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Abstract: Reflected wave transient voltages that are impressed on
drive output cables and low voltage ac induction motors are simulated
with an excitation source of steep fronted dv/dt pulse waveforms from
a Pulse Width Modulated (PWM) voltage source inverter. Motivation
for system simulation arises from a need to correlate reflected wave
peak voltage and risetime with the dielectric insulation capability of
both motor and cable.  Simulations based on an accurate system model
also allow investigation into the effects of changing wire gauge, motor
hp, cable distance or addition of drive output filters. System
parameters of the inverter, cable and motor model are investigated in
detail. Special emphasis is given to the importance of modeling cable
skin and proximity effects. Simulation, measured lab and field results
are compared. The main objective of the paper is to propose a
reflected wave building block model that uses existing software on the
market, is simple, computationally fast, easily configurable, reasonably
accurate and allows investigation with wide variation of system
parameters.

I.   Introduction

A. History of Transmission Line Models

Power systems have traditionally had a need to study voltage
transients on utility equipment. Transient Network Analyzer’s
(TNA’s) of the analogue computer type were developed in the late
1930’s. More sophisticated analog - digital hybrid computers were
seen in the early 1970’s. The Electro Magnetic Transients Program
(EMTP) emerged in the late 1970’s [1] with a capability to simulate
line to line and line to ground voltage transients for the PWM drive
system shown in Fig. 1.  The EMTP has a sophisticated multi-mode
cable model that encompasses many cable constructions, but it is
expensive and not user friendly. SPICE simulators [2] are inexpensive
and have a lossless transmission line model that accurately predicts
motor terminal voltages when drive output filters or motor termination
filters are used, as in Fig. 2. In this case, filter characteristics rather
than the lossless line model dominates the transient response.
However, the lossless line assumption of SPICE is grossly in-accurate
with the unterminated motor case of Fig. 3. A SPICE lumped
parameter cable model may be used but this creates inaccuracies as
discussed in Section IV-D. The lumped parameter cable model may be
split into an equivalent distributed π model with the total line length
separated into multiple distributed π equivalent sections. However,

this also creates inaccuracies in reflected wave modeling as discussed
in Section IV-D. A distributed or equivalent π cable model in Fig. 1
has been used for reflected wave modeling. However, a more
accurate, cable modeling technique that encompasses many cable
construction types is proposed that uses a transmission line model with
a transport delay function in Fig. 1 for inverter - cable- motor
investigation.

The proposed simulator package is SIMULINK [3]. The transport
delay feature of the program is used to simulate the traveling wave
propagation time and line oscillation frequency (fo) fairy accurately.
Cable skin and proximity effects of cable resistance that are a function
of fo may also then be determined accurately. The step source function
models the semiconductor risetime from the drive. The motor is
modeled with a combination of motor surge impedance, resistance,
capacitance and winding inductance. Advantages include low cost, fast
simulation time and ability to change building blocks easily. Many of
the system parameters are not readily known in published literature or
are difficult to predict, so an investigation into model parameters for
the three basic building blocks of drive, cable and motor is done. As
with any simulation, model accuracy  is only as good as the input data
quality. However, it is shown that simulation and experimental results
are within acceptable tolerances.
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Figure 3  Accurate SPICE Simulation using Lossless Line and Termination
Network at Receiving End.
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II.  System Model

Ac drive systems are complex and require simulations to aid their
design. The complexity of a simulation is dictated by the particular
subsystem analyzed. Evaluation of the effects of long cables and
output filter devices on bearing currents and other high frequency
effects necessitate simulation times based on the smallest
eigenvalues.

A. Reduction of 3 Phase Circuit  to  2 Wire Transmission
Line

The basic 3 wire plus ground system of Fig. 1 may be reduced to a
two wire transmission line model in SIMULINK, since the inverter
sine triangle modulator only switches one device at a time. Thus, there
is always two parallel legs in steady state with a return third single leg
that is switched on. Cable and motor surge impedance parameters are
also measured in this state. The goal of this simplified analysis is to
simulate line to line voltage transients at the receiving end and does not
take into account the cross coupling into the common mode circuit.
Results are shown to agree with measured waveforms.

