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ABSTRACT-

Abstract: 

Due to the ruggedness, reliability and low maintenance 
required, small inverter-fed induction motors (1.5 kW to 
25 kW) have earned a reputation and are utilized more and 
more frequently in industry for variable speed 
applications. The applied voltage and current waveforms 
are generally quite non-sinusoidal and polluted with 
higher time harmonic components. The higher time 
harmonics affect the electrical and mechanical 
performance significantly, and adverse effects are 
investigated. Literature on the effect of higher time 
harmonics is reviewed. Recommendations referring to 
various aspects under non-sinusoidal excitation are made 
when installing inverter-fed induction motors. 

Different inverter supplies (6-Pulse Square Wave voltage 
source inverter (VSI), PWM VSI and sinusoidal excitation) 
are used with a small 3-Phase, 3-kW squirrel cage 
induction motor, configured under synchronous 
characteristic Vr/50 and subsynchronous characteristic 
Vr/87. The respective voltage and current frequency 
spectrums of the excitation source are analyzed and the 
harmonic content determined. Performance 
executed under identical operating 
respectively and results are compared with 
pure sinusoidal (fundamental) excitation. 

tests are 
conditions 

respect to 

To determine the electrical performance the efficiency, 
power factor, temperature rise of the stator and induced 
shaft voltages were analyzed. The mechanical performance 

. under inverter operation was analyzed by measuring the 
torque, torque pulsations, critical speeds and resonance 
frequencies of frame · vibrations and torque oscillations 
as well as vibrations in x-, y~, and z-direction of the 
inverter-fed induction machine. Consequences of time 
harmonics on the induction motor and system are 
discussed. Conclusions on the effect of time harmonics 
and performance of different inverter types compared to 
sinusoidal excitation are drawn and are theoretically 
summarized and justified. 
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Abstract. 

Auszug: 

Umrichter gespeiste Induktionsmaschinen mit niedriger 
Leistung (1.5 kW bis 25 kW) werden zunehmend in 
industriellen Anwendungen mit drezahlveranderlichen 
Antrieben eingesetzt, da sie fast wartungsfrei und sehr 
robust sind. Die zugefugten Spannungen und Strome van 
Umrichtern sind nicht sinusformig und beinhalten eine 
Reihe van zeitlich bedingten Oberschwingungen. Die neben 
der Grundschwingung ( Ordnungszahl n = 1) auftretenden 
Oberschwingungen beeinf lussen das elektrische und 
mechanische Verhalten der Asynchronmaschine nachteilhaft. 
Umfangreiche Literatur zu diesem Thema ist vorhanden und 
einige Veroffentlichungen werden kurz besprochen. 
Vorschlage zur Installierung van Umrichter gespeisten 
Asynchronmachinen in Bezug auf vergroBerte Beanspruchung 
durch die nicht sinusf ormige Speisung des 
Induktionsmotors werden vorgeschlagen. 

Verschiedene Spannungs gespeiste Umrichter (6-Puls Block 
Spannungsumrichter, PWM (Puls Breiten Modulation) und 
sinusformige Speisung) unter Normalkennlinie Vr/50 und 
.Vr/87 werden benutzt um einen 3-Phasen, 3-kW Kafiglaufer 
zu untersuchen. Das Frequenzspektrum der Spannungs- und 
Stromoberschwingungen wird jeweils bestimmt. Das 
Verhal ten des Induktionsmotors und die Lei stung wurden 
unter identischen Betriebszustanden gemessen. Die 
Resul tate werden mi t Ergebnissen verglichen, die unter 
sinusformiger Grundschwingung bestimmt wurden. 

Um das elektrische Verhalten zu untersuchen, wurden der 
Wirkungsgrad, Netzleistungsfaktor, Temperaturanstieg des 
Standers und die induzierten Wellenspannungen gemessen. 
Das mechanische Verhalten des Kafiglaufers unter 
Umrichterspeisung wurde analysiert . durch die Bemessung 
des Drehmoments, Pendelmoments, Resonanzfrequenzen des 
Pendelmoments und der Vibrationen im Betriebsbereich, und 
standervibrationen in x-, y- und z- Richtung~ Die 
Auswirkungen der Oberschwingungen auf den Induktionsmotor 
werden besprochen. SchluBfolgerungen uber die Auswirkung 
der Oberschwingungen in verschiedenen Umrichtern im 
Vergleich zur Grundschwingung werden theoretisch 
ausgelegt und zusammengefaBt. 
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1.1 Topic. 

The research topic is a commonly used standard small 
power variable speed drive (VSD) with a 3-phase 3-kW cage 
induction motor. The induction motor is fed from voltage­
source static inverters with variable-frequency variable­
voltage amplitude output. With the present technology it 
is difficult to achieve a distortion-free sinusoidal 
output. Higher time harmonics in the inverter output 
voltage influence the electrical and mechanical 
characteristics of an induction motor. Existing design 
variants of cage induction motors when fed with non­
sinusoidal voltage produce usually smaller torque and 
higher vibrations than on a sinusoidal voltage. 

For example, derating curves and dangerous resonant 
frequencies for standard motors supplied by static 
inverters have tremendous practical importance. These 
problems should be carefully investigated especially in 
relation to small VSDs which are the most popular drives. 

VSDs are used to an ever increasing extend in industry 
for all various applications. The main requirement are 
for process engineering and also for energetic reasons. 
The effect of higher time harmonics on the electrical and 
mechanical performance of induction motors must be 
understood and well established for integration of VSDs 
into operating plants. Necessary precautions to remedy or 
avoid any adverse effects can then be taken. 

VSDs are considered as a whole systems, which include 
electrical as well as mechanical performance 
characteristics. Each system consists of a supply unit, 
the variable frequency inverter, control unit, 
asynchronous machine, shafting and couplings and the 
load. 

Different types of inverters rated between o. 5 kW and 
2000 kW are used at present. Each inverter has its own 
specific characteristic and deviates from sinusoidal 
supply.' These cause a variety of different (changed) 
stresses on the motor. The performance (especially with 

- Page 1 -



CHAPTER 1. Introduction. 

reference to the,- load being driven) may be affected 
adversely. 

The research topic can be divided into (i) electrical and 
(ii) mechanical phenomena associated with inverter 
operation. Clearly the excitation with higher time 
harmonics creates higher space harmonics which then 
influence mechanical operating characteristics. 

1.2 PUrpose. 

In the IEC Standards [ 1 .1] , on the application of cage 
induction motors when fed from inverters, steady state 
operation applications are discussed. Indirect type 
(intermediate DC bus) frequency inverters are considered. 
The standard attempts to quantify the selection of power 
components and their induced characteristics on the drive 
- motor system. The standards [ 1 • 1] recommend to check 
the frequency spectrum, harmonic losses, torque derating, 
oscillating torques, noise, over-voltages and shaft 
voltages during inverter operation of a typical motor. 

Mathematical models on torque pulsations, loss models 
for inverter-fed asynchronous motors are available in 
literature. Noise and vibration phenomena are also 
described. on the other hand only very limited 
information was found on induced shaft voltages due to 
higher time harmon~cs, and no measurement data on torque 
pulsations was published. 

Additional stresses in various forms and dimensions 
due to variable frequency, non-sinusoidal and variable 
voltage and currents influence induction motor operation. 

The purpose of this thesis is to investigate the 
electrical and mechanical performance of small inverter­
f ed induction motors, i.e. 

Losses and efficiency. 
- Temperature rise. 
- Shaft voltages. 
- Torque pulsations. 
- Vibrations. 
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Variable quantities as: 

(i) 
(ii) 
(iii) 

variable frequency; 
variable voltage and currents; 
Non-sinusoidal voltage and currents; 

CHAPTER L Introduction. 

·influence the operation and performance of induction 
motors in various forms.· 

The electrical consequences of non-sinusoidal excitation 
of induction motors are [1.1 - 1.5]: 

(i). higher time harmonic losses and increased 
temperature stresses in motors; 

(ii). reduced efficiency, power factor and rated 
machine power; 

(iii). increased induced shaft voltage and bearing 
currents; 

(iv). stresses on the insulating materials due to 
voltage and current spikes as well as increased 
temperature; 

(v). increased noise levels with distinct frequency 
components due to adjustable frequencies and 
harmonic voltages and currents. 

The mechanical consequences of non-sinusoidal excitation 
of inverter-fed induction motors are [1.1 - 1.5]: 

(i). oscillating torques and forces due to harmonic 
voltages and currents; 

(ii). operating range influenced by critical speeds, 
resonance, increased vibrations; 

(iii). reduced inter lubrication periods and reduced 
bearing lif~-time; 

(iv). reduced ventilation effect at low speeds; 

(v). noise due to torque pulsations and increased 
vibrations due to variable frequency, voltage and 
current harmonics. 
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CHAPTER 1. Introduction. 

Secondary effects of high frequency harmonics, especially 
in high power applications are the interference in 
control systems, communication networks and general power 
system pollution [1.6]. 

1.3 Approach. 

The effects of higher time harmonics on the 
performance of induction machines are theoretically well 
understood phenomena. Assorted literature has been 
published on most of their aspects, eg. [ 1. 2 - 1. 5]. 

However, the largest literature component lies in 
modelling effects and phenomena under non-sinusoidal 
excitation, but only limited reliable actual measurements 
on performance and other phenomena have been published 
eg. [ 1. 2] . 

In this thesis the consequences of higher time 
harmonics are measured on a physical model. It is limited 
to a single standard inverter-fed squirrel _cage induction 
motor, as particular attention should be given to non­
special motors. All measurements can be analyzed on a 
relative basis as data was captured under the same 
operating conditions but at different frequencies and 
separate excitations: 

(i). Square Wave (6-Pulse) 
(ii). Puls Width Modulated (PWM) 
(iii). Sinusoidal ; 

excitation with known frequency content. Sinusoidal 
excitation (fundamental frequency component only) is used 
as reference. The effect of known higher harmonic content 
can then be deduced and analyzed. 
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2.1 General Requirements. 

For an experimental investigation on a physical model 
all concrete measurement parameters must be acquired to 
the highest possible accuracy. All measurement parameters 
must be transformed into a measurable voltage or current 
signal. Considerable design effort is required to 
eliminate all sources of noise and interference which 
could be severe in an environment with radio frequency 
interference due to current spikes. To obtain a high 
level of confidence in the measurements taken the 
calibration procedure must be accurate, repeatable and 
compared to a reliable calibration source. The interface 
between the data acquisition system (PC-based) and the 
actual voltage signals must be done carefully. Ground 
loop elimination, input buffers and protection circuits 
must be incorporated. Analog measuring devices with 
suitable specifications (accuracy, voltage offset, 
bandwidth, drift etc.) must be selected and used in the 
signal transducer design. 

, 

To determine the efficiency precisely it is important to 
measure the power supplied to the motor under non­
sinusoidal excitation and the mechanical output power 
accui::ately. Power measurement under inverter conditions 
was investigated and is discussed in some detail below 
due to its relevance, especially with respect to 
determining the efficiency. Alternative methods to 
determine the efficiency, measurement considerations and 
their signal conditioning are discussed in this chapter. 

2.2 Description. 

The physical model concept is presented in the Fig. 
2.1. The induction motor is the Device Under Test (DUT) 
with all sensor positions indicated. Design data of the 
induction motor manufactured by GEC (Johannesburg, RSA) 
are given in Table 2.1. 
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Table 2.1 
Motor. 

Design data of tested 3-Phase Cage Induction 

Rated power: . . . . . . . . . . . . . . . . . . . . . . . 3000 w 
Rated frequency: ................... 50 Hz 
Rated voltage: . . . . . . . . . . . . . . . . . . . . . 380 r.m.s. v 
Connection: . . . . . . . . . . . . . . . . . . . . . . . . Delta 
Rated speed: ....................... 143·0 r.p.m. 
Rated current (Sine): . . . . . . . . . . . . . . 6.9 A 

No. of turns per coil: . . . • . • • . . . . • . 58 
Stator winding type: .....•.•....•.• Single layer concentric 
No. of stator layers: . . . • . • . . . . . . . • 1 
Diameter of stator conductor: ...••• 0.8 mm 
No. of parallel paths: . . • . . . . . . . . • • 1 
Stator coil pitch: •..•.•......•.... 1-12, 2-11, 3-10 
No. of stator slots: •.•............ 36 
No. of rotor slots: .•.............. 28 
outer/inner diameter, stator core:. 165.1 mm; 104.8 mm 
Outer/inner diameter, rotor core: .. 104.8 mm; 38,1 mm 
BH curve and core loss: .........••. 8 W/kg at 1.ST, 50 Hz 
Rotor cage material, resistivity: .. Al. (LMo), 
Resistivity of stator winding: ...•. 0.146*10-5 n 

at 75°C, per 2.54 cm 

A load in form of a separately excited de generator is 
connected via a torque transducer (slip ring type - HBM). 
The load is varied by changing the field excitation and 
the armature terminals are connected via resistor bank. 
The advantage of this · configuration is that for the no 
load and locked rotor test the de generator can be 
reconfigured as variable speed de motor. 

To avoid exceeding the inverter current limit, and the 
rated motor current, the load and torque was only 
measured at low values of slip i.e. up to maximum two 
times rated conditions. 

Also for vibration and torque pulsations without exciting 
the induction machine, the system inherent mechanical 
behaviour can be approximated. An external trigger was 
designed for ( i) synchronizing and (ii) to obtain the 
shaft position over· time. A second torque transducer was 
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used as a reference. A flexible coupling (Fenner-type) 
was used between the HBM torque transducer and load to 
eliminate vibrations and torque ripples originating from 
the de generator. Furthermore this would improve the 
shaft voltage observation as the coupling isolates the 
shaft from the actual load. 

(a) 

Seperate excited 
DC Motor/Generator Tor9ue 

Transducer 

OUT-Induction Machine 

Fenner Flex 
••••••. C.oupling .. _ 

1oad ce11. 

( b) . 

Ext. Vibration & 
Synchroni2ino Triooer. 

Fig. 2.1 Test-bench setup: (a) General view, (b) 
Configuration. 
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In Fig. 2.2 a flow chart outlines the inter-connection of 
equipment and the general procedure for measurements. 

MeasureAent Procedure. 

Supply 
Sources 

\ISO Square 
Nave 

Inverter 

50 Hz 
Mains 
SUPPl!I' 

\lariable 
SPl!l!d and 
Frequency 
Sine Wave 
Olternator 

PWfl'I Siein@ns 
SIMOWERT-P 

D. U. Test 
3 Phase 
3KN 

Squirrel 
Cage 
Induction 
Motor 

\lariable 
Load -
DC Motor/ 
Beneraror 

Vibration 
Occelero'1eters 
and Transducer 

True RMS 
Ona log 
Nattneter 

HBM - Srain 
gauge 1 orque 
Transducer / 
Signal Onp. 

MeasureS1ent 
Interface 
Devices and 
Buffers 

Storage Scope 
for Supervision 
and Referencing 

• PC - based 
Data Oquisition 
Systelll -
Data logger 
High Speed 
SaS'lpling. 

Data analysis 
and Signal 
Processing 

Line Printer/ 
Plotter 

Results 

Fig. 2.2 Flow chart, testing and data acquisition 
procedure. All instruments and devices are indicated. 

An IBM compatible PC-based data acquisition system is 
used to sample all measurements. The A/D and D/A card 
PC30-D, a maximum throughput of: 200 kHz with supplied 
software STATUS-30 v2.oo was installed on an 12-MHz 
IBM/286 computer. A maximum of 16 channels, 12 bit 
resolution could be sampled, either configured for OMA 
(Direct Memory Access) or rotational sampling. The 
sampling frequency and the number of samples to be logged 
could be set up. Logged data· was saved as text file and 
then imported to additional support software (Quattro 
Pro) and then manipulated to extract information. Some 
information on the PC30-D card and the STATUS-30 software 
is attached in Appendix 2.1. 

The frequency spectrum could be obtained via an 
implemented FFT (Fast Fourier Transform), or a Chirp-Z 
transform to pre select a specified frequency range. 
Depending on synchronization of the signal, windowing 
functions (Rectangular, Blackman Harris, Hamming, Hanning 
windows) were selected to reduce effect of cluttering 
harmonics if a non integral number of periods of a 
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specific sample were logged (the effect of spectral 
leakage). 

To improve the analysis of voltage source inverter-fed 
motors and to analyze different methods of modulating 
variable frequency signals with their respective harmonic 
content a simulation package PWM_SIM was written in Turbo 
c;c++ to simulate different modulation techniques, their 
respective line currents and to investigate the 
respective frequency spectrum. The effect of varying the 
leakage reactance can also be simulated. The simulation 
of the line current is an approximation as used in [1.4], 
it is assumed that the inductance is much larger than the 
resistance. The program is suited for teaching purposes 
and the analysis of modulation techniques. Information of 
crest and distortion factors are also displayed. 
Information on the software PWM_SIM is attached in 
Appendix 2.2. 

2.3 Equivalent Circuit of Inverter-Fed Induction Motors. 

Accurate equivalent circuit parameters are required to 
predict the steady state performance of inverter-fed 
induction motors. The parameters for the fundamental and 
parallel time harmonic equivalent circuits are determined 
for the induction motor. The equivalent circuit, with V/f 
characteristic as maintained by inverter drives is 
determined by a method outlined in [2.4]. Four tests, the 
standard locked rotor and no load test were' performed for 
sinusoidal excitation at 50 Hz and 25 Hz at constant V/f 
ratio. Equivalent circuit parameters as a function of 
frequency (V /f constant) for that specific circuit are 
then derived. 

A T-type equivalent circuit is used, (Fig. 2. 3) • This 
equivalent circuit takes into account the temperature of 
the windings, iron and mechanical losses at each 
frequency and the skin effect in the rotor circuit. 
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Rl X1 R2' X2' Rln X1n R2n I X2n 

"' --> "' lr0 

--> "' --> --> 
I1 I2 11n 1 2n 

Rpe RF en 
Xm Xmn 

V1 El 
(R2

1 /s) 
V1n 

(a) • ( b). 

Fig. 2.3 Equivalent circuits. (a) for fundamental 
harmonic (b) for n-th time harmonic. 

The following symbols are used for equivalent circuit 
parameters under sinusoidal excitation: 

Ri = stator winding resistance. 

X1 = stator winding leakage· reactance. 

Rm = Series resistance corresponding to core losses 

Xm = Mutual reactance. 

R2 I = Rotor winding resistance ref erred to stator side. 

X2 I = Rotor winding leakage reactance ref erred to stator 
side. 

Under non-sinusoidal excitation the subscript "n" (higher 
time harmonics order) is added. 

The fundamental slip is expressed as: 

I 

s = ---- ... (2.1) 

where Ns is the synchronous speed of the fundamental, N 
is the rotor speed. 

The slip sn of the rotor for higher time harmonics is 
approximately eqqal to unity. i.e. 

n ± (1-s) 
Sn= ... (2.2) 

n 

where n = 6k ± 1 (k=l,2,3 ... ). 
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The frequency for the nth harmonic in the rotor is: 

. . . ( 2 • 3 ) 

The slip of the rotor is Sn ~ 1, and rotor frequency for 
higher time harmonics is f 2n ~ n f 1 . 

Frequency characteristic of R 2 ~ and L 2 ~ 

0 

:----------0 
, ------ : 6.92 [Ohm] o-- ' 

··------------ 6.52 [Ohm] 
Resistance R2' 

25 50 
F re que ncy IHzJ . 

Fig. 2. 4 Secondary resistance and leakage inductance 
frequency characteristics measured in the motor operating 
range. 

The measurements taken are displayed in Fig. 2. 4 and 
also correlate with data presented in [ 2. 5] . The rotor 
parameters are frequency dependant in both stator; and 
rotor circuit but especially in the rotor due to the skin 
effect in the squirrel cage bars. 

To estimate the equivalent circuit resistances and 
reactances it is necessary to make no-load and locked 
rotor tests. To perform an accurate no load test the de 
motor drives the induction motor at synchronous speed 
(locked with a mains synchronized stroboscope) to 
overcome all windage and friction losses. The total power 
then supplied to the induction motor were stator and iron 
core losses. For the equivalent circuit calculations 
uncertainties on mechanical losses could thus be 
eliminated. The temperature of the windings was kept at 
75°C. 
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As the total mutual flux linkage and thus torque is 
influenced by the rotor position, the locked rotor test 
was performed at rated current and the rotor turned anti­
clockwise by the de motor. For each test 256 data points 
were sampled and the average calculated. 

A more detailed analysis and derivation of the parameters 
is attached in Appendix 2.3. 

The following equivalent circuit frequency depen~ant 

parameters were calculated, (Appendix 2.3). 

R1 = 6.87 n 
X1 = 0.0081 * 27Tf 1 n 
Rm = 37.08 n at 50 Hz 

Xm = 0.591 * 27Tf 1 n 
R2 I = 6.92 n 
X2' = 0.0075 * 27Tf 1 n 

R1n ~ R1 
X1n = n * X1n 
R2n I = 0.029 * f 2n + 5.24 

X2n I = 0.598 * f 2n 
-1.11 

Xmn = n x -m - 0.591 * 27T nf 1 n 

It must be noted that the series resistance corresponding 
to core losses is also dependant on the fundamental 
exciting frequency. This is outlined in paper [2.4]. 

