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Abstract—High-frequency simulation models for power ca- fhole—Zpn Frequency of the first pole in the frequency
bles and motors are key tools to aid a better understanding of response of the phase-to-neutral motor
the overvoltage problem in pulsewidth modulation drives with impedance

long feeders. In this paper, frequency responses of the cable

characteristic and the motor input impedances are obtained Jeero—zpm Frequency of the first zero in the frequency

experimentally and suitable models are developed to match the response of the phase-to-neutral motor
experimental results. Several lumped segments incorporating impedance.

a lossy representation of the line are used to model the cable.

The cable and induction motor models may be implemented

using a computational tool such as MATLAB, thereby providing | INTRODUCTION

a convenient method to analyze the overvoltage phenomena. VERVOLTAGE problems in long cable drives due to
Simulation and experimental results are presented for a typical steep voltage pulse rise time have become an important

3-hp induction motor, showing the suitability of the developed .
simulation models. The most promisingdv/dt filter networks research area during the last decade. The overvoltage phe-

are also investigated through simulation analysis, and a design Nomenon is usually described using the traveling-wave and
approach based on a tradeoff between filter losses and motor peak reflection phenomena: a voltage pulse, initiated at the inverter,
voltage is proposed. Experimental results of aRC filter placed  pejng reflected at the motor terminals due to a mismatch
at the motor terminals demonstrate the validity of the simulation between the cable characteristic impedance and the motor input
models. impedance. The magnitude of the overvoltage depends on the
_Index Terms—Adjustable-speed drives, converter machine p|se rise time and on the characteristics and length of the cable
Interactions. [1]-[4]. The motivation for the work presented in this paper
is the lack of good simulation approaches that can be used to
LIST OF SYMBOLS AND ABBREVIATIONS accurately investigate the overvoltage phenomena. Therefore,

R, L, R, Parameters of the high-frequency model Ot'he objective of this paper is to study the motor overvoltage
Ry, O,y I’O , the cable per-unit length phenomena in a definitive manner by developing accurate and
Py ply Mp. .

7 7.7 Cable characteristic. short- and open-circu?F‘St simulation models for power cables and motors that allow
e} sC ocC 1 .
’ ’ a better understanding of the overvoltage problem. The models

R., Ly, Ry, gﬁsg]aer;gfss.of the high-frequency model gerovide a cgnvenien.t tool that can be utiliged to benchmark the

L, Cy, C,, R, the motor per phase. bestdv/dt filter solution for a particular drive.

Zooms Zpg Phase-to-neutral and phase-to-ground motor FOr the power cable, it is well known that distributed-param-
impedances. eter representation provides more accurate results in the study

fiows fnigh Lowest and highest test frequencies in th€f high-frequency transients than the lumped-parameter models
impedance measurements. [5]. However, lumped-parameter representation of the transmis-

sion line can be successfully used to analyze the overvoltage
phenomena if an adequate number of segments is used in the
calculation [4]. With regard to the properties of the line, early

Paper IPCSD 02-026, presented at the 2001 Industry Applications SociQ@perS have proposeq the use of IOSSIeSS' characteristics [6]-[8],
Annual Meeting, Chicago, IL, September 30—October 5, and approved for phich leads to a considerable amount of inaccuracy. The use of

lication in the IEEE RANSACTIONS ONINDUSTRY APPLICATIONSby the Indus- a distortionless line representation was proposed in [9] Prelim-
trial Drives Committee of the IEEE Industry Applications Society. Manuscript ’

submitted for review October 15, 2001 and released for publication June 1, 20832y investigations indicate it is still not sufficiently accurate
This work was supported by ABB Corporate R&D, Germany, WEMPEC &0 investigate the overvoltage problem, especially for very long

