Strategy to Avoid Over-Voltages in Long Distance Driving of Induction Motors
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Abstract - A long distance driving system of an induction It is done looking for identifying the oscillation in the
motor is analyzed with regarding to the over-voltage inverter output current waveform due to the resonance
phenomena. The oil exploitation performed in sea deep water phenomena. Usually, due to the high power level needed in
is a typical case, where the overall system is comprised of an oj| exploitation applications, a step-up transformer is
inverter, a step-up transformer, a long cable and a motor. —.qnnected at the inverter output. Fig. 1 shows the long
The transformer use depends on the distance anld power level distance driving system. Therefore, in order to generalize
employed. Due to resonance between system's components_ : ) . ;

this study both systems, provided with and without a

one critical frequency range can be identified in which high . S
frequency components produced by the inverter switching transformer, are treated. The latter is characteristic of

must be avoided. A strategy based on the inverter switching- industrial plants.
frequency change is suggested as an alternative to minimize
the over-voltage as well the inverter output current. The '”Verft% transformer long cable motor

switching frequency choice can be performed taking into |\ ~| & gv  a«
account the voltage transfer function and the input [‘=
impedance of the system. The system parameters, needed for

the frequency response analysis, are taken from observing the |= —
current waveform in the time domain at the inverter output. Fig. 1. The long distance driving system.

. INTRODUCTION A. Identification of the System Parameters

The system parameters are identified observing the
nverter output current. Despite the voltage at the motor
egds could also be used, the current is preferred since the

otor leads may not be physically available. Commonly,
the motor is located far away from the inverter as well as
sometimes in a inaccessible place.

Long distance driving of induction motors (IM) has.
received special attention in the last years [1-4]. Th
distance between the driver and the motor varies betwee
few tens of meters up to tens of kilometers. The last case
typical of sub-sea oil exploitation [5], while the former is
common in industrial plants.

Problems that arise in these situations are related with 1) Inverter - Cable - Motor (ICM) System
resonance phenomena due to the long power cable. Most
of the IM industrial drivers are based on PWM inverters. It |n this system the over-voltage phenomenon occurs due
is well know that the broad PWM signal spectrum cano the cable's natural frequench). It has been widely
easily excite some of the system's resonance frequenciesclosed in the literature [2]. This frequency can be
thus over-voltages and over-currents will appear in theéneasured from the inverter output current waveform when
system, either at the motor end or along the cable [6lhe cable is excited by a PWM voltage inverter, as showed
Obviously, if a low-frequency purely sinusoidal signal isin Fig. 2. This typical source provides a sequence of
applied to the system, no resonance will be excitedoltage steps and the resultant oscillation observed at the
However such a driver would need power filters orcurrent signal is only dictated by the cable characteristics
topologies that are more sophisticated (like multilevel)itself [2]. Thus, the cable parameters can be determined
increasing its cost and complexity. If a PWM driver couldfrom the cable's frequency as follow [7].
generate an output that did not excite the resonance, the
system behavior would be similar to that obtained in usual
systems with short leads.

This paper discuss about choosing the PWM switchin
frequency that encompass the lesser over-voltage and ov
current subjection to the system. Naturally, it is looked uf
for a PWM signal which spectrum does not coincide with ~
the system main resonance frequency. This specifi
frequency is assigned since it is usually close to th ml -~
inverter frequency switching. Vte

LI

DT
i

o
| —

II. THE SYSTEM
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In this S_eCtlon' a _methOd to estimate the pgrar_neters " Fig. 2. System’s waveforms at the inverter output, top: Voltage
the long-distance driving system components is discussed. (250v/div); Bottom: Current (2A/div). Horizontal scale:28div.