B. Block Diagram of System Model

Fig. 4 displays a SIMULINK block representation of an inverter
drive system, with each subsystem - inverter (source), cable (transport
delay), and machine (load) - expanded to show the respective
component. The model is based on a distortionless line, transport delay
process and lossy line assumptions [4]. Although lacking the effects of
distortion, the model is adequate for preliminary investigation  into
over voltages. The forward and backward delay blocks  keep track of
the traveling wave by storing the forward (Vfs) and backward (Vbr)
voltages. The memory required is a function of the delay time (τ/4)
and integration step ( N= τ/4/tint). Integration time (tint) is established
by the phase  velocity, source and load  dynamics. Details on each of
these blocks follows.

III. Inverter Source Model

The source is modeled with a charged electrolytic dc bus capacitor,
along with series stray inductance and resistance. The source is passed
through a step source switch with a risetime from zero to dc bus
voltage that is variable and which represents device rise and fall time.
Thus, risetimes for IGBT’s (40 ns to 400 ns), BJT’s (250 ns to 2 µs),
GTO’s (2 µs to 4 µs) or any user defined risetime may be modeled.

IV.  Transmission Line Model

Modeling cables and transmission lines is a complex problem; the
complexity dictated by the accuracy of the simulation. At normal
operating carrier or switching frequencies a lumped parameter series
R-L model may be sufficient for drive applications. However, the rise
time of modern switching devices is now in the sub microsecond range
and contain significant high frequency content, therefore requiring a
more complex transmission line model for investigations of steep
wavefronts on motor overvoltage.

Historically, transmission line modeling has periodically received
renewed interest by various industries. The earliest attempts at
simulating transmission lines dates to the early 1900s [5,6].
Improvements were made in the models and by the late thirties TNA
was developed [7]. These simulators were constructed by connecting
discrete components to represent transmission lines - essentially
lumped parameter models. With the development of modern
computing capabilities, the sixties and seventies spawned investigations
into distributed parameter models and analysis techniques. Lossless,
distortionless, distortion, and frequency dependent models were
developed and applied to power system transients [8-11].

Fig. 1 displays the classical incremental transmission line model. The
circuit parameters are: series resistance ( r ) in Ω/m, series inductance
( l ) in H/m, the shunt conductance ( g ) in Ω-1 / m, and the shunt
capacitance ( c ) in F/m. The complexity of cable and transmission line
modeling becomes apparent by examining the forward propagation
impulse response for a single conductor line to a unit step δ(T).
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The line parameters determine a0 .. an [12]. Velocity of propagation
(v) is usually less than the speed of light (cl) and dependent on
conductor spacing and insulation dielectric constant ( εr ).
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The first term in the forward propagation impulse response
represents an impulse which is attenuated and delayed. A line to line
voltage pulse, when applied to an uncharged line, will arrive at the

motor terminals after a delay of xlc seconds from v = ∂ x / ∂ t.
The attenuation depends on the distance and damping (ξ) of the
transmission line. The second term, however, describes the distortion
present in the response as the wave travels from the sending end to the
receiving end.

Transmission lines are traditionally divided into lossless (r and g
=0), low loss (r<<ωl, g<<ωc), and distortionless ( r/l = g/c). Although
lossless and distortionless represent unrealistic conditions, the wave
equations are easily understood and analyzed. Even though this may
not be strictly correct, experience has shown this approximation is
acceptable for investigating motor over-voltages. Furthermore, these
assumptions are often acceptable because of marginal improvement
obtained from more detailed models.

A.  Transport Delay

Propagation constant (γ) and characteristic impedance (Zc) for
transmission line cables are functions of the circuit parameters and
given by

γ ω ω α β= + + = +( )( )r j l g j c j                 (2)                                                                     
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g j c
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+

+
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The imaginary part of this expression provides the transport delay of
the transmission line, and can become quite complex. Oscillation
frequencies vs. cable length ( a ) for representative cables were
presented in Fig. 6 of [13]. Under certain conditions, the relationship
between the propagation constant and the oscillation frequency is given
by

                             f o
a a lc

= =
ω

β4

1

4
                               (4)

The propagation constant and oscillation frequency are critical
parameters for accurate prediction of the damping time and peak
terminal voltage when subjected to PWM operation [13,14].