The load is modelled with a separately excited 5 kW 
de-generator. The armature windings are connected to a 
resistor bank. By varying the field excitation the e.m.f. 
generated increases, and so the load. A near linear load­
speed relationship is obtained at constant field 
excitation. 

2.4 Electric Input Power. 

Before using any nomenclature it is important that all 
terms are clearly defined and understood to avoid any 
ambiguity while referring to data, measurements and 
calculations. 

Moreover, since the power measured (i.e. voltage and 
current) is not always sinusoidal a concise but brief 
investigation into non-sinusoidal power signals has been 
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made. Sinusoidal and DC power transfer are merely special 
cases. For non-sinusoidal conditions different criteria 
are laid 'down as outlined and discussed below. Clearly, 
monitoring of inverter drives, where power measurement 
forms an integral part, is affected by time harmonics and 
is discussed in this project. 

A design description, component data sheets, speci­
fications and detailed circuit diagrams of the true 
r.m.s. power meter are shown in Appendix 2.4. 

The classical phaser representation was developed as 
an analytical instrument for time varying sinusoidal 
voltage and current signals. 

For sinusoidal signals: 

v(t) = Vm cos(wt + ¢) 

i(t) = Im cos(wt + a) 

••• (2.4)' 

. . . ( 2 . 5 ) 

where Vm and Im are the peak values of voltage and 
current respectively, ¢ and a are the phase angles. 

From the phaser representation the complex (apparent) 
power has two mutually orthogonal components, namely real 
(active) and fictitious (reactive) power. These 
definitions of power are valid for sinusoidal voltages 
and linear loads. 

s = v 
= v 

I* = V Ieja 
I cos(e) + V . I sin(e) = P + jQ . . . ( 2 . 6 ) 

where V = 1Vlej¢ is the voltage phaser, I = !Ileja the 
current phaser with I* the conjugate, P is the active 
power, Q the reactive power, and a = ¢ - a the phase 
shift. 

For a general power measurements in the time domain of 
all different waveforms all components must be defined. 
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Current is subdivided into two orthogonal components 
namely active ia(t) and fictitious if(t). The active 
current is in phase with the voltage across the 
conductance G such that 

ia(t) = G * v(t) • • • ( 2 • 7 ) 

The fictitious current is the difference between the 
loading current and the active current. 

P = Ia * V 
F = If * V 

A general definition of power for: 

i). non-sinusoidal - and 
ii). aperiodic voltage and current waveforms. 
iii). nonlinear loads. 

in the time domain a load related definition is 
proposed in the paper [2.1]. 

. • . ( 2 . 8 ) 
• • • ( 2 • 9 ) 

It is further stipulated that only real time voltage and 
current should form input data to power measurement and 
the actual power should not depend on the analysis of the 
waveform itself. 

In the paper [ 2 . 1 ] the powers are defined of two real 
orthogonal components - loading, active and fictitious 
power were the fictitious power is subdivided into 
reactive and deactive power. This is required for 
fictitious power compensation control [2.1]. 

Clearly in the application of variable speed drives the 
signals are periodic in the steady state (not during 
transients) i.e.: 

f(t) = f (t + T) ... (2.10) 

To calculate eg. efficiencies the main variable of 
interest is the .average power: 

l J+kT 
p = -- p(t) dt 

. kT -kT 
••. ( 2. 11) 

where k =integral no. of periods and p(t) - v(t).i(t) 
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The loading or apparent power S is determined as the 
product of the effective or r.m.s. (root mean square) 
values. 

s = v r.m.s. + Ir.m.s. 

where the r.m.s. shaft voltage and currents are: 

... ( 2. 12) 

.•• ( 2. 13) 

Solving the integral for sinusoids the result is 
established: 

Vr.m.s. 

I r.m.s. 

= Vpeak I J2 

= Ipeak I J2 

••• ( 2. 14) 

... (2.15) 

Clearly all higher harmonic components are included in 
this. integral and any periodic signal can thus be 
decomposed into discrete sinusoidal components, i.e.: 

Ir.m.s. = J 
v = J r.m.s. 

I1rms 2 + I2rms 2 + I3rms 2 + 

V1rms 2 + V2rms 2 + V3rms 2 + 

The classical reactive power is obtained as: 

) 

) 

••• ( 2. 16) 

• • • ( 2 • 1 7 ) 

Q = j 52 - p2
1 

••• (2.18) 

The power factor cos e for sinusoidal voltage and current 
is defined as: 

Active power P 
Pf. = cos e = ~~~~~~~~ = ••• ( 2. 19) 

Apparent power S 

2.5 output Power Measurement. 

In the application of VSDs it has been measured that 
at especially low speed operations the torque is 
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pulsating and subsequently an oscillating speed (notably 
in low inertia systems) is present. 

An accurate method to establish the mechanical output 
power (measured at the machine shaft) cou~d be done by an 
analogue procedure as used by Lindsay [2.2] to determine 
the DC power supplied to a thyristor supplied DC 
machine. Neither speed nor torque are truly constant over 
time. It is however generally assumed that speed and 
torque is constant which is a good approximation, for 
higher frequency operation and especially for high 
inertia arrangements. 

Thus defining the average output power: 
f 

Pavg = Tavg . Wavg [Nm.rad/sec] 

where 

T(t) = To + T1 .sin(wT) 

w(t) = Wo + w1 .sin(ww) 

••• ( 2. 21) 

••• ( 2. 22) 

••• ( 2. 23) 

were T0 and T1 giving the de and oscillating torque 
magnitudes respectively with wT the oscillating 
frequency of the torque, w0 and w1 the de speed and 
oscillating speed amplitudes respectively with Ww the 
oscillating frequency of the speed. 

But torque and speed are at the same frequency and in 
phase wT = ww, so that 

... ( 2. 24) 

From trigonometric identities: 

••• (2.25) 

The true average values for torque and speed can be 
obtained by low pass filtering the signals respectively. 

2.6 Instruments and Measuring Devices. 

2.6.1 Wattmeter. 

The active power, r.m.s. voltage and currents are 
acquired from the wattmeter described in Appendix 2. 4. 
The power factor, reactive and apparent power are 
calculated according to the definitions outlined in 
Section 2.4. 
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I 

The induction motor connected in delta, but the voltage 
measured is the phase voltage to fictitious neutral. 
Multiplying by jJ, the phase to phase voltage magnitude 
was determined. Only the power for one single phase has 
been measured and the machine is assumed to be almost 
perfectly balanced, which is the case in present motors. 
The voltage signal is converted to a true r.m.s. signal. 
The line current is measured with a Techtronix current 
probe, the signal then amplified to reduce the effect of 
noise and also converted to a true r.m.s. signal as 
discussed in Appendix 2.4. 

2.6.2 Voltage. 

To sample and measure the voltage on inverter-fed 
motors is difficult because of the floating de bus 
intermediate state and VSD reference neutral with respect 
to mains neutral. The signals measured must thus be 
isolated from the actual PC-based data acquisition 
system. 

A fictitious neutral has been created by connecting phase 
A, B and c in star. A frequency independent potential 
divider with the ratio 100:1 gives an accurate loggable 
voltage signal. Any phase can be selected via a rotary 
switch and the signal is buffered via a precision 
isolator. The frequency is also derived from the know V/f 
characteristic, which was measured with the frequency 
option of the Fluke 8086A multimeter. 

2.6.3 current. 

The current is measured via the Techtronix (Hall 
effect) current probe, the signal then amplified to 
improve signal to noise ratio. The current signal is also 
converted to a true r.m.s. signal for processing. The 
measured values are calibrated with a Fluke 8086A 
multimeter. 

2.6.4 Torque. 

The torque is an integral factor in determining the 
output power and thus efficiency. The torque is obtained 
from the HBM torque transducer, where the signal is 
measured on an axial shaft via strain gauges. The actual 
signal is transmitted via sliprings to a HBM measurement 
amplifier. A load cell was mounted on the load to verify 
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the actual torque measured. The signal is obtained via a 
differential amplifier with good Common Mode Rejection 
Ratio {CMRR). 

The torque signal is passed through (i) a LPF (Low Pass 
Filter) as discussed in Section 2.5 with a 3 dB 
frequency of 10 Hz and (ii) through an HPF (High Pass 
Filter) to measure the torque ripple. The 3 dB cutoff 
frequency is 75 Hz. The HPF signal is passed through a 
true r.m.s. converter to measure the torque pulsations. 

The measured torque 
(ii) ripple torque, 
T(t). 

quantities are ( i) average torque, 
(iii) actual instantaneous torque 

Circuit diagrams for the load cell configuration, the 
filters for the HBM torque signal and information on the 
HBM torque transducer are shown in Appendix 2.5. 

2.6.5 Speed. 

Speed measurement was performed with a permanent 
magnet de tacho generator. The voltage signal was passed 
through an LPF to filter out any noise that would be 
present. due to interference and then buffered by an 
operational amplifier voltage follower. A second 
frequency proportional to r.p.m. signal was used to 
ensure accurate calibration as frequencies can be 
measured accurately. 

2.6.6 Temperature Sensors. 

As indicated in Fig. 2. 5 temperature sensors ( T1 to 
T4 ) were embedded in the stator laminations at three 
different positions, closest to the drive end, the center 
of the lamination stack and closest to the non drive end. 
A fourth sensor close to the supply connector box 
measures the ambient temperature that ventilates the 
frame cooling ribs. The temperature profile along the z­
axis could be estimated and the heating time constant and 
temperature rise over time for different excitation 
sources could be determined. 
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Induction Machine Modifications - Cross cut -

( b) . 

Jo lorquc -

t rnn1oucc r l 

iu;id 

Vibration 

Fig. 2.5 Induction motor modifications (a) Motor view, 
(b) Longitudinal view. 

2.6.7 Shaft Voltage. 

The shaft voltages induced are measured via carbon 
brushes fitted across the rotor shaft outside the covers 
and bearings. This is the only non-destructive method 
possible in industrial applications. The signal is then 
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amplified by a differential amplifier with suitable CMRR. 
The shaft voltage signal is passed through a r.m.s. 
converter. The peak voltage is measured with a Fluke 
8024B multimeter at' steady state conditions and the 
maximum value over 30 seconds is recorded. 

The voltage drop across the surface between the steel and 
carbon surfaces is assumed to be relatively small because 
no current flow across the surface junction. 

The two brush positions, Sl and S2, are indicated in Fig. 
2.5. A circuit diagram is depicted in Appendix 2.6. 

2.6.8 Vibration Measurement. 

Vibrations are measured in all three principal 
directl6ns, dimensions, thus along the x-, y-, z­
coordinates as shown in Fig. 2. 6. Piezoelectric 
accelerometers are fitted on the stator frame , with a 
layer of bees wax, a thin film of insulation material and 
the accelerometer mounted on a magnet (contact sensors). 

X-exis 

Z-axis Drive End 
CDEJ 

Non Drive End 
CNDEJ 

Fig. 2.6 Vibration components measured, principal 
measuring coordinates. 

Generally the output of the accelerometer is passed 
through an integrating circuit to give a signal 
proportional to vibration velocity [2.3]. The signal is 
then processed via filters, averaging circuits, r.m.s. 
circuits, peak value and pulse indicators. 
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Piezoelectric accelerometers (for x-, y-, z- axis), 
vibration preamplifiers (z-axis) from Bruel & Kjaer and 
charge preamplifiers from Klag-Swiss (x-, y-axis) were 
used in measuring vibrations. The preamplifiers were 
calibrated according to the accelerometer specification 
to give a proportional voltage signal in [m/sec2]. This 
x- and y- signals was processed through a true r.m.s. to 
de converter to give the equivalent r.m.s. acceleration.­
( z- direction excluded). 

The acceleration signals was sampled at 50 kHz (512 
samples) and the respective frequency spectrum analyzed 
via a fast Fourier transform (FFT) algorithm. 

Information on the frequency response of the 
accelerometers and relevant circuit diagrams are attached 
in Appendix 2.7. 

2.6.9 External Trigger. 

As shown in Fig. 2.1 an external trigger is attached 
at the shaft to enable the measurement of rotor position 
with time. This is necessary to ensure that vibrations 
are sampled for at least one revolution and then 
processed by a FFT. To determine the torque as a function 
of position it is also required to have the rotor 
position over time. The pulses are fed into a 
synchronizing circuit that can then enables the sampling 
on active high for 1 to 4 pulses. The number of periods 
can be preselected. The trigger to the synchronizing 
circuit can be preselected, such as rotor position, 
current or voltage zero crossing. To avoid multiple 
triggering during jittered zero crossing, a negative 
hysteresis band is incorporated in the circuit. A circuit 
diagram is attached in Appendix 2.6. 

2.7 Alternative Methods to determine Efficiencies. 

The efficiency values determined from measured input . 
and output power includes uncertainties and inaccuracies 
due to equipment limitations. The difference in 
efficiencies measured under different excitation sources 
can be small, eg. less than 1% , and to measure powers 
with a superior accuracy of 1% is very difficult. In the 
thesis (2.7] the thermodynamic approach was considered as 
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an alternative method, measuring the airflow and air 
temperature of an enclosed induction motor to determine 
the increase in losses under different excitation 
sources. To achie:ve good accuracies in measuring total 
losses, another promising method was suggested by [2.8], 
where it is recommended to place the whole induction 
motor in a thermally isolated oil bath. The energy loss 
of the induction motor could then be determined from the 
temperature rise of the oil, were the increase in 
temperature would have been precalibrated against a known 
energy transferred to the oil. 

2.8 Variable Frequency - Variable Voltage Supply Units. 

All measurements were performed with different 
excitation sources with known frequency content. In this 
project only voltage source inverters, i.e. square wave 
6-pulse and PWM were used (Table 2. 2) . The inverters 
could be configured for two different operating ranges as 
shown in Fig. 2.7, namely in the (a) synchronous 
characteristic Vr/50 (O Hz to 50 Hz) and (b) 
subsynchronous characteristic Vr/87 (0 Hz to 100 Hz) 
range. The respective airgap flux density was kept 
constant by keeping the voltage to frequency ratio 
constant (V/f, constant torque). For frequencies beyond 
the respective setting the drive is operating in the 
field weakening range, were the rated torque must be 
reduced. An initial voltage off set (voltage boost) K 
could be selected to overcome the resistance at low 
frequencies. 

A VSI implies that a de voltage appears at the input, 
ideally with a very small internal impedance. A PWM 
controls both frequency and voltage by the applied 
modulation technique. The de bus for a PWM drive is thus 
fed by a full diode bridge. In the square wave lnverter 
the V/f constant is controlled separately. The frequency 
is controlled via,the switching frequency of the de to 3 
phase circuit. A feedback circuit controls the de bus 
link voltage by means of a fully controlled rectifier, to 
keep the V/f ratio constant over the operating range. 

Limitations on the inverter operation were that the 
square wave inverter could not be operated in field 
weakening range for the synchronous configuration. The 
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sinusoidal generator set was not stable for the 
subsynchronous configurations for frequencies exceeding 
50 Hz. 

For all inverter drives the slip compensation was 
disabled to avoid inherent designed control action to 
take place during experiments. Slip compensation 
increases the internal drive frequency proportional as 
the load increases. Experiments under steady state 
operation at constant frequency are conducted. The speed 
range and torque limits are set to extremes (min / max) 
values respectively. 

V /f Characteristic far Synchromous and Sub-synchronous ope ration. 

Vn =constant 

60 100 
f 9 [Hz] 

Vr /50 Synchronous range 

Cal. 

Vn 
= const. 

380 t----------:::+-...... 

220 

0 . .K 
0 

... l 

50 87 100 
f s [Hz] 

Vr la7 sub-synchronous range 

Cb I. 

Fig. 2.7 Voltage/frequency characteristics (a) Synchronous 
range Vr/50 and (b) Subsynchronous range Vr/87. 

2.8.1 Square wave Inverter. 

A 6-Pluse Square Wave inverter is used to investigate 
the effect of lower time harmonics, as the 5th and 7th 
harmonic are very dominant. The VSI Danfoss VLT 5, rated 
at 5.5 kW is used with external speed control. An 
equivalent circuit diagram is shown in Fig. 2.(?).a. 

2.8.2 PWM Inverter. 

A Siemens Simovert-P PWM inverter (with pulsed 
resistor device for braking purposes) is used to 
investigate the electrical and mechanical performance 
under an inverter with higher harmonics. The modulation 
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technique used is sinusoidal PWM, and the drive is rated 
at 16 kVA. 

2.8.3 Sinusoidal Excitation. 

Variable frequency, variable voltage sinusoidal 
excitation is obtained with a Ward-Leonard set driving a 
de motor output power that in turn powers a synchronous 
generator output power. The variable frequency can be 
obtained by varying the armature voltage or controlling 
the separate field excitation. of the de motor. The 
variable voltage is controlled by the field excitation of 
the synchronous alternator. At constant synchronous 
generator field excitation, a fairly constant V/f ratio 
is obtained as the synchronous generator is accelerated 
and the speed increased. 

Table 2.2 Design data of inverters. 

Quantity 

Supply voltage 
Drive pf. cos 0 
output voltage 
Efficiency 
output frequency 
Frequency range 

Rated Output 
Rated Current 

Enclosure 
Cooling 

PWM Inverter 
Siemens 6SE1116-2A 

380/415 v 
0.9 lagging 
15 - 380/415 v 
;::: 96 % 
2 - 100 Hz 
Vr/50, Vr/87 
(2-lOOF/Weak,2-100) 

16 kVA 
25/23 A 

IP 54 
Forced air cooling 
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Square Wave VSD 
Danf oss VLT 5 

380/415 v 
;::: o.8.lagging 
0 - 380/415 v 
91 % 
0 - 100 Hz 
Vr/50, Vr/87 
(0-55maxi 0-100) 

5 kW 
11 A 

IP 54 
Air, oil cooled. 



\ 

3.1 Review of Research. 

An abundance on literature is available on additional 
losses of inverter-fed induction motors. Selected papers 
which in the authors opinion are the most relevant have 
been reviewed and are also-used as reference in this 
chapter and f ollow.ing chapters. 

Paper [3.1] is one of the pioneering papers written in 
1968, and is cited in almost all papers relating to 
losses in induction motors 5i)riginating from higher time 
harmonics. A method for calculating losses arising from 
harmonic currents is shown. An approximate equivalent 
circuit for the- fundamental and higher harmonics is 
used. Losses are separated into various separate 
components, including zigzag losses, stator and. rotor 
end losses and other stray losses. All losses are 
expressed by mathematical equations. Conclusions are 
drawn from as series of tests performed f'or different 
excitation sources and found that tests and calculated 
data correlate desirably. 

The paper [ 3. 2] investigates additional losses due to 
time harmonics in the supply, with specific reference 
to losses due to skew and end leakage fluxes. Methods 
to calculate these losses are developed and verified 
with actual measurements taken. 

In [ 3 . 3] harmonic losses and peak currents are 
calculated for various operating conditions. It is 
shown that the fundamental current component is 
controlled by the load, and the harmonic currents are 
primarily limited by the leakage inductance and 
independent of the load condition. 

Theoretical performance aspects of PWM supplied motors 
are studied in paper [3.4]. Emphasis is made with 
respect to stator losses and winding insulation 
lifetime. The creation of low frequency parasitic 
torques is also described and criteria set for them to 

- Page 25 -



CHAPTER 3. Losses, Efficiency and Power factor. 

,occur with specific excitation patterns and machine 
designs. 

Factors affecting ac drive efficiency 
in [ 3. 5] • The constant V /f strategy 
shown that efficiencies can be 
asynchronously generated PWM. 

is investigated 
is modified and 

optimized using 

In [3.6] losses from a square wave voltage and 6 pulse 
current source inverter are calculated. An equivalent 
circuit, considering the skin effect is used. stray 
iron losses due to m.m.f. and permeance harmonics, 
leakage and skew leakages are considered. Performance 
of voltage and current fed inverters are compared. 

~In paper [ 3. 7 j characteristics of VSDs (sine, square 
wave, PWM) are compared. General influences on the 
performance are discussed. Pulsating torques for six 
step VSI are graphically explained and the performance 
capability of standard motors is discussed. The 
possibility to customize drives and motor units is 
considered. 

A model based on the motors design parameters (rotor 
bars), power rating between 1 kW and 1000 kW (for iron 
and space fundamental losses) has been developed in 
[ 3. 8] to estimate time harmonic dependant losses. A 
bandwidth of 100 Hz to 20 kHz is considered. Losses are 
estimated separately and design specifications are 
considered (rotor bars). 

In paper [ 3. 9] torques and losses are calculated for 
PWM and auto sequentially commutated (ASC) CSI supplied 
medium sized induction machines. Losses are calculated 

.as a ratio to nominal fundamental loss for all harmonic 
components. Each harmonic loss component is multiplied 
by a constant depending on the individual skin effect 
of a specific current harmonic. It is shown that 

·harmonic losses at no load and rated load are almost 
equal. Torque ripples as a function of rated torque are 
calculated and presented. The measurements are however 

' 
performed on medium sized 45 kW and 25 kW motors. 

In paper [ 3 .10] additional losses for different types 
of inverters ( CSI, PAM, PWM) are calculated according 
to some standard and empirical formulas taking account 

- Page 26 -



CHAPTER 3. Losses, Efficiency and Power factor. 

of stray losses and the current displacement due to 
higher supply time harmonics. A comparative study of 
losses for different ratings of standard machines has 
been performed. 

