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Wavelet Modeling of Motor Drives Applied to the
Calculation of Motor Terminal Overvoltages

Jianguo Liu, Pragasen Pillay, Senior Member, IEEE, and Hugh Douglas, Student Member, IEEE

Abstract—The wavelet is a powerful tool that has emerged
for the calculation of power system transients. In this paper,
a wavelet motor drive model is developed and applied to the
overvoltage problem which occurs with high dv/dt inverters.
This technique is fundamentally different from EMTP and Pspice,
which are time-domain methods. Wavelet models of typical passive
parameters are derived and then applied to the problem of motor
terminal overvoltages, which occurs with long cable lengths. It
is proved that the simulation results with wavelet modeling is
faster in the solution of this complex, power system simulation
problem. Additional insight is possible by examining the wavelet
coefficients.

Index Terms—Induction motors, overvoltage, power quality,
wavelet modeling.

I. INTRODUCTION

NDUCTION machines fed by variable-speed drives through

long cables are used in many industrial applications where
the motor and inverter must be at separate locations. Examples
include subsea oil exploitation, water pumping in mining, and
shipboard drives. Fig. 1 shows a motor—inverter system com-
posed of an inverter, cable, motor, and load.

Most industrial motor drives use pulsewidth-modulated
voltage-source inverters switched by power semiconductor
switching devices such as gate-turn-off thyristors (GTOs),
bipolar junction transistors (BJTs), and insulated gate bipolar
transistors (IGBTs). A high switching frequency of the power
electronic device is required to improve current waveform
quality and reduce audible noise. In recent years, switching
frequencies of 2-20 kHz are common with IGBT technology
while allowing for power levels of over 200 kW.

The high switching frequency and high rate of voltage rise
(dv/dt) of 0-600 V in less than 0.1 pus has adverse effects on
the motor turn insulation and can contribute to bearing currents.
AC motor transient overvoltages resulting from the motor-cable
response to inverter pulse voltages have steadily increased in
magnitude as semiconductor rise times and fall times have de-
creased from the GTO, to the BJT, and presently to the IGBT.
Cable lengths had to exceed 1000-2000 ft for GTO drives and
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Typical structure of motor—inverter system.

Fig. 1.

500-1000 ft for BJT drives before producing overvoltages at
the motor terminals. Presently, IGBT drives may create over-
voltages that exceed the motor ratings for cable lengths as low
as 50-200 ft [1].

Long cable lengths also contribute to a damped high-fre-
quency ringing at the motor terminals due to the distributed
nature of the cable leakage inductance and coupling capacitance
(L-C). This high-frequency oscillation results in overvoltages
that further stress the motor insulation. The voltage reflections
are a function of the inverter output pulse rise time and the
length of the motor cables, which behave as a transmission
line for the inverter output pulses [2]-[4]. It has been found
that the pulses travel at approximately half the speed of light
(150-200 m/pus or 500 ft/us), and if the pulses take longer
than half the rise time to travel from the inverter to the motor,
then a full reflection will occur at the motor terminals and the
pulse amplitude will approximately double [5].

A physical explanation of the long-cable overvoltage problem
has been provided in [6]. The modeling and simulation of this
problem and other transients has been based on EMTP, Matlab,
or Pspice or other time-domain methods. The computation time
using these packages can be large so an alternative method, the
wavelet transform, is proposed here to examine its effectiveness
in solving the motor terminal overvoltage problem.

The wavelet modeling of power systems and its application
to the solution of differential equations is beginning to attract
attention. It is proposed in [7] that it is possible to use wavelets
to solve a class of power engineering circuit problems relating
to the calculation of transients in the system. The wavelet
solution of a differential equation is an example of the use
of multiresolution analysis. [8] is based on the discrete-time
domain approximation of linear power system components
while the discrete wavelet transform is applied to achieve
the wavelet-domain approximation. The wavelet-domain
impedance and equivalent circuits are, thus, formed to solve
the linear power system circuit.

This paper first presents the wavelet modeling method [8].
Wavelet models of basic circuit components are given. Finally,
the wavelet modeling is applied to the overvoltage problem that
exists with the long-cable problem in high dv/dt motor drives.
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II. WAVELET TRANSFORM AND MODELING

The wavelet transform has been used in the field of signal
processing as well as for the study of power transients, because
of its ability to deal with nonstationary signals.

In the solution of the long-cable problem, the model used is
the 7 equivalent circuit, which consists of resistors, inductors,
and capacitors. For wavelets to be used in this problem, it is
necessary to transform all these models to the wavelet domain.
After the wavelet-domain solution is obtained, the inverse trans-
form is used to get the time-domain solution.

The wavelet transform is being used in the solution of dif-
ferential equations and opens a new field to its applications
to power system transients. The basic transients in a typical
power system can be formulated as ordinary differential equa-
tions (ODEs). Based on this, [8] provides a new wavelet model
to solve power system transients.