B. Lossy,  Lossless and Distortionless Model

A lossless line yields a pure imaginary propagation constant. A
distortionless line adds an attenuation factor. More realistic models
include the ac skin effect losses, with approximations made depending
on the relative magnitudes of the circuit components. Summarizing
using reference [15].

1)  Lossless line (r = 0, g = 0): Ideal conditions
This assumption is not used here since it leads to gross inaccuracies

during transients (Fig. 3). However, it may be used with some success
when filter characteristics dominate over line parameters (Fig. 2).

γ β ω= =j l c                                    (5)
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2)  Low loss line (r << ωl, g << ωc): Very high frequencies
This assumption is also not used. It can only be met at high

frequency as noted by [15] and evidenced by observing measured
cable parameter data vs. frequency of Section VI.
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3)  Distortionless Line (r/l = g/c): Unique condition
The assumption of a distortionless line implies the ratios r/l and g/c

are equal although substitution of  measured data from section VI
shows this unique condition may not occur. However, by assuming a
distortionless line (η = 0 ), the model is simplified and easily simulated.
Experience has shown this approximation is acceptable for
investigating motor overvoltages. Section IV-E investigates a r ≠ 0 , g
≈  0 condition and shows that pulse distortion is low for large gauge
wire and dominated by ac skin effect resistance during the pulse
risetime.

γ α β ω= + = +j r
c

l
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Zc j
l

c
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C.  Selection of Transmission Line Model

The forward propagation impulse response, (1), may now be
examined assuming the conditions for a lossless line, low loss line,
distortionless line, and a line with distortion. Clearly, the lossless line
has an impulse response of a pure delay.

ξ η= = = −0, T t x l c                          (11)

The impulse response for the distortionless line contains an attenuation
in addition to the delay.

          ξ η=

+

= = −







r

l

g

c
T t x lc

2
0, ,               (12)

For all other conditions, the impulse response consists of a delayed
component with attenuation plus a sequence of distortion terms [6,11].
In addition, cable parameters are not independent of frequency; thus, a
transmission line model incorporating  frequency dependent
parameters may be necessary [6,16,17].

The distortionless line assumption of (12) is used in the SIMULINK
program. Equation (13) is the pulse attenuation term previously
derived in [13] for  the case of g = 0.  It is seen that (13) and the
generalized traveling wave equation (1) are identical when substitution
of g = 0 into (12) along with ξ and v into (1) is done.

( ) ( ) ( )e

oe

acr x oZ acr v t oZ acr l t= − =
−

=
−/ / /2 2 2

ε ε ε       (13)

The simulated transmission line model is based on cable
characteristics, which in turn is based on cable geometry, such as cable
insulation material and spacing between conductors. Input data is the
distributed cable parameters of l, c, r and g that were measured for
various cable configurations in Section VI. Parameters were measured
as a function of frequency for the case of two wires in parallel and the
third as a single wire return.

Transport delay is a function of cable insulation material and spacing
between conductors. Equation (1) states wave velocity v is a function
of relative dielectric constant εr. Wires widely separated in air have εr

=1 and  v = cl, while a bundled cable has a defined insulation material
εr and a lower v. In between the two extremes, there is an “effective
εr”  defined by a simple series combination of an air capacitor and
insulation capacitor. Fig. 5 shows an “effective εr” for each material
tends toward one when [ xo / 2 x1 ] is > 20. xo is the air space distance
between insulation edges and x1 is conductor insulation thickness.
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With defined l and c input parameters, the cable natural oscillation
frequency fo is accurately determined. Skin and proximity effects on
cable resistance as a function of fo are calculated with reasonable
accuracy for most wire gauges using skin effect equation factors of
[13] and forward and reverse ξ factors are simulated.

