Hz to 110 MHz.

There are two measurements conducted with the
induction machine.

Differential-mode configuration. Measuring the
impedance between the three-phase terminals connected
and the motor neutral using the setup shown in Fig. 2
provides the DM characteristics of the induction machine
under test [11, 20, 21, 23-25].

Agilent
4294A

Fig. 2. DM test configuration

PZey = —90 + arctg

AC motor

Fig. 3, 4 show respectively the magnitude and the
phase of the measured DM characteristics as a function of
frequency for 40 Hz to 110 MHz.
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Fig. 3. DM impedance magnitude measurement
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Fig. 4. DM impedance phase measurement

Common-mode configuration. Measuring three
shortened phases against ground using the setup [1, 21,
23-26] shown in Fig. 5 provides the CM characteristics.

. AC motor
Agilent

4294A

G
Fig. 5. CM test configuration
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The evolution of the CM impedance of the motor as
a function of the frequency obtained experimentally is
represented in Fig. 6 (magnitude) and Fig. 7 (phase).
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Fig. 6. CM impedance magnitude measurement
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Fig. 7. CM impedance phase measurement

A high-frequency model for AC motor. In [2] and
as illustrated in Fig. 3, 6, the model has been validated by
DM and CM test measurements in both magnitude and
phase within the frequency range from
40 Hz to 110 MHz.

The measurement impedance phase-motor neutral
(Fig. 8, 9) provides the DM characteristics of the
induction machine under test compared with the first

proposed model shown respectively in (1) and (3).
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Fig. 8. Magnitude of the DM impedance
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Fig. 9. Phase of the DM impedance
The values of transfer function parameters are listed
in Table 1.

Table 1
Transfer functions parameters of DM impedance of AC motor
Constant terms K 65
The first natural frequency @, 487
Value of zero —487
The second natural frequency @,, 2.88-10°
Damped natural frequency @, 2.6713-10°

-1.07-10°-j2.67-10°
~1.07-10°+ ;2.67-10°
0.371

Value of the first pole
Value of the second pole
The damping ratio &

Figures 10, 11 show the measurement CM impedance is
plotted and compared with the mathematical model.

s Impedance, Q
T T T
| | ! simulation
: : : == experimental
|

10

|

|

| |

| , Frequency, rad/s
10 10 10 10° 10
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Fig. 11. Phase of the CM impedance

The values of transfer function parameters of the
CM impedance are listed in Table 2.
Table 2
Transfer functions parameters of the CM impedance of AC motor
2.62005719-10°
2.87688758:10°
2.81876265-10°

Constant terms K

The first natural frequency @,
Damped natural frequency @,
The second natural frequency @,, 4.16779364-10°
Damped natural frequency m,, 4.04598107-10°
The first damping ratio & 0.2

The second damping ratio & 0.24

As shown in Fig. 8-11, superimposing the
experimental results and simulation results of the
proposed model, we verified that there is very good
accordance between them in both magnitude and phase
for low and medium frequencies (<< 1 MHz), and
frequency components higher than 1 MHz are not able to
deeply penetrate in the motor windings. For this reason,
it’s necessary to develop a new model in high-frequency.

A high-frequency model development for AC motor.
The EMI interference levels produced by power switching
converters in motor drive depend on several factors as:

o the switching frequency of the converter;

o the slope of the current and voltage at switching;

o the impedance of the main power supply;

o the length of cables from the converter to the motor.

The good evaluation of the input impedance of the
system motor is key in the future evaluation of the level
of the electromagnetic field around this system [27].

The most effective method in researching high-
frequency characters of motor windings is multi-conductor
and multi-element conducting mode [28-31] adopted lumped
parameter model, this method is simplified and got the
acceptable result. We proposed an approach applied to
prediction the transfer function of three-phase AC motor in
high-frequency, deal with the problem of building
mathematical models of dynamic systems based on observed
data from the motor in two configurations, CM and DM, and
is thus an experimental modeling method. The proposed
approach is valid for all physical models.

The system identification method base on the
asymptote approach [32-34], this method is based on finding
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the resonance frequencies, slopes of the asymptotes, and the
terms of transfer functions corresponding to each straight
line, to construct the entire transfer function of impedance in
two configurations, CM and DM.

To validate the second proposed model described in this
paper, two measurements were carried out on the 0.25 kW
induction motor by using a Network Analyzer Agilent 4294 A
in the frequency domain.

The model has been validated by DM (Fig. 12) and
CM (Fig. 13) test measurements within the frequency
range from 40 Hz to 110 MHz.
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Fig. 12. Magnitude of DM impedance
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Fig. 13. Magnitude of CM impedance

The second model developed in this section is plotted
with the measured results to verify that the model is an
accurate representation of the machine in low, medium, and
high frequencies. The plot in Fig. 12, 13 verifies that the
model developed fits the measured impedance in the
frequency range from 40 Hz to 110 MHz.

Analysis of HF model. HF impedances of the CM
and the DM are shown in Fig. 14.
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Fig. 14. Magnitude of CM impedance

The corresponding plot shown in Fig. 14 indicates that
at DC the CM impedance of the induction machine behaves
as an open circuit. As we increase the frequency, the
impedance of the capacitor C, dominates and decreases
linearly with the frequency of slope —1. At the first resonant
frequency, the impedance of the inductor equals that of the
capacitor. Above the first resonance frequency, the
magnitude of the impedance of the inductor L dominates and
increases of slope +1 until the second resonance frequency,
after the impedance of the capacitor contributes and the
impedance magnitude decreases with the slope of —1. As the
frequency is further increased, the CM impedance has series
resonance phenomena until 110 MHz.

For the DM impedance, we can see that at low
frequencies the inductor L dominates until the first resonance
frequency. As the frequency increases, the capacitor C

begins to dominate at the DM resonance frequency and the
impedance decreases of slope —1. As the frequency is further
increased, the DM impedance has the same series of
resonance phenomena as the CM impedance.

Conclusions.

1. For the analysis of conducted EMI, it is necessary to
build a satisfactory model of all parts of common-mode and
differential-mode coupling paths between source and target of
electromagnetic interference. Particularly for the adjustable
speed drive system, the AC motor constitutes one of the main
propagation paths of conducted electromagnetic perturbation.

2. In this paper, we investigated high-frequency modeling
of the common-mode and differential-mode impedances of
AC motors. The simulations are carried out using the
proposed model in literature and compared with
experimental results, making it possible to validate the first
model in low and medium frequency.

3. An improved high-frequency motor model is
developed to represent the motor high frequency; this
model based on transfer function gives satisfactory results
behavior for frequency-domain analyses in the frequency
range from 40 Hz up to 110 MHz.
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