the University of Wisconsin, Madison, and the Universidade Federal de Mineable drives. Distortion has been demonstrated to be important
Gerais and Coordenacéo de Aperfeicoamento de Pessoal de Nivel Supefrior, ’ . .
Brazil. for an accurate analysis of the overvoltage [4]. These issues are
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Fig. 1. Schematic of one of six possible active switch positions in a drive
Phase#\ andB are in high potential and phaggis in low potential.
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the literature [6]—[8]. This model is unable to capture all the
high-frequency content that is present in a pulsewidth moduﬁg- 2.. Sho_rt-circu_it impedance frequency response. Solid line: simulation
. results; stars: experimental results.
tion (PWM) voltage pulse. Some references have shown the ne-
cessity to have a different model for the induction motor othe
than a simpleR—L circuit [4], [9]-[11]. Among them, [4], [10],
and [11] have successfully presented a high-frequency inducti
motor model to calculate the overvoltage in long cable drive:
In this paper, an improved motor model is also developed bas
on the model from [4], [10], and [11], which gives better result:
in verifying the overvoltage phenomena in long cable drives.

The suggested high-frequency models for power cables a
motors are applied for specific case studies in the subsequi $
sections. These models are implemented to perform compu §
simulations using MATLAB. The simulation program is very o
useful for the overvoltage analysis and provides a convenie &

Magnitude [Ohms]

tool for a more reasonable design of the/dt filters. The most 3 100 bbb Y
important dv/dt filter networks are investigated and desigraz — 1¢? 10° 10* 10° 10°
equations for each topology are presented. Through simulati Frequency [HZ]

and analysis, an alternative design is suggested based on the
comparison between filter losses and motor terminal pe%guss'.
voltage. Experimental results of the overvoltage and of the
application of ther¢' filter are presented showing the validityapje characteristic impedance is calculated from short- and
of the simulation models. open-circuit impedances according to (1) [13]:

Open-circuit impedance frequency response. Solid line: simulation
Stars: experimental results.

Zo = (ZOCZSC)I/Q' (1)

Il. HIGH-FREQUENCY MODEL OF THEPOWER CABLE _ ]
The impedance measurements have been carried out for an

An adequate estimation of the power cable parametersuisshielded four-wire cable (three phasesne ground). The ex-
clearly needed in order to have an accurate computation pafriments were conducted using 1-m samples of the following
the overvoltage phenomenon. Previous authors have suggestule gauges: #6, #8, #10, #12, and #14 AWG. The frequency-
estimating the cable parameters by using equations relatediépendent nature of the power cable impedances can be readily
the geometrical configuration of the cable. These approximeerified from the frequency response plots. Figs. 2—4 show the
tions were found to be vastly different than actual parametedariation of the short-circuit, open-circuit, and characteristic im-
values because they do not include the frequency dependepegances as a function of frequency for #6 AWG cable, re-
in the calculation. Herein, the cable parameters are estimaggectively. Similar plots have been obtained for the other cable
through experimental analysis by checking the frequengpauges. Inthese plots, the dots represent the frequency response
response of the power cable characteristic impedance. Figolitained experimentally and the continuous line is the frequency
shows a schematic of one of six possible active switch positioresponse simulated in MATLAB using the proposed per-phase
in a typical inverter-fed motor drive. As can be seen, thagh-frequency model per-unit length (Fig. 5).
connection between inverter and motor will have two phases inSince the overvoltage phenomena must be evaluated over the
parallel and the other phase as returning cable. Therefore, ifresquency spectrum of the voltage pulse, it would be incorrect
suggested to obtain the power cable characteristic impedatmassign a unique value for the cable parameters, which could
in such configuration. Two types of tests have been carried obe associated to the voltage pulse dominant high frequency
measurement of short-circuit and open-circuitimpedances. T8¢ Instead, the cable parameters can be estimated from the
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= TABLE |
_g ! ‘ PARAMETERS OF THEHIGH-FREQUENCYMODEL FORVARIOUS CABLE GAUGES
o oy
% | ‘\ Cable Rs Ls Rpl sz Cpl sz
2 - Gange | (mQ] | [wH] | MQ] | [kQ] | [pF] | [pF]
g ! 6 1.5 0.24 173.9 13.9 137.1 22.5
= T g 6.0 020 | 2621 | 212 | 1197 | 153
10 7.0 0.28 221.7 18.9 125.4 17.7
12 7.5 0.26 218.8 22.8 104.7 16.8
14 16.0 0.29 265.7 254 93.9 16.8
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Fig. 4. Cable characteristic impedance frequency response. Solid lir ?R‘DIIHE . 12
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simulation results. Stars: experimental results.
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Fig. 6. Measurement of the phase-to-neutral impedahge
Rp1§ <Cp1
Cp2 The frequency response calculated from the high-frequency
model is in good agreement with the measured characteristics

