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Abstract— The trend to use inverter drives in industry is well
established. It is desirable to monitor the condition of the
motor/drive combination with the minimum of system
intervention and at the same time retaining compatibility with
the latest generation of AC PWM vector drives. This paper
studies the effect of stator resistance asymmetry on the
performance of the motor driven by a latestgeneration
unmodified AC PWM drive under varying speed conditions. The
asymmetry of increased resistancdn one phaseis intended to
simulate the onset of a failing connection between drive and
motor but one that is noncritical and will remain undetected in
use because the resistance increase is snaid does not appear
to affect the motor operation significantly. The performance is
comparedagainst baseline motor data for the resistance increase.
Moreover, it is also examinedfollowing an auto-tune on the drive
with the asymmetric motor in order to observeif any effects of
resistance imbalance can be shown othe sensorless veot
control algorithms. Initial results from the motor tests clearly
show a difference in values measured from the motor current and
voltage signals which can be a useful indication of the
asymmetry of the drive systemt

Keywords— Efficiency, Unbalanced, Stator resistance increase,
MCSA, PWM, Random switching patter8upply Harmonics

. INTRODUCTION

remain undetected for an extended period of time because once
a motor system is installed and comsigsed, the drive system

is unlikely to be checked for correct operation until the system
has failed completely. For companies interested in maintaining
the efficiency of plant and equipment there are more fagbur
nonintrusive methods to be useslich asexternal vibration
measurements to monitor bearingsr thermal imaging
techniques for overload monitoring. It is unlikely that electrical
checks on motor stator resistances will be carried out due to the
equipment having to be brought 4ifie, the requiement to
disturb the motor connections, risk of electric shiocisolating
connections and the potential of a future consequentiatdail

of plant equipment attributable itatervention.

Bin Lu et al.[1] recorded that more than 92% of North
American paper mills use periodic vibration measurement
techniques and reported an increasing take up of MCSA
methods in industry. A. Bellini et. §2] reported on the study
of mechanical failures detectedimdustrial applications by the
use of MCSA, but on nemverter fed motors. Pedro Vicente et
al. [3] have studied a simplified scheme for motor condition
monitoring on invertedriven systemsIn particular they were
used to dtect intefturn short circuit faults, eccentricity and
broken rotor bars. Lucia Frosini et ] investigatd external
monitoring methods such as stator currents and external flux
leakage analysis to detect intarn faults However, it is noted

Motor efficiency in industrial applications is becoming that interturn winding insulation failures develop within 30 to
more critical but some traditional motor condition monitoring60 seconds before the iron core is me[tdd At this stage of
techniques have been limited to constant speed applicationgotor failure, there is probably little that can be done in terms
This series of tests simulates the motor operation over a ranggrectification of the fault from the detection tfe interturn
of speeds and with a small resistance increase in the mot@ilure to justbefore he unit fails catastrophically.
stator windings that would not normally cause faults to be

detected in the inverter drive system itself but cde&tl to a

The effects of unbalanced supply voltage feeds to an AC

reduction in motor efficiency and unbalanced running of th&notor are well understood and result in the motor operating
inverter drive system that may result in premature failure of thgfficiency being - reduced.The voltage imbalances are

motor and the drive system.

documented in the NEMA standards #€ induction motor
performance but apply more to nmverter driven motors.

Existing research in this area has covered standard inverter

drives without sensorless vectcontrol operation and randem
pattern PWM techniques.

The purpose of this paper is to focus on detecting gradual
failures in an invertefed motor system before totaliltae
occurs. With early detection and subsequent intervention to

~ The purpose of this research is to determine if the resistangerrect the gradual faults, the system can be restored to the
increases can be detected for a motor that is running at variatMgtalled condition and efficiency thus preserving optimum

speeds and also the effect that a maatotune has on
performance following a resistance increase.

operation of the equipment.
The effect that faults introduced on thmtor have on the

Although stator resistance increases are not the only causensorless vector contnmiodel in the drivearealso studied, in
of motor failures, the nature of the fault is such that it caparticular the effect on speed, motor current\ithge output



