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Abstract: Reflected wave transient voltages that are impressed tims also creates inaccuracies in reflected wave modeling as discussed
drive output cables and low voltage ac induction motors are simulatedSection IV-D. A distributed or equivalemt cable model in Fig. 1
with an excitation source of steep frongeldt pulse waveforms from has been used for reflected wave modeling. However, a more
a Pulse Width Modulated (PWM) voltage source inverter. Motivatioaccurate, cable modeling technique that encompasses many cable
for system simulation arises from a need to correlate reflected was@nstruction types is proposed that uses a transmission line model with
peak voltage and risetime with the dielectric insulation diigabf a transport delay function in Fig. 1 for inverter - cable- motor
both motor and cable. Simulations based on an accurate system mineistigation.
also allow investigation into the effects of changing wire gauge, motor The proposed simulator package is SIMULINK [3]. The transport
hp, cable distance or addition of drive output fitters. Systerdelay feature of the program is used to simulate the traveling wave
parameters of the inverter, cable and motor model are investigatedoippagation time and line dliation frequency f,) fairy accurately.
detail. Special emphasis is given to the importance of modeling caldable skin and proximity effects of cable resistance that are a function
skin and proximity effects. Simulation, measured lab and field result$ f, may also then be determined accurately. The step source function
are compared. The main objective of the paper is to proposemadels the semiconductor risetime from the drive. The motor is
reflected wave building block model that uses existing software on theodeled with a combination of motor surge impedance, resistance,
market, is simple, computationally fast, easily configurable, reasonalglgipacitance and winding inductance. Advantages include low cost, fast
accurate and allows investigation with wide variation of systemimulation time and alty to change building blocks easily. Many of
parameters. 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
I Introduction with any simulation, model accuracy is only as good as the input data
A. History of Transmission Line Models quality. However, it is shown that simulation and experimental results

Power systems have traditionally had a need to study vottagEe Within acceptable tolerances.

transients on ity equipment. Transient Network Analyzer's

(TNA's) of the analogue computer type were developed in the 'at'lnverter o |
1930’'s. More sophisticated analog igithl hybrid computers were Pulse o ‘ |

seen in the early 1970’s. The Electro Magnetic Transients Progral

(EMTP) emerged in the late 1970’s [1] with a calighto simulate

line to line and line to ground voltage transients for the PWM drive

system shown in Fig. 1. The EMTP has a sophisticated mult-modL 0ssless
cable model that encompasses many cable constructions, but it Line
expensive and not user friendly. SPICE simulators [2] are inexpensiv

and have a lossless transmission line model that accurately predic -1300
motor terminal voltages when drive output filters or motor termination

fiters are used, as in Fig. 2. In this case, filter characteristics rathe

than the lossless line model dominates the transient respons o e s e
However, the lossless line assumption of SPICE is grossly in-accura

with the unterminated motor case of Fig. 3. A SPICE lumped

parameter cable model may be used but this creates inaccuracies adgure 2 Inaccurate SPICE Simulation using Lossless Line and High
discussed in Section IV-D. The lumped parameter cable model may be Impedance Load at Receiving End.

split into an equivalent distributent model with the total line length
separated into multiple distributed equivalent sections. However,
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Figure 3 Accurate SPICE Simulation using Lossless Line and Termination
Figure 1 PWM Drive System Model Network at Receiving End.
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Il. System Model

Vs
Ac drive systems are complex and require simulations to aid th | J
design. The complexity of a simulation is dictated by the particul: E)_ vir
subsystem analyzed. Evaluation of the effects of long cables ¢ D%( » E)—
output filter devices on bearing currents and other high frequen i Soutce Forward— romward }r
effects necessitate simulation times based on the small ooy Network

eigenvalues.

Y

Backward
Backward
Attenuation Gelay Sums Vr

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

Is

The basic 3 wire plus ground system of Fig. 1 may be reduced to a Figure 42 SIMULINK Model for Inverter Drive System.
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 =N q
that is switched on. Cable and motor surge impedance parameters are in_1
also measured in this state. The goal of this simplified analysis is to + 4

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

1/Ls  Integratorl

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 ~ Figure 4b.  SIMULINK Model for Source and Leakage Reactance.
distortion, the model is adequate for preliminary investigation intc
over voltages. The forward and backward delay blocks keep track ¢ ] B
the traveling wave by storing the forwarllisf and backward \{(r) =
voltages. The memory required is a function of the delay tirfg (

and integration step ( N#4/tint). Integration time t{nt) is established %

In_1

by the phase velocity, source and load dynamics. Details on eachg; 1
these blocks follows. R P ZeIR20 oy
lIl. Inverter Source Model [ R e .