and the proposed lumped cable model per-unit length may be

Neutral used in the simulation analysis of the overvoltage phenomenon.
Fig. 5. Per-phase high-frequency model of the power cable per-unit IengthTable | summarizes the hlgh-freque_ncy madel param_eters
calculated for each cable gauge using the aforementioned

. _ equations.
high-frequency model for which the calculated frequency re-

sponse matches the response obtained experimentally. The
parameters of the cable model are, thus, calculated by ana- !ll. HIGH-FREQUENCYMODEL OF THEAC MACHINE

lyzing the behavior of the short-circuit impedanc&d and  another key factor for an accurate overvoltage analysis is the
open-circuit impedanceZ..) over a broad range of frequencyigh_frequency representation of the ac motor input impedance,
The cable model series parametel @nd L, ) are associated \ypich myst also be valid over the frequency range of the voltage
to the behavior of the short-circuit impedance, while the pay e 1t is not necessary to verify how voltage distributes inside
allel parar_neterstl, RP2’_OP1_' _and Cpo) are assoqated 10 the ac machine winding in order to calculate the overvoltage.
the behavior of the open-circuitimpedances. Equations (2)~{{)s important, rather, to know the value of the ac motor input
are suggested to estimate the parameters of the cable m ledance and how it varies as a function of frequency.

per-unitlength, in whiclyo,, and fuig, are the lowest (100 Hz) - e ron0sed model for the ac motor input impedance is

and the highest (2 MHz) test frequencies in the impedanggse on the high-frequency model suggested in [10] and [11],
measurements, respectively which has been successfully used in calculating the overvoltage

4]. This section analyzes in detail the high-frequency ac motor
R, = 2 Real{Z, 2) | ; ; he hi
?é cal{ Zec} frw 2) model with newly introduced modifications. The parameters
s == Imag{Zec} i (3) of the model are derived using the frequency responses of
3 27 fuign , the phase-to-neutral impedanc&,{) and phase-to-ground
B Imag{Zoc} o impedance %), as suggested in [10] and [11].
Ry =2 (Real{Zoc} fi.v.) <Rea1{Zoc}flow +1 ) Figs. 6 and 7 show schematics of the experimental setup to

5 measure the frequency responses of the phase-to-neutral and
<Imag{Zoc}fnagh ) +1| ) phase-to-ground impedances. The machines tested in laboratory
Real{ Zoc} fi are dual-voltage ac induction motors. Dual-voltage machines
Real{Zoc} 1., )R }1 can commonly be connected in “delta” or “star” configuration,

p2

Ry =2 (Real{Zoc} ,,0)

Cpo = |:(27rfhigh) <# (6) for alower or a higher voltage, respectively. Usually, some of
mag{ Zoc} fs . the terminals of these machines are inaccessible, such as the ter-
B Real{ Zoc } . B minals numbered 10, 11, and 12 in Figs. 6 and 7. Therefore, the
Cp1 = [(%fb“’) <m B Cpz- (1) following procedures are taken.
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Winding-to-ground capacitance and winding turn-to-turn ca-

by 2, in order to account for the other parallel set af responsible to represent the high-frequency phenomena.
windings (7-10, 8-11, and 9-12).

Fig. 8 shows the proposed per-phase high-frequency moparcitance play the major role in the high-frequency phenomena
model that is used in the calculation of the overvoltage analysi$0], [11]. Their relation with the leakage inductance forms the

between terminals 1-2—-3 (phase) and terminals 4-5dgnamic d—g model is partly responsible for capturing the
The suggested model is a lumped-parameter representatiominant poles in the frequency response.