The discrete wavelet transform (DWT) is the discrete form
of the wavelet transform. A signal vector X has its image Y
through a linear operator T'

Y=T-X. 2.1
Let W X be the wavelet coefficients of the vector X, and WY be
the wavelet coefficients of the vector Y, then

WX =DWT-X (2.2)
WY =DWT .Y (2.3)
DWT ' =DpwTT. (2.4)

Then, this operator is represented in the wavelet domain as

WT =DWT-T-DWTT (2.5)

and

Wy =wT- -WX. (2.6)
Equations (2.5) and (2.6) represent the wavelet-domain repre-
sentation of the discrete time domain (2.1). For fast numer-
ical computation, matrix WT is calculated from the DWT. The
wavelet transform of each column of matrix 7 is calculated and
stored as the column of WT', and then the wavelet transform of
each row of the resulting matrix is computed to obtain the WT'
matrix.

The basic elements of a typical electrical power system can
be represented as resistors, inductors, and capacitors.

A. Resistor Transient Model

For a resistor, the V—I characteristic is represented as

v(t) = R -i(t). 2.7
Its transient model in the wavelet domain is
WV=R.-U-WI (2.8)

in which WV and W T are the DWT coefficients of the voltage
V and current I.

B. Inductor Transient Model

For an inductor, the V—I characteristic is represented as

di
=L -—. 2.9
v 7 (2.9
Its transient model in the wavelet domain is
WV =L -WDy -WI-L-i0) - WVL0 (2.10)

where W Dr is the transient differential operator, and LW D is
the wavelet-domain inductor impedance. W'V L0 is the wavelet
coefficients of the vector V L0 related to the initial current

WDy =DWT-Dr-DWTT (2.11)
1
VLO=-—-[100---0F 2.12
Nl 1 2.12)
1
) -1 1
- 1 1
Dy AT . (2.13)
-1 1
C. Capacitor Transient Model
The time-domain equation of a capacitor is
t
7 t
v(t) = v(0) + /%dt. (2.14)
0
Its wavelet-domain equivalent is
1
WV =0(0) - WVCO+ =WINyp -WI (2.15)

C

where W I Nr is the transient integral operator, and WINr/C
is the wavelet capacitor impedance. WV C0 is the wavelet coef-
ficients of the vector VCO which is related to the initial voltage

WINy =DWT - INy - DWTT (2.16)
Veo=[1---1--- 1" (2.17)
1
1
INy = AT . (2.18)
1 1--- 1 1

III. APPLICATION TO SIMPLE RLC CIRCUIT TRANSIENTS

A typical power system can be modeled as different combi-
nations of R, L, and C. An RLC series circuit, with dc power
source is given in Fig. 2. The dc source will be switched at time
t=0.

The wavelet model of the RLC series circuit with zero initial
conditions is given in Fig. 3. Its V—I equation is the following:

1
WVD = R-U-WI+L-WDt-WI+5-WINt-WI. 3.

It shows that the original time-domain differential equations
are transformed into a linear equation in the wavelet domain.
Conventional linear circuit theory can be applied to solve the
equations easily. The problem is that in the wavelet modeling
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Fig. 2. RLC series circuit with a dc source.
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Fig. 3.  Wavelet model of RLC series circuit with zero initial conditions.
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Fig. 4. Wavelet model of RLC series circuit with initial conditions.

method there are computations of a large-dimension matrix if
done simultaneously, thus resulting in the considerable increase
of computation time. It is found that with a constant dc voltage
value, such as V' D in the above circuit, the wavelet transform
coefficients WV D shows significant values only in a very small
percentage of the total coefficients. This will greatly reduce the
computation time in the matrix operation since only a small
number of columns in the matrix need to be computed.

The wavelet model of the RLC series circuit with initial con-
ditions is presented in Fig. 4. Its VI equation is the following:

WVD + L-i(0)- WVLO — v(0) - WVCO=R-U - WI
1
+L- WD - WI+ & WIN-WI. (3.2)
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Fig. 5. (a) Inductor current and capacitor voltage using wavelet modeling.
(b) Inductor current and capacitor voltage using wavelet modeling.

In this case, on the left-hand side of the equation, there are
additional terms resulting from the initial conditions of the in-
ductor and capacitor. WV L0 is the wavelet coefficients of the
vector V' L0. It is clear that this case requires additional compu-
tations than the zero-initial-condition case.

The solution of the RLC series circuit is carried out using the
methods above. The inductor current and capacitor voltage are
shown in Fig. 5. Compared with the Pspice simulation results in
Fig. 6, it is obvious that the accuracy is comparable.

IV. LONG-CABLE OVERVOLTAGE
A. Long-Cable Model

Fig. 7 shows a one-phase equivalent model of the long cable
to simulate the overvoltage at the motor terminals. The cable
used in this model is AWG #14, and the switching frequency
of the PWM inverter is 2 kHz. The cable model used in the
simulation is a three-sector lumped model. The output of the
PWM inverter is shown in Fig. 8. The motor terminal voltage
response to a single PWM pulse is shown in Fig. 9. Compared
with the experimental results of the motor terminal voltage for
a single PWM pulse in Fig. 10, the wavelet method shows its
accuracy.