The capacitance between two cable conductors, per umitder to have the cable parameters determined. To this

length, is given by: turn, no disconnection of the transformer is necessary.
51047 OF O, (1) The other parameters of the step-up transformer as the
= —10d BnH winding resistance R;) and magnetization inductance
cosh El—B(Ifo)2 L ;
02r O (Loy) can be obtained from pattern tests or manufacturer

wherer is the radiusd is the separation distance betweeninformation. It is assumed that these two parameters are
the cable conductors anH is the cable length. The related to a single phase transformer model with respect to

conductance may be written immediately from arfhe high voltage side (Y connegtion in Fig. 1). The Ieakage
inspection of the capacitance expression, inductance calculated from (4) is already computed relative

Gc = 2.10—50.(|_f0)2cc ggm)-la (2) to this side.
The conductivity of the dielectric is approximatety] [ll. SYSTEM FREQUENCY RESPONSE

10° mhos/m, considering the material commonly used
either polyethylene or polypropylene. The inductance of In this section, the frequency response of the system is

one conductor is: analyzed. All results were performed using the frequency
1 HO domain model disclosed in [6]. Regarding to the motor
:—ZEBE ®3) over-voltage and inverter over-current limits the voltage
CC'(A'h(O) transfer function and the system input impedance are

These equations are valid to the electromagnetic fieldgspectively analyzed. These functions describe the ratio
outer of the cable conductors. No piece of informatiorbetween the motor and inverter voltages and the ratio
about the Skin effect is included. Furthermore, the aboveetween the inverter voltage and current, respectively. The
equations are valid to systems where the inverter outpghble parameters and the transformer leakage inductance
voltage risetime is less than the time spent to the voltaggere estimated as indicated in section II-A.
pulse reach the motor end of the cable [2].

A. ICM System

2) Inverter - Transformer -Cable - Motor (ITCM)

System The frequency response is performed by the system
modeling disclosed in [6]. It has been showed that the

With the transformer in the system, the over-voltagesoltage transfer function can be expressed by:
phenomenon makes up due to a series resonance. This 1
resonance is dictated by the interaction between half of afpv = W ' (5)
cable inductance plus the transformer leakage inductancei1 o . Co
and all cable capacitance [6]. Summarizing, th erey is the propagation constant for transmission line

transformer leakage inductance is algebraically given by: caples defined as:

= | FE Ruyp* lLnyp + (L -50e-9)HG + jasce} 6)
Ly =3 -S4 4) > .
tr EKZ\/EfrTT)ZCcJ 4 0 ’ wherewis the frequency. The skin effect of the conductor
parameters are taken into account using the hyperbolic

wheref, is the resonance frequency that can be measuredt@ms Ruyp andLuy) [7]. Traditionally, the skin effect has

the inverter output current as show_ed in Fig. 3. Like th%een assigned using Bessel functions. However, these
:ﬁé\ﬂciﬁatﬁ{nvigi/ser‘g?r]uggggrt\:/zgobne directly measured fromfunctions; are computationally hard so that hyperbolic

' approximations were preferred. Within acceptable
accuracy these approximations are related to:

Do sen [
- '/\\\ Al Rhyp = O ) (7
e P / \ A oo Eposh%r - cos% H
\/ \‘WMM A 2r 2r
3 > g senh s -sen =t 8
Lnyp=(75e-9. 5 0—2—2 [ (8)
1/fr ' E{:osm—cosﬁ
o o
where o is the conductivity to the conductor material (for
cooper 0=5.75e7 [Qm]™") and & is the skin depth of
penetration, which is frequency dependent as:
Fig. 3. System’s waveforms at the inverter output, top: Current (1A/div); _ 2 (9)
Bottom: Voltage (50V/div). Horizontal scale: | 5div. 0= [m] !

Olicw

Note that the cable parameters are necessary to have fRgnaterial of the conductor with permeability (it means
leakage inductance determined. To overcome this matterd®-7 for cooper) . The system input impedance is
voltage step could primarily be applied to the cable, ifalculated as:



predicts the amplification to be 5 times at the resonance
frequency as evidenced in Fig. 12
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Fig. 9. Inverter voltage (50V/div - top); Motor voltage (50V/div -
bottom). Horiz.: 10ms/div. |
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The_se waveforms are DTQdU_Ced by using a 1.55kHz Fig. 12. Frequency spectrum: Inverter voltage (5V/div - top); Motor

switching frequency as seen in Fig. 10. Voltage (5V/div - bottom). Horiz.:5kHz/div.

Clearly, harmonics amplification are strongly related to
the voltage transfer function (Fig. 8). Finally, to the
switching frequency set to 21kHz the over-voltage was
m eliminated as showed in Fig. 13.
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Fig. 10. Frequency spectrum: Inverter voltage (5V/div - top); Motor
Voltage (5V/div - bottom). Horiz.:1.25kHz/div.