The source is modeled with a charged electrolytic dc bus capacito iy | >>ts
along with series stray inductance and resistance. The source is pas: L/Lif '
through a step source switch with a risetime from zero to dc bu o .
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 [i8)2 * T out 2

GTO'’s (2us to 4ps) or any user defined risetime may be modeled.

IV. Transmission Line Model Figure 4c. SIMULINK Model for Machine Load.

Modeling cables and transmission lines is a complex problem; therig. 1 displays the classical incremental transmission line model. The
complexity dictated by the accuracy of the simulation. At normalircuit parameters are: series resistantd {n Q/m, series inductance
operating carrier or switching frequencies a lumped parameter seiis) in H/m, the shunt conductanceg() in Q* / m, and the shunt
R-L model may be sufficient for drive applications. However, the risgapacitance ¢ ) in F/m. The complexity of cable and transmission line
time of modern switching devices is now in the sub microsecond rangg,jeling becomes apparent by examining the forward propagation
and contain significant high frequency content, therefore requiringirﬁpmSe response for a single conductor line to a unit&{Ep

more complex transmission line model for investigations of steep 1)
wavefronts on motor overvoltage.
Historically, transmission line modeling has periodically received -EX 2 =&x

renewed interest by various industries. The earliest attempts v nx o -ET[ ]
simulating transmission lines dates to the early 1900s [5,61%-‘ M=e " oM+ v € € d+aT+ a2T2 " %13+' ‘7
Improvements were made in the models and by the late thirties TNA
was developed [7]. These simulators were constructed by connecting 9 9
discrete components to represent transmission lines - essentially §+—§ g_—ﬁ
lumped parameter models. With the development of modern c I ¢
computing capaities, the sixties and seventies spawned investigations § = n=—"——_— V=
into distributed parameter models and analysis techniques. Lossless, 2
distortionless, distortion, and frequency dependent models were
developed and applied to power system transients [8-11]. The line parameters determine.aa [12]. Velocity of propagation
(v) is usually less than the speed lght (¢) and dependent on
conductor spacing and insulation dielectric constanat)(

1 ¢ X

2
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The first term in the forward propagation impulse responsg) Distortionless Liner(l =g/c): Unique condition
represents an impulse which is attenuated and delayed. A line to liné he assumption of a distortionless line implies the ratios r/l and g/c
voltage pulse, when applied to an uncharged lin#, amrive at the are equal although substitution of measured data from section VI

. “ _ shows this unique condition may not occur. However, by assuming a
motor terminals after a delay of\XIC seconds fronv = dx / dt. ) . . S 27
Y distortionless liner{ = 0 ), the model is simplified and easily simulated.

The attenuation depends on the distance and dampjnof(the E)ﬁ)erience has shown this approximation is acceptable for

transmission line. The second term, however, describes the d'Stortllﬁ%estigating motor overvoltages. Section IV-E investigates#0 , g

present in the response as the wave travels from the sending end to_ % condition and shows that pulse distortion is low for large gauge

receiving end. . d dominated b kin effect st during th |
Transmission lines are traditionally divided into losslessar{d g \:;Isl,reetin?g ominated by ac Skin efiect resistance during the puise

=0), low loss (<<wl, g<<wc), and distortionless 1/l = g/c). Although
lossless and distortionless represent unrealistic conditions, the wave c
equations are easily understood and analyzed. Even though this may y=a+ jB=rq + jw\/E ©)]
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 I
obtained from more detailed models. Zo=a +jp =\/; (10)
A. Transport Delay

C. Selection of Transmission Line Model

Propagation constanty)( and characteristic impedanc&c) for

transmission line cables are functions of the circuit parameters andrhe forward propagation impulse response, (1), may now be

given by examined assuming the conditions for a lossless line, low loss line,
- - . distortionless line, and a line with distortion. Clearly, the lossless line
y = (i@ +jwc) =a +j B @ | v
has an impulse response of a pure delay.