D.  Lumped  vs. Distributed Model vs. Transport Model

A single PWM pulse of velocity (v) from the drive traverses a
transmission line of length (a) four times per oscillation period (τ) due
to the fact that the motor end appears as an open circuit Γm ~ 1 while
the inverter end appears as a short circuit Γi ~ -1 ) [13]. Velocity v is
defined in (14) for inductance per meter (l) and capacitance per meter
(c) uniformly distributed along the length of the line. The number of
oscillations in 2π seconds is called the natural or eigen frequency (ωo)
of the distributed line.

τ =
4a

v
 where  v

l c
=

1
                      (14)
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v
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π π π
= = = =

2
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1

A single loop lumped parameter model with capacitance (C)
concentrated at the open or motor end and inductance (L)
concentrated at the short circuit or inverter will have a natural
oscillation frequency defined by (15).

o lumped L C( )ω =
1

         (15)

Thus, a distributed line model “eigen “ frequency is ππ/2 or 1.57x
greater than a single  lumped L-C model. As an example, consider the
500 ft of #12 AWG wire in [13] that produced a measured  250 kHz
line oscillation frequency.  The calculated natural  eigen frequency for
distributed  parameters rdc = 1.65 Ω / 1000 ft and l = 0.55 µH / m
and c = 77 pF / m lumped into a single loop matrix in (16) is 1.0008 e6
or 1.0008 e6 / 2π = 159,282 cy/sec. Thus, measured distributed model
ωo ratio to the calculated lumped model is 1.569.
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Errors in modeling the natural frequency result in erroneous peak
voltages in the > 2 pu transient mode of PWM double pulse simulation
[13,14]. This is due to the fact that trapped reverse voltage during line
to line dwell time of Fig. 6 is not accurately determined. Errors in line
oscillation frequency also directly affect the skin effect ac resistance

and produce erroneous damping during the dwell time of Fig. 7,
resulting in peak voltage errors in the > 2 pu transient mode.

Cable eigen frequencies tend to increase to much higher values as
the line cable is broken down into a number of multiple lumped π
section models. This implies that time steps must be very small to get
accurate results, an effect that was confirmed with distributed ππ model
simulation. Also, as more sections are added, convergence problems
appear as well as longer time simulations.

The transport delay model accurately predicts propagation time,
oscillation frequency ωo, determines ac skin effect resistance as a
function of ωo, has no convergence problems and is a relatively fast
simulation. Thus, this is the preferred model to determine cable
damping effects and transient over-voltages in drive-motor-cable
systems.

E.  Distortionless Line Assumption

Drive output risetime (trise) is defined as 10 % to 90 % of Vdc bus.
This section investigated how much the risetime at the motor terminals
(also 10 % to 90 % of Vdc) is additionally sloped for long cable lengths
and various wire gauges.

Fig. 8 plot shows that any additional sloping  tslope beyond the
initial original risetime appears to be a function of wire gauge and cable
distance. Smaller gauge wires provide greater tslope with cable distance
than larger diameter wires. However, for cables less than 600 ft, there
is no large beneficial sloping effect of the steep front drive pulse for
conductors greater than  #12 AWG. Thus, a low pulse distortion
assumption used in the SIMULINK program is justifiable.
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V.  Motor Model

The adverse effects of steep voltage wavefronts on machine
windings have resulted in extensive investigations into motor terminal
over-voltages [14, 18-22]. IGBT based PWM voltage source inverters,
with very low rise times, subject the receiving end ac induction
machines to extreme voltage stress many thousands of times per
second. Peak line to line terminal over-voltage ( Vpk) at the receiving
end of an initially uncharged transmission line subjected to a single
PWM pulse with risetime tr was derived in [23]. Equation (17) applies
at cable distances equal to or greater than a critical cable distance lc,
which is the point at which the reflected wave is fully developed for a
given pulse risetime [24]. Vdc is the drive dc bus voltage and Γm is the
reflection coefficient (0 < Γm < 1) at the motor. Vpk magnitude is
highly sensitive to the surge impedance mismatch between motor surge
impedance Zm and cable surge impedance Zo. Vpk magnitude is a
possible maximum 2 Vdc at cable length lc and decreases to Vdc for a
short cable at the drive output. Thus, cable length and pulse risetime
are the predominant factors in determining Vpk in the  < 2 pu mode
below lc. The following sections give methodologies to experimentally
determine a Zm magnitude vs. motor hp size, since it is the key
ingredient in determining Vpk.,