To this end,the research adopts an experimental studyC. Fault Smulation
based on the latest motor drive technology withnuiadly So that tests can be compared between drive operating
introduced unbalanced conditions. modes, the drive would be run for each test cynlethe

following three modeas follows:
Il.  TESTFACILITIES AND FAULT SIMULATION

A. TestRig Drive modes

Thetest rigis designed to have a teiving AC motor and Healthy motorutotuned
a loading DC motor. The AC motor is a thygease IM with
rated output power of 4 kW at a speed of 1BEM (two-pole
pairs). The AC motor is driven bg Parker 69(PWM inverter
with 3 kHz switching frequency and a carrier frequency
selected by a random patterengrator enabled by defaurhe
drive is set to operate in sensorless vector control. There are a number of phase resistance increments

For the resaah to be valid with future drive systems, it is 2v2ilable on the test rig in 0.1€ steps obtained by changing the
important that valid test results can be obtained fron{"!fNg tapping on the custodouiilt resistor unit.
equipment that utilizes the very latest motor control technology The resistancéault simulated is that whicbccus in one

Motor with simulated faults
Motor with simulated faultautetuned

TABLE 1. Drive operating modes

and with these advanced switching techniques enabled. winding inside the AC motor thereby affecting only one motor

The DC motor is shuntwound dsignto apply different PhaseThis is ndicated in Figure 2oelow.
loading to the AC motor drive system. The speed, load and test Uie RES“ 1 Fsw
duration are all programmable and repeatable. The DC motor Ro
regenerates to the mains supply through a-fuadrant two H—
phase DC drive. Vs Riz

VS‘ R.fsn

B. Operating conditions Rsz

In orderto make a reliable comparison, data sets for three U0
differentmotor operatingnodesveremeasuredased on a test y ,,\"ssl

3C

CyCIe consisting offour Speed StepseaCh with the same Fig. 2 Motor magnetizing circuit detailing the stator phase resistiuteinserted

Operat_mg data apphedA Complete test CyCIe .therefore in one of the three phase connections internally in the motor on phase 1 (DELTA
comprises a total of threstepsof 4 speedsetpointsrun circuit)

contiguously, making 18peedsetpointsn all. - . .
9 y g &b P D. Motor winding resistance increments

After a series of baseline healthy tests are run, a stator
resistance was apptlg¢o the stator winding. This was done in
series with the winding and will be referred to as thestarsie
R - The effect on the equivalent circuit of the stator is shown

The test run datdetailing £st run speeds, duration of test
and AC motor loadings given Tablel and further illustrated
with a diagrammatical representation of the total testecyc
shown in Figure 1.

Step Speed Step Load (% of

number  RPM duration(s)  motor FLC) in Figure 2 and the effect on one phase resistance increase on
the stator equivalent circuit equation is a®b:
1 367.5 120 100
2 735 120 100 dl// dl//
3 1102.5 120 100 Vg =Rjist=—2L 5V = (RfS + Rs)s+ =3
d dt
4 1470 120 100
TABLE I. TESTCYCLE DATA This creates an imbalance in the stator circuit and the effect

is to reduce the ngaetic flux generated by one of the stator

Al test result plots use the-axis as the “time domain, windings in proportion to the value &% . The effect of this is

with each total period of dpeedscorresponding to ongpeed

step as shown in Figure 1. to be_ _studied for motor instability compared to normal running
‘ Test Cycle ‘ conditions.
Load N
setting| 7 100 100 10| g It is proposed to use the developed algorithms in MATLAB
100% E " E to indicate diffeences in the followingneasurementfor the
50 50 50 resistancericrease.
25 Speed 25 Speed 25 Speed §
Time e Motor voltage, current and speed
.2 4 6 8 1012 14 16 18 20 22 24 .
(min): . N N * e Voltage imbalance of three phases
Speed Stepl Speed Step 2 Speed Step 3 .
e Current imbalance of three phase
Fig. 1 Test cycle for variable speed test e Baseline versus fault efficiencpmparisons



e  Motor Supply Harmonic Signals resistance increase following amtotune can be observed at
step lof the three test runat a speed oR5% However,

[ll.  MOTOR IMBALANCE SIMULATION TESTRESULTS towards the end of the test rah Step 3the results become
This section details and compares the test tesiitained ~Incorclusive. At a speed of 50% in steptt® data fromall
from each of the baseline and simulated faulty data sets. operating modes aabserved to overlap each other.