The paper [ 3 .11] discusses a method to calculate the 
performance of inverter-fed induction machines. 
Performance for low speed operation with - and without 
initial voltage boosting, to overcome the winding 
resistance, were performed. Parameter variation with 
respect to frequency is analyzed for a single cage 
rotor (machine rated at 7.5 kW) and found to be 
significant. It is furthermore found that the output 
torque is insignificantly affected by higher time 
harmonics. 

In paper [ 3 .12] experimental results of iron losses 
caused by alternating and rotating magnetization of 
various frequencies and flux densities are measured. 

A method to analyze rotor current, fluxes, voltages and 
losses is developed in [3.13]. All calculations are 
done separately for each harmonic. The derived results 
are used to calculate power, efficiency of a motor. An 

analysis is performed for a current source inverter-fed 
induction motor and compared to sinusoidal excitation. 

In paper [3.14] a brief discussion of losses in voltage 
and current fed inverters is undertaken. Calculations 
for losses in separate components (core losses, rotor 
losses, stator losses etc.) are performed for. different 
pulsing patterns and the calculated results are 
compared to measured values. The relative increase in 
losses compared to sinusoidal exci ta ti on is provided 
for a squirrel cage induction machine, rated at 15. 3 
kW. 

In paper [3.15] additional time harmonic losses in the 
motor and inverter are described. Losses in the 
inverter a highlighted as they should be considered as 
losses being part of the actual drive unit. 

In papers [3.16, 3.17] a simulation of performance 
_(efficiency, power factor, stray losses) of double cage 
induction rotor machines is performed in for 
sinusoidal, PWM and square wave supplies. Results are 
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listed for a 5. 5 kW and 7. 5 kW double cage induction 
motor. 

In paper [3.18] directly measured inverter and machine 
efficiencies are obtained with a digital sampling 
system. A very good accuracy could be obtained. Tests 
were performed over a wide range of frequencies for PWM 
excitation. In the field weakening range the 
efficiencies are reduced, as the supply was a quasi 
block voltage supply. 

In paper [ 3 .19] The influence of time harmonic 
frequencies on losses in inverter-fed induction 
machines. is examined. Special emphasis is given to very 
high switching frequencies (15-25 kHz).' Theor_etical 
models indicate the loss - frequency dependance. Some· 
experimental measurements indicate similar trends. 
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3.2 Inverter Output Voltage. 

The rich harmonic content of inverter outputs as shown 
if Figs. 3.1, 3.2, 3.3 and 3.4 relative to· the 
fundamental may have signtficant effects on the motor 
performance, mainly on the efficiency and the power 
factor of the induction motor. 
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Fig. 3 .1 Voltage and current supp;J.y under sinusoidal 
excitation. (Vr/50), Load condition.· ' 
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Fig. 3. 2 Voltage and current supply under PWM 
excitation. (Vr/50), Load condition. 
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Fig. 3. 3 Voltage and current supply under square wave 
excitation. (Vr/50), Load condition. 

The line voltages Va, Vb, Ve contain only odd harmonics, 
n = 6k ± 1 fork= o, 1, 2, 3 .•• The sign indicates the 
direction of the phase rotation. In case of 3 phase 
systems the triplen harmonics are co-phasal and thus 
absent. It is assumed that the phases are balanced and 
thus the fundamental and higher harmonics are balanced 
but shifted 120 ° in phase which each other. For delta 
connected motors (as in the thesis) the line and phase 
voltages are identical. As triplen harmonics are absent 
no circulating currents exist · in the windings, which 
otherwise_ would contribute to additional heating. For 
star connected motors with floating neutral the phase 
voltages are the same as the inverter output phase 
voltages with triplen harmonics removed. 

The current signal for sinusoidal excitation under load 
condition has a superimposed harmonic oscillating current 
due to saturation in the stator slots (9 slots per pole) 
and resulting permeance waves - in the airgap. These are 
present in the associated frequency spectrum in Fig. 
3.4.a at approximately 600 Hz and 800 Hz. A third 
harmonic component, although insigni~icantly small, is 
present in the frequency spectrum. This originates from 
very small phase unbalances. 
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The order and magnitude of the predominant current 
harmonics depends on the inverter design as well on the 
motor design. Generally low order harmonics are (n = 5,7 
11,13) present in square wave inverters and higher order 
harmonics (n = 17,19, 23,25 etc.) as sidebands in PWM 
inverters for a modulation frequency fm of 21 times the 
fundamental frequency. 

' 

Additional voltage and current signals, their respective 
frequency spectra under no load conditions are given in 
Appendix 3.1. 

In balanced 3 phase induction motors the airgap contains 
odd , positive sequence components ( 3k + .1) [ k=O, 1, 2, •. ] 
thus 1, 7, 13, 19, ... , the negative sequence components 
of (3k + 2) thus 5, 11, 17, 23, .•. and (3k + 3) are the 
zero sequence triplen harmonics. 

Each harmonic current present in the input current 
produces a rotating m.m.f., with the same number of poles 
as the fundamental field, but rotating at higher 
synchronous speed than the fundamental. Losses and 
torques are produced in the same way as by the 
fundamental component. 

( 

3. 3 ·'.Losses of Inverter-Fed Induction Motors. 

The losses in induction motors consist of winding 
(copper) losses in the stator and rotor core losses, 
rotational losses and stray losses.· The winding, core and 
stray losses are increased by additional higher - time 
harmonics - -- present in inverter supplies. Rotational 
losses. i.e. friction, windage and ventilation losses are 
independent of harmonics. Analysis of increased losses 
requires assessment of the inverter 'output voltage 

..-- - . 
frequency components via any method, eg. digital 
implemented Fourier transform as used in Fi~. 3.4 . 

. Additional losses can be divided into fundamental 
frequency losses and high frequency losses induced by 
higher time harmonics. These higher time harmonics in the 
supply create m.m.f. harmonics in the rotor. 
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High frequency (stray) losses have the following 
subsequent components [3.20]. 

(i). Surface losses in stator and rotor. 

(ii). Pulsation losses in stator and rotor teeth. 

(iii).Losses in the squirrel-cage winding. 

(iv). Losses due to skewing in uninsulated cast 
aluminium squirrel-cage windings. 

3.3.1 Winding (copper) Losses. 

Wind.ing losses are substantial in both, stator 
(primary) and rotor (secondary) side as harmonic currents 
contribute to the total r.m.s. input current. 

The skin effect in the stator windings, especially for 
round wires with small diameter is negligible and can be 
neglected. If the primary conductor depth is appreciable 
(e.g. Roebel's bars) for larger machines, the skin effect 
must be taken into consideration. 

The skin effect, especially in cage 
influence the rotor losses considerably. 

type windings, 
Slot imbedded 

bar conductor resistance and inductance varies according 
a general pattern. The resistance increases approximately 
proportional to the square of the frequency and the 
inductance inversely proportional to the square of the 
frequency, according [3.19]. At even higher frequencies 
the effect is proportional or inverse proportional to Jf 
for resistance and inductance respectively because the 
skin depth is small compared to the conductor size, 
[3 .. 19]. The frequency with respect to the rotor is given 
by equation (2.3). 
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The stator harmonic current can be represented by a well 
known approximation: 

••. (3.1) 

For medium and large power motors: 

• • • ( 3 • 2 ) 

i.e. the reactive terms (leakage) are much larger than 
the resistive parameters at higher frequencies. 
Accuracy is thus maintained (3.11]. This is especially 
the case in the rotor due to high frequency harmonics 
with nearby unit slip. For voltage source inverters it 
is thus evident that Joule's losses are inversely 
proportional to the leakage reactance square, since 

• • • ( 3 • 3 ) 

It must be realized that formula ( 3. 3) is very 
approximate. The total winding losses in the rotor-and 
stator are calculated from the fundamental and the sum of 
all higher harmonic elements considering the skin effect 
in the motor parameters, i.e.: 

00 

P1 = 3 2:: I1n 2 Rln Krl = 2:: P1n ••• (3~4) 

n=l 

00 . 
P2 = 3 z::: 2 

I2n- R2n I Kr2n= z::: P2n • • • ( 3 • 5 ) 

n=l 

As in practice the leakage reactance will decrease by the 
deep bar effect, the harmonic currents will increase. Due 
to high frequency currents in the rotor the skin effect 
causes the rotor resistance to increase. 

The- resistance multi plication facto·r due to the skin 
effect can be represented as : 

Kr1n(m,f1n) = RacCm,f1n) I Rae 

Kr2n(m,f2n) = RacCm,f2n) I Rae 

••• (3.6) 

••• (3.7) 

\ 
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were m = number of conductor sets, fin and f 2n are the 
frequencies in the stator and rotor respectively, fin ~ 
f 2n, Rae = ac current resistance, Rdc = de current 
resistance. 

The factors Krln and Kr2n depend on machine design and 
material used, but detailed information can be found in 
literature. 

In papers [3.4, 3.3, 3.9, 3.18] the skin effect is 
determined analytically considering conductor size, 
windings and slot dimensions. 

The end ring resistance also increases due the skin 
effect, i.e. the way the currents enter the ring [3.19]. 

The reduction in the leakage reactance is much less than 
anticipated, as only the slot teeth portions are affected ,_ 
considerably. Harmonic currents tend to increase the 
saturation of the magnetic paths and thus reduce the 
leakage reactances x1 and x2 as said, thus increasing the 
fundamental harmonic currents and thus fundamental 
winding (copper) losses. The variation of leakage is also 
strongly dependant on motor design details, [3.8]. 

The total winding losses Pw are: 

..• (3.8) 

Losses in the rotor bars are the main contributor to 
additional losses [3.1]. 

In the paper [ 3 . 19 ] a frequency dependant loss 
approximation for stator (Pin) and rotor (P2n) losses is 
derived to be proportional to: 

v 2 n 

f 1. 2 n 

.•• (3.9) 

..• ( 3. 10) 

Relations (3.9) and (3.10), although approximate, clearly 
indicate that the harmonic rotor conductor losses are 
significantly reduced as the time harmonic frequencies 
increase. Only a small resistance increase due to 
harmonics occurs in the stator, with. typical wire size 
such that little skin effect occurs. 
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The amplitude of the harmonic currents is fairly 
independent of operating conditions, but a small increase 
(5% to 10%) in current amplitude under full load as 
compared to no load condition has been observed on the 
frequency spectrum, given in Appendix 3.1. It is however 
generally assumed and stated that only the fundamental 
component is load dependant [ 3 .15], [ 3. 5] as for n > 1 
the slip sn ~ 1 and remains constant. 

The marginal increase in harmonic current amplitude 
originates from secondary effects, such as the 
approximation Sn = 1 for higher harmonics. In fact, the 
fractional slip for the 5th and 7th harmonic are 6/5 and 
6/7 respectively. As the harmonic order increases the 
slip approaches unity as discussed. 

Losses are influenced by parameters such as material, 
temperature, slot shape and short circuit end ring 
values. A deviation of up to 25% in relative losses can 
be present [3.8] which highlights the importance of 
considering inverter compatible designed machines. 

3.3.2 Core Losses. 

A number of important factors must be considered, the 
main flux core losses due to time harmonics are very 
small and can be neglected in approximate calculations. 

If the skin depth in the core is small compared to the 
lamination thickness the penetration depth is 
approximately one skin depth [ 3 .19]. The leakage paths 
are altered by the redistribution of the conductor 
currents due to the skin effect. Eddy currents induced in 
the iron produce a reaction field that opposes the 
inducing fields with larger effect at higher loads. 

A well established equation to determine the eddy current 
and hysteresis losses for fundamental harmonic is: 

= eddy constant 
= hysteresis constant 

= core volume 
= Magnetic flux density in core 
= frequency of induced harmonic. 
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In a. paper [3.11] the total core losses including 
harmonic losses are expressed as follows: 

[ ]

2 [ ]0.7 oo V1n f 1 
=Pp 1 ~ -- --

e n=l V1 f ln 
••• ( 3. 12) 

were PFel is the iron loss due to the fundamental 
frequency (3.11), v1 the fundamental stator voltage, f 1 
the fundamental stator frequency, f 1n = nf1 . 

Square wave inverters have lower frequency harmonic 
components than PWM inverters, but the inverter supplied 
voltage amplitude is comparable. 

According to (3.12) the iron losses for the 5th harmonic 
are twice as high as the losses for the 7th ha~monic for 
square wave inverter. The 7th harmonic iron loss has a 
similar magnitude as the 20th and 22th harmonic iron 
loss, at an amplitude of 0.2 of the fundamental voltage 
amplitude. This clearly indicates that losses for PWM 
inverters are very dependant the pulsing and modulation 
pattern implemented. 

3.3.3 Stray Losses. 

stray load losses (Heller and Hamata [3.20], Chapter 9.), 
(Alger [ 2 . 9 ] pp. 12 3 19 2) due to increased induced 
harmonic currents (and permeance waves - dependent on 
motor design) become much more dominant in inverter-fed 
motors. These increased additional eddy current losses 
are due to increased leakage fluxes and high frequency 
pulsations of these fluxes. The loss magnitudes in small 
induction motors with relative small magnetic circuits 
will be smaller than the winding and rotor-cage losses. 
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Stray losses, paper [3.11], given in equation (3.12) can 
be determined if the fundamental stray losses Pstrl are 
known by following empirical relation. / 

... (3.12) 

were Pstrl stray losses due to the fundamental frequency 

fundamental stator current 
fundamental stator frequency 
Harmonic nth component. 
exponent assumes a value between 1 •.. 1.5, 
depending on machine rating and construction. 

The stray losses due to the fundamental frequency 
according to IEC Standards are Pstrl = 0.005 Pout· Stray 
load losses Pstrl according to [2.4, JEC 1979, Japan] at 
output P [Watt] is considered to be approximately equal 
to: 

p2 , 
Pc = 0.005 •.. ( 3. 13) 

were P is the load condition and Pr the rated output. 

Equation (3.12) implies that the stray losses are 
proportional to the harmonic frequencies and proportional 
to the square of the nth current harmonic. 

Stray losses under to PWM excitation with prominent 
frequency components at higher frequency (21st harmonic 
sidebands) have higher stray losses than under Square 
Wave exci ta ti on. Subs ti tu ting a value of y = 1. 2 in 
(3.12) the losses between the 5th harmonic and the 20th 
harmonic stray loss increase approximately six times for 
the same harmonic amplitude. 

3.3.4 Rotational Losses. 

Friction, windage and ventilation losses are 
independent of harmonic content of the supply. It is 
generally assumed that losses are proportional to the 
rotational speed. This implies for lower speed operation 
reduced rotational losses and for subsyn~hronous speeds a 
relative increase, especially· due to increased 
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ventilation losses for fan self-ventilated motors, where 
the fan load is proportional to the square of the r.p.m. 
speed. 

3.5 Influence of Higher Time Harmonics on the Efficiency. 

Motor efficiencies increase with increase in rated 
motor power, which thus implies that the per unit loss 
for larger machines decreases. This has.been investigated 

- / 

in eg. paper [3.10]. 

The PWM modulation technique generates near sinusoidal 
currents (5th, 7th harmonics are eliminated) at up to 
synchronous ~peeds, but at higher frequencies (thus 
higher voltage) to maintain the V /f- ratio, quasi block 
voltages are generated. In the field weakening range 
quasi block voltages are modulated ·which then could have 
low order time harmonic components (5th). This is shown 
in Appendix 3.2. 

In six pulse square wave inverters a block voltage with 
dominant low order harmonics (5th, 7th) are present over 
the whole operating range as the de bus voltage is 
controlled to keep the V/f ratio constant. It must also 
be pointed out that the weak field exci ta ti on range is 
reduced by high leakage reactances. 

It is thus evident that the efficiency in the field 
weakening range for PWM inverter-fed motors is reduced 
due to: 

(i) lower order current harmonics present. 

(ii) increased losses due to higher pulsing frequency. 

The efficiencies for the PWM inverter-fed induction motor 
in the constant torque range increases as the design­
rated operating conditions (i.e. rated output, 3-kW in 
this case) are reached. 

The relative decrease in efficiency with operating 
frequency in Square Wave inverter-fed motors will not be 
as dominant as for PWM drives, as the harmonic content 
remains constant and only the .frequency increases. (This 
could not be measured but is predicted for the field 
weake~ing range). 
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For the subsynchronous characteristic inverter 
configuration (Vr/87 - o Hz to 100 Hz) the efficiencies 
increase as the operating frequency rises. Thus the 
relative p. u. losses decrease as the voltage and 
frequency rise and the supply configuration is near rated 
conditions. The low frequency voltage boost selected will 
affect the performance in the low speed operating range. 
As the voltage boost to overcome the resistance at low 
frequency (V/f ratio) during the measurements was very 
low ( K ~ 2%), the pullout torque at low speeds is far 
below rated torque [3.11]. The efficiency is thus reduced 
considerably at low fundamental operating frequencies as 
seen from Fig. 3.7. 

To keep the airgap flux at a constant level as the 
frequency is increased, the ratio E/f (see Fig. 2.3) must 
remain constant, were E is the air gap e. m. f. As the 
stator voltage v1 and fundamental frequency f 1 decrease, 
the total impedance of the motor is reduced as well. 
consequently the relative stator current I 1 ·and the 
relative stator winding losses increases. If the ratio 
V/f remains constant the voltage drop across R1 increases 
relative to the applied stator voltage, as the voltage is 
reduced. The pull out torque is proportional to (E/f) 2 

and for constant torque operation additional voltage 
boost is required at_ low speeds to overcome the voltage 
drop. The slip will then be reduced and efficiencies at 
low operating speeds will increase. 

The efficiencies at higher loads increase initially to 
a maximum, which is near the designed rated power ( ± 
10%). It is clear as the harmonic losses at rated load 
are almost as high as under no-load conditions, because 
the harmonic· currents are hardly effected by load 
conditions [3.1]. It can be observed from Fig. 3.5 that 
the losses . at high load currents (loads) for PWM and 
square wave excitation do not increase more significantly 
as compared to the increase in losses with load current 
for sinusoidal excitation. This validates the fact that 
losses due to higher time harmonics are relatively load 
independent. 
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The performance measurements at maximum efficiency for 
each specific load test with different fundamental 
frequency were taken. The accuracy of the measurements 
can be said to be. in the region of 1%. The intensive 
calibration procedures and repeatable measurements give 
sufficient confidence. Furthermore were all measurements 
taken with the same equipment and general trends can 
clearly be deduced from Figs. 3.6 and 3.7. 

Table 3.1 Efficiency and Losses compared to Sinusoidal 
excitation (configured for Vr/50), for different excitation 
sources. 

Freq. Efficiency in percent Reduction in Efficiency, 
[Hz] Sine PWM SQWave compared to Sine Exe. 

PWM SQWave (%) 

10 ---- 52.4 ---- ---- ----
20 ---- 62.35 62.13 ---- ----
30 75.3 72.9 70.3 2.4 5.0 
40 78.2 74.93 74.4 3.27 3.6 
50 80.l 79.4 78.8 0.7 1.3 
60 78.7 76.0 ---- 2.7 ----
70 76.3 71.8 ---- 4.5 ----
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Table 3. 2 Efficiencies and Losses for PWM and Square Wave 
excitation (configured for Vn/87). 

Freq. Efficiencies for subsynchr. Increased losses 
[HZ] excitation, Vr/87. (SQWave exc. 

- PWM exc.) 
Sine PWM SQWave ( ~ 0 ) 

10 ---- 42.5 ---- ----
20 ---- 53.8 ---- ----
30 ---- 60.4 57.8 2.6 
40 ---- 64.23 63.3 1. 03 
50 ---- 68.0 66.5 1.5 
60 ---- 70.3 68.5 1.8 
70 ---- 73.16 71.5 1.66 

Table 3.3 Increase in Losses referred to Sinusoidal 
excitation. for different excitation sources. 

Freq. Increase in percentage losses for PWM and Square 
[Hz] Wave excitation compared to total percentage 

losses at sinusoidal excitation. 

Sine PWM Square Wave 
(total loss) (% increase) (% increase) 

\ 

30 24.7 9.72 20.24 
40 21.8 15.0 16.51 
50 19.9 3.52 6.53 
60 21.3 12.68 ----
70 23.7 18.99 ----

For the subsynchronous characteristic (Vr/87) 
configuration the 6 pulse square wave inverter driven 
induction motor is approximately 1. 5% less efficient as 
compared to the efficiencies obtained for PWM excitation. 
This can clearly be seen in Fig. 3.7.b. 
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At operation above rated power the efficiency decreases 
steadily due to saturation and higher winding (copper) 
losses, both from the fundamental and harmonic currents. 
This can clearly be observed in Fig. 3.9. 

The induction motor efficiency is reduced between 0.7% 
and 5% for different operating points when fed from an 
inverter configured for synchronous operation 
characteristic (Vr/50) as compared to sinusoidal 
excitation. (See Table 3.2 and Fig. 3.6). The losses due 
to higher time harmonics compared to the losses for 
sinusoidal excitation increased between 3.5% and 19%. The 
losses for PWM exci ta ti on for all operating points are 
marginally lower than those for 6-pulse square wave 
excitation. The results correlate well with those 
measured and simulated for a low power double cage 
induction motor in the paper [ 3 .16, 3 .17], except that 
the losses are almost twice as high, which is expected 

.due to increased rotor bar losses in the double cage, 
which are significant. The losses would be marginally 
lower if the motor tested would have a non-skewed rotor. 