Vpk ( @ lc ) = (1 + Γm ) Vdcwhere  m    
mZ    0Z

mZ      0Z
Γ =

−

+
         (17)     

Receiving end Vpk magnitude may approach 3 Vdc for cable lengths
> lc when the transmission line has an  initial condition of trapped
charge due to multiple PWM pulses.  The interaction between cable
transient damping characteristics, motor dynamic surge impedance
model and PWM pulse spacing are the predominant factors in
determining Vpk in the  > 2 pu mode above lc [14].  The last section
incorporates the Zm value seen during the pulse risetime into a
simplified high frequency model of the ac induction motor to get
accurate system simulations in the > 2 pu reflected voltage mode.

A.  Identifying  Motor Surge Impedance using Inverter
Pulses.

The apparent motor surge impedance ( Zm ) observed during the
rising edge of the reflected wave front was measured under drive
operation using Zm = ∆e / ∆ ipk. Line to line voltage Vac was
measured during the PWM pulse condition that changed phase A,B
and C  connection from the  (+) dc bus to Phase C connection to (-)
bus. The value ∆e is the transient peak voltage above the dc bus
magnitude during trise and ∆ ipk is phase C peak transient phase
current into the motor. Fig 9 shows how Zm varies with hp  when

measured  during the pulse risetime. Motor surge impedance is not an
absolute value since a 1 hp motor varied between 1,000 to 5,000 ohm
surge impedance depending on the motor manufacturer.  Thus, rather
than an absolute Zm magnitude vs. hp line, there is probably a Zm band
to investigate for model use. Approximate values of Zm = 1,000 Ω for
a 1 hp motor and Zm = 100 Ω for a 100 hp motor are inferred from
Fig. 9.

B. Identifying Motor Surge Impedance with a RLC Analyzer

HP Impedance Analyzer 4284 test leads were connected to motor
phase A - phase B in parallel and motor phase C to simulate the surge
impedance observed during a reflected wave transient. Impedance and
Phase Angle vs. Frequency plots  are shown in Fig. 10 for 1 and 100
hp motors.

Motor phase angle approaches a positive maximum near 2 kHz to 3
kHz. This is due to magnetic skin effect in the motor laminations
which reduce iron core ac inductance Lac. High frequency eddy
currents limit the depth of flux penetration and cause a reduction in
iron permeability from µi to µ and reduce the apparent Lac. Critical
frequency fcore defines the frequency at which flux penetration skin
depth (δ) is equal to lamination thickness (k) or ψ =1. Above fcore eddy
current shielding becomes substantial and stator iron core inductance
starts to drop. Substitution of resistively (ρ) and thickness (k) for 12
mil steel  in (18) results in a typical motor fcore of 3.3 kHz as in Fig. 10
[25].
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Reduction of iron core inductance  continues above fcore until values
approaching wire self inductance and stator air core leakage
inductance’s are reached at resonant frequencies (fr) of 25 kHz for the
1 hp motor and 55 kHz for the 100 hp motor. Historical literature, as
well as Finite Element Analysis (FEA) of random wound wires in a slot
[26], suggest that flux is contained around the wire periphery with no
penetration into the core at high frequencies. Beyond fr , turn to turn
and turn to ground capacitance of the wires in the slot as well as coil to
coil capacitance are predominant, such that phase angle now
approaches (-90) degrees at high frequencies near 1 MHz.
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Fourier analysis of the PWM pulse defines an equivalent high
frequency (fu) that corresponds to pulse risetime (trise). Table I
calculates fu for various pulse risetimes using (19). The motor surge
impedance that is presented to the arriving PWM pulse risetime is the
Fig. 10 impedance magnitude that corresponds to frequency fu. For a
typical IGBT trise = 0.2 µs with fu = 1.6 MHz, a 1 hp motor surge
impedance is thus 1,000 Ω and a 100 hp motor Zm =100 Ω from Fig.
10. These Zm values agree with those determined from inverter pulse
testing. It is seen from Fig. 10, that motor Zm will vary with pulse
risetime applied.

