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Abstract—An accurate numerical model, based on multiconductor
transmission lines (MTL) able to evaluate the voltage dynamics across
the motor bearings and associated currents of an inverter-fed motor
is presented. A full three phase stator winding of the wound type of
a high power traction motor is considered in the proposed analysis.
The different regions of the motor are modeled as suitable connections
of lossy MTL which are then studied in the time domain. The per
unit length characteristic matrices describing the MTL are accurately
calculated by a FEM based software. The effects of the rise time of
the input voltage and the length of the feeder cables are discussed.
The reliability of the numerical results achieved by means of the MTL
model is checked by performing a comparison with those obtained by
considering a lumped parameter equivalent circuit.

1. INTRODUCTION

1.1. Bearing Voltage: State of Art

A drive system composed of a traditional induction motor matched to a
pulse-width modulated (PWM) inverter can overcome the limitations
of induction motors operating directly on line voltage, allowing an
efficient control of the ac-motor speed by varying the amplitude and
frequency of the supply voltage, thus obtaining an adjustable-speed
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drive (ASD). One of the most common techniques adopted for the
generation of the desired output voltage waveforms is PWM which
has reached great diffusion thanks to the rapid development of new
switching devices, such as the insulated gate bipolar transistor (IGBT),
which can reach high switching frequencies with low power losses.

Unfortunately, the output voltage from the inverter is not purely
sinusoidal and, in particular, steep front pulses can be generated in
correspondence to the commutations of the IGBTSs, resulting in a
high frequency (HF) common mode voltage (CMV) at the motor
terminals. Such CMV determines intense electrical stresses, very
dissimilar from those observed when feeding the motor with a pure
sinusoidal waveform, which, in turn, may influence the performances
of various parts of the motor, such as the motor insulation and the
bearings. In particular, the motor electrical insulation experiences
high turn-to-turn stress caused by non-uniform potential distributions,
increased dielectric heating, intense partial discharge (PD) activity due
to overshoots in pulse waveforms and space charge accumulation which
in different way affect the material life time [1-8].

Furthermore, the mismatch among the impedances of inverter,
cable and motor induces different types of bearing currents (BC)
which may determine early aging and possible failure of such critical
components. A very ample literature is available on the physical
mechanisms of the failure, the modeling approaches and the possible
mitigation techniques of such parasitic currents. In particular, a very
interesting paper has been recently proposed by Muetze in which the
different contributions proposed so far on such different aspects have
been thoroughly reviewed [9]. Muetze and Binder have also provided
a clear classification of the different mechanisms responsible of BC as
well as significant results from experimental tests [10-16]. Among the
different BC mechanisms, the so called circulating bearing currents
flowing in the loop stator frame-nondrive end-shaft drive end of the
motor may assume, depending on the motor size, very high peak
values (up to 20 A for a 400 V, 500 kW machine) [10, 13]. Such currents
are caused by a shaft voltage which, in turn, depends on the stator-
winding-to-frame capacitance excited by the high dv/dt of the CMV.

1.2. Bearing Voltage: Prediction Models

For design purposes, it is of great importance to provide the electrical
engineer with a model able to predict the voltage on the rotor shafts
as a function of some relevant geometrical and electrical parameters,
such as the stator dimension, the length of feeding cable, shape of the
applied voltage, insulating material permittivity etc..

Most models available in the literature are based on a
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representation of the motor winding as a lumped parameter network
and cannot take into account the effects of wave propagation within
a coil [11,16,17]. Other more accurate approaches [18,19] adopt a
multiconductor transmission lines (MTL) model which allows to take
into account the spatial distribution of the voltage inside the system,
but are not intended for providing information on the bearing currents.

For this reason, based on an MTL model [20] which takes into
consideration also the frequency dependent joule losses, the authors
have developed a MTL model of the motor winding, able to predict
the voltages across the rotor shaft and to estimate the currents flowing
through the bearings when the machine is fed by a single-phase ramp
voltage with variable slew rate [21,22].