gzqzo,th-xﬁ (11)

(r+jowl)
— 3
(9+ jwe) . S ' . i
The impulse response for the distortionless line contains an attenuation
The imaginary part of this expression provides the transport delay igfaddition to the delay.
the transmission line, and can become quite complexillafiso
frequencies vs. cable length & ) for representative cables were %Jrgg
presented in Fig. 6 of [13]. Under certain conditions, the relationship c
between the propagation constant and thdlaiem frequency is given §=—"—n=0T=1- xic (12
by 2
fy = ©_ 1 @) For all other conditions, the impulse response consists of a delayed
4ap 4a+/lc component with attenuation plus a sequence of distortion §é;hg|.
The propagation constant and itesiion frequency are critical In addition, cable parameters are not independent of frequency; thus, a
parameters for accurate prediction of the damping time geak transmission line model incorporating frequency dependent

terminal voltage when subjected to PWM operafi)14]. parameters may be necessi@6,17].
The distortionless line assumption of (12) is used in the SIMULINK
B. Lossy, Lossless and Distortionless Model program. Equation (13) is the pulse attenuation term previously

derived in [13] for the case @f= 0. It is seen that (13) and the

A lossless line yields a pure imaginary propagation constant. generalized traveling wave equation (1) are identical when substitution
distortionless line adds an attenuation factor. More realistic modelég = O into (12) along witl§ andv into (1) is done.
include the ac skin effect losses, with approximations made depending
on the relative magnitudes of the circuit components. Summarizing
using referencl5s]. —=e (racx /220) . _(rac"t /220) . (rac /Zl)t 13)
1) Lossless liner(= 0,9 = 0): Ideal conditions %

This assumption is not used here since it leads to gross inaccuraciefhe simulated transmission line model is based on cable
during transients (Fig. 3). However, it may be used with some SUCCe$Rracteristics, which in turn is based on caplemetry, such as cable
when fiter characteristics dominate over line parameters (Fig. 2).  jnsyjation material and spacing between conductors. Input data is the

y =iB =w4lc 5) distributed cable parameters Ipfc, r andg that were measured for
various cable configurations in Section VI. Parameters were measured
) I as a function of frequency for the case of two wires in parallel and the
Lo =Tc + 1 X = \l: ©) third as a single wire return.

) ) . ) Transport delay is a function of cable insulation material and spacing
2) Low loss line (r <<wl, g <<wc): Very high frequencies between conductor&quation (1) states wave velocityis a function

f This assumpiion d isb also_not duseqc.j It cgnbonh{) be .met at hi%l? elative dielectric constars;. Wires widely separated in air hage
requency as noted by [15] and evidenced by observing measuteflng y = ¢, while a bundled cable has a defined insulation material

cable parameter data vs. frequency of Section VI. & and a lowen. In between the two extremes, there is affettive
' 10 e (g _ &” defined by a simple series combination of an air capacitor and
y =a+jp0 ;H T+9 _H'* wa/E @ insulation capacitor. Fig. 5 shows aeffectivee,” for each material
¢ tends toward one when § k2 x ] is > 20. x is the air space distance
| between insulation edges andisxconductor insulation thickness.
Zczrc+jxclj\/: (8
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Figure 5. Relative Dielectric Constantg,) vs. Insulation Thickness.
Figure 6. Simulation Results of PWM Double Pulsing using

With definedl andc input parameters, the cable naturalilasion Distributed Tt Model.
frequency_f0 is accurately det_ermined. Skin and prox_imity effects onnq produce erroneous damping during the dwell time of Fig. 7,
cable resistance as a function fof are cglculated with reasonable resulting in peak voltage errors in the > 2 pu transient mode.
accuracy for most wire gauges using skin effect equation factors Ofcapie eigen frequencies tend to increase to much higher values as
[13] and forward and revergefactors are simulated. the line cable is broken down into a number of multiple lumped
L section models. This implies that time steps must be very small to get
D. Lumped vs. Distributed Model vs. Transport Model accurate results, an effect that was confirmed with distribrmtetbdel