B. Effect of Cable Length on the Overvoltage

Fig. 11 shows the overvoltage at the motor terminal for a
single PWM pulse with the cable length changed to 250 ft, with
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Fig. 6. (a) Capacitor voltage using Pspice simulation. (b) Inductor current and

capacitor voltage from Pspice simulation.
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Fig. 7. Long-cable simulation model.
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Fig. 9. Opvervoltage at the motor terminal with long cable of 100 ft.
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Fig. 10. Voltage at the motor terminal for 100-ft cable (measurement).
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Fig. 11. Overvoltage at the motor terminal with long cable of 250 ft.

all other cable parameters kept unchanged. At first glance, there
is no significant difference between this voltage waveform and
the one for the 100-ft cable. The ringing frequency in Fig. 9 is
more serious than that in Fig. 11. To explore the difference, the
motor terminal voltage ringing caused by a single PWM pulse
with 500 ft is shown in Fig. 12, where the frequency of the os-
cillation is lower. The oscillation frequency is inversely propor-
tional to cable length. The cable length is a dominant factor in
determining the terminal voltage damping. Generally, the longer
the cable, the longer the time taken for transients to decay.

C. Effects of Rise Time

In the case of Fig. 9, the power semiconductors in the PWM
inverter are assumed to be ideal and the effects of the rise time
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Fig. 12.  Overvoltage at the motor terminal with long cable of 500 ft.
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Fig. 13.  Overvoltage at the motor terminal of a 100-ft cable with rise time =

0.2 ps.

of the switches are not included in the simulation. In fact, the
rise time of the power electronics has a considerable effect on
the overvoltage of the motor terminals.

Fig. 9 shows the motor terminal voltage for switches with a
zero rise time. In Fig. 13, the motor terminal voltage is shown
with a rise time of 0.2 us. The voltage waveform with arise time
of 2 us is shown in Fig. 14. By comparing Fig. 14 with Fig. 9,
it is obvious that the peak voltage decreases with an increase in
the rise time. That means that the peak voltage increases with an
increase in dv/dt. Then, the effects of the rise time of the power
electronic devices should be carefully considered when used in
industrial applications.

D. Simulation Results

All the wavelet simulations presented in the sections above
are based on the condition of a single PWM pulse as the input
to the long-cable circuit. As stated in the wavelet model of the
circuit elements, the selection of the step size determines the
dimension of the matrices related to the model. For the 100-ft
cable, the cable oscillation frequency will be 1.32 MHz. Ac-
cording to the Nyquist Rule, the sampling frequency must be
larger than 2.64 MHz for an effective representation. The step
size must be smaller than 0.37 ps. For a simulation with 100 pus,
the transform matrices will be in the order of 270. The actual
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Fig. 14. Overvoltage at the motor terminal of a 100 feet cable with rise time =
2 ps.

simulation includes many operations of matrix inversion and
multiplication. It takes more than 1 h in a Pentium 200-MHz
digital computer to obtain the result.

In (2.10) and (2.15), the initial inductor current and the initial
capacitor voltage are used in the wavelet domain characteristic
equation of inductor and capacitor. The simulation is divided
into short periods. This reduces the order of the matrices in the
simulation, thus reducing simulation time. The final value of
each inductor current and capacitor voltage for each period is
used as the initial condition in the next period of simulation.

For a 270-square matrix, its inversion takes on the order of
270 x 270 = 72900 operations. If there are only eight sampling
points in each period, the required time will be approximately
35 operations of the matrix inversion of order 8, which requires
35 x 8 x 8 = 560 operations. The 35 operations is derived by
270/8 plus a few operations after the matrix inversion. The first
method requires at least 130 times more operations than that
required of the second method.

To illustrate this principal the circuit in Fig. 2 was simulated
using Matlab 4.2 and Orcad version 9.2 on a Pentium 466 MHz.
The simulation time was 25 ms and 512 points were calculated.
When using Matlab and the large matrix method proposed in [8],
a total simulation time of 70.5 s was observed. Using the smaller
proposed 8 x 8 matrix method resulted in a total computation
time of 0.05 s. The Orcad simulation time for the same number
of data points was 0.32 s, i.e., 6.4 times the execution time using
wavelets. The resulting waveforms for the 8 x 8 matrix method
as well as the Orcad simulation can be seen in Figs. 5(a) and (b)
and 6(a) and (b).

Fig. 15 shows the motor terminal voltage for a 100-ft-long
cable during a 20-ms period. The step size AT is 0.05 us
and there is a total of 40000 data points. The direct use of
the wavelet model in (2.8), (2.10), and (2.15) will make the
implementation prohibitive. With the selection of 8 points each
period, the dimension of the matrices is reduced to 8. After
including the method from Fig. 7, the total computation time
is reduced.

It is proposed in [8] that wavelet modeling will need exten-
sive computation and lose its effectiveness when used to solve
systems with high dimension or high resolution. However, it has
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Fig. 15. Overvoltage at the motor terminal in 20 ms.

been proved in this paper that with the selection of a short basic
computation period, the dimension of the matrices in the simu-
lation can be greatly reduced and hence the computation time.

V. CONCLUSION

Wavelet modeling has been used to solve the long-cable over-
voltage problem. It is proved that the wavelet modeling is effec-
tive in the solution of the power system problem with the method
proposed.
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