In the previous paper [21] the MTL model considered a single
phase of a motor, in the present paper the MTL model is extended
to the full three phase stator winding of a traction motor in order
to take into account the effects of a typical three-phase inverter
output voltage. The MTL line is studied in the time-domain by using
the telegraphers’ equation system with suitable boundary conditions.
This mathematical model leads to a set of equations representing an
equivalent circuit given by a 2n-port. The model can properly take
into account the presence of Joule losses along the line, together with
the skin effect. However, in order to reduce the computation time and
the memory requirements, resistive lumped parameters R have been
considered at the junctions between two adjacent MTL. The per unit
length characteristic matrices describing the line have been accurately
calculated by a FEM based software.

The paper is organized as follows. After a short description of the
adopted model and the solution technique, results about the evaluation
of the voltage across the bearings and on the effects of the rise time
of the input voltage, the length of the feeder cables are discussed.
The reliability of the numerical results achieved by means of the MTL
model is checked by performing a comparison with those obtained by
considering a lumped parameter equivalent circuit.

2. THE CONSIDERED MODEL

2.1. MTL Model of the Motor

In Figure 1 a typical stator coil of a traction motor of the wound type
is shown. It can be split into 6 sections (T1 ... T6) where (T2, T5)
represent the conductors in the slots, and the remaining sections (T1,
T6) and (T3, T4) stand for the conductors in the overhang regions,
and N is the number of conductors per slot in each stator winding.
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Figure 1. Typical stator coil of a form wound motor. The different
sections considered in the proposed model are evidenced.
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Figure 2. The MTL model (phase S) associated to the considered
inverter drive.

In the hypothesis that the field structure is Transverse
ElectroMagnetic (TEM) or quasi-TEM the voltage distribution across
the coil can be calculated by using the MTL theory and the
telegrapher’s equations.

The electrical model is composed of a connection of 6 MTL
per electrical phase (R, S, T); each MTL is represented by N +
1 conductors, where N, as mentioned before, is the numbers of
conductors per slot in each stator winding and the last conductor
represents the rotor which is common to all the three phases (Figure 2).
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At its ends, the rotor is connected to a pair of bearings represented in
the picture by their equivalent capacitance Cp; and Cpe. The presence
of the feeder cable, connecting the inverter to the motor, is taken into
account by means of a single transmission line per phase.

The MTLs are described by their characteristic R, L, C, G per
unit length (p.u.l.) matrices, and in particular, the matrix G represents
the dielectric losses in the windings, R is associated to the losses in
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Figure 3. Transverse section of the T2 or T5 stator domain. The
dimensions adopted for the computation of the parameters of the MTL
matrices are indicated.

Table 1. Geometrical parameters (see Figure 3) adopted in the FEM
computations for the considered motor. The values of the relative
permittivity of the different insulating materials are also reported.

Parameter Name | Value (mm) | &,
conductor insulation S1 0.11 3.4
coil insulation Sa 0.36 6
groundwall insulation S3 0.26 3.4
bottom slot spacer Sa 0.13 3.6
additional insulation Ss 0.42 3.4
top slot spacer Se 0.13 2.4
slot to rotor distance hs 4.97 1
slot width ls 9.07 1
height of conductor cross section he 1.13
length of conductor cross section le 7.58
rotor radius T 140
stator radius Ts 138.5
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the windings, L and C, are respectively the matrices of the inductance
and capacitance of the windings.

In Figure 3 a transverse section of the T2 or T5 domain adopted
for the computation of the p.u.l. matrix is depicted. The number
of conductors per slot in each stator winding is equal to 9, leading to
[10x10] L and C matrices. The parameters of such matrices have been
accurately calculated by a commercial software (Maxwell® by Ansoft
Co) based on the finite element method (FEM) [23]. The values of the
geometrical and physical quantities adopted in the computations are
given in Table 1, this values are obtained from the layout and data-
sheet of a typical traction motor with nominal power of 373kW. The
same procedure has been applied to determine the matrices elements
of all the different domains composing the winding.