(external neutral). The measured values are, thus, dividew-frequency transients, while the remainiRgL—C network

neutral and phase-to-ground impedances are measurec 25
cessible, the phase-to-neutral impedance is measured

the machine connected in delta configuration.
* Since the internal neutral (terminals 10-12) is not ac-

 Since terminals 10-12 are not accessible, the phase:-
of the motor input impedance for which the calculated fre- The paramete€’, represents the winding-to-ground capac-

guency response matches the experimental response. ithece. The parametdt, is added in the circuit to represent

Fig. 9. Phase-to-neutral impedance frequency response. Solid line: simula

results; stars: experimental results.
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Fig. 12. Overvoltage waveforms (3-hp induction motor; 20-m cable length). (a) Simulation. (b) Experimental.
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Fig. 13. Overvoltage waveforms (3-hp induction motor; 40-m cable length). (a) Simulation. (b) Experimental.

the dissipative effects that are present in the motor frame resifie calculated frequency response using the proposed high-fre-
tance. The circuit formed by the parametés L,, andC, is quency model has been shown to be in good agreement with
the part of the network responsible to capture the second refee experimental results, and the proposed approach may be
nance in the frequency response, which is related to the windimged to represent the motor input impedance in the overvoltage
turn-to-turn capacitance. The parameigris responsible to ac- simulation analysis. Table Il summarizes the parameters of the
count for the losses introduced by eddy current inside the mdggh-frequency model for various hp ratings of induction motor
netic core.
In order to estimate the parameters of the high-frequency

part of the model, it is suggested to replace #he model by C %1 <1> 1 8)
a lumped-inductancé,, which represents the leakage induc- 7772\3)/ (2 fiow)Mag{Zpg } 1.

tance of the machine winding. The high-frequency model pro- Ry =3 x Real{Zpg } 1,0 )
posed in Fig. 8 has been evaluated for various induction motor 9 1 2

power ratings. The behavior of the phase-to-neutral, phase-to- Lam & <m> (10)
ground, and motor input impedances as a function of frequency R ~3 I Mo ‘; o 1
for a typical random-wound 3-hp induction motor are shown in e 723 X Mag{ Zpn} fyoro~Zp (11)
Figs. 9-11, respectively. From the frequency responses obtained C, =~ Y (12)
experimentally, the parameters of the high-frequency model can 10 )

be calculated using the expressions (8)—(14) [10], [11], in which L, ~ 1 < 1 ) (13)
fiow @nd fuign are the lowest (1 kHz) and the highest (2 MHz) Ct \ 27 frero— Zpm

test frequencies in the impedance measurements, respectively. Ry ~3 x Real{Zn}f,0ro— 2o (24)



1302 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 38, NO. 5, SEPTEMBER/OCTOBER 2002

DN
2 N
$ \
= el U \
: |
2
E NN
= J i~
‘ |
T---7 Pulse at the Inverter |
[— Pulse at the Motor ‘J .5 ps BHL
- 3 4 65 ;g v o6 o 180 MS/s
ime [s] x 10 Fg 2 vnbg 2 Dcehy O STOPPED
(@) (b)
Fig. 14. Overvoltage waveforms (3-hp induction motor; 70-m cable length). (a) Simulation. (b) Experimental.
IV. SIMULATION AND EXPERIMENTAL ANALYSIS § . ‘ T Theoretical
OF THE OVERVOLTAGE 8 £ Experimental
A flexible program was built in MATLAB that allows oneto & 18- foegeeb : b
evaluate the overvoltage phenomenon accurately for different ¢ Pl Pl
cable lengths and for different voltage pulse rise times. Inthe 3 qgl_ i | 11 SN i i
program, one chooses the number of lumped sections as well 2 Dol P
as the simulation time step. The whole system can be simulated = Do P
H - &1.4777”1___\_\_._‘_‘_LH”””””»__ I N S R
in a two-axes d—g) approach, which reduces the number of R T
differential equations. The numerical integration is realized §’ Db L
using Runge—Kutta Method order 4 [4]. Simulation results %1_2 77777 Do B
were obtained for a system with a 3-hp motor and #6 AWG £ Do & Lo
driving cable with different lengths. Experimental results were ﬁ Lor : B
also obtained to validate the simulation study. Figs. 12—14 show 5 110.2 " ‘1‘(‘)1 ‘1'60 ‘ “1'01

the overvoltage waveforms for different power cable lengths. Rise time [1s]