        
uf

riset
=

1

π
        (19)

 Table I    Equivalent Frequencies of Various Pulse Risetimes

trise [µs] 0.05 0.1 0.2 0.4 1 2
fu    [kHz] 6,366 3,183 1,600 795 318 160

Rather than just obtaining a lumped Zm value, the next section
attempts to incorporate Zm into a  high frequency model of the ac
induction motor.

C. High Frequency Models of AC Motors

Numerous investigations into high frequency modeling of ac
induction machines were recently reported [26-30]. High frequency
motor models may be subdivided into two broad categories depending
on the purpose of the analysis. First, models based on FEA propose to
examine the machine on a a per turn level [26]. FEA models are
complex and are primarily for motor design purposes. The second
category’s purpose is to develop reduced order models, easily

interfaced to simulation software, resulting in a software package
designed to examine application specific problems [14,22].

Recently, a model was proposed based on data obtained from a 1.5
kW machine and is repeated in Fig. 11 [27]. This model is a per coil
group model incorporating mutual and leakage inductance terms,
inter-turn capacitance, and corresponding loss resistances. In the case
presented in [27], the machine consisted of two coil groups per phase
in a 380 v Y winding arrangement. As is clear from the figure, this
model implies high frequency current conducts from one coil group to
the next through the winding conductor. However, tests were
conducted on a wound rotor, 5 hp, 4 pole, 230/460 volt, ac induction
motor while excited by an IGBT based inverter. Fig. 12 shows the
input current (Is), terminal voltage (Vt), and winding midpoint current
(Ism) with a 460 volt connection. Notice the input current and
terminal voltage are rich in high frequency content - the dominant
frequency approximately 7 MHz. At the midpoint, however, the high
frequency was totally absent. This suggests the model of Fig.  11 is
inadequate.

Further investigations were conducted with the rotor open circuited
in addition to its normal short circuited arrangement. Fig. 13 shows Is,
Vt, and  the open circuited rotor voltage (Vrll) at 0 rpm and nominal
flux current applied to the machine. The carrier frequency was 4 kHz
and an IGBT rise time of approximately 100 ns. Notice the induced
rotor voltage oscillates at 250 kHz with no indication of the 7 MHz
signal present in Vt and Is. Repeating with the rotor short circuited
produces the results of Fig. 14. In this case, the rotor current is
monitored. Again no high frequency is present. These results indicate
the high frequency is confined to the stator and is only conducted into
a portion of the stator winding.

D. Motor Model For Differential Reflected Wave Simulations

From the results above and those reported in [14], a differential or
line to line mode motor model for purposes of predicting the peak line
to line motor terminal voltage (Vterm) is set forth in Fig. 15. The
significant differences with the model presented in [27] lies with the
parasitic capacitance’s from line to line (Cll). The topology of the
circuit, essentially a resonant tank circuit, provides a relatively simple
interface to transmission line models. The parameters are obtainable
through system identification procedures and values tabulated for
various motor ratings. The capacitor series resistance, Rz0,
corresponds to the surge impedance of the machine and establishes the
reflection coefficient. This resistance differentiates the proposed
model from that presented in [28], wherein the line to line capacitance
serves to short the stator terminals at high frequency. The remaining
parameters may be estimated from frequency data, such as Fig. 10,
obtained from tests performed using a LCR meter such as HP’s  4284.
Table II contains results for 1, 10 and 100 hp motors that corresponds
to the load motor model of Fig. 4c. Parameters Chf and Rz0 determine
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the high frequency model response while Rlf and Llf still allow an
accurate model for low frequency modeling.