4

i<t
It is clear analyzing the motor voltage spectrum that the

over-voltage observed in Fig. 9 is due to the amplification

of some PWM harmonics. To highlight the amplification

Fig. 13. Inverter voltage (50V/div - top); Motor voltage (50V/div -

effect, the switching frequency was set equal 11.2kHz, the bottom). Horiz.: 4ms/div.
resonance frequency of the ITCM system is shown in Fig.
11. According to the experimental voltage transfer function,

the magnitude of PWM harmonics are in Fig. 14.
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Fig. 11. Inverter voltage (50V/div - top); Motor voltage (50V/div - M 2— I .
bottom). Horiz.: 4ms/div. Fig. 14. Frequency spectrum: Inverter voltage (2.5V/div - top); Motor

Voltage (2.5V/div - bottom). Horiz.:12.5kHz/div.
In this situation, a motor stress greater than 2 p.u. is
observed. The experimental frequency response (Fig. 8) With regard to the input impedance, the inverter output



Zees 7 , (10) dominant over the transformer ones. Therefore, the
SYS™ "Canhyl) attenuation is mainly dictated by the cable. Fig. 5 shows

where the characteristic impedanceg) (@ the transmission the frequency response to this kind of system.

line cable is given by:

Z systr [Q] Guir
500 | 10

(11) 450

5 Ruyp Je(Lpyp (L ~50e-9)]
“e* G+ jac] |
Fig. 4 shows the results obtained by simulation of a

actual system with the following cable parameters:
Cable - length = 8km; conductors area = 34 fnm
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L=360uH/km ; Cc=160nF/km ; G=100nmhos/km. 250
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Fig. 5. Voltage transfer function () and input impedance £ of an
actual ITCM system.
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The power transformer parameters were:

Power Transformer (150kVA): R,=63mQ ; L,=80G.uH ;
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frequencylkHz] IV. INVERTER SWITCHING FREQUENCY
Fig. 4. Voltage transfer function (§sand input impedance {Z) of an CHOICE

actual ICM system.

For safe system operatio®, and Z,behavior can be Consideri f ting limits f i It
used to predict the system response to the harmonics ~ONSIG€rng sale operating imits for motor over-voltage

injected by PWM voltage source inverter. Firstly, thednd Inverter over-current, the detailed system frequency
gsponse is used to choose the more suitable inverter

analyze could be done through simple observation to avol§SPon i o
matching the PWM spectrum with system resonanceWitching frequency. In a first step, the switching
Nevertheless, a suggestion to choose the inverter switchi quency shoulq be_ higher than the resonance frequen_cy
frequency will be presented later, based on the current a termined considering the system parameters as in section
voltage limits. ILA. i . . .
A method to find more precisely this frequency is
proposed. Since the voltage transfer function and the
B. ITCM System system input impedance behavior are traced from
' transcendental equations, a numerical method has been
applied in order to determine the switching frequency to

Introducing the transformer, the voltage transferreaCh a voltage gain specified by the user. It can be

function is now rearranged to (12) and (13) [6]. Thesgccomplished using the secant numerical method. The

equations were deduced considering high powe umgrical method is applied to _the \_/oltgge transfer
;nctmn curve in the spectrum region with its extremes

applications systems. It is a typical situation in sub sea oi} """ X S

exploitation where the motor power is rate to dozens d elimited by the resonance (ITCM) or cable's oscillation

kVA. It is important to highlight that the skin effect in the _ICM) frequency _and the freqyency correspondent to the
aII‘St valley. Holding the obtained frequency value, the

transformer winding is not taken into account in (12) an . X -
(13). This is unnecessary since in high power systems t verter current charging can be readily verified through
serving the input impedance response.

cable is long enough in such way that its parameters af

Gyy = Zc-jwlotr (12)
Zo{Ryr + jo(Lyr + Lotr )} cosh(y)) + HjwlLy +Rer)? + j2wlotr (jwly + Ry JHsenh(y)
Zo{Ryr + jo(Ltr + Lot )} coshiy)) + Hjwly + Ry )? + j20logr (il + Ry Jsennh)