In each figure, the left-side plots are the simulation realized in

MATLAB using the aforementioned high-frequency modeldig- 15. Line-to-line voltage peak in pu versus rise time (3-hp induction motor;
and the right-side plots are the experimental waveforms. T%Oe-m cable length). Solid line: simulation; stars: experimental.

accuracy of the simulation models in predicting the overvoltage
is readily evident from the plots. Additional simulation and
experimental results are shown in Figs. 15 and 16, where the
behavior of the line-to-line voltage in the machine terminals
can be examined as a function of the voltage pulse rise times
for 20- and 70-m cable length, respectively. It can be concluded
from these results that the proposed overvoltage simulation
approach is a useful tool to predict, with reasonable accuracy,
the magnitude of the overvoltage in the machine winding.

2

1.8
1.6
14

V. MODELING AND DESIGN OFFILTER NETWORKS 1.20---

Several filtering techniques have been proposed to mitigate
the overvoltage probleminlong cable PWM drives [6][8], [12].
In general, these techniques include matching the cable charac-
teristic impedance to the motor input impedance and increasing
the voltage pulse rise time initiated at the inverter. The most rely. 16.  Line-to-line voltage peak in pu versus rise time (3-hp induction motor;
evant filter networks are found to bBC andRLC filters atthe 70-m cable length). Solid line: simulation; stars: experimental.
motor terminals [6], [7], [12]RLC and LC + clamping filters
atthe inverter output [7], [8]. Table Ill presents a summary of thgeak voltage at the motor terminals. In reality, a closed-form ex-
configuration and design equations of these approaches. Thesssion that gives the voltage peak in the motor terminal as a
equations are not sufficient to provide a suitable design for thenction of the filter parameters is too complex to be useful for
filter topologies if one is looking for lower filter losses and loweresign purposes.

Line to line voltage [pu] - 1.0pu = 325V DC bus

Rise time [us]
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TABLE Il
DESIGN EQUATIONS OF THEMOST SUITABLE FILTER NETWORKS
From To Motor From To Motor From To Cabla
Cable Terminais Cable Terminals % Sending-End *%k%
T + Lreer From To Cable
_—Y Y

verter L0 Sending£nd
Lfitter Litor
—YY — YY)
Roner S Reiwer S Rewer Rerer YL itear Lmur me Loner
— YA

Chiner 7T=Chiter 7T=Chiter Ratter < Reiter <, Reittor

Corar Critar Chier T Coner SO AxConee K K
Chiter ZT~Ceitter 7T~ Ctittar

M

RC Filter at the Motor Terminals RLC Filter at the Motor Terminals RLC Filter at the Inverter Output LC+Clamping Filter at the Inverter Output
RC Filter at the motor Réiner = {Zsurge-cable] Crow = Trise

terminals [6,12] fitler = 0.7054 Rer
RLC Filter at the motor Riiiter = lzsurgHable| » 1 2 1

eXp(—®n Trise) (1 — Oy Trise) = 0.9 20, [0

terminals [6] Riitter Citter Ltitter Criteer

RLC Filter at the inverter R, - |anrge—cablc| exi (_0) - )(1 @ T ) =09 o= 2Lﬁ|ter + |Zsur e-cablel Rﬁllercﬁller
output [7] flter 2 PA™0n Trise "o ’ " LanerCriner (2 Rettter + [Zsurge-cavie|)
o 2. Izsgurge-cablel
" Lﬁlter Cﬁlter (2 Rﬁltet + IZsurge-cable[)
LC+Clamping Filter at — 2.16£+0.6 1 1
ping 03€C<08 @p=2186*08 2

. Oy = ——— @ li=————
the inverter output [8] Tdesired 5 |Zsurge—cable' Citer " Liiwer Critter

5 3
> =
g g
2 =
c
2107
=
o .
[ S e S e g
o ol oo o ]
5% AR A a e
S Opgetetd =~ 3 L i
% —+— Cable Impedance P ; P P : ; A=
£ —e— Motor Impedance | : : | ' D._2003 HEN S :.|4 H T Ll '|6
f--100 3 3 G 10 10 10 10
10 10 10 10 Frequency [Hz]
Frequency [Hz]

Fig. 18. \oltage reflection coefficient at the motor terminals as a function of

Fig.17. Matching characteristics between cable characteristic and motor infigéluency for various filter resistors (cable: #6 AWG; motor: 3 hp).
impedances as a function of frequency (cable: #6 AWG; motor: 3 hp).