In the Laplace domain it is possible to obtain the longitudinal
impedance Z(s) = R+ sL and transverse admittance Y (s) = G +sC.
The MTL line is studied in the time-domain by means of the 2n-port
model depicted in Figure 4 and described by (1) and (2)

io(t) = Jo Ye(t —7) x vo(r)dr + jo(t) "

ig(t) = Joo Ye(t —7) x va(r)dr + ja(t)

with i

jo(t) = [iX P(t —7) x [=2i4(7) + ja(7)] d7 @
ja(t) = [T P(t — 1) x [~2io(7) + jo(7)] dr
The different quantities appearing in (1), (2) are indicated on
the scheme in Figure 4. The {ig(t), vo(t)} and {ig(t), va(t)} are
respectively, the current and the voltage at the input and output of the
2n-port model shown in Figure 4. The matrices Y(t) and P(t) are,

respectively, the Laplace transform of the characteristic admittance
Y.(s) = \/é_l(s) x Y *(s) x Y(s) and of the propagation function

iy(?) i,
: :

W@ @ ol i L]

Figure 4. 2n-port model of the MTL.
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Figure 5. Modified 2n-port with concentrated elements R which
account for winding losses.

P(s) = exp(d x /Z(5)¥(s)). Details on the model and the solution

technique can be found in [18]. The solution can be achieved by means
of a recursive approach since at time instant ¢ the state variables jo(t)
and j4(t) are known because they depend on the values assumed by
themselves and by the currents at time instant (t — T'), where T is the
propagation time delay.

In order to decrease the computational burden (in terms of
computing time and memory usage) the following approximations are
considered G = 0, i.e., no losses in the dielectric materials, whereas
the losses in the windings are considered as two concentrated elements
at the input and output of the 2n-port. As a consequence, the circuit
of Figure 4 is changed into that shown in Figure 5, whereas the system
of equations to be solved becomes:

{ (I+RY) x ig(t) — Y x vg(t) = jo(t)

(I+RY) xig(t) — i x :d(t) _ ;(t) (3)

To solve the circuit of Figure 5, for each section the appropriate
systems (2) and (3) must be solved in the time domain together with
3x M x 2xm matching conditions, where M is the number of MTL and
m is the number of conductors in each MTL. For example, the systems
of equations to be considered at the interface between Sections 3 and 4
of Figure 1 at the time instant ¢ is:

( vy (Tss,0,tk) — V) (Tys, i+ 1,t,) =0

T3R,4,t;) — v (Tyr, i+ 1,t;) =0 with i=1,...,m—1
Tsr,i,ty) — vl (Tur, 1+ 1,t) =0 (4)
T35, m, t;) = vl (T3r, m, ty) = v} (a7, m, t) = vpa(ty)

Tys, 1,t) = v} (Tag, 1,t;) = v (Tur, 1, t) = vpa(tx)
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(io (Tys, i+ 1,tx) + iq (Tss,4,t,) =0
io (Tur,i+ 1,tx) +iq (T3R, 0, ) =0 with ¢ =1,...,m
io (Turyi+ 1,tg) +iqg (Tsr,i,t,) =0
i0 (Tus, 1, tx)+iq (T35, m,tg)+io (Tur, 1, tx)+iqg (T3r, m,ty)
+io (Tar, 1 ty) +iq (Tsr, m, t) 4 ipa(tr) = 0
L b2 (tk) = Oz [vp2(tr) — vp2(te—1)] /A

where the suffixes (R, S, T') concern the three phases of the motor and
A is the time interval adopted for the integration (A = t — tx_1).
It is worth noting that at the analyzed interface also the bearing
capacitance C} is considered.