Zsystr = (13)

Z¢ cosh(yd) +{Ry + ja(Lyr + Lo )} senh(f)



V. DIGITAL SIMULATION AND 400
EXPERIMENTAL VERIFICATION

350

Following, simulations and experimental results of a300
prototype system as showed in Fig. 1, are presented. Thg
parameters were determined as proposed in this paper. The
period oscillation at the inverter current (Fig. 2) is 288 2%
that results in 33.5kHz cable's natural oscillatiomso
frequency. The cable presents 990 m length Withloo
conductors of radius=1.12mm (area=4mfh and center-
to-center separatiod=4.62mm. The capacitance, found by 50
(1), isC=106pF/m. From (2) and (3), the conductance and ; ; .
inductance are G=2.33nmhos/m and L=534.6nH/m, o 2u 3
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respectively. Regarding to the transformer, the measuredig.7. Input impedance of an ICM system: digital simulation (solid) and
resonance frequency is 11.2kHz (Fig. 3) and the leakage experimental (+ dot).

inductancel,=818.4uH from (4). The winding resistance,
R;=2.9Q and the magnetization inductanté®tr=6.4H B. ITCM System
were measured for the single phase transformer model

using pattern tests and values referred to the high voltage 1© thiS system a rated apparent power of 0.8kVA and

side. rated voltage of 1580-220Y step-up transformer was used.
In this prototype system the skin effect significantly affects
A. ICM System the transformer parameters in respect to the cable ones,

unlike assumed by deducing (12) and (13), therefore only

Fig. 6 shows the voltage transfer function of the ICMEXPerimental results are presented in Fig. 8.
system G,) obtained from (5) and the experimental values Zsystr Cvir

measured with a HP Dynamic Signal Analyzer 35660A. 250| 5 v
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Fig.8. Voltage transfer functiorG(\m) and input impedanceZgyst,) of an
ITCM system: experimental results.
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Fig.6. Voltage transfer fur:i(t]il;mgl/‘ [anZI]CM system: digital simulation These curves were used to choose the switching
(solid) and experimental (+ dot). frequency. Using the secant numerical method applied to
the voltage transfer function, and establishing an allowed
The waveform peak occurs at the 33.5kHz cable'sver-voltage lower than unit, the 21kHz switching
natural oscillation frequency in agreement with voltagdrequency was determined. Following experimental results
step response pointed out in Fig. 2. The simulatetbr switching frequencies lower and equal to the resonance
attenuation presents some difference from experimentahe, as well as at 21kHz are showed.
results, mainly in the high frequency range. Fig. 7 shows
the correspondent input impedance of the system. C. Effects of Changing the Switching Frequency
Again, the curves present some divergence in the high
frequency range what can be due to the error introduced by The experimental results in the time domain considering
using hyperbolic functions rather than Bessel functions tdifferent frequencies when exciting the ITCM system are
take into account the skin effect. as follow. Fig. 9 shows the over-voltage effect.



current is shown in Fig. 15. (2
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Fig. 15. Inverter output current depending on the switching frequency
(1A/div). At top: 21kHz. Medium: 11.2kHz. Bottom: 1.5kHz. Horiz.:
10ms/div.

Naturally, the current ripple decreases as much as the
frequency grows up characterizing the input impedance
behavior predicted by the frequency domain analysis.

VI. CONCLUSIONS

Systems composed by induction motors fed by PWM
inverters through long cables are subject to over-voltage
caused by resonance phenomena. The system's main
resonance-frequency was well characterized as cause of
motor over-voltages. The motor over-voltage was
extinguished by setting the PWM-driver switching-
frequency higher than the resonance frequency. With
acceptable accuracy the switching frequency can be chose
using the system frequency response characteristics.

A set of equations allows to predict the system behavior
for a wide frequency range. However, the equations
respect to the ITCM system are valid only to power
systems of kVA power range or higher. The system
parameters are estimated through straightly observing the
oscillation at the inverter output current to both ICM and
ITCM system. Despite of the study had been developed
aiming sub sea oil exploitation applications, the overall
results are useful tool for understanding the over-voltage
phenomena and can be readily used to motor safe operation
when installing adjustable speed drivers in industrial
plants.
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