16 10 nF — &5m

An alternative approach for the filter design could be based ¢ = 1.5+ {--------aoene- ------------------------------------- 583 I

—o
simulation analysis rather than a closed-form expression deriv | o 40m
tion. It is suggested here to utilize the overvoltage simulatio§1-4 ' '
program developed in MATLAB to find more suitable values';
for the filter topologies parameters. Simulation charts can bg@ -
derived for each filter approach showing motor terminal voltag'g 4 »
and filter losses as a function of the filter parameters. When peg
tinent, the concepts behind the filtering techniques may be us® 1.1
together with the simulation analysis in order to derive the mo:

suitable design. Such design procedure foriidefilter is pre- 1
sented further for a 3-hp motor drive and #6 AWG power cable
The first step is to verify the matching characteristics 0'90 50 100 150

between cable characteristic impedance and motor inp Losses [W]

impedance, since this is the starting point of the dOUb”ngg. 19. Overvoltage versus filter losses (at 5 kHz) for various numbers of
effects occurrence. Fig. 17 shows the frequency dependeniée capacitors (in star connection) and for various cable lengths (motor: 3 hp;
of these impedances. It can be observed for frequencies abBve-- = 42 {2; voltage pulse rise timez100 ns).

tens of kilohertz that the impedances do match poorly. It is

not adequate to analyze the impedance matching for unicarealysis must be carried out for a broad range of frequencies,
value of impedances for a particular frequency. Rather, thdich would include the frequency responses of the cable
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Fig. 20. (a) Simulation and (b) experimental results of i€ filter at the motor terminals (motor: 3 hp; cable length: 70Rd; filter: Rpiter = 126 Q and
Crter = 10 nF (delta connection); voltage pulse rise tira@00 ns).
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characteristic and the input motor impedances. The suggest ,&.oezs

design practice is to make the filter resistance equal to the cak
characteristic impedance since the motor input impedance 106y R R D A v e S N A
much greater than the cable characteristic impedance. The k Y ] {
issue is the choice of the frequency at which the filter resistanc Y J'
should be made equal to the cable characteristic impedanc oy
In the technical literature, the impedance matching is usuall
analyzed at low frequencies around 100-200 Hz. This is not
good choice because the overvoltage problem appears for hi | 5-¢ a
frequencies above tens of kilohertz. Therefore, itis proposed  ———— 3
match the filter resistance to the value of the cable characterisi
impedance for very high frequencies as shown in (15) for a st:
connection of the filter, wheré, and C,,; are parameters of
the per phase high-frequency cable model per-unit length

b
; ;§ x BE g: 188 MS/s
g.s voiocyg _T— 1 DC 66 Y
Ls 4.5 v DC X% O STOPPED
Rﬁlter = |Zsurge-cable|f—>oo ~ m ~ 42 Q. (15)
p Fig. 21. Experimental results of the line-to-line voltage at low motor current

level (motor: 3 hp; cable length: 70 RC filter: Reiior = 126 Q andCrijior =

Fig. 18 shows the simulation results of the voltage reflectioff nF (delta connection); voltage pulse rise tira&00 ns.
coefficient at motor terminals for three values of filter resis-
tance, while the capacitance was fixed(afi., = 0.075 uF. the literature for the filter networks placed at the motor termi-
It can be observed that the best option is the value establishedats. In this case, the total inductance of the line must be consid-
(15), which gives the closest to a zero magnitude for the voltageed during the filter capacitor design. Thus, it can be concluded
reflection coefficient and, thus, the lowest peak overvoltage thiat the chart proposed by Fig. 19 is indeed very useful on the
the motor terminals. filter network design.