Furthermore, compared to efficiencies calculated in a 
paper [ 3 .14] for a 15. 3 kW rated motor, lower 
efficiencies have been obtained. This is in line with 
measurements for a smaller machine determined in [3.10], 
as the p. u. losses for smaller machines is higher as 
compared to larger ·machines. This is mainly due to the 
increased p.u. losses arising from the fundamental 
component. The p. u. time harmonic losses do not vary , 
significantly between low power and larger machines as 
shown in [3.10]. 

The efficiency q pattern is as predicted, PWM marginally 
less efficient than for sinusoidal excitation and more 
efficient than square wave excitation. 

T}·SIN > T\·PWM > 

were SIN indicates sinusoidal, PWM Pulse Width Modulated 
and SQW square wave excitation. 

At low excitation frequencies it is predicted that the 
efficiencies will increase if the V /f ratio is boosted 
initially. This is the case as higher torque will be 
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produced and thus the ratio between input and output 
power increased. 

In literature [3.14] it is estimated that losses due to 
time harmonics increase by 19% to 42% for PWM and Block­
like PWM respectively as compared to sinusoidal 
excitation for a squirrel cage 15.3 kW induction motor. 
This seems relatively high. A reduction in efficiency is 
predicted between 2% and 4%. These trends are however 
comparable with measurements performed, but losses 
measured were not as high as predicted in [ 3. 14] . Also 
the p.u. losses measured for PWM are lower as for square 
wave excitation. Measurements performed by Klingshirn and 
Jordan [3.1] show an increase of 20% in the losses (at 60 
Hz) for a square wave inverter for a 20 hp motor. 

An important fact to note is that the efficiency 
inc~eases as the operating point gets closer to the rated 
conditions. It could not be investigated weather the 
efficiency improves for constant V /f beyond the rated 
380V/50 Hz at Vr/50 configuration. Compared to the 
increasing efficiency for Vr/87 configuration as 
frequency increases, it can be deduced that the 
efficiency for Vr/50 would increase if sufficient voltage 
reserve would be available to keep magnetizing current 
(and thus the airgap flux) constant for frequencies above 
50 Hz. As the V /f ratio is decreased (field weakening 
range) the efficiency too is reduced. 
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3. 6 Influence of Higher Time Harmonics on the Induction 
Motor Power Factor. 

The power factor (Pf) is substantially influenced by 
higher time harmonics in the induction motor supply. The 
power factor at which the drive operates from the utility 
supply is virtually independent of the motor power factor 
and drive speed because the inverter drive acts as buffer 
to the supply system and the power factor specified for 
the actual inverter (Chapter 2 • ) is important. It must 
also be noted that Pf measured is not the maximum power 
factor attained during the load test, but the Pf at 
maximum efficiency. As seen from Fig. 3.9 the Pf 
increases as the efficiency decreases again. 

The total inductance is proportional to frequency. 
Furthermore, the leakage inductance is increased by 
skewed rotor slots. Due to the presence of higher 
frequency components and the parallel harmonic circuits 
[2.9] the harmonic circuits are superimposed to form the 
actual equivalent circuit. Clearly for many high 
frequency components the total inductance will be much 
larger, and consequently the power factor proportionally 
reduced. 

1 
Pf. a •.• ( 3. 14) 

were Xtot is the total reactance of a motor. 

This is evident from Figs. 3. 6 and 3. 7 For PWM 
modulation with very dominant high frequency components 
fn (19th and 23rd, 41st and 43rd harmonic and sidebands) 
the power factor is very poor. The Pf for the square wave 
excitation is substantially higher because only the 5th 
and 7th harmonic are present at a lower frequency. 

In the low operating range the 
increases as the fundamental 
increases. 

Pf is very low and 
excitation frequency 

It is also observed from Figs. 3.6 and 3.7 that the Pf 
for PWM excitation increases as the fundamental 
exci ta ti on frequency increases, for both subsynchronous 
characteristic (Vr/87) and synchronous characteristic 
(Vr/50) configuration. 
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This can be explained because for sinusoidal PWM 
modulation the frequency amplitude content changes as can 
be seen in Appendix 3. 2. As mentioned the modulated 
voltage becomes more block like as the fundamental 
frequency increases to keep the V/f ratio constant. In 
the field weakening range the Pf decreases again because 
the fundamental frequency increases further, but 'the de 
bus voltage remains constant. 

For Square Wave excitation the harmonic frequency content 
remains constant over the whole excitation frequency 
range. As the excitation frequencies are increased the Pf 
decreases, which agrees with relation ( 3. 14) , as the 
total reactance is proportional to frequency. This is the 
case for subsynchronous (Vr/87) and synchronous (Vr/50) 
configurations. The Pf for sinusoidal excitation goes 
along the same trend as for the square wave inverter, 
except for a better power factor of a few percent due to 
the absence of any harmonic components. 

Table 3.4 Power Factor for different Excitation sources. 

Freq. Power Factor (p.u.) Power Factor (p.u.) 
[Hz] Synchr. Range (Vr/50) Subsync. Range (Vr/87) 

Sine PWM SQWave sine PWM SQWave 

10 ---- 0.4 ---- ---- 0.33 ----
20 ---- 0.56 0.88 ---- 0.44 ----
30 0.9 0.63 0.86 ---- 0.53 0.91 
40 0.89 0.75 0.84 ---- 0.64 0.89 
50 0.88 0.80 0.83 ---- 0.68 0.87 
60 0.88 0.82 ---- ---- 0.72 0.86 
70 0.83 0.76 ---- ---- 0.75 0.85 

It can be concluded that the power factor is severely 
affected by higher time harmonics (especially for PWM 
excitation) due to reasons discussed above. 
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The following has been observed: 

(i) at low excitation frequencies (up to 40 Hz): 

Pf .SIN > Pf .sow >> Pf .PWM ••• (3.15) 

{ii) at higher excitation frequencies (40 Hz to 70 Hz): 

Pf .SIN > Pf .sow > Pf .PWM ••• (3.16) 

Another factor affecting the Pf at low excitation 
frequency is the initial voltage boost. It is predicted 
that a better Pf for low excitation frequencies is 
obtained with higher initial voltage to overcome the 
resistance. This can be interpreted as the Pf for the 
same excitation frequency with higher harmonics (±21st), 
but higher voltage (compare characteristic Vr/50 and 

Vr/87) is significantly better. 
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4.1 Cooling and Ventilation of Inverter-Fed Induction 
Motors. 

Due to increased losses in an inverter-fed induction 
motor a rise in temperature is unavoidable. 

In paper [4.2] the performance aspects of an PWM 
inverter-fed induction motor are analyzed. Emphasis is 
placed on the stator copper losses, temperature rise 
and insulation lifetime. The creation of low frequency 
parasitic torques is described. A model for ac losses 
and the winding temperature distribution is also 
developed. 

The necessity to derate induction motors when fed from 
non-sinusoidal excitation sources with a harmonic 
distortion exceeding 5% is emphasized in the paper 
[ 4 • 2 ] • 

The temperature for different operating conditions 
will vary depending on the higher time harmonic content 
in the supply voltage. Localized temperature rises are 
most severe where the losses are increased the most 
significantly. Overheatin; will be severe in rotor-cage 
bars and stator bars if square conductors are used. 

The effects of increased motor temperature is multifold. 
It affects the winding resistance, but more important the 
winding insulations are exposed to additional stresses. 
Unless - designed as eg. class F insulation, severe 
restrictions on the operation of the motor must be 
placed. The effectiveness of the lubricant in the 
bearings will also be reduced and the inter lubrication 
period of the bearings will be reduced. 

The temperature distribution within the machine should be 
known to some extend to measure the temperature at the 
highest temperature location to determine weather it 
still falls within limiting specifications. 
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The operating condition, location and environment of 
the machine, and ambient temperature is also crucial on 
the heating condition of a machine. It is self evident 
that the ventilation effect at low speeds for self­
ventilated motors is proportionally to the inverse square 
lower than under rated speed conditions. This is because 
of the reduced volume per time cooling medium, and also 
at high air speeds generate turbulences and are thus 
cooling more efficient than streamlined air flow at low 
air speeds. Cooling is approximately proportional to the 
velocity of the air. The convection heat current from the 
metal surface to the air is conducted away by the air 
flow. The convection gradient is proportional to the 
temperature difference between surface and ambient air 
temperature. 

small machines are generally all self ventilated with 
air as conducting medium. Metal ribs are used to increase 
the radiation and convection surf ace to ensure a maximum 
heat transfer. In most industry applications of small 
machines, totally enclosed frames are used e.g. 
according to IP 54 protection. The ambient air is thus 
not in contact with the conduction medium (usually air 
for low power rating, low cost induction motors) inside 
the frame. An internal frame is thus generally fitted 
onto the end bells to circulate air inside between the 
frames in opposite direction as the air flow along the 
cooling ribs externally. 

Forced ventilation and/or thermal cutout switches must be 
considered for low speed operations with inverter 
applications. 

4.2 Temperature Rise. 

The heat developed internally in the 
exponentially until a steady state 
reached, depending on various factors. 

machine rises 
condition is 

The heating time constant can be determined from a· 1oad 
test started at initial cold conditions. To determine a 
time constant analytically is difficult and experimental 
tests are generally carried out. 
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The time heating constant r is the time in which the 
temperature attains 2/3 of its steady state value. The 
temperature as a function of time is thus: 

Tvso(t) = kvso TsrN (1 - eC-t/r)) ..• (4.1) 

where kvso = Factor to include extra heating of a 
variable speed drive due to additional current 
harmonics, TsIN = Steady state temperature of a motor 
under sinusoidal excitation. 

This is an over simplification, and as indicated already, 
the machine is not a homogeneous body and several parts 
with different mass, heat capacity, thermal conductivity, 
rate of heat production and effectiveness of cooling are 
present in a single unit. Hot spot temperatures must be 
estimated and known to be able to take required 
precautions. 

For continuous rated machines the rise temperatu:c"e time 
constant is not important, but rated the effectiveness of 
the motor cooling. Various factors are of importance for 
the cooling coefficient for different parts in the motor 
(rotor and stator surfaces, rotating rotor field coils, 
ventilation ducts in cores etc.) like volume of air per 
unit time passing the heat dissipating fins, relative 
peripheral speed of the rotor and air velocity in ducts. 

These factors all play an important role in determining 
the derating of electrical machines when fed from 
inverters. 

The temperature increases due to nonsinusoidal excitation 
supply are appreciable as can be seen from Fig. 4.1 and 
Table 4.1. The output torque was adjusted to remain 
constant during the test for equal test conditions. The 
rated torque is 20 Nm, thus the test were performed at 
15% above rated condition which must be considered during 
the analysis. The speed - and thus ventilation - also 
remained almost constant for the duration. The average 
temperature of the three sensors Tl, T2, T3 (as shown in 
Chapter 2.) is calculated. The ambient temperature in 
fact remains constant, because the measured ambient 
temperature Tamb (T4) is the air blown through the fan 
and is thus marginally warmer. 
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. Sine. PWM. 6 Nsa txc:ITATm 

1 D 20 30 40 50 60 70 BO 
Time (mlrutes) 

(a) • {b) • 

Fig. 4.1 Temperature rise characteristic for different 
excitation sources. (380 VLLi 50 Hz) (a) Temperature and 
Torque vs Time, (b) Temperature and Tamb vs time. 

The temperature indicated is the average in the stator 
laminations. As shown in [ 4 .1] the temperature in the 
frame is marginally lower than the core (3°C), but in the 
windings the temperature will be approximately l0°C 
higher, i.e. 10% to 20%. It can thus be assumed that 
specific hot spots can occur, especially due to localized 
losses due to inverter applications. 

With inverter applications a good insulation quality is 
required (class F) else the life time may be reduced up 
to 70% as compared to sinusoidal excitation, .[3.4]. This 
is however applicable to embedded insulated bars, were 
the conductor height is of impovtance. A more applicable 
problem poses the low speed operation, due to increased 
losses and reduced ventilation. In a paper [ 3. 7] the 
winding temperatures under low frequency excitation (15 
Hz) rises to above 155°C at rated torque which is clearly 
detrimental to the winding insulations. 
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Table 4 .1- · Temperature rise under non-sinusoidal 
excitation relative to sinusoidal excitation. (At Tamb ::::: 
33.3°C). 

Inverter Temperature Increase in temperature . 
Excitation Tfin [ 0 c] compared to sinusoidal 

excitation 

oc ~ 
0 kvso 

Sine 63.96 ---- ---- 1.00 
PWM 73.36 9.03 14.39 1.14 
Square Wave 75.19 10.98 17.50 1.17 

In [ 1. 2] it is estimated that with additional losses 
of 10% in the stator and 100% increase in losses in the 
rotor bars as compared to mains operation, the 
temperature will rise by approximately 15°C in the stator 
bars and by up to 60°C in the upper region of the rotor 
bars. The temperatures measured in the core laminations 
increased by approximately 9 ° c and 11 ° c for an increase 
in total losses of 3.5% and 6.5% for PWM and square wave 
excitation respectively. Considering the temperature 
distribution of the temperature increases estimated in 
[3.7] seems to agree with the measurements. 

4.3 Temperature Distribution and Dynamics. 

The temperature distribution and dynamics are specific 
for each machine design, depending on factors discussed 
in the introduction of this chapter. 

The temperature profile shown in Fig. 4.2.a shows that 
under steady state operating condj.tions the temperature 
gradient across the stator core laminations increases 
substantially, between 13°C and l8°C. Moreover, the 
temperature gradient between Tl and T3 increases with 
increased losses due to time harmonic currents as shown 
in Table -4.2. 
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Table 4.2 Temperature gradient and differences across stator 
core. 

Inverter Temperature gradient Increase in temp-
Excitation across stator core. erature difference 

in oc in oc 

Tl DE T3 - _NDE TGrad. Tds TdsP 

Sine 70.80 57.12 13.67 ----
PWM 82.33 64.96 17.33 3.66 
SQWave 84.22 66.16 18.06 4.39 0.73 

T1 DE = Temperature at the drive end, T3 NDE = Temperature at 
the non drive end, TGrad = Temperature gradient between T1 DE 
and T3 NDE, Tds = Average temperature increase compared-to 
sinuso.ldal excitation, TdsP = Temperature increase under 
Square wave excitation compared to PWM excitation. 

The stresses on the insulation due to localized heating 
at the drive end will be substantially higher. This is 
also evident as· the cooling is not as effective due to 
reduced air flow. The enclosed internal frame air 
circulation should be improved to redistribute the heat 
more desirable to reduce the temperature gradient. 

Localized heating seems more dominant with under inverter 
excitation. 
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(a) • ( b) • 

Fig. 4. 2 Temperature distribution and temperature profile. 
(a) Temperature distribution at the drive end stator core 
(Tl_DE) and non-drive end stator core (T3_Non DE). (b) 
Temperature profile - dynamic temperature redistribution. 

As seen from Fig. 4.2.b, were the motor is stopped after 
a load run and the temperature monitored the temperature 
redistributes to an equilibrium temperature in the motor 
within approximately 8 minutes, due to the absence of 
self ventilation. Although no additional losses and thus 
no heat is generated after the motor is stopped, the 
temperature rises. 

It can be observed that the average temperature Tavg 
increases by approximately 8 ° c from when the motor is 
stopped ( 68 ° c) , to the stator core maximum temperature 
(76°C) as the heat from the rotor and stator winding is 
redistributed to the stator core. This clearly indicates 
that the rotor and stator windings will be at a 
temperature of 10% to 20% higher than the core 
laminations. The drive end temperature is closest to the 
internal rotor temperature, and temperatures should thus 
be monitored at the drive end. 

4.4 Temperature Decay. 

is important to determine load 
larger machines. A temperature 

ventilation, i.e. standstill is 

The temperature decay 
cycles, especially for 
decay profile without 
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shown in Fig. 
faster under no 
cooling effect. 

4. 3. The temperature would decay much 
load conditions in the presence of the 
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Fig. 4.3 Temperature decay without excitation. Shown are 
temperatures T1 , T2 , T3 and Tavg, which are at the same 
temperature after heat redistribution. 

4.5 Derating and Machine Lifetime. 

In inverter applications the derating is crucial due 
to harmonic losses in the motor, and reduced ventilation 
in the low frequency operating region. As can be seen 
from Fig. 4.4 the losses indicated depend on the 
inverter used and its configuration, i.e. synchronous or 
subsynchronous (field weakening) range, as well as 
initial voltage boost at ,low speeds. If rated torque is 
required at low speeds, an substantial initial voltage 
boost is necessary. This leads to higher losses as 
compared to a low voltage boost value. This is evident 
from the torque-voltage and losses-current relationships. 
i.e. the torque is proportional to the voltage square, 
the losses are proportional to the current square, and 
the current is directly proportional to the voltage. 

The maximum allowable hot spot temperature is 
determined by the insulation class, which thus affects 
the continuous machine output. 

The IEEE Standard suggests that no derating is required 
for a harmonic content of up to 5%. For inverter supplies 
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the harmonic content exceeds the 5% limit by far and to 
avoid detrimental effects on the machine, derating of the 
motor is required. 

It is important to know the speed-airflow-contact 
surface relation. In papers on derating it is mentioned 
that the cooling effect is reduced by low speeds, but no 
clear guideline is given how exactly airflow at low 
speeds is given. It has been determined from [ 4. 4] and 
[4.6] that the airflow across the cooling ribs is in the 
region of an exponential to an inverse quadratic with 
speed. (At very high speeds the airflow might in fact be 
reduced due to turbulences, but that is not relevant in 
machine applications). An estimation of losses, per unit 
temperature and airflow is shown in Fig. 4.5. 

As discussed in Section 4 . 2 an increase in losses by 
approximately 10% could lead to a statistical reduction 
in lifetime of 65% [1.2]. 

(At necr max. sff. - for PWM. 6 Nm ) For frillal ~ boost at bw treq. 
1000~--..~-..-~....---,r---.-~-r----.~-.-~...----, 

900 ·····------ ---·------ ---· 

800 ··-··---·-· --··-·----· ------- ------- -----·-··- --- --·-·- --·-·-·--- ·-·-·--·--- ··--·-----· 

'=' 700 ·-·------- ····-·--·· ··---····- -------·- -··---··· ·---····-- --·--·---· ··-·--··-- --·----·-·-

0 600 ··-·-··-·· --·--··--·- ··----· -·---·- ------- ---··-·- --------· ·---·--··-- ------··-·-

' =~ =-~= ==-== =--=1::=:::~ =t~:::~ ~:::~~: ::::::::::: ::::::::::: 
...J 300 -----·--- ----··-- -·-·- ·--··· ------ --t-----· ------· -·----··-·· ·-·-·------

200 --·-----··· ··-·-··-·- ·-···--t··----· -------- ·--t··---·-· ·--··--·-- ···-·--·--· ····-·----· 
100 -----·-·--- --··-··-· ··- ---· ----·--· - ·-·---- ·-----·-·· -·-----·--· ···--·---·-

0 
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Fird:manlal Excltfro Fr....,cy (Hz) 
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Fig. 4. 4 Motor loss,es near max. efficiency for PWM and 
Square Wave Excitation. (380 VLL' 50. Hz) (a) Losses vs 
Fundamental frequency of excitation, Vr/50 No initial 
Voltage boost. ( b) Losses estimated With and without 
initial boost voltage . 
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NEMA standards stipulate a maximum allowable 
temperature rise _of 80°C,. 105°C and 125°C for totally 
enclosed fan cooled motors with insulation class B, F and 
H respectively [3.4]. 

Derating 
important 

of inverter-fed machines depend 
factors of machine and inverter 

configuration, i.e.: 

on further 
design and 

(i). Machine design, star or delta connection, skewed 
or non-skewed rotor bars, position and mounting and 
insulation class. 

(ii). Harmonic content of inverter, (PWM, square wave); 
whether the inverter is configured for synchronous 
or subsynchronous speed, the initial voltage boost 
of the inverter. 

(iii).Ventilation and fan design. 

(iv). Special design or special purpose. 

Approxfmate rebllor"slips. 

'\., 
800 ·-··-··· -····'"\ ·········· ........ . 

700 .......... ···-····· ),.<:·· ••••••••••• 

t m ~~ ;~~~ ;~:~1~~3@~r;~-=~ 
200 ·-···· . ··-···-:f ........ ··········. ·········+········· ·········· .......... ··········· ........... . 
100 ····-···· ·········· ·········· ·········· .......... ' ................................................... . 

o+---+__,-+-__,f----+-__,+---+~-+-__,~-;----t 

D 1 D 20 30 40 50 60 70 BO 90 1 DD 
f'i.rdcmental Exciting f'recpn:y (Hz] 

I x PWi.-

Fig. 4.5 Estimated losses, p.u. temperature and air flow 
vs excitation frequency. 
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In industry the economic implications on the lifetime 
and return on value must be considered. Thus a concept of 
efficiency, performance, and long term economic 
considerations are important. Clearly the lifetime due to 
increased temperature will be reduced, as the lifetime 
can be determined according to [4.3] : 

Lifetime = A eB/T (4.2) 

A,B are constants, T is the absolute temperature. 