Table II Motor Model Parameters

1hp 10 hp 100 hp

Rz0 1000 Ω 400 Ω 100 Ω
Rlf 25 Ω 1.76 Ω 0.18 Ω
Chf 190 pF 600 pF 6.48 nF
Llf 260 mH 110 mH 4.3 µH

VI.  Cable Parameters vs. Cable Construction

Initially, equations were found to approximate cable inductance and
capacitance of simple cable configurations. However, it was found
capacitance equations calculated for the same configuration were off
by as much as 200 % and correlation to real life constructions was
even more difficult. The fact of armor ground totally surrounding the
wires and the possibility of multiple grounds in side the cable also
complicated inductance formula estimates. Skin and proximity cable
resistance for various cables also tended to vary due to the number of
strands used and whether the strands are bundled and twisted inside
the cable. Thus, to enter accurate cable parameter data into the
program the distributed per meter cable parameters for the cable
construction techniques in Fig. 16 were measured vs. frequency. Table
III values are for two phases in parallel with the third phase used as a
return phase using a two wire LCR analyzer. Series inductance ls and
series resistance rs per meter were measured vs. frequency with one
end of a 1 meter test sample shorted. Capacitance cp and insulation
resistance rp from  phase 3 to 2 in parallel with phase 1 were
measured with the ends of the 1 meter sample open circuited.

VII.  Results

A. Measured vs. Simulated for Uncharged Transmission Line

Fig. 17a and 17b shows agreement in the 3τ damping time between
measured and simulated results with 500 ft #12 AWG and a 1 hp
motor of Zm =1,000 Ω. Peak terminal over-voltage 1.8 pu vs.1.7 pu is
also accurately simulated.

B. Effect of Cable Damping Resistance

Motor surge impedance Zm =1,000 Ω of Fig. 17a and 17b was kept
constant and wire gauge varied from #12 AWG to # 8 AWG in Fig.
18. Note the unexpected shortened decay time for larger gauge wire.
Skin effect rs data for the # 8 AWG (3 wire plus 3 grounds plus
armor) is actually greater than for the # 12 AWG cable at the
simulated cable oscillation frequency near 100 kHz. Thus, this
particular # 8 AWG cable construction provides more damping in Fig.
18 than the smaller wire in Fig. 17b. This example highlights the need
to obtain accurate measured cable data, since it is difficult to obtain
cable distributed parameter changes with frequency by simple
equations for all complex cable configurations.

C. Effect of Load Surge Impedance - Variation With Motor Hp

Fig. 18 and Fig. 19 compares the effect when the  # 8 AWG cable is
held fixed but a 1 hp motor of surge impedance = 1,000 Ω and its
Section V load parameters are changed to a 100 hp motor of surge
impedance = 100 Ω and it’s respective load parameters.
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D. Effect of Distributed Vs. Transport Delay System Model

Fig. 7 demonstrates measured >2 pu transient motor voltage for a

PWM double pulse condition [14]. Fig, 6 shows simulation results

when using a 5 section distributed n model for the same condition.

Fig. 20 results are for the proposed transport delay model. Note the

backside porch slopes and general slope correlation between transport

delay simulation in Fig. 20 and experimental data of Fig. 7, which is

not present in the distributed n model of Fig. 6.

E. Other Effects

The effect of termination network and drive output filters as for low

and high hp drive systems are easily analyzed by adding additional

SIMULINK blocks.