In the case of the filter capacitor, the objective is, through the Several simulation and experimental analyses have been real-
results of several simulation runs, to choose a capacitor valaed using theR(C filter at the motor terminals. Selected results
for which the filter has lower losses and the motor experiencaee presented here. Fig. 20 shows simulation and experimental
the lower line-to-line peak voltage. Fig. 19 shows the simulaesults for the 70 m cable length case usig;.. = 126 2
tion results for several values of filter capacitance. The choiead Cgy... = 10 nF (filter in a delta connection). These plots
of the filter capacitor becomes a tradeoff between filter lossekow the characteristics of the line-to-line voltage and the
and peak voltage at the machine terminals. As the capacitacaerent through one of th&(C filter branches. The correlation
becomes large, the line-to-line peak voltage becomes lower dretween simulation and experimental results can be readily
the filter losses become higher. Therefore, one must decidewarified.
the maximum allowable filter losses and then choose the filterOne important missing detail that should be mentioned here
capacitance to obtain the desired peak voltage at the motor fsrrelated to the initial charge conditions across the various en-
minals. It can be also verified from Fig. 19 that the filter capaergy storage elements of the cable model during the simulation.
itor choice to obtain the same level of line-to-line voltage is ndt this point, it has not been possible to initialize the charge
unique, independent of cable length, as commonly expecteccmditions of the cable in the proposed simulation program. It
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Design equations of the most relevant filter networks have
been presented. Using the simulation program, a more thorough
design approach has been proposed examiningetidilter at
the motor terminals. Using this approach, the filter resistance
can be chosen according to the matching between cable charac-
teristic and motor input impedances in the frequency domain. In
addition, the filter capacitor is selected according to the desired
voltage stress and filter losses. The proposed simulation model

15:25:57
]4
1 ps ' R R~ " I I R S N A |
108 v 7 —
447 y —!"
2 I
1 ps J 2
100 V
447 y
1 ps
5.8 A
22.3 A
3
1
1 ps [ ]
% jg 3 BE ?‘gz 108 MS/s
B.5vocy I 1 DC 8B Y [2]
1.5 Y DT O STOPPED
Fig. 22. Experimental results of the line-to-line voltage at high motor current 3]

level (motor: 3 hp; cable length: 70 RC filter: Reiger = 126 Q andCriper =
10 nF (delta connection); voltage pulse rise tira@00 ns.

(4]

is however true that the current level in the machine for which
the switching transient occurs will produce different amplitudes
of overvoltage in the machine terminals. Figs. 21 and 22 showts]
experimental results demonstrating this fact. It can be observed
that for higher currentamplitudes, the line-to-line voltage is also g
higher. Incorporation of these issues is the subject of ongoing in-
vestigations and the results will be published in the future.

[7]
VI. CONCLUSIONS

This paper has proposed a MATLAB-based program to bel®]
used in the analysis of the overvoltage phenomena in long cable
PWM drives. The following are the main characteristics of the [9]
simulation program.

 The voltage pulse initiated at the inverter can be easily adr )
justed to better represent the reality. This is an important fea-
ture, since the characteristics of the overvoltage are strongl[xill
dependent on the harmonic contents of the voltage pulse.

* The power cable is represented as a transmission line with
lossy characteristics and modeled using several lumped?2]
parameter segments. The inclusion of distortion is very
important to obtain a close representation of the overvoltagg s;

* A new model for the motor input impedance has been also
suggested for the high-frequency analysis. Such a motor
model is very important to capture the high frequency
transients.

The parameters of the cable and motor models have been
derived from frequency response analysis of the cable charac-
teristic and motor input impedances, respectively, and a be
representation of the cable—-motor system is achieved for
overvoltage analysis.

Several simulation and experimental results have been
sented showing the usefulness of the simulation program on
analysis of the overvoltage. Overvoltage charts as a function
the voltage pulse rise time and cable length were generated

allow one to accurately predict the voltage stress for variob!‘

situations.

can be used in the design of the other filter networks as well.
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