(5)

2.2. Model of the Cable

The cable connecting the inverter with the motor is modeled by a
lumped parameters m network as shown in Figure 6. The network
parameters are:

RS =d. X Tpul

LS = dc X lpu1 (6)

_ 1
R, =d. x o
cp = de X Cpul

where d. is the length of the cable, and 7pu, lpu, gpu and cpy are
respectively the p.u.l. series resistance, series inductance, parallel
conductance and parallel capacitance.

The variables v((1,t) and ig(1,t) reported on Figure 6 are related
to voltage and input current of the first conductor concerning the
section T1 of the MTL network. The relation between v((1,t;) and
io(1,tx) and the voltage and current delivered by the generator is given
by the system:

(B 85 +2) v () + 2 () = B384 S0y ()
W (1,8) — vr (t) + (Rs + %) iy (te) = iy (te1) (7)
(% + %]) UE) (1’tk‘) + iO (]—7tk) - /i2 (tk;) - %Ué (1,tk_1)

where v((1,tx—1) and idg(1l,tx—1) are the voltage and current,
respectively, to the MTL input to time t;_1. In order to solve the
circuit of Figure 2, 720 equations for each of the system (2), (3) and (5),
(6) are to be written together with 9 equations (7) for the three power
supply cables (one for each phase).



Progress In Electromagnetics Research B, Vol. 46, 2013 241

) Rg lz(t) - i(1: )

" Rs Ls s
Cp/2 Cp/2 -
Eg(t ; . vil,t
g(t) 1wt I wits, e
Gp/2 Gp/2
Figure 6. 7 model of the cable.
Three phase voltage supply

500 :

450

4001 &

— Es

3500 — Et ||

300}
=
%250-
£ 200

150}

100}

50}

° t 2 t3 . 4
0 100 150

Time [us]

Figure 7. Supply voltages adopted in the simulations.

3. NUMERICAL RESULTS

The traction motor used for the simulation has a form wound stator
coil characterized by 9 conductors per slot. The considered circuital
model includes 6 MTL per phase, each one composed of 10 lines. Each
motor phase is connected through a feeder cable to an ideal voltage
supply.The power voltage reproduces a typical three-phase inverter
output, as shown in Figure 7.

A characteristic time interval of 150 us has been chosen for the
simulations, since at time instants ¢;, 9 and t3 for each phase S, R,
T, respectively, a step up can be found, while only one step down
(at t = t4) for phase T occurs. The output voltage for each phase
has a maximum value of 450V and is characterized by its slew rate
d (dV/dt).

Figure 8 shows the plots of the time behavior of the voltage Vj;
and Vi (a) and current Iy, Ipo (b) on the two bearings, obtained on
the basis of simulations performed by considering typical values of the
parameters of a traction machine, i.e., the length of the power cable
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Figure 8. Time evolution of the (a) voltages Vi1 and Vjs and (b)
currents I, Ipo on the two bearings for the applied voltages of Figure 7.
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Figure 9. Zoom of the (a) voltages Vj; and Vi and (b) currents Iy,
Iys on the two bearings occurring at the instant ¢o.

(d.) equal to 5meters, the slew rate (d) 1.5kV/us and the length s of
the sections T2 and T5 equal to 0.38 m. It is evident from Figure 8
that both the voltage and the current in the two bearings are different
and the difference is correlated to the commutation of the switching
devices.

A clearer view of the differences can be noted from the plots in
Figure 9 where a zoom of the current and voltage waveforms is reported
for a time interval around the instant ¢ where the commutation of
phase S occurs.

The signal on the second bearing (blue color lines in Figures 8
and 9) starts with a delay with respect to that on the first one.

Moreover, the maximum values reached by both the voltage and
current on the first bearing (red color lines in Figures 8 and 9) are
greater than those on the second one.
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From this observation it is confirmed that the drive-end bearing
is the most stressed and therefore it is the one that requires more
attention in the design phase.

3.1. Effect of the Slew Rate d

In order to evaluate the influence of the slew rate of the applied voltage
three values have been considered in the simulations, d = [0.5, 1.5,
3.0)kV/us.