VIII. Conclusion

This paper proposed a reflected wave drive - cable - motor system

model that is simple, computationally fast, reasonably accurate and

allows wide variation of system parameters. Physics and facts on

distortionless line model assumptions were given. The effect of

distributed vs. transport delay type models on modeling accuracy was

discussed. To establish correct system models, the paper investigated

high frequency characteristic data on both motors and cable

parameters that is generally not found in literature. Motor transient

voltage results were simulated and compared to experimental

waveforms as a function of load h~, cable construction, wire gauge

selected, and other reflected wave filter options.
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          Table III  Measured Cable Parameters per meter  for Various Cable Construction of Fig. 16

               350 MCM 3 wire plus ground PVC Armor Cable           #4 awg 3 wire plus ground PVC Armor Cable         #8 awg 3 wire plus 3 gnds XLPE  armor Cable
fo

[Hz]
ls

[ uh]
rs

[Ω]
cp
[pf]

rp
[Ω]

zo rac /
rdc

ls
[ uh]

rs
[Ω]

cp
[pf]

rp
[Ω]

zo rac /
rdc

ls
[ uh]

rs
[Ω]

cp
[pf]

rp
[Ω]

zo rac /
rdc

100 0.42 0.0008 338 - 35 1.0 0.55 0.0006 128 - 65 1.5 0.86 0.0067 98 - 93 1.02
1k 0.36 0.0028 257 8.7M 37 3.5 0.45 0.0011 121 19M 61 2.8 0.82 0.0072 98 - 91 1.09
10k 0.34 0.0071 216 271K 40 8.9 0.37 0.0027 109 2M 58 7 0.66 0.0124 98 - 82 1.82
100k 0.34 0.0127 211 137K 40 16 0.35 0.0064 98 265k 59 16 0.55 0.0381 98 15M 75 5.77
1M 0.33 0.0178 204 24K 40 22 0.52 0.0419 84 57k 78 104 0.51 0.1296 80 - 80 20

         #2 awg 3 wire Hypalon  triangle  bundle on ground plane         #2 awg 3 Hypalon  wire separated  by 6 inch                #2 awg 3 wire + gnd SO Tray Cable
fo

[Hz]
ls

[ uh]
rs

[Ω]
cp
[pf]

rp
[Ω]

zo rac /
rdc

ls
[ uh]

rs
[Ω]

cp
[pf]

rp
[Ω]

zo rac /
rdc

ls
[ uh]

rs
[Ω]

cp
[pf]

rp
[Ω]

zo rac /
rdc

100 0.66 0.0006 52 - 112 1.0 1.6 0.0003 1.4 - 1068 1.0 0.7 0.0009 84 - 91 1.0
1k 0.51 0.0007 55 - 96 1.17 1.48 0.0005 3.2 - 679 1.7 0.54 0.0010 78 50M 83 1.11
10k 0.48 0.0024 54 22M 94 4.0 1.44 0.0019 3 - 700 6.3 0.51 0.0031 75 8M 82 3.4
100k 0.44 0.0137 53 3M 91 22.8 1.41 0.0129 2.86 28M 702 43 0.45 0.0236 73 1M 78 27
1M 0.6 0.0705 52 414K 107 117 1.57 0.0685 2.8 9M 750 228 0.41 0.0948 70 102K 77 105

         #10 awg PVC  3 wire plus gnd plus  braid shield  Cable            #12 awg 3 wire + gnd SO Tray Cable Cable               #16 awg 3 wire + gnd SO Tray Cable
fo

[Hz]
ls

[ uh]
rs

[Ω]
cp
[pf]

rp
[Ω]

zo rac /
rdc

ls
[ uh]

rs
[Ω]

cp
[pf]

rp
[Ω]

zo rac /
rdc

ls
[ uh]

rs
[Ω]

cp
[pf]

rp
[Ω]

zo rac /
rdc

100 0.95 0.0101 265 66M 60 1.0 0.7 0.0103 47 - 128 1.02 0.80 0.0238 43 - 136 1.0
1k 0.77 0.0102 235 7M 57 1.01 0.86 0.0106 47 136 1.03 0.80 0.0238 43 7- 36 1.0
10k 0.74 0.0152 206 876k 59 1.5 0.84 0.0117 47 38M 135 1.14 0.80 0.0244 43 68M 36 1.03
100k 0.54 0.0768 182 123k 55 7.6 0.80 0.0267 45 2M 133 2.59 0.77 0.0409 42 5M 35 1.73
1M 0.61 0.3099 80 30k 87 31 0.76 0.1764 44 161K 133 17 0.73 0.2070 41 298K 133 8.7
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