A single PWM pulse of velocityvj] from the drive traverses a simulation. Also, as more sections are added, convergence problems
transmission line of lengtha) four times per oskation period ¢) due appear as well as longer time simulations.
to the fact that the motor end appears as an open dirouit 1 while The transport delay model accurately predicts propagation time,
the inverter end appears as a short cifcuit -1 ) [13]. Velocityv is  oscillation frequencywo., determines ac skin effect resistance as a
defined in (14) for inductance per metérdnd capacitance per meterfunction of w., has no convergence problems and is a relatively fast
(c) uniformly distributed along the length of the line. The number afimulation. Thus, this is the preferred model to determine cable
oscillations in 2t seconds is called the natural or eigen frequengy ( damping effects and transient over-voltages in drive-motor-cable
of the distributed line. systems.

4a 1

I = — where v = —— (14) E. Distortionless Line Assumption
% ylc

Drive output risetimet(se) is defined as 10 % to 90 % of Vdc bus.
2m v m m 1 This section investigated how much the risetime at the motor terminals
wo( distri =T =__ = = (also 10 % to 90 % of Vdc) is additionally sloped for long cable lengths
oldistributed = 7~ 2 Za\/n 2 \/ LC and various wire gauges.
A single loop lumped parameter model with capacitanC® (
concentrated at the open or motor end and inductande ( Fig. 8 plot shows that any additional slopintsjope beyond the
concentrated at the short circuit or inverteill vinave a natural initial original risetime appears to be a function of wire gauge and cable

oscillation frequency defined by (15). distance. Smaller gauge wires provide gretige with cable distance
1 than larger diameter wires. However, for cables less than 600 ft, there
o = (15) is no large beneficial sloping effect of the steep front drive pulse for
o(lumpeg yLC conductors greater than #12 AWG. Thus, a low pulse distortion

Thus, a distributed line model “eigen * frequencyrig or 1.57x assumption used in the SIMULINK program is justifiable.

greater than a single lumpédC model. As an example, consider the

500 ft of #12 AWG wire in [13] that produced a measured 250 kHz X . )
line oscillation frequency. The calculated natural eigen frequency for A AARAS RARSE RS R
distributed parametensic = 1.65Q / 1000 ft andl = 0.55puH / m VS,SE, . ~ . o

Inverter

andc = 77 pF / m lumped into a single loop matrix in (16) is 1.0008 e6
or 1.0008 e6 /2 = 159,282 cy/sec. Thus, measured distributed modeb 1

o ratio to the calculated lumped model is 1.569. e —E— 1670 vpk
Single loop matrix Eigenvalues k E
A
DR 1D A A A “H:H““““‘ T Motor
o, ~.O0 %_ 14817 10° + 10008108 i% 500 {U"\\/’\“"‘h
I:J1 a (16) Vidiv :
- o O H»l.4811* 10° - 1000810° iH
Ee 8 02

Errors in modeling the natural frequency result in erroneous peak
voltages in the > 2 pu transient mode of PWM double pulse simulation  fe——gomms s oo pmmp b s o
[13,14]. This is due to the fact that trapped reverse voltage during line Time ( 1 sec)
to line dwell time of Fig. 6 is not accurately determinEdors in line
oscillation frequency also directly affect the skin effect ac resistance,:igure 7. Experimental Data from a PWM Drive to Demonstrate Double

Pulsing.
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Figure 9. Measured Surge Impedance vs. HP Size.

V. Motor Model . o . .
measured during the pulse risetime. Motor surge impedance is not an

The adverse effects of steep Vo|tage wavefronts on machiﬁbSO'Ute value since a 1 hp motor varied between 1,000 to 5,000 ohm
windings have resulted in extensive investigations into motor terming#rge impedance depending on the motor manufacturer. Thus, rather
over-voltages [14, 18-22]. IGBT based PWM voltage source invertet§an an absoluté, magnitude vs. hp line, there is probably-aband
with very low rise times, subject the receiving end ac inductiofp investigate for model use. Approximate valueZgt 1,000Q for
machines to extreme voltage stress many thousands of times @ér hp motor andm = 100Q for a 100 hp motor are inferred from
second. Peak line to line terminal over-voltagépk) at the receiving Fig. 9.
end of aninitially unchargedtransmission line subjected tosangle . .