The motor lifetime is inversely proportional to 
temperature if time is plotted on a log scale. The rate 
of financial return at full load, depreciation, the cost 
of a larger machine, the importance of extended motor 
life etc. must be considered. 

From an engineering point of view, derating is necessary 
to maintain the same life expectancy of a motor as under 
sinusoidal excitation which is generally used as design 
guideline in standard machines. 

The temperature for small machines rises considerable due 
to inverter supplies, but still a substantial temperature 
margin is available before the critical temperature would 
be reached for a class F motor. It is therefore suggested 
- for small machines with class F and class B insulation 
to derate motors as indicated in the IEC Standards [1.1] 
to be certain that the motor will not overheat. 

Derating guideline including the design class. The 
derating factor in per cent can be expressed as: 

100 % • • • ( 4 • 3 ) 

where TsIN' TvsI is the steady state temperature on the 
non ventilated end, at rated condition and rated load 
under sinusoidal excitation and inverter excitation 
respectively, and Tc is the maximum permissible 
temperature for a design specification. 

The derating factor .indicates the percentage reduction 
in load by which the load must be reduced under inverter 
operation to keep the steady state temperature equivalent 
to that under sinusoidal excitation. 
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This implies that for a class B ( 130 ° C) and class F 
(155 °C) insulation the machines should be derated by 
17.2% and 17.6% for PWM and Square wave excitation for a 
class B motor. For class F insulation the motor should be 
derated by 12.1% and 12.4% for PWM and Square wave 
excitation respectively. 

Applying the derating guideline on data used in Table 4.3 
below for a insulation class F motor under Square Wave 
excitation, a derating factor of 17% is calculated 
according to equation (4.3). The machine load was reduced 
by 10.7% and the temperature was reduced by 20.1°c. If 
the load would have been reduced by 17% the steady state 
operating condition would be around 7-5 ° c equivalent to 
that under sinusoidal excitation. 

Table 4. 3 Temperature decrease under derated operating 
condition. 

Case 1. Case 2. Derating 
Torgue 25.75 [Nm] 23.0 [Nm] 10.7 (%) 
Temperature T3 [ 0 c] T3 [ 0 c] 

Excitation: Temp. decrease 

Sine 75 70.8 5.6(%) 
SQWave 105 84.2 19.8(%) 

The empirical guideline given by equation (4.3) gives a 
reasonable indication on the derating factor. Additional 
measurements should be performed to confirm the empirical 
equation (4.3). 

It can be compared to suggested derating strategies as in 
the ICE standards on inverter applications [ 1.1] . Also 
the paper [4.2] recommends to derate according the output 

' 
power under different supplies by a derating factor: 

. . . ( 4 . 4 ) 
Po 

where P0 H and P0 the output power of the machine under 
inverter supply and sinusoidal supply respectively. 
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In the draft IEC standard, Project No. 2/032/2 (Guide for 
the application of cage induction motors when fed from 
inverters), it is recommended to measure the peak shaft 
voltage, to consider insulation of bearings if the 
induced peak shaft voltage exceeds 500 mV. As aware, the 
problem of induced shaft voltages due to non-sinusoidal 
excitation of small induction machines has not been 
investigated thoroughly. Shaft voltages and currents are 
mentioned as an additional effect in [1.2] and [3.10]. 

In paper [ 5 .1] the induced shaft voltages and bearing 
currents are discussed and causes, effects and remedies 
are outlined. It is assumed that magnetic unsymmetrical 
in the winding overhangs are the main cause of induced 
shaft voltages. 

The paper [5.2] describes causes and remedies for shaft 
and bearing currents flowing across the rubbing 
surf aces of the bearing. The cause of induced shaft 
voltages due to sectionalized stators is discussed. 

The authors of paper [5.3] 
mathematical model t.o 
currents based on 
sectionalized stators. 

ascertain 
rotor 

give a simplified 
shaft voltages and 

eccentricities and 

Paper [5.4] gives a · explanatory and theoretical 
analysis. discussion on induced shaft voltages due to 
variations in the air gap of electrical machines. 

In paper [ 5. 6] an experimental investigation is 
performed and possible causes given of shaft voltages 
induced due to inverter excitation of induction motors. 

Paper [ 5. 7] considers analysis and monitoring of· shaft 
voltage in turbo generators. 
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5.2 The possible causes of Induced Shaft Voltages. 

It is assumed that stator and rotor laminations 
consist of a single segment. In paper [5.1], [5.2] 
induced shaft voltages due to increased reluctance in 
lamination segment gaps have been discussed. ' 

Possible causes of induced shaft voltage are due to: 

i). Slight eccentricity of the rotor shaft with 
respect to the stator circumference due to backlash 
in the bearings: This results in a change of shaft 
position relative to the stator magnetic flux. The 
relative airgap will also vary as function of 
position_ and time and contribute to the shaft 
voltage [ 5. 4]. This eccentricity can be magnified 
by unbalance~ magnetic pull. An e.m.f. proportional 
to the change of flux in space, and the difference 
in opposite airgaps, is induced in the shaft. 

. . ) l.l. • Unbalanced interbar currents due to broken rotor 
bars (abnormal condition) which would by 
transformer action induce a voltage in the shaft. 

iii). Time dependant current unbalances in the stator 
windings induce shaft fluxes and thus shaft 
voltages. 

iv). Transformer action of the leakage flux of the 
stator winding overhangs in the end zone on both 
stator ends and currents in the end rings as shown 
in Figs. 5.1 an4 5.2. 
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Induc11,:t shaft voltsg11 du11 .to end zone laaksga Flux 
and end-~ing flux. 

\ 
Stator ~inding o~erhangs 

~--tt--r Leakage flux 
in End zone. 

Flux linking 
shaft. 

Fig. 5.1 Schematic - Cause of shaft voltages. 
End zone induced shaft voltage. 

Induced Shaft Flux due to varying airgap.s, 

Main Flux 

II. 

Shaft Flux (1,2,3,4) 

Fig. 5.2 Schematic - Cause of shaft voltages. 
Motor crosscut Flux induced due to varying 
air gap. 

v)-. Asymmetry in magnetic circuit of the 
the motor frame 

stator 
by the 

vi). 

causes currents induced in 
stator magnetic field. 

End ring induced excitation. ['5.1] 
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vii). Voltages due to electrostatic charges originating 
from friction etc. [5.i], [5.4]. 

In case of inverter-fed motors, peaks in the motor 
input voltage and current, which occur during the 
commutation period, also contribute to the shaft voltage, 
as (vii). 

cause (i) is briefly discussed. It is assumed that stator 
and rotor laminations consists of one segment. 

Backlash in. the bearings results in the shaft to move 
with respect to the magnetic flux, thus inducing a 
voltage in the shaft. 

dt dx 
... (5.i) 

dx dt 

were • is flux density, x relative position, t time. 

As displayed in Fig.· 5. 2 the magnetic potential across 
gap gi. and g2. due to the main flux is proportional to 
the airgap, ( gi. > g2. ) . At constant flux the magnetic 
potential must be equal across the gaps, which leads to 
the conclusion that shaft fluxes. ti. and t 2 • across gap 
gi. oppose the potential and shaft fluxes t 3 • and t 4 . add 
the potential across gap g2. so that eventually the 
condition of equal magnetic potential across both gaps is 
fulfilled. It is thus evident that ti and t 4 create a 
homopolar flux through bearing number B., t 3 and t 4 a 
homopolar flux through bearing number A. [5.4]. It must 
be noted that eddy currents will occur in the solid metal 
shaft and the induction thus will be reduced. 

A formula is derived 
flux •s analytically: 

I
21T . 

t 8 = 0a8~ cos(ix -

in [5.4] that determines the shaft 

... (5.2) 

where Bs is the induction in the shaft, '1 the space 
harmonic component, x the airgap periphery, w 
frequency, S the phaseangle, Rs radius of the shaft, 6e 
the skin depth 

- Page 67 -



.. 
CHAPTER 5. Shaft Voltages. 

In Fig. 5. 3 the homopolar flux that flows through the 
frame,' bearing and shaft induces a bearing voltage Vb 
across the bearing ends (point A. to c.). The current 
generally flows from the on side of the bearing through 
an oil seal to the other side and back through the oil 
seal on the other end (for loose liner bearings) [ 5. 2]. 

The bearing current depends on the bearing type used. 

Fig. 5. 3 
currents. 

Shaft end, bearing and bearing current. 

( 
Vb 

) 

A 

·t 
Bearing current 

~ ~· Bearing Backlash 

Shaft end with bearing and bearing 

The voltage vb and thus the induced current are 
proportional to the rotor speed and flux density [5.1] . 

• • • (5.3) 

where B is magnetic shaft density, 1 length of shaft 
flux path, v speed rotor change of position 

.•• (5.4) 

where ki is a constant, • total shaft flux, Wr 
rotational speed of the rotor. 
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5.4 Measurements. 

An experimental investigation of shaft voltage induced 
in an inverter - fed cage induction motor was conducted. 

A 3 phase delta-connected 3-kW squirrel cage induction 
motor is investigated. Three different types of 
exci ta ti on sources have been used, all rated at 50 Hz 
(fundamental) and 380 Vu. Mains sinusoidal, 6 pulse 
Square Wave voltage-source inverter and sinusoidal PWM 

inverter. The motor has also been operated under 
unbalanced sinusoidal excitation and with increased 
external leakage reactance for square wave voltage 
excitation. Each test has been performed under no-load 
and rated load conditions. 

The measurement apparatus and data acquisition procedure 
has been described in Chapter 2. Shaft voltage in this 
chapter refers to the voltage across the shaft ends. 

Table 5.1 Measured peak and r.m.s. shaft voltages. 

Excitati0n: LOAD 

Sinusoidal ••.•......•.•...•. Peak. . • • . . 97. 9 
R.M.S ..•.. 51.0 

square wave ............ ~ .•.. Peak ..... • .. 117. 4 
R.M.S •.... 53.4 

Sinusoidal PWM ..••.••.•...•. Peak •..•.. 132.1 
R.M.S ..•.. 50.1 

NO LOAD. 

mv •••• 90.6 mV 
mv •••• 64.0 mV 
mv .•.. 133. 5 mV 
mv •••• 65.5 mV 
mV .... 117. 9 mV 
mv •••• 48.5 mV 

Unbalanced Sinusoidal ....... Peak ..•... 103.8 mv .... 91.9 mv 
R.M.S ..... 40.9 mv .... 57.9 mV 

Square Wave (Ext. Leakage) .. Peak ...... 96.2 mv .... 96.4 mv 
R.M.S •.... ----- mV ...• ----- mV 

Some results are shown in Figs. 5.4, 5.5 and 5.6 as well as 
in Table 5.1. The scale for input phase voltage is 1 [V] = 
100 [VJ. The scale for line current is 1 [VJ = 5. 24 [A]. The 
scale for shaft voltage is in actual values measured. 
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(a). FiJ load - SO Hz Slrusoicii Sxdtalfon (b). No load - 50 Hz Slrusoicii excitation 
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Fig. 5.4 Shaft voltage for sinusoidal excitation. (a) Rated 
load (b) No load. 

(a). 
FiJ load - 50 Hz PWM - Exdtatron 

(b). 
No load - 50 Hz- PWM Exdtalfon. 
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Fig. 5.5 Shaft voltage for PWM excitation. (a) Rated load 
(b) No load. 
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Fig. 5.6 Shaft voltage for Square wave excitation. (a) Rated 
load (b) No load. 

- Page 70 -



(a). 

CHAPTER 5. Shaft Voltages. 

In Fig. 5.7 the inverter-fed motor is accelerated 
steadily, thus near steady state operating condition. As 
the voltage and thus frequency is increased (increased 
load and current) the shaft voltage increases 
proportionally. 

(b) • 
PWM - fJccltatlon. Load. 6 Nre VSD Excitation. 1.oc11L 
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Fig. 5.7 Shaft voltage vs Phase voltage. (a) PWM excitation 
(b) Square Wave excitation - (under start up load condition). 
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Fig. 5. 8 Shaft voltage vs operating condition for square 
wave excitation (380VLL/50 Hz). (a) Shaft voltage and line 
current vs slip, (b) Shaft voltage vs line current. 
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CHAPTER 5. Shaft Voltages. 

To investigate causes of shaft voltages further a series 
resistance of 7.6 n was inserted in line with the supply 
and the induced shaft voltages shown in Fig. 5 .10 were 
measured. 

t.ood - Uidn:ed SO Hz Sire Exe. (b). lit> load - LH>cD1c8d 50 Hz. Sire Exe. 
5 ...-------..--.---..----,--...-------,.---.--.---~-~0.15 
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Fig. 5.10 Shaft voltage signal under unbalanced phase 
conditions, sinusoidal excitation (380 VLL; 50 Hz). (a) Load 
condition, ( b) No-load condition ( c) Frequency spectrum of 
load shaft voltage.· 
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The following conclusions were drawn: 

i). Peak voltages induced under non-sinusoidal 
excitation considerably exceed those of sinusoidal 
excitation. At inverter commutation voltage spikes 
are induced across the shaft. 

ii). The r.m.s. shaft voltage does not indicate any 
substantial increase in induced shaft voltage. 

iii) • The frequency of the induced shaft voltage is 
three times the fundamental exci ta ti on frequency: 
Also· the higher time harmonic voltages are 
reflected in the shaft voltage at three times their 
fundamental frequency. (See Fig. 5.9). 

iv). Unbalanced phase excitation increases the peak 
shaft voltage being induced. 

v). Increasing the external leakage inductance 
reduces the shaft voltage peaks substantially. 

vi) • A linear relationship exists between the supply 
voltage and induced shaft voltage. {See Fig. 5.7). 

vii) • Changing from no load to rated ·load condition, 
the r.m.s. shaft voltage decreases initially and 
then increases steadily. (See Fig. 5.8). 

Initial measurements indicate higher voltages between 
the shaft and motor frame. This could be due to increased 
resistance across the bearing and the current flowing in 
the frame - shaft circuit. 

As r.m.s. induced shaft voltages are approximately 
independent of load condition - Fig. 5. 8, it indicates 
that shaft voltages are mainly induced due to circulating 
fluxes [5.2] as briefly explained under Section 5.4. 

5.4 Shaft currents. 

Shaft currents exist due to an e.m.f. between shaft 
and bearing lining. The most important cause is an ac 
flux linking the shaft [5.2]. Alternating shaft fluxes 
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and electrostatic potentials also contribute to shaft 
currents. 

5.4.1 currents due to shaft flux. 

The magnetic circuit consists of shaft, bearings and 
frame. If a flux flows in the magnetic circuit a 
homopolar voltage will be induced in eac'h bearing as 
the revolving shaft cuts the radial flux lines from 
shaft to bearing. The voltage induced in the two 
bearings is opposite and equal if the flux through the 
one bearing returns via the other bearing, which is 
generally the case. Such voltages will induce localized 
bearing currents. 

The frequency of the shaft voltage will be equal to the 
frequency of the induced flux. For a three phase 
excited low power induction motor (with whole stator 
and rotor segments) three times the fundamental 
frequency will be induced. This can be deduced from the 
fact that for a square wave inverter the 5th and 7th 
harmonic (250 Hz and 350 Hz) are present in the shaft 
voltage frequency spectrum Fig. 5.9.b as 15th and 21th 
harmonic (750 Hz and 1050 Hz) respectively. Moreover, 
the 6th harmonic (300 Hz) present is due to the 
switching frequency 6 pulse square wave inverter 
which substantiates the fact that additional voltages 
are induced originating from the commutation process 
and voltage and current spikes. 

If an alternating shaft voltage can thus be detected, a 
bearing current will be induced. Homopolar voltages 
across the bearings could not be measured, as it is 
practically inconvenient, and unpractical or impossible 
in real industry applications. 

5.4.2 currents due to ac voltages induced in the shaft. 

In all multipolar induction machines the flux of each 
pole, after crossing the air gap flows through the yoke 
and splits up into two portions. The clockwise and 
counterclockwise flux returns via the air gap. If these 
two fluxes are not exactly equali the difference flows 
to complete the magnetic circuit in the yoke. This 
difference in the flux links the shaft and will induce 
an alternating voltage in the circuit consisting of 
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frame, bearings and shaft. A shaft current will then 
flow. 

This cause is more dominant in sectionalized stator and 
rotor laminations. 

The shaft currents described in Section 5. 4. (ii) are 
discussed in more detail in [5.2]. 

5.5 Effects and Physical Relevance. 

The ·effect of bearing currents is illustrated in a 
paper [ 5 .1] for a rolling type and shell type. Roller 
bearings have a few finite contact points thus very 
localized concentrated currents will flow across the 
contact points. For shell bearings a thin oil-film 
separates shaft and bearing, but a few points with 
thinner layer of oil will break down and will conduct, 
causing localized damages. Small craters will occur in 
the metal surface, small metal particles will be rubbed 
off (manifested in dark lubricating oil) thus reducing 
the isolation capability. A temperature increase and 
increased friction will result in a rapid destruction of 
the bearing surfaces. 

Table 5.2. Limiting values for shaft voltages with loose 
liner bearings according to [5.1]. 

Shaft Voltage Effect on bearings. 
[mV] 

< 300 No danger.· 

300 to 1000 Damaging bearing currents can 
flow. 

> 1000 Detrimental effects in due to 
bearing currents can occur 
after weeks to years. 

For rolling bearings, (according to [5.1])', the limiting 
values are 100 [mV] which are exceeded for peak values at 
nonsinusoidal excitation. See Table 5.1. 
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It can be concluded that in the case of using an 
inverter excitation, the lifetime of bearings is shorter 
than those used under a sinusoidal excitation. From the 
discussion it follows that the shaft voltage due to 
inverter excitation is increased due to following 
factors: 

( i) . Additional harmonics present in the supply 
voltage. 

(ii) . The commutation process in the inverter induces 
switching transients (e.g. 6 Pulse) superimposed on 
the inverter supply and induces another shaft 
voltage component by means discussed in this 
chapter. 

No large difference between the shaft voltage induced by 
the Square Wave and PWM inverter has been observed. 

5.6 Suggestions 

It is suggested that the induced shaft voltage of a 
new machine under known exci ta ti on and load should be 
specified. At a later stage, e.g. after 1000 working 
hours, measurements should be repeated or should even be 
incorporated into a planned maintenance system. Proper 
knowledge of bearing type and lubricant in the machine 
must be available to determine limiting characteristics. 
Once a data base on shaft voltages and conditions of 
associated bearings has been established, conclusions on 
the state of the bearing can possibly be drawn. The 
effect of using different types of lubricants should also 
be established. (Graphite based lubricants will clearly · 
conduct better due to its electrical properties). 

A reduction in shaft voltage across the shaft end 
indicates that the oilfilm does not isolate properly, 
which is more important in shell-type bearings [5.1] and 
could also reveal conditions on other type of bearings. A 
reduction in effective voltage between shaft and frame 
also indicates increased damage to the bearing. 

Shaft voltage compensation methods are discussed in (5.1] 
and (5.2]. 
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6.1 The Torque of the Inverter Motors. 

The higher time harmonics similar as higher space 
harmonics can produce asynchronous and pulsating torques. 

Asynchronous torques due to higher time harmonics can be 
calculated similarly as asynchronous torques due to the 
fundamental harmonic eg. dividing the developed 
(electromagnetic) power by the angular frequency. In the 
case of 3-phase motors, higher harmonic torque n = 7, 13, 
19, ... produce asynchronous torques acting in the same 
direction as the fundamental harmonic torque (n = 1) and 
higher harmonic n = 5, 11, 19, produce asynchronous 
torques in opposite direction to the fundamental rotating 
magnetic field. 

As a result of action of stator currents and rotor 
currents of different frequency, pulsating torques are 
produced, the frequency of which exceeds significantly 
the fundamental frequency and the average value of them 
is equal to zero. The most important pulsating torques 
are those due to the stator fundamental harmonic and 
rotor higher harmonics. 

Selected papers which in the authors opinion are the most 
relevant have been reviewed. [1.4, 1.5, 3.2, 3.4, 3.7, 
3.9, 3.11, 3.16, 6.1, 6.2]. 

An analytical method to calculate pu1sating torques, 
including the effect of de bus pulsations and rotor 
speed oscillations is presented in the paper [ 6 .1], 
using transformations in a multiple reference frame. 
Increased torque pulsations, especially at low rotor 
speeds are predicted. 

The strain of an induction. motor drive for electric 
locomotives ·with 16 2;3 Hz supply is investigated in 
[ 6. 2] and the effect of harmo_nics in the de link are 
determined. Magnitudes of tol:-que pulsations and their 
respective frequency spectrums are calculated according 
to derived fromulas and are verified by measurements. 
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6.2 Asynchronous Torques. 

The motor output asynchronous torque Tn as a function 
of slip Sn for synchronous speed Wsn and supply voltage 
v1n can be approximated as: 

3 
... (6.1) 

A more detailed analysis including the effect of losses 
can be found in the papers [3.3, 3.11]. 