Random pattern PWM switching was enabled for these te§ \otor Current and Voltage Asymmetry
results, because this was considered the veast condition Th . f mot it d ¢ imbal
for trying to extract data from motor current signals due to the € comparison of motor volitage and current imbalances
; on each phase gives a more meaningful indication of thalac
random noise floor. ; . ) X
fault occurring. In Figurd it can be seen that there is a marked

Motor speed is measured from an encoder mounted on tléfference between healthy and induced fault motor voltages
rear of the AC motor. This encoder is purely for speedqupper graph) and current (lower graph).
measurement purposes and is not connected to the inverter

drive. The motor encodeesolutionis 100 pulsegrev. 0.8 —— V Oltag.e L:an.a Iance. Ofmr?e pha.sef ('\.IEMA)
Step 1 Step 2 _Z_ BL

A. Motor Terminal Voltage and Phase Current _ 0T 4 B

Figure 3 presents a plot of motor voltagaurrent and speed § o4l ' : -~ |
measured at each set motor speed with 100% load apjtlied £ ™
can be seen that over the three phases, no uldtage > ozl |
differencebetween testingnodes is presemhen exanining '
over the fullspeedange b v o

Voltage over three phases with 100% load setting on rig £ 50 75 100 25 50 7.5 100 25 S0 7 100
400 T R T T T R T T 2 Speed Setpoint (%)
350k Step 1 Step 2 Step 3 i Current Unbalance of three phases (NEMA)
0.07 75 . . .
Sa00f . E Step 3
g 0.06F > P ;é ]
g 250 — &
£ — T &
£ 200} - = 005f ) 3 ) ¢ T
e oo S T ity : i
150} % S 0.04f b
L O
100 Il Il Il Il Il Il Il Il Il Il o
25 50 75 100 25 50 75 100 25 50 0.03 b
Speed (%)
O 02 1 1 1 1 1 1 1 1 = 1 1 1 1
Current over three phases with 100% load setting on rig ' 25 50 75 100 25 50 75 100 25 50 75 100
9.3 T T T T T T . T T T

Speed Setpoint (%)

> 3

Fig.4 Differences of voltage andurrens between three modes

Current(A)

At a motor speedange of 25% to 65% , the voltage
unbalance across the motor phases on all $tepsshowed an
increase in motor voltage unbalance. At 65% speed, the
L unbalanced measurements cross and the baseline motor data

©
T

8.8 I I I I I

25 50 75 100 25 50 75 100 25 50 75 100 indicate more of an unbalance than the faaltg autetuned
S| d (%
pecd (%) data.
Fig. 3 Plot of voltage over 3 phases, B, C, with variable speesunder100% . .
9" _ ge s P _ P By calculating the difference between motor voltages and
load settingBL = Baseline (Healthy MotorJR01 = Stator Resistance of 0.1Q . . .
. _ . currents, the effect that a gradual increase in motor resistance
imbalance ATR01= Auto-tuneof 0.1Q imbalance

that naturally occurs during the te@ue to the increasing
At a particularspeed(50% in Step 1)it can be observed motor temp_eraturel)_as on the displayed test resurktseduced .
that there was small difference in motor voltage measured and a consistency is restored to the readings. This calculation
from the baseline data comparedthe resistancémbalance gnf_thte_ volta%e unt;]ala;]nci?] m_hacc\;;)rﬂanceuwtl)thre NEFL\A'tA‘
andthe autetuned motomith resistance imbalandrit only at fV'B'R',On (ljmf. er dvl\:,) '_C e 1he Voltage Unbalance Rate
the beginning of the tests. Towards the end of the testhrein ( ) is defined by:
voltage measurements were seebdaeloser toeach otherso

. X ; maximumdeviationfrom line voltage
this set of readingsagnot very conclusive. LVUR=

averagéine voltage
If the current in thregohases is observed over the three
consecutive test runs, the gradual effect of an increase in motor max{(U ab~ Ulavg ) (U be ~ Ylavg ) (U ca~ Ylavyg )J
resistance during the tests is clear as shiowfigure3, row 2 VUR = T
which presents the data plot for this. lavg

On closer inspection of the motor current signals, a  WhereUa, Uycand U,are line voltages.
increase in motor stator currents for the resistance ingraase



