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Industries such as nuclear power plants and underground mining are characterized by space constraints,forcing the
use of long-wire cables to power motors.The impedance mismatch between long-wire cables and motors leads to
overvoltage phenomena at motor terminals,especially when the cable length is long or the transmission frequency is
high. In this paper by analyzing the expressions of the peak voltage at the motor terminal of the two-level and three-
level inverters,we explain the mechanism of the three-level inverter to suppress the overvoltage at the motor
terminal,and build the inverter-long-line cable-motor system for simulation to verify the correctness of the conclusion.
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INTRODUCTION

With the development of power electronics technol-
ogy, motor drive systems are increasingly used in the
industrial sector. However, overvoltage issues at the
motor end due to long-line cable connections can lead
to insulation damage in motors[1]. Therefore, overvolt-
age protection and suppression in motor drive systems
have become important research areas. The literature[2]
identifies the fundamental cause of overvoltage phe-
nomena as the impedance mismatch between long-line
cables and motors. To address this issue, many research-
ers have proposed overvoltage suppression methods
from different perspectives, such as improved control
algorithms[3], optimization of cable parameters, and
additional filters. However, these methods have certain
limitations in practical applications, such as cost, size,
and loss. Therefore, seeking an effective and practical
method for suppressing overvoltages at the motor end
has significant[4] engineering importance. Metallurgi-
cal equipment such as rolling mills and extrusion press-
es frequently encounter extreme working conditions
and high load fluctuations[5], necessitating efficient
and reliable motor drive systems. Through a compara-
tive analysis of the time-domain expressions of two-
level and three-level inverters, it was found that three-
level inverters exhibit superior voltage suppression ca-
pabilities when addressing the issue of impedance mis-
match caused by long cable lengths. This enhanced
voltage control not only reduces the risk of motor insu-
lation damage but also significantly lowers maintenance
and replacement costs due to motor failures. Simulation
results have confirmed the stability and reliability of
three-level inverters in harsh metallurgical environ-
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ments characterized by high temperatures and dust, en-
suring continuity in the production process and long-
term operation of the equipment.This paper will com-
pare the time-domain expressions for the peak overvolt-
ages at the motor end with two-level and three-level
inverters, analyze the mechanism by which three-level
inverters suppress motor end overvoltages, and validate
their correctness and effectiveness through simulation
and experimentation.

ANALYSIS OF OVERVOLTAGE AT THE MOTOR
END WITH TWO-LEVEL AND THREE-LEVEL
INVERTERS

The accurate establishment of a high-frequency
mathematical model for long-line cables is extremely
important for analyzing overvoltage at the motor end.
According to the uniform transmission line theory, the
voltage and current at any point on the transmission line
vary with time and distance, thus a distributed parameter
model for long-line cables is established. R, G, L, C,
representing the resistance, conductance, inductance,
and capacitance per unit length of the long-line cable.
Under high-frequency conditions, R, < @wL,, G, < @C,.
Therefore, the long-line cable can be considered as a
lossless transmission line.

The fundamental cause of overvoltage at the motor
end when driving motors over long distances with vari-
able frequency drives is the mismatch between the mo-
tor’s equivalent impedance and the characteristic im-
pedance of the long-line cable. To analyze the voltage
reflection phenomenon at the motor end, it is necessary
to establish a high-frequency mathematical model of
the motor. Establish the distributed parameter model of
the cable and the high-frequency mathematical model
of the motor, as shown in Figure 1. Where, L,, C repre-
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Figure1 High-Frequency Model of Long-Line Cable

sent the inductance and capacitance per unit length of
the cable, respectively. Assume that the motor is in an
open-circuit condition.

As shown in Figure 2, the PWM wave output from
the two-level inverter can be represented as:

Fal®) =2 @ == 1) ut=1) (D)

Where: V represents the DC bus voltage, u(f) repre-
sents the unit step function.

Applying the Laplace transform to Equation (1) yields:

V 1 —5t,
Val(s)=——(1-e"") 2
t. s
For the circuit in Figure 1, the voltage transfer func-
tion is: 1
Voa(s C @’
H(s)= 02( )= LC _ . = (3)
Vo (s) En S (s+o) +0
LC LC
Where, o = L, o= i
CoLy 2L
1 @
Vor($)=———————(-¢€" 4
02() tr Sz (S+O')2+O—2( ) ()
=V (5)=V(s)

The above expression represents two identical re-
sponses, with the second response being a time shift
relative to the first. Therefore, by simplifying the I (s),
the overall time-domain response can be obtained. Per-
forming the inverse Laplace transform, the time-domain
response is obtained as:

V(1) =tK~(t— e: sin t) - u(t) (5)

’

—o(t—t,)

sina(t—1,)]- u(t—1.)(6)

V”(t):tK[(t—t,)— _

The total time-domain response of the two-level in-
verter motor terminal voltage is:

_o SIn(at, / 2)

V() =V[1-e (@t /1 2)

cosa(t—1t./2)] (7)

I/02.max = V[l + M] (8)
(ot /2)
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Figure 2 Output Pulse Wave of Two-level Inverter and Output
Pulse Wave of Three-level Inverter

Indicates the maximum overvoltage at the motor end
of a two-level inverter, voltage amplification factor at
the motor end of a two-level inverter:

o = V.5 max 14 sin(at, / 2) =1+ | s1n6’| ©)
V (at, /2) o
_at, t i, (10)

2 2JLC, 21

In Equation (10) v=1/\/ L,C, represents the propaga-
tion speed of the pulse wave in a cable of specified
length.