The effect of asynchronous (time constant) torques on 
the steady . state average rotor torque at different 
operating conditions has been considered. The torque as a 
function of r.m.s. line excitation current is given in 
Fig. 6.1. It can be observed that at rated current the 
torque output is reduced for inverter applications. This 
is clear as the harmonic components measured are portion 
of the r. m. s . current , but do not produce any useful 
torque. In Table 6.1 the rated torque (20 Nm) is tabled 
at respective current and produced torque at maximum 
efficiency, as well as the associated power factor and 
rotational speed in r.p.m. 
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Fig. 6.1 Input Power (Apparent and Active), Mechanical 
output Power and Torque vs r.m.s. line current for 
inverter excitation: (a) Sinusoidal, (b) PWM, (c) Square 
wave. 
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Table 6 .1 Rated and associated Torque and current, 
efficiency, power factor and rotational speed. (configured 
for Vr/50). 

Excitation Torque 

[Nm] 

Sine. 20 . 24 
22 . 56 

PWM. 20. 02 
18.89 

Square 20 . 07 
Wave. 20 .57 

rmt 

ft} 

ttt 

Current Eff.(~) Power­
rms. [A] ( % ) Factor 

6 . 54 79 . 9 . 905 
6 . 88 f }f 80 . 08 . 913 

7. 33 78. 2 . 823 
6 . 95 ~tt~~~ 78 . 5 . 82 

6 . 96 78 . 7 . 852 
6 . 92 \II 78 . 7 .831 

Speed 
[Rpm.] 

1430 
1443 

1430 
1421 

1431 
1431 

{@\ indicates rated torque or rated current respectively. 

It can be concluded from measurements performed that at· 
rated r.m.s. line current the electromagnetic torque Ti 
developed at rated current is related according: 

• • • ( 6 • 2 ) 

At rated torque the respective r.m.s. line current It 
supplied to the induction motor is related according: 

• • • ( 6 • 3 ) 

The increased r. m. s. current at rated torque can be 
explained in view of the distortion factor DF, which is 
zero for sinusoidal excitation, for square wave 
excitation approximately equal to 0.31 and for PWM 
(sinusoidal modulation) equal to 0.511 according to the 
simulation in Appendix 3.1. 

The amount of voltage distortion (DF) is defined by the 
IEEE Standard 519 as: 

DF = [ 

~ v
2 l ~ n=2 n 

2 
V1 

• • • ( 6 • 4 ) 
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See Appendix 3. 2. for a simulation of data, distortion 
factor indicated. 

Fund E1me ntEll 

23.d:iti 

Fig. 6.2 Fundamental and harmonic Speed Torque curves. 

The asynchronous torque contains forward T+n (n = 1, 7, 

13, .•. ) and backward rotating components T-n (n = 5, 11, 
17, ... ) ie. 

00 

T = ~ (T+n + T-n) .•. (6.5) 

n=l 

For a square wave VSI a negligible small negative 
torque would be developed in the operating region, 
reducing the developed torque very slightly. The torque 
is generally approximated for n = 1,5,7 as in [3.16]. For 
operation purposes the asynchronous harmonic torques 
produced by impressed time harmonic voltages do not 
affect the torque significantly, [3.16] and [4.2]. 

At high frequencies the motor impedance is large and thus 
only a very small torque producing current flows. This 
has been confirmed by· simulation and measurement in a 
paper [3.11]. 

6.3 Pulsating Torques. 

Inverter induced torque · pulsations (also ref erred to 
as parasitic oscillating torque components) due to the 
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high harmonic content in the supply, are produced by the 
interaction of rotor m.m.f. waves and the air gap fluxes 
of different harmonics. These parasitic torques are in 
general much larger than oscillating torques produced by 
space harmonics [2.3, 6.2]. 

A harmonic component in the airgap induced by higher time 
induces an 

frequency 
the same 

harmonic voltage components in the supply, 
rotor current of approximately the same 
(sn ::::: 1). The torque then produced is in 
direction as the direction of the air gap flux. 

In the case of a square wave inverter with dominant low 
frequency harmonics (5th and 7th), the 5th harmonic (+1) 
rotates in the opposite directions (clockwise) as 
compared to the fundamental (-l)(anticlockwise), and the 
7th adds to the fundamental torque in the same direction 
(-1). 

The electromagnetic torque pulsations can be calculated 
by superimposing flux and rotor current phasers. 

The interaction between the fundamental airgap flux igl 
and the fundamental rotor fields Brl produces a steady 
torque as both components rotate at the same speed and 
same direction. The same applies for 5~h and 7th torque 
components. However, the interaction between the 5th (+1) 
harmonic flux and airgap field and the fundamental (-1) 
components results in a torque component rotating at 6 
times the fundamental frequency. The same applies for the 
7th and fundamental component which both rotate in 
anticlockwise direction, resulting in another 6th 
harmonic torque component. Thus, the 5~h and 7th 
harmonics with respect to the fundamental produce a 6th 
harmonic pulsating torque. The same applies to harmonic 
components of higher - order, e.g. 11th and 13th would 
produce a 12th harmonic torque, however at much smaller 
magnitude. 

The interactions between harmonics of higher order can be 
neg 1 ected, as the f 1 ux components of e • g. 5th and 7th 
harmonics are very small. 

For the 
generally 
constant 

calculations ·of motor torque pulsations, 
linerarized models have been used which assume 
speed of operation as well as constant de-
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inverter bus voltage. Harmonic torques result in 
oscillations of the rotor speed, and harmonic currents in 
the stator windings. result in a variation of the inverter · 
bus voltage. 

Methods to calculate the torque pulsations as a 
function of various data such as excitation frequency, 
harmonic content of the supply voltage, de bus voltage 
ripple, speed ripple are presented in many pap·ers e.g. 
[3.1, 3.2, 3.3, 3.11, 3.9, 1.4]. 

The rectified de bus voltage is not smooth so that 
current time harmonics are also existent in the 
intermediate de c.i,rcui t which could in turn create new 
torque oscillations or intensify existing harmonics. The 
current in the intermediate circuit is given in [2.3] and 
6. 2] as: 

00 

Id(t) = Ido + ~ Iau CO$ (u 2~fsup + 6nu) 
u=2 

is the current flowing in the de circuit 
alternating current in the de circuit 
the supply frequency 

. . . ( 6 . 6 ) 

were Ia 
Idu 
f sup 
u 
with 

the order of the harmonic in the de circuit, 
u = 2, 4, 6 ••• , oo. 

The peak value of the torque oscillations for three phase 
systems are given in [ 2. 3, 6. 2], consisting of three 
components. 

I\ 1 
Ta = 1.83 P Lm Iao Iau • • • ( 6 • 7 ) 

at frequency uf sup· 

I\ 

[(6k~1)2 ( 6k:l) 2] 
v 2 1 1 

Tb = 
w 2 (L1+L2') 1 

... (6.8) 

at frequency 6kf1 . 
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[(6k~l)2 ... (6.9) 

- uf sup· 

respective peak torque pulsations due 
to inverter applications 

are the peak fundamental voltage and 
harmonicth de current. 

are the magnetizing inductance, stator 
and rotor leakage inductances at w1 • 

number of pole pairs. 
rotor time constant (Lro+L2

1 )/R2' 

k = ±1, ±2, ±3, ... 

Harmonic components present are n = 1 ± 6k. 

From the equations ( 6. 8) to ( 6 .10) it can be concluded 
that: 

( i) . Higher p. u. torque pulsations at low speeds w1 
(according to Tb (6.8) and Tc (6.9) ) will be 
experienced. 

(ii). Dominant torque pulsations if low order harmonics 
(5th and 7th, k=1) are present in the exci ta ti on 
voltage. For higher harmonics (17th, 19th and 23rd 
25th as sidebands of the 21st for PWM excitation) k 
will be .larger k=3, k=4, thus reducing the harmonic 
torques considerably. The pulsating component 
contributed from Tb (6.8) will be the largest 
component. 

(iii). An increased 
Tb due to de 
expected. 

effect on torque pulsations Ta and 
bus voltage pulsations can be 

(iv) . At low exci ta ti on frequencies with high voltage 
boost which is required for higher starting torque, 
thus v1 is large and w1 low, considerable pulsating 
torques can be expected according Tb and Tc. For 
low voltage boost the torque pulsations will be 
marginally smaller; but also the starting torque 
will be reduced considerably. 
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(v). Increased leakage reactance will reduce the 
torque pulsations. 

In a paper [ 3. 9] an equation for the harmonic torque 
related to the fundamental torque is derived from a two 
axis equivalent. It is shown that the amplitudes decrease 
inversely to the order number of the harmonic torque. The 
harmonic torque spectrum also changes only marginally 
between no load and rated load condition. 

The de bus voltage on a six step square wave voltage 
source inverter was measured and is shown in Fig. 6. 3. 
Under load conditions a ripple voltage of lOV to 2ov and 
under no load conditions 20V to 30V peak to peak is 
superimposed on the average de bus voltage of 
approximately 430V de. The the PWM inverter de bus 
voltage ripple was not be measured but will also have 
some voltage ripple superimposed. 

ND load arrent cr.i:t OC Voltagil Rippe 
15,-----.-----.......... --......-----15 ,, ~--------......... --.---~1!! :g 

10 -IA--~~__;~1--~----l~-1+--i--~-1-10 > 

~ .. 
0 
0 

'ii 
> .. 
.il 

5 

I 0 

i -5 t 
Q 

~ .. 
• r c 

8 
:?: 

u a -10 

-1!1 

-10 I 
1!1 ~ 

-20 
u 

.f.---T-----;i----T---+--T----+-20 Q 

-15 -15 
o 0.005 0.01 0.015 0.02 o.02s o.o3 

Tima [sac) 

(a) • (b). 

0 0.00!1 0.01 0.01!1 0.02 0.02!1 0.05 
r .... c-1 

Fig. 6.3 DC bus Voltage ripple for a six step square wave VSI 
(at 50 Hz, configured for Vr/50) under (a) No load and (b) Load 
condition. 

The frequency of the voltage ripple is six times the 
fundamental exciting frequency. The thyristors are 
switched at the same frequency which thus create a 
dominant 6th harmonic voltage ripple component. The 
transistor controlling the de bus voltage (Danfoss VLT 5, 
controlled de bus voltage) has only a very small effect 
at high fundamental frequency (e.g. rated 50 Hz as in 
Fig. 6.3). At low frequencies the de bus voltage must be 
kept low and the switching of the voltage regulator 
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transistor will effect the de bus voltage to a larger 
extend, possibly inducing another lower frequency 
components due to transistor switching. Low speed torque 
pulsations for square wave and PWM excitation are shown 
in Fig. 6.10. It is also evident that the superimposed de 
bus voltage ripple is larger under load conditions as 
compared to no load conditions. 

6.4 Consequences of Pulsating Torques. 

The important aspect of torque pulsations is to 
understand and identify the adverse effects caused and 
the influence on the mechanical performance. In the IEC 
standards the presence of oscillating torques is 
highlighted and it is recommended to analyze the 
torsional resonance frequency if transmission elements 
are not sufficiently damped. 

Torque pulsations affect the mechanical performance of 
induction machines severely. It must be understood that a 
load unit interacts with a motor and adverse ef~ects 

caused must be identified. Pulsating torques affect 
amongst others: 

(i) The vibration of the frame and rotor shaft, 
especially if the torque pulsations are at a 
frequency near the mechanical resonance of the 
motor. The damping coefficient of steel is 
relatively small, and detrimental resonant 
oscillations can produce dangerous torsional 
stresses in the shaft and coupling. 

(ii) Torque pulsations produces excessive bursts of 
speed. This is observed as jitter and is more 
prevailing in low inertia machines. 
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The amplitude of the angular speed ripple is approximated 
according to [1.6] as: 

f rip * H [~] ••• (6.10) 

were ~ is a constant, wrip is the amplitude of the 
angular ripple speed, Trip the amplitude of the torque 
ripple, frip the ripple frequency and H the inertia of 
the system. 

(iii). System instability may occur at low frequencies, 
and over a larger speed range if system parameters 
are not selected appropriately [6.1]. 
Unsatisfactory performance of feedback control 
systems can take place. 

These effects could cause shaft fatigue, wearing of the 
gear teeth, and may affect the operation of the load, 
depending on the application. Shaft fatigue failure 
subsequent to shaft system torsional resonance, induced 
by higher harmonic torques, is common in induction 
motors. 

The use of variable speed drives must be considered with 
their application. Where uniform speed of rotation is 
essential, such as for machine tool applications, 
antennae positioning, synthetic fibre spinning machines, 
film or web machines etc. speed oscillations which occur 
due to torque pulsations must be minimized. Torque 
pulsations can not be eliminated however, but reduced by 
proper modulation strategies eliminating low order 
harmonics. 

6.5 Torque PUlsations over the Operating Range. 

For variable speed drive applications it is important 
to estimate the mechanical performance with respect to 
torque pulsations under different load conditions over 
the whole operating range. As shown in equations ( 6. 8) 
and ( 6. 10) relative torque pulsations are dependent on 
fundamental speed. Moreover, over the whole speed some 
mechanical and torsional resonance may occur, thus 
reinforcing torque oscillations. At some excitation 
frequencies the interaction between higher time harmonics 
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and space harmonics, depending on the machine design may 
interact to a larger extend than at other exci ta ti on 
frequencies. In the subsynchronous operation region some 
resonance may occur, which are of importance for both the 
vibrational aspect as well as torque oscillations which 
would result in torsional stresses on shaft, coupling and 
load. 

In the following figures the peak torque oscillations are 
shown under load and no-load (except PWM excitation) 
condition configured for synchronous characteristic 
(Vr/50) and load conditions under PWM and square wave 
excitation for subsynchronous characteristic (Vr/87) 
operation. The fundamental excitation frequen·cy and 
rotational speed in r.p.m. are indicated. 

For synchronous configuration ( up to 50 Hz). 
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Fig. 6. 4 Sinusoidal excitation (Vr/50) Peak Torque Pulsations 
vs Exci ta ti on frequency and rotational Speed. (a) No Load and 
(b) Load condition. 
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Fig. 6.5 PWM excitation (Vr/50) Peak Torque Pulsations vs 
Excitation frequency and rotational speed. (a) Torque Pulsations 
vs frequency and (b) Torque Pulsations vs speed. 
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Fig. 6.6 Square wave excitation (Vr/50) Peak Torque Pulsations 
vs Exci ta ti on frequency and rotational speed. (a) No Load and 
(b) Load condition. 
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For subsynchronous configuration (up to 100 Hz). 
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Additional graphs for no-load pulsating torques for 
subsynchronous conditions are given in Appendix 6.1. 
Additional graphs for torque pulsations with external 
leakage inductance in series with the supply to filter 
out some harmonics is shown in Appendix 9.1. 

It is clear that the peak torque pulsations vary 
considerable over the whole speed range. It can generally 
be concluded that under load conditions the torque 
pulsations are significantly reduced at low frequency 
ranges, and marginally reduced at higher operating 
frequencies. A high slip can be noticed at low 
frequencies under 'load for subsynchronous configuration. 
From figures Appendix 6.1. it is clear that a pulsating 
torque resonance will occur at high speeds, which is 
caused by the mechanical behaviour of the system. 

For square wave excitation severe torque pulsations 
occur at low excitation frequencies in the zone around 7 
Hz and 15 Hz for synchronous and .subsynchronous 
configuration respectively. Near 3 7 Hz the. pulsations 
increase again, and then decrease to a low value. The 
high amplitude of the torque pulsations at low speeds is 
also simulated in [ 6. 1] , and it is thus apparent that 
speed pulsations are present and enhance the 
oscillations, which may possibly resonate at that 
frequency. A crawling noise was distinctly audible at the 
peak torque pulsations, supporting the assumption that 
some resonance occurs at that low speed and 
configuration. 

~ 

For sinusoidal and PWM excitation no considerable high 
pulsating torques are present, neither at low speed nor 
rated speed operation. An marginal increase in peak 
torque pulsations materializes at 46 Hz for PWM 
excitation. This will be due to some mechanical vibration 
or small resonance. Only for square wave excitation 
significant and unfavourable torque pulsations occur. 

It can be observed from figures attached in Appendix 9.1. 
that the torque pulsations are reduced considerably at 
low speeds when external inductances are inserted in 
series with the supply to increase . the total leakage 
inductance. This is in accordance with equation (6.9) and 
(6.10). However, another increase in pulsations at 25 Hz 
is evident under both load and no-load conditions. 
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6.6 Torque Pulsations at low Speeds. 

As discussed in theory in section 6. 5 relative large 
magnitude p. u. torque pulsations are expected at low 
speeds. 

This phenomena known a~ parasitic asynchronous and 
synchronous torques have been often described eg. Heller 
and Hamata [3.20]. Only high torque pulsations were 

·measured for square wave VSI's as they contain low order 
current harmonics. The current and torque signal under 
load condition at 10 Hz fundamental excitation (low speed 

approximately 300 r.p.m.) with their ·respective 
frequency spectra are shown in Fig. 6. 9. The current 
harmonics (5th and 7th, 11th and· 13th ••. ) can clearly be 
seen. A very dominant 6th pulsating torque is present at 
60 Hz, thus confirming the results predicted. 

speed oscillations which would come about due to 
pulsating torques at low speeds could be observed using a 
stroboscope under steady state conditions and watching 
the fan blades jittering. 
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Due to the absence of low order time harmonics in the PWM 
excitation, no significant torque pulsations were 
observed at very low speeds as can be seen from the peak 
pulsations plotted as a function of speed and frequency 
in Figs. 6.5. and 6.7. 

At an intermediate frequency of 30 Hz the steady state 
instantaneous torque and current were measured for PWM 
and square wave excitation and are shown in Fig. 6 .10. 
( a ) . and ( b ) . 
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Fig. 6.10 
excitation 
(b) Square 

Instantaneous Torque and Current at 30 Hz fundamental 
under load condition for (a) PWM and 

wave excitation. 

The torque pulsations under PWM excitation are at 
relative high frequency compared to the fundamental 
excitation. Under square wave supply the 6th harmonic can 
be detected superimposed on a low frequency oscillating 
torque, which may be of mechanical origin. 

6.7 Torque Pulsations at Rated Speeds. 

The influence of higher current harmonics on the 
parasitic torques is investigated at rated operating 
conditions, i.e. 50 Hz and 380 VLL excitation near rated 
torque. The instantaneous torque, current and the 
respective torque frequency spectrum for sinusoidal, PWM 
and square wave exci ta ti on at rated operation condition 
is shown in Fig. 6.11 (a). (b). and (c). 
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CHAPTER 6. Torque Pulsations. 

Under all excitation sources a low frequency 
oscillating torque can be observed. For sinusoidal 
excitation the low order torque oscillating frequency 
around 100 Hz is slightly higher than for PWM and square 
wave exci ta ti on, which is at approximately 50 Hz. For 
square wave and PWM excitation the magnitude of the 
torque oscillations seem to' be marginally larger as 
compared to the low frequency torque amplitude for 
sinusoidal excitation, as seen in Fig. 6.11. 

Two causes for the low speed oscillations will be briefly 
discussed. 

( i). As the load is coupled via a stiff flexible 
rubber coupling (Fenner - type) some oscillations 
may be induced due to the interaction between the 
drive and the load. These oscillations are at low 
frequencies as the damping factor for the rubber 
coupling will be relatively high and motor - load 
interaction will be limited. Low order torque 
pulsations for sinusoidal excitation will most 
likely originate from mechanical causes. 

(ii). A time harmonic stator current creates space 
harmonic rotating stator fields, which, on their 
turn, cause rotor currents in the cage of the 
induction motor (3.4]. These interactions are 
present if any of the conditions below for a cage 
motor are fulfilled: 

N1 = N2 ± 2p or N1 = N2 
n :::::: N1/P ± 1 

were N1 is the number of stator slots, N2 is the number 
of rotor slots, and n the time harmonic order. 

(iii) synchronous and low frequency torques can be 
produced by superposition of permeance and m.m. f. 
harmonics (3.4]. These low frequency torques exist 
for both cage and slip ring motors if the 
conditions as before are fulfilled: 

N1 = N2 ± 2p or N1 = N2 
n :::::: N2/P ± 1 
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CHAPTER 6. Torque Pulsations. 

induction machine tested N1 = 36, N2 = 28, 
pairs). The lower harmonic numbers n to be 
the square wave and PWM inverter are n = 
n = 17, 19 23,25 respectively. 

thus N1/p ± 1 = 17, 19 and 

Thus resulting in a match 13 in the case of the square 
wave excitation and a match for 17, 19 for PWM 
excitation. 

However the condition to match the pole pair number for 
stator and rotor slots (synchronous torques) is not 
fulfilled for either type of requirement, but some 
interaction could still develop, even though to a 
smaller extend. The torque pulsations are also reduced 
by the rotor skew. 

From the frequency spectra in Fig. 6.11 for all three 
supplies following observations can be made: 

(i). Sinusoidal Excitation. 

The low frequency torque component of approximately 100 
Hz can be observed. Other parasitic torques at higher 
frequencies at (approximately) 150 Hz, . 600 Hz and 800 
Hz are present. These are due minimal unbalance and to 
space harmonics in the airgap and stator slot 
harmonics. It is interesting to note that the 
superimposed current harmonics due to saturation (in 
the slots) as shown in Fig. 3. 4. a are at the same 
frequency as the parasitic torque components. The 
amplitude is however insignificantly small. 
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(ii). PWM Excitation. 