The same method is applied to measure the difference @speciallyas the randompattern PWM generator moves the
motor currents using the NEMA definitioriThe current  carrier frequency at random to reduce motor audible noise.
readngs in Figure 4show that there i® marked difference
when thefault resistance is introduceVhen anautotuneis Current at 3rd Supply Harmonics Current at 5th Supply Harmanics

. ; X 0.2
performed on the motor with the resistance fault, the imbalanc

is still present. This could be explained by the motor mode =

<
| | 0.04 =
assuming that all three stator resistances are equal,ag@n ¢ g
tune on an imbalanced motor does not correct for fengt S 002 s
introducedin one phaseThis is confirmed by the fact thati £ z
the Parker690 drive, there is only one value for stator .
resistanceR; in the motor modelThis is studied further in 25 50 75 100 25 50 75 100
section E, Motor Parameters. Speed (%) Speed (%)
Voltage at 3rd Supply Harmonics Voltage at 5th Supply Harmonics
1 8
C. Supply Harmonics I 5L
. . . 508 < 6/ R0
Figure5 details thecurrent spectrum and supply harmonics g 4 T || B ATROT
present at the maximum motor speed of 1470 RPM. = 24
£ £,
(a) Current Spectrum and Supply Harmonics 147 1rpm <02 <
025 . . - : :
] ! i : ! 0 0
0.2 ; ; ‘ 25 50 75 100 25 50 75 100
= Speed (%) Speed (%)
=015
o
5 0.1 Fig. 6 3% and 8" harmonic components at different speed
0.09 ‘ D. Efficiency Measurements
0 . .
0 50 100 150 200 250 300 The motorpower calculations are presented Figure 7.
Frequency(Hz) i i IS i
(b) Magnified at 3fs () Magnified at 5fs This shqws that_ th_e motor input power is m_creatvbdn the
01— : ; 0.5 fault resistance is introduced and is further increased when an
T R N ] autotune is performed on the faulty motor.
: ; i :' _ 02
% 0.06 ‘ ; I % 0.15 - | IIﬁpu‘r P?wer D\Terence‘from B?se\me‘ ‘ .
3 %% 3 T 6 ol ]
0.02 0.05 £ e o
; ‘ : 1Y g ar Y o ATRO1
0 == : 0 bt — 3 ma N S e,
154 156 158 256 258 260 262 264 =l o S _
© ., K N e | A
Frequency(Hz) Frequency(Hz) = S T et B
o < Cmg
o
Fig. 5 Current spectrum comparison 4L | I | | | I

1 1 1 1 1
25 50 75 100 25 50 75 100 25 50 75 100
i Speed (%)
Stator asymmetry can change the dynamics of current and

voltages. Previous studies] show that it imreases the Fig.7 Motor powercalculations

amplitudes at higher orders of supply frequency components, |he results clearly show thatdition pover is consumed

Figure 5 presents a comparison of current spectrum betweedy the unbalanced motor at all speeds except at 100% speed.

the different operatingmodesas previously described in Table Motor efficiency is reduced at speddss than the motor rated

2 It shows that th& and 8" harmonics are increasdar the SPeed so the difference in additional power required at low

two faulty modes at full speed. speeds is easier to observe. This is not detrimenthletdest

results because it is often the case that inverters are fitted to

Figure 6 details the current and voltage supply harmonics @totor systems in order to save energy and run at lower speeds

all speed operating points thereby allowing the reduced efficiency to be detected in such

By observing the current measurements, it can be seen tiPlications.
the 3d harmonic componentnder imbalanced conditiois  E. Motor Parameters
consistentlyincreased across all motor speed ranges. Tie 5 .

: : : : To observe how the motanodel in the sensorless PWM
harmonic current component is marginally increased at full jve is affected by the modification to stator resistance, an
speed but the results at 25, 50 and 75% speed do not md'cgllrjétotune was peformed on the healthv motor. then with the
any difference between the operating modes . P . y '
stator resistance of 0.1Q introduced.

The voltage harmonics do not show any cidifference in . . . .
either & or 5% harmonic frequencies at any speed and cannq e-mgc;?\rﬁ;t;éﬁnve calculates the following valuds use in
therefoe be considered a reliable indicator of stator asymmetr '

in this case. This could be attributed to the noise generated by Magnetizing inductancelL,,, Leakage Inductance. g,
the PWM inverter masking out higher harmoniegfuencies Rotor Resistanc®, , Stator resistance. .