PWM pulsewith risetimet, was derived in [23]. Equation (17) applies B- dentifying Motor Surge Impence with a RLC Analyzer
at cable distances equal to or greater than a critical cable didtance

which is the point at which the reflected wave is fully developed for HP Impedance Analyzer 4284 test leads were connected to motor

3 - . - . p?hase A - phase B in parallel and motor phase C to simulate the surge
gl\;:entpulse “Sfff“met [281 }lj_c |s<th1e drltveihdc buf vc\;/ltell(ge aﬁd?t 'Sdth? impedance observed during a reflected wave transient. Impedance and
refiection coetticien ( m ) at the motor.Vpk magnitude 15 pp 550 Angle vs. Frequency plots are shown in Fig. 10 for 1 and 100
highly sensitive to the surge impedance mismatch between motor SUl[n%emotors

impedanceZ, and cable surge impedan@s. Vpk magnitude is a i .

. : Motor phase angle approaches a positive maximum near 2 kHz to 3
possible maximum %/dc at cable length:. and decreases ¥dc for a i . ; . oL
short cable at the drive output. Thus, cable length and pulse riseti\l,(rv%izc'hTrhé‘:'julzedﬁﬁntocgsggitlﬁniﬁgaﬂ;d I?ighhefrgqﬂgrr]cﬁmelgzt)llons
are the predominant factors in determinjgk in the < 2 pu mode . o g
below .. The following sections give methodologies to experimentallf(:g:]re;sn:?;mt;irg;ptﬂ_ (t)cfn [Ilui';n%er:g(tjrsggnthaenipcpzurzeb&a Cr:erg;(;tl'on n

i i . hp si i it is the k ) ! X T .
%Ztrzrdr?é?]f inaggtg:r?]?rwrt];?)i vs. motor hp size, since 1t s the ke requencyfeore defines the frequency at which flux penetration skin
" depth §) is equal to lamination thickneds) @r Y =1. Abovefre eddy
current shielding becomes substantial and stator iron core inductance

Zm™~ Zo starts to drop. Substitution of resistively) @nd thicknesskj for 12

Vpk( @Ic) = (1 +/'m) Vdcwhere = ——— 17 mil steel in (18) results in a typical motiase of 3.3 kHz as in Fig. 10
Zm* 20 [25].

Receiving end/pk magnitude may approach\3ic for cable lengths U L 1 sinhy + siny

> | when the transmission line has amitial condition of trapped — ===

chargedue tomultiple PWM pulses.The interaction between cable KL Y costy + cog

transient damping characteristics, motor dynamic surge impedance (18)

model and PWM pulse spacing are the predominant factors in

determiningVpkin the > 2 pu mode abowe[14]. The last section k 2p

incorporates theZm value seen during the pulse risetime into a v =E and o =

simplified high frequency model of the ac induction motor to get 2nfcore K Ho

accurate system simulations in the > 2 pu reflected voltage mode. ) ) ) ] ]
Reduction of iron core inductance continues abfaye until values

A. Identifying Motor Surge Imgance using Inverter approaching wire self inductance and stator air core leakage
Pulses. inductance’s are reached at resonant frequerfegjesf @5 kHz for the
. . 1 hp motor and 55 kHz for the 100 hp motor. Historical literature, as
_ _The apparent motor surge impedarfcg. ) observed durlng'the well as Finite Element Analysis (FEA) of random wound wires in a slot
rising edge of the reflected wave front was measureder drive [26] suggest that flux is contained around the wire periphery with no
operationusing Zn = Ae / Aipk. Line to line voltageVac was penetration into the core at high frequencies. Beyendurn to turn
measured during the PWM pulse condition that changed phase AR turn to ground capacitance of the wires in the slot as well as coil to
and C connection from the (+) dc bus to Phase C connection to do)| capacitance are predominant, such that phase angle now

bus. The valuede is the transient peak voltage above the dc bugpproaches (-90) degrees at high frequencies near 1 MHz.
magnitude duringrise and Aipk is phase C peak transient phase

current into the motor. Fig 9 shows hdw varies with hp  when
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Figure 10a. Motor Impedance vs. Frequency Relationship.
Figure 11 Recently Proposed Motor Model [27].