The low frequency torque component of 50 Hz can be 
seen. A multiple of low frequency torque components are 
present, with very low amplitude. A component in the 
proximity of 250 Hz, 450 Hz, 600 Hz, 700 Hz, 1500 Hz, 
are observed. The 600 Hz, 12th harmonic torque is the 
largest of all higher frequency components. Compared to 
the other excitation sources, many high frequency 
components are superimposed on the average torque under 
PWM excitation. In the IEC standards (1.1] torque 
oscillations at twice the pulse frequency are 
predicted, i.e. at 21*50*2 Hz = 2100 Hz. The magnitudes 
and effects are however insignificant. 

(iii). square Wave excitation. 

The low frequency torque component of 50 Hz can be 
seen. Dominant higher frequency torques are present 
near 300 Hz, 600 Hz and 900 Hz which represent the 6th 
12th and 1ath torque component respectively. The 6th 
harmonic torque can also clearly be seen superimposed 
on the average torque in Fig. 6 .11 ( c). This clearly 
correlates with the theory and predictions, as shown in 
equation (6.9). 

The relative magnitude in percent at their proximate 
frequency with respect to the nominal fundamental torque 
is given in Table 6. 2. Low frequency amplitudes were 
obtained from the graphs, as the torque frequency 
spectrum window starts at 50 Hz, and frequency components 
at eg 49 Hz would be not be detected. 
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CHAPl'ER 6. Torque Pulsations. 

Table 6.2 Peak Torque Pulsations as percentage to 
nominal torque. for Sinusoidal, PWM and square wave 
excitation at rated operating conditions. 

Harmonic Torque: Excitation 50 Hz, 380 VLL 
frequency [Hz] (Percentage of full load torque) 

Sine PWM SQWave 

::::: 50 Low freq. 3.00 3.30 
:::::100 Low freq. 1.86 

250 0.20" 
300 6th 0.90 
450 0.11 
580 0.10 

:::::600 12th 0.35 0.16 
700 0.07 0.12 
900 18th 0.08 

1500 0.10 
1725 0.11 

The only relevant harmonics are the low frequency 
components of 1.86%, 3% and 3.3% for sinusoidal, PWM and 
square wave excitation respectively. The 6th harmonic 
parasitic torque of ::::: 1% relative amplitude for square 
wave excitation is the only relevant higher torque 
portion. All other harmonics due to multiple interactions 
are in the region of o .1%, except for the PWM torque 
component at 0.3% at ::::: 600 Hz, and are insignificant. 

The frequency spectra are slightly obscured due to a 
Hanning window implemented and the zoom operation of the 
Chirp z transfer~ to obtain. the specific frequency 
window. 
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7.1 Review of Research. 

There are a lot of publications dealing with 
vibrations of induction motors. Many of them have been 
cited in Chapters 1. to 6. e.g. [1.2, 1.3, 2.3, 3.21]. 

In addition in the paper [7.1] equations for the axial 
forces developed due to rotor skew and displacement are 
developed on the basis of energy distribution are 
given. Experimental measurements confirm the 
predictions according to the derived equations. 

In the paper [7.2] the natural frequencies for small to 
medium sized induction machines with thick stator 
laminations and thin frame are presented. Analytical 
and experimental results are compared. 

The author of [7.3] discusses methods to limit the 
vibrations of induction machine dynamic systems. 

In [7.4] equations are derived to determine natural 
frequencies of induction motor stators. The analytical 
approach includes as variables several design 
parameters, such as stator teeth, number of slots, 
Youngs modulus etc. Multiple resonances are also 
discussed. 

In papers [7.5, 7.6] experimental procedures and 
apparatus are discussed to perform the test on 
different motor model outlined in part 2. of the paper. 
Results correlate with the theory developed in a 
companion paper [7.4]. 

7.2 Relevance of Vibrations in Inverter Applications. 

In the draft IEC standard [1.1] no specific reference 
is made to increased vibrations of the induction motor or 
rotor shaft. It is clear that increased torque pulsations 
will affect the motor vibrations, but the increased 
number of magnetic exciting forces originating from 
higher time harmonics on the stator core and frame are· 
not indicated in [1~1]. critical speeds are relevant as 
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the operating range is covered as the motor will operate 
at some steady state speed within the operating range, 
which may cover a range from a few r.p.m. to 3000 r.p.m. 
- 6000 r.p.m •. for 4 pole and 2 pole induction machines 
respectively. The frequency of the force waves are 
changed under VSI operation and a serious risk of 
resonance exists. The phenomena of resonance can occur 
under transient, as well as under steady state conditions 
if motor resonance and excitation forces coincide. Under 
mains excitation the critical speeds are passed 
relatively fast (depending on load condition) so that 
resonance cannot develop. Under variable speed operation 
however, the excitation force frequency may coincide with 
the natural frequency for longer periods with adverse 
effects to motor and system. 

Vibration can be limited and managed if the natural 
frequencies of a machine and the driving forces are 
controlled. It would be impractical from a design point 
of view to keep all natural frequencies far above the 
excitation force frequencies. The easiest method would be 
to control the exciting forces [7.3], but this situation 
is complex under inverter application and measurement 
results will indicate the effect of higher time harmonics 
on vibrations. Motors are designed to have acceptable low 
levels of vibration, even at their natural frequencies. 
Motors interact with associated equipment and loads to 
form a dynamic system~ This system may contain some 
interacting frequencies already and increase ·the number 
of natural frequencies of the system. Critical speeds can 
be unique to a specific installation, and are not always 
predictable in advance. 

Natural frequencies of induction machines can be 
determined fairly accurately by calculations [ 7. 2, 7. 4] 
or by equivalent models [7.4]. 

7.3 Vibration Measurement. 

standard measurements use vibration velocity as 
reference, as vibration velocity is relative insensitive 
to frequency, but related to the sensation of vibration 
[2.3]. Due to limited equipment, only the vibration 
acceleration and r. m. s. vibration acceleration was , 
measured. Band pass filters are used in some applications 
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to measure isolated conditions. To measure the vibrations 
precisely for small to medium sized machines, motors are 
mounted flexibly to isolate machines from their 
environment. Tests are performed under no load conditions 
at rated supply. 

The quality of vibration is a single value indication 
the vibration severity. The vibration severity is the 
r .m. s. vibration velocity at selected operating points. 
[ 2 • 3 I PP • 18 6 ] • 

In this project vibrations are measured on a rigid 
mounted machine-load set on a solid concrete and steel 
base isolated from the surroundings. Accelerometers with 
relative negligible mass compared to the motor mass, are 
fitted in the bearing plane as vibrations will be 
transferred to the frame in that plane from the rotor 
shaft via the bearings. Different excitation sources are 
used and vibration levels are compared under exactly the 
same operating conditions, thus valid conclusions can be 
drawn. 

~he principal directions in which vibrations are measured 
are the x, y, and z-coordinate as shown in Chapter 2. , 
Fig. 2.6. 

7.4 Oscillating and Deformational Force Waves. 

Force waves of electromagnetic origin (due to 
interaction between rotor and stator waves) as discussed 
in Chapter 6. are also causing forces that act on the 
stator frame as well as the rotor and shaft. Further 
undesirable mechanical and magnetic forces are generated 
due to standard manufacturing inaccuracies. To highlight 
the importance of vibrations and resonance with inverter 
applications, theoretical aspects are briefly discussed. 

The amplitude of the force wave varies with the square of 
the voltage, such that if time harmonics are very small, 
the resultant force waves become negligible. The 
frequency composition of the set of forces acting on the 
motor becomes richer in content. 

The deformation (and noise) increases drastically if the 
exciting force frequency fr is near or at the natural 
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frequency of the motor, resulting in excessive vibration 
due to resonance. 

In [2.3, pp. 39] the excitation force frequency as a 
function of slip (for transient conditions), the number 
of stator slots and number of pole pairs is derived as: 

( 1-s) + <20] ••• ('7 • 1) 

due to stator and rotor winding space harmonic 
interaction. 

2 0 ] ( 1-s) + < ± < 
o (1-s)/p 

.•• (7.2) 

due to stator winding and rotor eccentricity space 
harmonic interaction. 

. .. (7.3) 

due to stator winding and rotor saturation harmonic 
interaction. 

were fr is the frequency of the excitation force, f 1 
the frequency of the fundamental excitation voltage to 
the stator, g any integer, N2 number.of slots in ~he 
rotor and s the slip. 

For higher time harmonics the slip is approximated to 1 
and excitation forces of higher order are O, 2fn or 4fn 
with fn = nf1 . From equation (7.1) to (7.3) it is clear 
that the frequency of the exciting force is a function of 
slip. This explains the resonant vibration under 
transient conditions, as eg. on line starting of 
induction machines, as shown in Fig. 7.1. For inverter 
applications the slip for the fundamental will always be 
relative close to zero (::::: 10% max. depending on load 
condition) and the fundamental exci ta ti on frequency f 1 
will change continuously. 
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For the induction machine tested, with 28 rotor slots and 
assuming s:::::o and g=l the excitation force frequencies can 
be approximated to: 

fr::::: f1 * (14 + {O I±~ I 1~ I 2 I 2~ or 4}) ••• (7.4) 

according to (7.1 to 7.3) where f 1 is the fundamental 
excitation frequency. 

These values will obviously deviate if the slip changes. 
At each operating point a multiple of excitation forces 
can exist (g = 1, 2, .•• ) and the chance that an existing 
force frequency and natural frequency of the system 
coincide is very likely. 

-..::t- 50 Hz Sll1.ISOldal Excltatfon (Stcrt~). 
~ 0.6 
-IC 

Fo.5 ., 
' E 0.4 ...... 
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0-1-~---+-~~+-~-+-~---+~~-+-~-t-~~+-~-t-~--t 
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I 
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1 

Fig. 7. 1 Resonant frequencies under starting condition 
for sinusoidal excitation, 50 Hz, increasing the supply 
voltage via a variac. 

The relative high starting current can be observed 
during acceleration under no load condition due to high 
slip. Critical transient vibrations can clearly be 
observed. 
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The mode number rv of the force wave is related to the 
number of poles and interaction between stator and rotor 
harmonic forces. 

rv = (µ ± e) p 

were µ = 2mg + 1 (for stator force waves) 
gN2/p + 1 (rotor force waves) , with m the 
phases, N2 the number of rotor slots, p the 
pole pairs and g = o, ±1, ±2, 

..• (7.5) 

and e = 

number of 
number of 

Based on experience [2.3], low and medium powered 
machines are rigid against higher mode numbers greater 
than 6 and a velocity frequency range to be considered 
for the force wave fr is 10 Hz < fr < 1000 Hz. 

All exciting frequencies incite different vibrational 
mode numbers that could lead to deformation of the 
stator. The vibration severity depends on the mechanical 
design such as machine size, damping, and on natural 
frequencies of the motor. 

In a paper [7.5] resonant frequencies of stator frames 
and laminations are determined. Resonances are measured 
at different points on the circumference of the motor to 
ensure that resonances perpendicular to a specific test 
point are also measured. The main parasitic resonant 
vibrations of the stator are analyzed and are attributed 
to following phenomena: 

(i). Dual resonances due to minor geometrical 
asymmetries introduce a second resonance frequency 
differing a few hertz from the other resonant 
frequency component. The smaller component is 
referred to as parasitic resonance. 

(ii). Resonances due to harmonic excitation of the 
force acting on the frame. These harmonics are 
induced by a shaker, but harmonic forces will also 
be exerted by non-sinusoidal excitation and further 
parasitic harmonic resonances will occur in the 
stator. 

Furthermore, shaker and teeth resonances are indicated as 
~ 

another source .of measured harmonic vibrations. 
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7.5 Axial Vibrations. 

At inverter operation an axially (z-coordinate) acting 
oscillating force is produced by rotor cages with skewed 
bars relative to the stator [1.2]. This requires 
consideration in bearing and coupling design. Axial 
forces due to skewed slots are derived analytically in 
[ 7 . 1] , based on increased skew-leakage which results in 
an axial force and due to non-uniform distribution of the 
magnetic energy stored in the air gap. It is further 
pointed out that imperfect levelling of the machine 
produces an additional axial force proportional to the 
applied torque. The displacement and vibrations induced 
by these forces are relatively small compared to 
vibrations in the direction of the x-coordinate and y­
coordinate (see Fig. 2.6) The vibration acceleration 
magnitudes are indicated on the frequency spectrum in 
Fig. 7. 2. 

Table 7 .1 

condition. 
z-axis vibrations under no-load and load 

Z-axis Vibrations in [m/s2] *10 3 , and (%) increases. 

Excitation Load No-Load ~ 0 increase ~ 
0 increase 

Sine 

PWM 

SQWave 

It can 
direction 
in [ 1. 2]. 
increase, 
section. 

No Load wrt. Sine 
[m/s2] [m/s 2 ] -> Load under Load 

0.489 0.456 6.66 

0.804 0.708 11.94 39.1 

0.598 0.462 21.64 18.2 

be observed that peak vibrations in axial 
increase under inverter excitation as suggested 
Also under load conditions to axial vibrations 
as predicted by [ 7. 1] and discussed in this 
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7.6 Critical Speeds. 

For inverter applications the operating speed and 
excitation frequency varies continuously. It is important 
to avoid running the induction motor and load system 
near, or at a critical speed. Depending on the inverter 
application, motors are required to operate at different 
speeds for longer periods. If this is at one of the 
natural frequencies of the mechanical system, severe 
stresses are exerted on the motor, bearings, coupling and 
load. 

This is more important for 2 pole machines for very high 
speed operations. However, 4 pole machines with a 
synchronous speed of 1500 r.p.m. (50 Hz) are often 
operated in the subsynchronous speed range (field 
weakening range) for specific utilization. It becomes 
crucial, not only to consider the natural frequencies and 
speeds of the motor, but also to consider the driven load 
which is generally less robust than the motor itself. 
Motors with large bearing span and flexible rotor shaft 
have a problem as they tend to have a vibrational mode 
number of rv = 1. Reinforced shafts, which are less 
effective resulting in reduced efficiency and power 
factor [1.2] can constrain shaft vibrations in y­
direction. Four pole machines would tend to have a 
vibrational mode number rv = 2. Some vibration modes of 
the stator are shown in Fig. 7. 2, according to [ 2. 3, 
7.2]. 

0 = Deformed stator '.f)k:e Ce.ra;;igeratedJ 

Fig. 7.3 Deformation waves and mode numbers. 
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If at some speed the force frequency fr and the natural 
frequency coincide, noise increases and deformations are 
enhanced. The r. m. s. value of the vibrational velocity 

Vfr is given in [2.3] as: 

00 

Vfr = J2 'Tr fr l: H. 
J Pr 

j 

were Hj is the system function 
geometrical dimensions, material of 
vibrational mode number, Pr is the 
force wave and subscript j is 
component. 

... ( 7. 6) 

consisting of 
the machine and 

amplitude of the 
the vibrational 

7.6.l R.M.S. Vibrations-in the Operating Range. 

The critical speeds ·at which increased vibration due 
to resonance occurs can be recognized in Figs. 7.4. and 
7.5. As discussed, at some force frequencies resonance 
will occur as natural frequencies coincide with force 
frequencies. 

For synchronous Vr/50 and subsynchronous configuration 
Vr/87 the r.m.s. vibration accelerations for each 
individual ·excitation source respectively at specific 
frequency differ only marginally in the range o Hz to 50 
Hz. The same resonance pattern at approximately the same 
frequency occurs. Due to higher V/f ratio for synchronous 
characteristic excitation as compared to subsynchronous 
configuration, the magnitude of the force waves will be 
larger and thus the r.m.s. vibration is marginally higher 
as well. 
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CHAPTER 7. Vibrations. 

( i ) R. M. S. vibrations over the range up to 50 Hz : 
Under load conditions, configured for (Vr/50), the 
r.m.s. vibration is higher across the whole range 
as compared to under no load conditions. Some 
resonance can be observed under load conditions at 
approximately 25 Hz and 40 Hz for Sinusoidal and 
Square Wave excitation. Some resonance at 10 Hz and 
42 Hz under PWM excitation appears. For the no-load 
condition it appears that no resonance is evident 
under sinusoidal and PWM excitation, but for square 
wave excitation at 8 Hz and 34 Hz. The r.m.s. 
vibration under PWM excitation is considerably 
larger as compared to sinusoidal excitation and 
higher than under Square Wave excitation. 

(ii) R.M.S. vibrations over the range up to 70 Hz: 
Under load conditions, configured for (Vr/87), the 
r. m. s. vibration is also higher across the whole 
range as compared to under no load conditions, 
especially for PWM excitation. Resonance can 
clearly be observed for PWM excitation at 13 Hz, 55 
Hz and 65 Hz. The vibrations increase steadily as 
the rotor speed increases, due to mechanical 
effects such as eccentricity and unbalance. For 
Square wave exci ta ti on resonance occurs at 17 Hz 
and very dominantly at 45 Hz under load conditions. 
For sinusoidal excitation (no-load only) no 
resonance can be observed. 

The r.m.s. vibration under PWM excitation is 
considerably larger as compared to sinusoidal 
exci ta ti on and is bigger than Square Wave . excitation. 
The vibration severity r (i.e. the magnitude of the 
r. m. s. vibration velocity) due to inverter supply on 
asynchronous motors can be deduced to be as: 

rpWM > > ••• (7.7) 

The vibration is of largest amplitude under PWM 
excitation because a large number of exciting forces, 
even though small, are present which may coincide with 
one or another natural system frequency. 

7.7 Frequency Spectra at Rated Conditions. 

The vibration frequency spectra in x-, y-, and z-axis 
direction for different excitation _sources under no-load 
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CHAPl'ER 7. Vibrations. 

and load condition, at rated supply conditions are given 
in Figs. 7. 2, 7. 6 and 7. 7. In Fig. 7. 2 the vibration 
acceleration frequency spectrum under load and no-load 
conditions in axial z-directions are shown. In Fig. 7.6 
the vibration frequency spectrum under no-load conditions 
are shown· in x- and y-axis direction. In Fig. 7 .6 the 
vibrations under load conditions in x- and y-axis 
directions are displayed. 

The acceleration frequency spectrum up to 12 kHz is 
displayed, the frequency spectrum indicates the 
acceleration components. The response of the 
accelerometer is also limited to that range as discussed 
in Chapter 2. The integrated signal for standard velocity 
measurements would not have had that many high frequency 
elements. 

From the vibration nomogram attached in Appendix 7.1. 
the vibration r.m.s. velocity in [m/s1 ] and the r.m.s. 
vibration displacement in [m] can be derived at specified 
harmonic frequency, given the vibration acceleration in 
[m/s2]. The vibration quality grades of small sized and 
medium sized electrical machines as per ISO 2373 are 
attached. 

( i) . Vibrations under load conditions: The low 
frequency acceleration vibrations in the range up 
to 1500 Hz does not vary significantly between 
different excitation sources. However in the 
frequency range between 6 kHz to 8 kHz, an 
significant increase in vibration can be observed. 
Vibration amplitudes in this frequency range 
increases on average for x- and y-direction by 4.2 
times for Square wave excitation and 5.4 times for 
PWM excitation as compared to sinusoidal 
excitation. 

(ii). Vibrations under no-load conditions: The dominant 
acceleration vibrations are in the frequency range 
between 5.5 kHz and 7.5 kHz. A substantial increase 
in frame vibrations under inverter exci ta ti on can 
be observed. Vibration amplitudes in this frequency 
range increase on average for x- and y-direction by 
2.5 times for Square Wave excitation and 4.3 times 
for PWM excitation. 
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CHAPTER 7. Vibrations. 

It must be noted that all vibration amplitudes displayed 
are at different scales. 

Not all frequency components displayed can be isolated 
and interpreted as many are due to bearing vibration 
components, natural frequency and force . frequency 
interactions. 

7.8 Torque Pulsation - Vibration Correlation. 

To analyze the correlation between r.m.s. vibration 
and the peak torque pulsations for different supply 
sources, the respective amplitudes of peak torque 
pulsations and r. m. s. acceleration versus frequency are 
compared over the whole exciting frequency range up to 50 
Hz. 

At high amplitude of torque oscillations, some torsional 
resonance will contribute to the actual torque 
pulsations. Clearly this would affect shaft vibrations 
and consequently frame vibrations. 

If the frequency of a force wave is close to the natural 
frequency of a mechanical component, rotor shaft, frame, 
or bearing backlash, a loud noise is audible, even at low 
speeds and low excitation. This vibration coincides with 
the peak torque pulsation and vibration for the Square 
Wave VSI. Under load and no load conditions this is 
evident under square Wave excitation at around 8 Hz. 

From Fig. 7.8 a correlation between peak torque 
pulsations and vibration severity can be drawn. Under 
sinusoidal excitation the mentioned phenomena correlate 
at 26 Hz and 40 Hz. For PWM excitation at 12 Hz and 45 
Hz, and for square Wave excitation at 25 Hz and 38 Hz. 
Further analogies can be found comparing relevant figures 
in Chapters 6. and 7. 

Vibrations are predictably enhanced if torsional natural 
shaft frequencies are close to natural mechanical motor 
or inverter supplied force frequencies. 
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The relevance of the effect on the electrical and 
mechanical performance of inverter-fed induction motors 
is emphasized. General trends and effects originating 
from higher time harmonics are indicated. Conclusions are 
based on a comparison under equivalent operating 
conditions with pure sinusoidal excitation. Measurements 
are performed under various load and operating conditions 
and with different excitation sources. A brief 
theoretical background is discussed in each chapter to 
substantiate the measurements accomplished. 