Overvoltage Analysis at the Motor End with Three-
level Inverters:

4 Vi_t by Ve Y e b
V”(’)’[Z"“(’)"Z(’"E)“('"z“z,.(’ 1)u(t—1,) :,.(’ fi=ult=t, =) (11)
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Applying the Laplace transform to Equation (11)
yields:

V1 1 5% 1 1 -w+os
Va(s)=—[5-—e?* +5e“ ——e 2
t.s° s s
14
V1 e s (14
=——[l-e? +e" - 2

Referring to the analysis process for overvoltage at
the motor end with two-level inverters, the complex fre-
quency domain overvoltage at the motor end with three-
level inverters can be obtained as:

Vol o S s @
Vi(s)=——[l-e? 4 - ? ]| ——
:(5) t,sz[ ] (s+0)Y+0

Performing the inverse Laplace transform yields the

time-domain expression:

(15)

Vs (t)=V{l—sinc(@)-e ™" cos%t’ -cos(wt — 6 — a;t, )}(16)
Amplification factor:
. tt tt
o = £ =1-sinc(0)- cosw—-cos(a)t -6- @ )
vV 2 2

(17
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For a typical system, the PWM pulse rise time is
t = 0,lus, the level transition time is #, = 3x10s, the
distributed inductance of the long-line cable is
L, = 8,68x10* H/km, the distributed capacitance is
C, = 1,34x10°® F/km, and the length is / = 300 m, by
substituting these parameters into Equations (9) and
(15), the calculations yield:

Voltage amplification factor at the motor end of a
two-level inverter:

sin @
o, =1+ =

2 (18)

Voltage amplification factor at the motor end of a
three-level inverter:

(19)

o =14 |sinc(6)- cos%t’ |=1.5

Comparing Equations (9) and (15), it can be ob-
served that when the input PWM wave is two-level, the
maximum voltage at the motor end is twice the DC bus
voltage. However, when the input is three-level, the
maximum voltage at the motor end is influenced by the
level transition time, manifesting as an overlay of oscil-
latory waves from one level state to the next. As the
number of levels increases, the level transition time de-
creases, making the waveform overlay more pro-
nounced, and thus more effectively suppressing over-
voltages at the motor end. From Equation (19), it is
known that the voltage amplification factor at the motor
end for a three-level inverter is 1,5, which is signifi-
cantly lower compared to the two-level inverter’s motor
end voltage amplification factor.

SIMULATION VALIDATION

To verify the correctness of the above conclusions,
simulation models of PWM single-phase and three-
phase drive systems are constructed in MATLAB/
SIMULINK. A ramp signal superimposed to generate
PWM pulses with a slope is used, and the pulse rise
time is considered. Since the distributed parameters of
the cable and the characteristic impedance of the mo-
tor are already fixed, the simulation experiment ex-
plores only the impact of the number of levels on the
overvoltage at the motor end. In the simulation, the
DC bus voltage for both two-level and three-level in-
verters is the same. The simulation parameters are as
follows: DC bus voltage is 100 V, inverter operating
frequency is 10 kHz, motor characteristic impedance
R =3 000 Q, PWM pulse rise time ¢ = 0,1us, level
transition time ¢ = 3x10s, distributed inductance of
the long-line cable, L, = 8,68x10~* H/km distributed
capacitance C, = 1,34x10°° F/km, [ = 300 m.

When the DC bus voltage is 100 V, the traditional
two-level inverter motor-side voltage waveform is
shown in Figure 3, and the voltage peak is very large,
which can be up to 2 times the DC bus voltage. The
three-level inverter motor-side voltage waveform is
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Figure 3 Simulated waveform of motor terminal voltage
at two levels
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Figure 4 Simulated waveform of motor terminal voltage
three levels
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Figure 5 Two level inverter motor terminal line voltage
waveform
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Figure 6 Three level inverter motor terminal line voltage
waveform
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shown in Figure 4 with a voltage peak of 1,5 times the
DC bus voltage. Figure 5 and Figure6 shows the motor
terminal voltage in the three-phase drive system using
two-level and three-level inverters, respectively, and
from the waveforms, it can be seen that its voltage am-
plification is basically the same as the simulation results
of the single-phase drive system.

CONCLUSION

By establishing the drive system model of inverter-
long-wire cable-motor, the mathematical expressions
for the peak voltage at the motor terminal line when
two-level inverter and three-level inverter are used are
deduced on the basis of which the increase in the num-
ber of levels is proposed to reduce the amplitude of the
voltage jump. And the waveforms of inverter terminal
line voltage and motor terminal line voltage are ob-
tained through simulation and experiment, which con-
firm that the three-level inverter can play a good sup-
pression effect on motor terminal overvoltage.
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