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
1 HP Motor 100 HP Motor 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
Dot 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

90

60

307

307

w7 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
0 input current Is), terminal voltage\(t), and winding midpoint current

10 100 1Khz 10Khz 100 Khz 1 Mhz
Frequency (H2)

(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
Fourier analysis of the PWM pulse defines an equivalent highadequate.

frequency ;) that corresponds to pulse risetimisd. Table | Further investigations were conducted with the rotor open circuited
calculatesf, for various pulse risetimes using (19). The motor surg addition to its normal short circuited arrangement. Fig. 13 shews
impedance that is presented to the arriving PWM pulse risetime is tg and the open circuited rotor voltagéj at O rpm and nominal
Fig. 10 impedance magnitude that corresponds to frequien€r a  flux current applied to the machine. The carrier frequency was 4 kHz
typical IGBT trise = 0.2 ys with fy = 1.6 MHz, a 1 hp motor surge and an IGBT rise time of approximately 100 ns. Notice the induced
impedance is thus 1,000 and a 100 hp motor,Z=100Q from Fig.  rotor voltage osfltates at 250 kHz with no indication of the 7 MHz
10. These # values agree with those determined from inverter pulssignal present iVt andlIs. Repeating with the rotor short circuited
testing. It is seen from Fig. 10, that motar &ill vary with pulse produces the results of Fig. 14. In this case, the rotor current is

Figure 10b. Motor Phase Angle vs. Frequency Relationship.

risetime applied. monitored. Again no high frequency is present. These results indicate
1 the high frequency is confined to the stator and is only conducted into
fy= (19)  a portion of the stator winding.
Tt
rse D. Motor Model For Differential Reflected Wave Simulations

Table | Equivalent Frequencies of Various Pulse Risetimes From the results above and those reported in [14], a differential or

e [1S] 005 01 0.2 04 1 2 line to line mode motor model for purposes of predicting the peak line
fo [kHZ] 6366 | 3.183| 1.600 795 318 164 tc_) I||_1_e mot(_)r terminal \_/oltageV(erm) is set forth in Fig. _15. The
significant differences with the model presented in [27] lies with the
Rather than just obtaining a lumpefi, value, the next section p_ara_sitic capqcitance’s from line 0 Iin§||I. Th_e topology_ of th_e
attempts to incorporatém into a high frequency model of the ac.(:lmuﬁ, essentially a resonant tank circuit, provides a relatively S|mple
induction motor. interface to transm|33|_o_n Ilne models. The parameters are obtainable
through system identification procedures and values tabulated for
C. High Frequency Models of AC Motors various motor ratings. The capacitor series resistange,
corresponds to the surge impedance of the machine and establishes the
Numerous investigations into high frequency modeling of ateflection coefficient. This resistance differentiates the proposed
induction machines were recently reported [26-30]. High frequendyodel from that presented in [28], wherein the line to line capacitance
motor models may be subdivided into two broad categories depend#gjves to short the stator terminals at high frequency. The remaining
on the purpose of the analysis. First, models based on FEA propos@amameters may be estimated from frequency data, such as Fig. 10,
examine the machine on a a per turn level [26]. FEA models a@btained from tests performed using a LCR meter such as HP’s 4284.
complex and are primarily for motor design purposes. The secom@ble Il contains results for 1, 10 and 100 hp motors that corresponds
category’s purpose is to develop reduced order models, eagtlythe load motor model d¥ig. 4c Parameter€hs and Ryo determine
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Figure 12 Experimental Data to Demonstrate the High Frequency
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Figure 13. Experimental Data to Demonstrate the Open Circuited
Rotor Voltage Characteristics.
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Figure 14. Experimental Data to Demonstrate the Shorted Rotor Current
Characteristics.

the high frequency model response whie and Ly still allow an
accurate model for low frequency modeling

Table Il Motor Model Parameters

1hp 10 hp 100 hp
Reo 1000Q 400Q 100Q
R 25Q 1.76Q 0.18Q
Ch 190 pF 600 pF 6.48 nF
Lt 260 mH 110 mH 4.3H
(e
C hy L oy
Vi
R 2, Ry
o

Figure 15. Differential Mode Motor Model.

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 possity 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
Il values are for two phases in parallel with the third phase used as a
return phase using a two wire LCR analyzer. Series inductarare
series resistances per meter were measured vs. frequency with one
end of a 1 meter test sample shorted. Capacitapcand insulation
resistancerp from phase 3 to 2 in parallel with phase 1 were
measured with the ends of the 1 meter sample open circuited.