In Figure 10 the time evolution of the voltages V3; and Vis (a) and
the current Ip; and Iy (b) across the two bearings, for d = 0.5kV/us
and d = 3.0kV/us, are shown. It can be noted that the slew rate, as
expected, has a significant impact on the two considered quantities.

30, 20,
‘7‘/:,‘ for dV/dt=0.5 kV/us —V,,, fordVidi=0.5 kVius
25 | Ve for aVIdt=3 kVius ——V,, fordVidi=3 kVius
5
20 !
15 |
H 10 |
1off \ [N —
= IR =
£ =t B ol b =
S — 3
I s e
0
-5t "
-10
5
15
-20 -10
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
time [ms] time [ms]
(a) (b)

Figure 10. Time evolution of (a) V31 and (b) V2 across the bearings
with the slew rate as a parameter.
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In Figure 11 the max value of the two bearing voltages and currents
together with the absolute value of their difference is reported as a
function of the slew rate when the motor is connected through a 5m
feeding cable to the inverter.

It is clearly evident that the maximum voltage is obtained for the
greatest value of d and the effect is more marked for the drive-end
bearing. Instantaneous values of about 25V can be obtained for the
max voltage difference.

It is worth observing that such difference is not necessarily
obtained for the same conditions leading to the max for V3, and V.

3.2. Effect of Cable Length d.

Three different lengths of the cable connecting the inverter to the

motor have been considered, d. = [2, 5, 30]m. The voltages across
40 Vm for dc=2m 30 7\/&72 fordc=2m
7\/!” forde=30 m \7VD2 fordc=30 m
30 20
5 |
2 \ | 1
< s 10 e —
%10 — % 5 e
2 S o — 5 o o ‘
0
-5 i
-10
10 V “N
N
2002 o004 006 L% 0T o o ot 205 002 004 006 008 04 012 014 016
ime [ms time [ms]
(a) (b)

Figure 12. Time evolution of (a) Vj
with the cable length as a parameter.
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Table 2. Max values of V1 and Vjo for different values of d and d..

d [kV/us] de [m]
05] 15 [ 30 | 2 5 | 30
Vir [V] | 12 [ 238 | 271 [ 223 | 23.4 | 314
Vo [V] | 10 | 16.7 | 18 | 16.2 | 16.7 | 29.0

vemi ] CAPACITIVE BEARING
v CABLE MoToR  COUPLINGS \ét))
INVERTER Fra Ra 1la Csr
- . : -y
+ .
Z +
Er x & cp lecsft
Es & oL 5l
e=fT T
Et * Ch
oL

Figure 14. Lumped parameters equivalent circuit for the system of
Figure 2.

the bearings have been calculated with d = 1.5kV /us and s = 0.38 m.
In Figures 12 and 13 the detrimental effect on the voltage distribution
produced by longer cables is shown.

As shown in Table 2, the increase of rise time (d) has its major
effect on the drive end bearing (bearing 1). In fact, by rising the slew
rate from 0.5kV/us up to 3kV/us we get an over voltage AV on the
two bearings which is, respectively, AVy; = 15V and AV = 8 V.
Greater lengths of the feeding cable (d.) cause higher stresses on
the non drive end bearing (bearing 2). Indeed AV = 9.1V e
AVyy = 12.8V, when changing the connecting cable length from 2m
up to 30 m.

3.3. MTL Model vs. Lumped Parameter Circuit

As for most numerical models, an intrinsic drawback associated also
to the MTL approach herein described, is the difficulty to assess
the accuracy and reliability of the obtained results. Experimental
verifications are evidently very complex, if not impossible. Therefore,
in order to perform a validation (at least an indirect one) of the
proposed model, the results achieved by means of the MTL model have
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Table 3. Values of the components for the lumped parameter circuit
of Figure 14.