The motor parametefsllowing anautotuneunder healthy steady state equivalent circuit of an induction mdir as
conditiors and with the fault resistance introdu@é shown shown in Figue 9
in Table 3 The data is taken from the Parker SSD figiD i
Lite software package which allows all drive parameters to be ~ E R . L,e los

loadedon to a computefior analysis. O =5~ f
ﬂ“dr L ﬂ’dr
From Table3, it can be seen that the incseain stator
resistance posiutotune calculated by the drivés 0.16582. WhereE, the air gap voltage can be calculated as follows,
Auto-tunes 1 and 2vere carried out with the motor an  based on the rotor stator resistaand inductance.
ambient temperaturef 21°C. Auto-tune 3 was carried oafter q
a constant series of test rutigt had increased the motor E=V,-Rei, ——eL_ei
internal temperature to71°C. The difference in resistance ads Is " Tads
measured waan increase d.069%2 compared tdhe healthy ) o
motor at ambient temperaturEhis proves that the introduced  If the air gap voltage value is incorrect because the stator
fault resistance increasef 0.1Q is more than the resistance  resistanceRR; stored by the motor model in the drive is in error
increase tha would have occurredhaturally with the rise in
motor temperature.

r

then speed? estimated by the drive will also be in error. This
manifests itself in thencreased voltage and current output
from the drive. Even following an autane on the dult, the

ATl AT2 AT3 Healthy

Parameter Healthy Fault0.1Q At 71°C drive cannot correct for a single phase imbalafte aute
tune modehas not been developed to take account of this fault
Magnetising currenty (A) 5.16 5.09 5.15 scenario.
Stator resistance Rs Q) 1.1101 1.2759 1.1796 L
Rs L'sje R’
Leakage inductanceéor (mH) 18.31 19.64 19.24 o—{ 1. ' o
lqds lgdr
o rf o f
TABLE II1. AUTO-TUNE DATA (AT) Vs iéfds+iqz§rll L'mjoe OrAdr
To observe the effect that the resistance imbalance in one
phase has on the drive operating model, it is necessatydy ° °

the motor mode During drive operation,hie Parker vector

drive does not have an adaptive mottel compensatefor

changes instator resistanceluring operation.The modelis Fig.9  Induction motor steady state equivalent circuit
only calculatedonce by the autotune function. To understand
the influence of the motor model on drive operatiomlack IV. CONCLUSIONS

diagram of a generic IFOC (Inverter Field Oriented Controller) Initial resultsfrom the motor tests clearly show a difference
inverter driveis given in Fig. 6]. in the motor voltage and current asymmetry valoesisured
and posprocessed under MATLAB.

Current
Controller

The asymmetry values are more apparent when the motor is

— : J'gi ! = more lightly loaded and is running less efficiently.
Pul =]
e Pl ‘@ ;G These nitial results are positive, indicating that imbalances
Votage | ©ceen " in a single stator resistance phase be observed without the

i
!
: need for spectral analysis of the motor current sighatsotor
) ani . | speed variation was noted under imbalanced conditaisas
O I oSpeed Aocto das | | an exteral encoderwas usedo take these measuremetie
Pl results were not documented. This is because the detection

Fig.8  Inverter FOC diagram methods used for measuring imbalances in this paper should be
@’ is the demanded speed,, the demanded rotor flux. NOMntrusive.
When calculating the current demaadtput from the IFOC The supply current harmonic measuremesfisw positive

current controller, feedback from the actual motor curamck  results that arrespond to existing research on motors driven

voltage signals aresedafter transformation frorabc frame to  directly from a clean -phase supply. It isnportant to be able

dgs and from there toestimate therotor angle §.. The toadvance thisesearcton directorrline driven motor systems
.

frequency and voltage outpfiom the inverterare therefore ontoinverterdriven systems because of their widespread use.

dependent on the rotor speed, prestidoy the speed estimator. The test resultalso provide an insight into the most likely
However, in order for the speed estimatorcédculatespeed control algorithm used by the Parker 690 drivehich is
accurately the motor parameters stored in the drive for theassumed to be a stator madel

motor model must correspotmthe actual motor values
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