VIl. Results

A. Measured vs. Simulated for Uncharged Transmission Line

Fig. 17a and 17b shows agreement in3helamping time between
measured and simulated results with 500 ft #12 AWG and a 1 hp
motor ofZm =1,000Q. Peak terminal over-voltage 1.8 pu vs.1.7 pu is
also accurately simulated.

B. Effect of Cable Damping Resistance

Motor surge impedancé, =1,000Q 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 effectrs 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 odlation 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 ligigts 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 = 1,00and its
Section V load parameters are changed to a 100 hp motor of surge
impedance = 10@ and it's respective load parameters.
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Figure 17a. Simulation of 1 hp Machine with 500 ft of #12 Cable
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Fig. 18 Simulation of 1 hp Machine with 500 ft of #8 AWG cable

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 © 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 © 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 hp, cable construction, wire gauge
selected, and other reflected wave filter options.
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Figure 19 Simulation of 100 hp Machine with 500
ft #8 AWG Cable
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Figure 20 Simulation Results of PWM Double Pulsing with a
Modified Transmission Model using Transport Delay Process
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Table Il 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 Is rs cp p Z0 rac / Is rs cp p Z0 rac / Is rs cp p Z0 rac/

Hz] | [uh] [Q] [pfl [Q] rdc | [uh] [Q] [pfl [Q] rdc | [uh] [Q] Pl | Q] rdc

100 0.42 0.0008 338 - 35 1.0 0.55 0.0006 128 : 65 1.5 0(86 0.0067 98 - 93

1k 0.36 0.0028 257 8.7M 37 3.5 0.4p 0.0011 121 19M g1 2.8 0.82 0.9072 98 - 91

10k 0.34 0.0071 216| 271K 40 8.9 0.37 0.0027 109 2M 58 7 066  0.0124 98 - 82

100k | 0.34 0.0127 211 137K 40 16| 0.35 0.0064 98 26pk 59 16 0.55 0.0381 98 [L5M 75

1M 0.33 0.0178 204 24K 40 22 0.52 0.0419 84 57k 78 104 051 0.1296 80 - 80
#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 Is rs cp p Z0 rac / Is rs cp p Z0 rac / Is rs cp p Z0 rac /
HZ | [uh] | [Q] [pf 1] rdc | [uh] | [Q] [pfl Q] rdc | [uh] | [Q] P | [Q] rdc
100 0.66 | 0.0006 52 - 113 1.0 1.9 0.0003 1/4 - 1068 1.0 Q.7 0.9009 84 - 91
1k 0.51 ] 0.0007 55 - 96 1.17 1.48 0.0005 32 - 679 1.7 0|54 0.0010 78 50M 83
10k 0.48 | 0.0024 54 22M 94 4.0 1.44 0.0019 3 - 700 6.3 051 0.0031 75 BM 82
100k | 0.44| 0.0137 53 3M 91 22. 141 0.0129 2.B6 28M 702 U3 Q.45 0.0236 73 1M 78
1M 0.6 0.0705 52 414K 107| 117 1.5Y 0.0685 218 IM 750 228 0141 0.d948 70 102K 77
#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 Is rs cp p Z0 rac / Is rs cp p Z0 rac / Is rs cp p Z0 rac /

HZ | [uh] | [Q] [pf [Q] rdc | [uh] | [Q] [pf] Q] rdc | [uh] | [Q] P | [Q] rdc

100 0.95]| 0.0101 265 66M 60 1.0 0.7 0.0103 47 - 128 1102 0,80 0.0238 43 - 136

1k 0.77 | 0.0102 235 ™ 57 1.01 0.86 0.0106 A7 136 103 0,80 0.0238 43 7- 36

10k 0.74 | 0.0152 206 876Kk 59 1.5 0.84 0.0117 47 38M 135 1.14 0.80 0.0244 43 68M 36

100k | 0.54| 0.0768 182 123K 55 7.4 0.80 0.0267 45 2M 133 459 0.77 0.0409 42 5M 35

M 0.61 | 0.3099 80 30k 87 31 0.7¢ 0.1764 a4 161K 133 L7 073  0.2070 41 298K 133
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