Parameter Value Description
Vinax 45V Maximum voltage
Freq-m 50 Hz Output frequency
Freq-p 4000 Hz Switching frequency
d 1.5kV/us Output Slew Rate
L 0.53mH Longitudinal inductance of cable feeder
Rs 1.03m2 Longitudinal resistance of cable feeder
Cp 2nF Transversal capacitance of cable feeder
de 5m Length of cable feeder
R, 24.2 mf) Resistance of the stator coil
L, 3.53mH Inductance of the stator coil
Csy 3.45nF Capacitance between stator coli and frame
Csr 17 pF Capacitance between stator coli and rotor
Cry 263 pF Capacitance between rotor and frame
Cy 3nF Capacitance of the bearings

been compared with those obtained by using the lumped-parameters
equivalent model shown in Figure 14 [24], simulated with PSIM®.
Such model has proved efficient in exploiting results comparable to
experimental findings as it concerns the statistical indicators associated
to the Electrical Discharge Machining (EDM) currents occurring in the
bearings of inverter-driven ac motors [24, 25].

In Table 3 the values of the components of the circuit of Figure 14
are reported. Figure 15 shows the results of the simulations obtained
by using the lumped parameter circuit together with those achieved
by means of the MTL model. For the former circuit, in addition to
the voltage on the bearing, the common-mode voltage of the inverter
output Ve = (Es + Er + E7)/3 [26] (such values are divided by 40
for graphic reasons) is also shown.

The comparison among the two simulation models concerns
the voltage (Vi) at the end of the oscillating phase that arises in
correspondence of the switching of one phase, the length of the swing
phase (At) and the maximum amplitude of the voltage during the
oscillating phase (AV'). For the case of the distributed parameter
circuit two values of At and AV are given, indicated by the subscripts
1 and 2, and corresponding to the two bearings Cpy; and Chy. Such
values are presented in Table 4, where for the lumped parameter circuit
only one value can be evaluated.



Progress In Electromagnetics Research B, Vol. 46, 2013 247

Vb Vemi40

Voltage [V]

W’NW - Vst

15
020 025 030 035 0 0.02 004 006 008 01 012 0.14 0.16
Time (ms) time [ms]

(a) (b)

Figure 15. Comparison of the bearing voltages obtained with lumped
and MTL models: (a) common mode voltage and bearing voltage
simulated by means of the lumped circuit; (b) bearing voltage obtained
by MTL model.

Table 4. Comparison of the characteristic quantities describing the
voltage on the bearings as obtained from the MTL model and the
lumped parameter circuit.

Lumped | MTL model (Cp1) | MTL model (Cp2)
Ve (V) 6.3 5.9 5.9
At (ms) | 0.027 0.0106 0.0084
AV (V) | 15 20.5 18.3

From Table 4 it can be observed that both models lead to the same
voltage V. In fact, this value depends on the Bearing Voltage Ratio
(BVR) [24-28] and for both models such a parameter should be roughly
the same. The slight difference is due to the resolution of two different
software used for the circuits and how these capacities are calculated in
the evaluation of the BVR. A remarkable difference is obtained for the
values of AV. This value is equal to 1.5V for the lumped parameter
circuit, but can be even 20times higher for the MTL model. Such
a difference, originated by the reflection phenomena, highlights that
EDM currents, which in the lumped parameter model cannot be taken
into account, may arise [24, 27].

4. CONCLUSION

The results obtained by simulations performed with a full three phase
MTL model for a high power traction motor have been discussed. The
elements of the per unit length characteristic matrices describing the
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lines are calculated by a FEM based software, whereas resistive lumped
parameters have been considered at the junctions between two adjacent
MTL in order to take into account Joule losses. The MTL model allows
to get an accurate evaluation of the critical quantities affecting the
reliability of inverter-fed traction motors, such as the different voltage
dynamics across the two motor bearings and the associated currents
flowing through the bearings. The evaluation of such quantities cannot
be achieved by considering lumped parameters network since they
cannot take into account the propagation and reflection phenomena.
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