The electrical and 
separately although 

mechanical 
electrical 

effects are outlined 
and electromagnetic 

effects cause diverse mechanical effects. 

Time harmonic effects on the electrical performance. 

The most important effects of non sinusoidal 
excitation manifest themselves in losses, efficiencies, 
power factor, temperatures and shaft voltages. All 
measurements agree with measurements and theory published 
so far. No information on actual aspects on shaft 
voltages were found in literature, but merely that shaft 
voltages are present in inverter-fed induction motors 
which was confirmed too. 

From Chapter 3 the ,effect of higher time harmonics on 
losses, efficiencies and the power factor are evident. 
Losses increase due to time harmonics, thus the 
efficiencies decrease. Low order harmonics, as the 5th 
and 7th in Square Wave inverters affect the increase in 
-losses to a larger extend than losses due to higher order 
voltage harmonics present in PWM inverters. The induction 
motor power factor is also reduced under inverter 
operation, particularly under PWM excitation. Increased 
voltage stress will cause long term deterioration of the 
insulation due to the dV/dt slope which will be largest 
in turns near the motor connection leads. Stresses 
resulting from PWM excitation are more severe as compared 
to Square Wave excitation due to higher frequencies and 
higher dV/dt value. Generally, modern standard induction 
motors are resistant against these voltage stresses. 

- Page 118 -



CHAPTER 8. Conclusions. 

A considerable increase in stator core temperature is 
measured in the presence of time harmonics in the supply 
as outlined in Chapter 4. The temperature increase arises 
due to increased losses under inverter-fed operation. At 
lower speeds the temperature will rise considerably at 
constant torque operation, due to reduced ventilation and 
cooling. 

The influence of non-sinusoidal excitation sources on 
the shaft voltages induced has been determined in Chapter 
5. The peak shaft voltage spikes are substantially higher 
due to commutation voltages and harmonic currents. The 
r. m. s. shaft voltages induced across the shaft do not 
show any obvious increase. 
proportional to the r. m. s. 
voltages the shaft peaks are 

The peak voltages increases 
voltage, and at high phase 
the largest. 

Time harmonic effects on the mechanical performance. 

The mechanical performance aspects influenced by 
higher time harmonics are mainly torque, torque 
pulsations and vibrations. Shaft voltages and currents 
will affect the working of the bearings and their 
lubricants. Temperature rise due to increased losses will 
affect the conductor insulations and lubricants in the 
bearings. 

Harmonic steady state torques show a very small ef'fect on 
the rated torques. steady state torques depend to a large 
extend on the V/f constant. Pullout torques at low speeds 
without initial voltage boost are very low. A low 
frequency oscillating torque is present at rated 
operating conditions as shown in Chapter 6. Harmonic 
oscillating torques of are present under inverter 
excitation. The magnitude of the 6th harmonic torque 
under Square wave excitation is extremely high at low 
operating speeds and may be detrimental to the system if 
operated continuously at that speed. Harmonic torques are 
more prominent under Square Wave exci ta ti on due to 5th 
and 7th harmonic interacting components. 
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Time 
under 

harmonic 
inverter 

effects 
supply 

on 
are 

' 

machine frame 
presented in 

CHAPTER 8. Conclusions. 

vibrations 
Chapter 7. 

Vibrations. increase under inverter exci ta ti on in axial, 
vertical and . horizontal direction. The vibrations are 
most significant under PWM excitation followed by Square 
Wave excitation and then sinusoidal excitation. Critical 
speeds can clearly be observed in the operating region 
and are present under all different excitation sources. 
Vibration severity is larger under load condition and at 
higher speeds. Al though these vibration amplitudes will 
be within the limit, they are substantially larger as 
compared to sinusoidal excited vibrations, thus exerting 
increased stresses and strains on the system. Critical 
speeds and higher torque pulsations coincide at certain 
fundamental operating frequencies, which should be 
avoided. 
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The important part of a research project is to provide 
some additional, useful and relevant information to 
industry were it is applicable. The IEC standard [ 1.1] 
provides guidelines for the application of inverters with 
induction machines. Additional information with respect 
to the use of inverters with small sized induction 
machines and their performance is provided. It is assumed 
that inverters are efficient, have a relative high power 
factor, are equipped with good open and short circuit 
protection. 

Recommendations are based on measurements performed 
with different inverter drives on a · 3-kW squirrel cage 
induction motor. Only voltage source inverters were 
tested and are discussed, as they are more flexible in 
applications with standard machines. Standard small 
induction motors are generally designed with skewed slots 
to reduce asynchronous torques and crawling under mains 
on line starting conditions. This results in increased 
skew leakage, and current source inverters are not 
suitable as they require a low leakage reaction for 
commutation purposes. VSis however require increased 
leakage reactance to reduce higher time harmonic 
currents. Moreover, the multi-motor capability of VSis is 
another advantageous feature as compared to current 
source inverters were generally a good inverter and 
single motor match is required. 

VSis have a relative 
operate small size 
satisfactory 
conditions. 

under 

good dynamic response 
standard induction 

full load and light 

9.1 Electrical. Performance and Efficiency. 

and can 
machines 

loading 

Economic considerations play a major role in actual 
decision making ref erring to the implementation of 
recommendations made. The crucial keywords of performance 
versus efficiency should be considered. 
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CHAPTER 9. Recouendations. 

High efficiency motors and special purpose motors can be 
designed and build at a cost, but due to the economies of 
scale, standard induction motors are generally used as 
their cost price is relative low. Especially for small 
motors the cost ratio of special motors to standard 
motors will be very high and it is generally not 
justified to pay an extra premium for the specially 
designed motor. (A gain of 16% reduction in losses [1.3] 
can be achieved, but the design improvement measures are 
relative expensive and standard design type induction 
machines (especially smaller types) are preferred). The 
load factor and duty cycles of machines should be well 
established to determine the choice of the motor and 
inverter for a specific purpose and system. 

It has been shown in [ 9. 4) that larger machines have 
their maximum efficiency between 80% and 90% of their 
full load. For small machines the maximum efficiency is 
also slightly below rated current as determined Chapter 
3. The fact that the maximum efficiency is below the 
rated current, it is justified to purchase larger motor 
of 1.15 to 1.25 times rated torque required • 

The efficiency decreases as the load and load torque 
is decreased. For optimal performance the motor should be 
selected at a rating of approximately 1. 2 times rated 
load required, were the rated load should be defined as 
the load under which the inverter-fed induction motor is 
operated for the longest time span. Energy savings on a 
single small machine are not too significant, but if many 
inverter-fed asynchronous motors are in use, the saving 
can be considerable. oversizing or derating is 
furthermore required under inverter applications, as the 
motors predicted lifetime can only be maintained if 
excessive heating of the motor is prevented. 

Temperature increases in small machines are affected 
more by harmonics than larger machines, as found in [4.5) 
and [3.10). At low speeds for self ventilated motors the 
torque should be derated by an even larger extend as the 
cooling effect is very low. Generally, inverter 
application notes, the !EC standards [1.1) or guidelines 
provided in Chapter 4. should be used to derate motors to 
account for additional heating. Forced ventilation should 
be used to run the motor at rated torque for low speed 
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applications. Heavy load cycles for short periods can be 
tolerated even with inverter supply, if the thermal 
reserve of the motor is large enough and the decay time 
constant relative short. Insulation types used in the 
motor design must be considered as a variable to 
determine the · derating factor. A motor with class F 
insulation should be used for constant torque 
applications with VSis and be derated according to 
specifications [1.1] or equation (4.3), i.e. 
approximately 17% for small machines. 

The magnitude of induced shaft voltages in small 
inverter-fed induction machines should be measured under 
operating conditions when the drive system is 
commissioned. The measured values must be compared to a 
reference table which should be developed from a database 
with maximum permissible peak voltage values such as 
given in Chapter 5. For planned maintenance systems, the 
measurement of shaft voltages (non destructive test) 
should be measured across the shaft and between shaft and 
frame. Good contact points are required to measure the 
peak voltages accurately with a peak detector instrument. 
As the peak voltages between shaft and frame decrease 
between measuring intervals, it can be concluded that the 
condition of the bearing deteriorating, as discussed in 
Chapter 5. The use of bearings with plastic cages [1.2] 
is recommended to insulate the shaft and reduce bearing 
currents due to increased reluctance in the flux path. A 
further advantage is reduced rolling noise of anti 
friction bearings. Experience shows positive results to 
reduced noise and bearing lifetime [1.2]. 

9.2 Mechanical Performance. 

Due to the presence of harmonic torques the 
sensi ti vi ty of the load to torque oscillations must be 
determined. Natural torsional vibration frequencies of 
the shaft should be calculated for the motor to be used. 
Considering the performance capability of the motor as 
the supply voltage above rated 50 Hz remains constant, 
they must be derated to a operating torque proportional 
to 1/f2 and the pull out torque proportional to 1/f. For 
constant torque operation at low speeds a required 
voltage boost on the inverter must be chosen as to 
maintain a constant air gap flux at low speeds. 
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. Critical frequencies for an installed system must be 
determined during the commissioning period, and if 
:vibrations are too severe at certain speeds, additional 
damping is required. The frame and structure must be 
reinforced or the natural frequencies of the system 
adjusted using different machine mountings. If the 
critical low operating frequencies fall outside operating 
region required, the VSD should be programmed to 
accelerate through the critical region and prevail 
operating outside that region. A reinforced shaft also 
reduces rotor vibrations, which is more important in 
larger 2 pole machines. 

Harmonic and low frequency torque oscillations which 
are predominant· at low speeds, vibrations transmitted via 
the shaft and axial rotor vibrations can be reduced by a 
proper flexible coupling such as the Fenner-type which 
has a damping factor in axial direction and also absorbs 
high frequency torque oscillations. Increased inertia 
would also reduce speed and torque pulsations. 

From a subjective judgement it is clear that the noise 
level at especially low speeds under PWM inverter 
operation is substantially higher as compared to Square 
Wave and sinusoidal excitation. This is due to the high 
switching frequency. of currents in the inverter and 
machine. At higher speeds the noise from the ventilation 
fan and possibly the load, . are primary. It is also 
evident that the noise level of the . motor under PWM 
excitation will be higher as the vibration too is of more 
intensive amplitude. 

Inverter-fed asynchronous motors, excited by ~ PWM 
technique has superior properties which are of principal 
importance, including better efficiency _and thus a 
marginal lower derating factor is required, lower torque 
pulsations over the whole operating range, especially at 
low speeds. 

Asynchronous motor vibrations for the Square Wave 
inverter are smaller than those of the motor under PWM 
excitation which is the only advantage. 

PWM VSis and Square Wave VSis can be used for multi-motor 
operations and no perfectly matched induction motor -
inverter set is required. 
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. 9.3 Optimizing Induction Motor Parameters. 

The performance for VSis can be marginally improved by 
filtering the supply fed to the induction motor with an 
external inductance. This is crucial in the application 
of Square Wave inverters to limit the 5th and 7th 
harmonics. The pull out torque is inversely proportional 
to the total leakage inductance, and the p. u. value of 
the external inductance must be limited. 

An optimal machine can be designed for VSis as 
outlined in [ 9 .1, 9. 2] but the external leakage 
inductance can be increased by inserting a pre calculated 
optimal inductance in series with the supply to the 
induction motor. Motors with skewed slots have an 
increased leakage flux and should only be used with VSis. 
To reduce motor heating, torque pulsations, winding 
stresses, vibrations and shaft voltages and increase 
efficiency of the motor an external leakage inductance of 
approximately 0.3 p.u. according to [9.1] should be used. 
Performance enhancements for a Square Wave inverter with 
external leakage are discussed in some detail in Appendix 
9.1. 

In paper [1.2, 3.14] it is demonstrated that induction 
motors can be operated under constant flux, even if the 
rated frequency is exceeded. The method is only 
applicable to machines designed for star operation under 
mains excitation. During inverter operation asynchronous 
motors can then be delta connected, resulting in a phase 
voltage increase of j3, thus the fundamental frequency 
will also be increased by j3 to keep the V /f ratio 
constant and thus air gap flux constant, as shown in Fig. 
9.1. Machines must still be derated due to higher 
frequencies and thus increased iron losses, but the power 
output can be increased by 10% to 20% with respect to 
rated output under delta connection in the subsynchronous 
range. 

In the paper [ 3 .14] an increase in power output of j3 
times rated output at 87 Hz is predicted for constant 
flux operation in the subsynchronous range, provided the 
pulsing pattern has a low harmonic content and no zero 
sequence components, which requires exact switching of 
the power modules. 
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Induction motors designed for star connection under mains 
excitation should be used to increase the torque output 
in the subsynchronous speed region by reconfiguring the 
motor to delta connection. 

Speed - Torque Curve Deratlng of Standard Motors 

-:-iT ... 

Coo'''"' !~ 
........ / ............ +-·······-···---·-· 

Field We~kenlng oo 11t2 

1.C 
Forced Ventilation 

0.5 ............... ·i·· 

o.c 
0.0 1.0 

Fig. 9 .1 Approximate recommended operating Torque vs 
Speed characteristic for inverter-fed induction machines, 
from [1.1, 3.7, 3.14] 

Slip compensation, a general design feature of VS Is 
should be adjusted to keep the speed constant under load 
conditions. The fundamental exciting frequency is 
increased slightly by a controller action to compensate 
for the speed reduction due to slip. 

The inverter should be configured according to the 
load required, i.e. if the load torque is proportional to 
the speed or proportional to the speed squared (pumps, 
fans). The inverter V /f ratio can be configured for a 
pump load (e.g. fan load) where the V/f ratio increases 
proportional to the torque, which in turn in proportional 
to the square of the speed (frequency). This feature is 
generally available with standard inverters. An 
approximate V/f pump characteristic is shown in Fig. 9.2. 
Since the torque is proportional to. the voltage squared, 
the pump configuration is ideal foz: certain loads and 
results in considerable energy savings. 
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V If Characteristics for Synchronous and Sub-synchronous ope ration for 
non linear lead torque characteristic. 

Vsc llJ NJ 
Vri 

Vn = constant = const. 
380 

220 ··········-r······· 
i 

I 
i 

i 
50 100 50 a7 100 

fs (Hz] fs (Hz] 

Yr15o Synchrorious range Yrla7 Sub-synchronous range 
n = r.pm. 

Fig. 9.2 V/f characteristic under normal and pump torque 
configuration, for Vr/50 and Vr/87, [9.5]. 

If it would economically be justified to manufacture 
special purpose machines for voltage and current source 
inverters, design factors such as leakage flux, reduced 
rotor harmonic losses (In 2R) with low skin effect bar 
types, lower magnetic flux densities to reduce 
saturation, reduced stray load losses with zero skew 
motors should be considered. The rotor bars are made of 
copper. Using more phases than standard three phases on 
motors and in counterpart inverters would increase motor 
and inverter ratings. 
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2. Appendices - Chapter 2. 

2.1 PC 30-D Data Acquisition Card. 

Overview 

The PC-308, C and D series of boards are full size, low cost, high accuracy analog and digital JJO 
boards for the IB~ PC, PCJXT, PC/AT, PS/2 model 25, PS/2 model 30 and compatible series of 
computers. The senes of boards is a development from the well known PC-30/PC-39 famil~ and is 
fully comp_atible with these earlier boards. Also members of the PC-30 family are the PC-3005 and 
PC-3005/4. These are described in a separate manual. 

PC-300. The PC-300 is a development of the PC-30C, with AID throughput of 200 
KHz. It is designed for use in PC/AT and AT compatible PC's. In addition to 
improved throughput, the PC-300 also contains FIFO buffers for AID data, for 
improved operation in conjunction wiTh multi-tasking operating system such as OS/2. 

AID subsystem 

The AID s~tem's major component is a monolithic analog to digital converter, which accepts 
analog voltage inputs from sensors, such as pressure transducers and thermocouples, and converts 
them into 12 bit digital codes. 

This code is transmitted to the host processor, which processes it according to the software in use at 
the time. 

The AID section allows for 16 single-ended inputs, and can be configured for unipolar (input range 
of 0 to lOV) or bipolar (input rang~ of + 1-SV or + 1-lOV) operation. Resolution is 12 bits. For 
unipolar inputs, the output code is straight binary, and for bipolar, offset binary. 

The AID may be operated in either single conversion or continuous conversion mode. 1n single 
conversion mode the board performs a single conversion on the selected input channel and stops on 
completion of this conversion. In continuous conversion mode conversions are performed at a set 
rate. This rate is set by programming the PC-30's internal timer or an external clock source. 

The PC-30 coniain5 logic which allows any sequence of channels, up to a sequence length of 31, to 
be selected and sampled under hardware control. This allows full throughput to be achieved even 
when converting multiple input channels. 

AID conversions may be monitored by either polled 110, OMA or by interrupts. In polled 110 mode 
the software continuously polls the board's status register to check for completion of the current 
AID conversion. OMA (Direct Memory Access) is used to transfer data direct from the AID to 
memory. In interrupt mode, the board automatically generates a .hardware interrupt on completion 
of each conversion. 

Key specifications 

• • AID resolution: 12 Bits 

Nonlinearity: Less than + /..(J. 15 LS8 

AID full scale input ranges: 0 to +lOV, ·S to +SV and -10 to +lOV (PC-308/C 
only). · 

Number of AID inputs: 16 single ended. 

AID throughput rate: 200 KHz (PC-300), 100 KHz (PC-30C), 30KHz(PC-30B). 
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2.2 Software Simulation Package PWM_SIM.EXE • 

(b). 

PWM_SIM (written in c;c++) is a package to simulate 
VSis under different operating conditions and different 
leakage · inductance parameters. Different modulation 
techniques as the six pulse Square Wave inverter, 12 
pulse inverter and different PWM modulation techniques by 
selecting the carrier frequency and reference amplitude 
for sinusoidal modulation, are simulated. The voltage 
signal, current signal and their respective frequency 
spectra are displayed. Furthermore, inverter phase to 
phase voltage VLL' Ripple current, carrier and modulation 
signals can be displayed. The total harmonic distortion, 
crest factor and specific frequency components amplitudes 
of the voltage and current signal can be viewed or 
written to a file. The package was used to simulate and 
analyze the voltage wave forms generated during different 
inverter operation conditions. 

(a). 

(c). 

Fiq. A2. l. Typical simulation of a (a) . PWM VSI and 
square Wave VSI and (c). 12-Pulse inverter. Voltage 
current signal with respective frequency spectrum. 

(b). 
and 

- Page 129 -



APPENDICES. 

2.3 Equivalent circuit·Parameter Derivation. 

The no load synchronous and locked rotor te.st at 25 Hz 
and 50 Hz had fallowing measured results. (Stator core 
temperature at approximately 75°C ). 

At 25 Hz (Per phase): 

No load test. Locked rotor test. 

s = 368.08 VA s = 231.51 VA 
p = 150.49 w p = 206.52 w 

f 1 = 25 Hz 
Irms = 6.745/)3 A 
Vrms = 34.32*)3 v 

f 1 = 25 Hz 
Irms = 3.312/)3 A 
Vrms = 111.12*)3 v 

At 50 Hz (Per phase): 

No load test. Locked rotor test. 

s = 730.85 VA s = 261.25 VA 
p = 215.35 w p = 244.59 w 
f 1 = 50 Hz 
Irms = 3.32/)3 A 
Vrms = 220.03*)3 v 

f 1 = 50 Hz 
Irms = 7.35/)3 A 
Vrms = 35.53*)3 v 

The parameters were calculated as outlined in more detail 
in paper [2.4], which takes the temper.ature and frequency 
dependance of the inductances and resistances into 
account by perf arming no-load and locked rotor tests at 
25 Hz and 50 Hz sinusoidal excitation respectively. The 
parameters for the higher time harmonic equivalent 
circuits were determined separately, which are dependant 
on the harmonic order. 

Secondary parameters are calculated taking the 
parallel circuit, Xm and Rm into account and using the 
equivalent circuit as given in [ 2. 4] according to the 
Japanese Standards (JEC - 37, 1979). 

Temperature dependance [2.6]: 

(234.5 + tref) 
... ( A2. 1) 

(234.5 + t) 

were R1 is 
and Rlref 
tref oc. 

the winding resistance at temperature t°C, 
the winding resistance when measured at 
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Core loss resistance is given as: 

Rm= ---

were the core losses Pc are frequency dependant. 

Secondary circuit resistance and reactance, including the 
skin effect according to [2.4] can be approximated as: 

R2n I = a fn + b 

were a = 2 ( R 2 csoi - R 2 c2si) / f csoi and 
b = 2R2c2s1 - R2csoi 

were c = ln ( L 2csoi '/ L2c 251 ' ) and 

••. (A2.2) 

..• (A2.3) 

k = L2(50) / / f n C • 

The number in subscript brackets indicates the 
fundamental frequency of the test performed. 

All other fundamental parameters were calculated by 
standard equivalent circuit theory • 

• 
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2.4 True r.m.s. Wattmeter. 

The true r.m.s. wattmeter build is shown in Fig. A2. 
2. Accuracy compared to a digitized signal and measured 
value of the Fluke 8060 true r.m.s. multimeter is given. 
Selected captured signals are presented. The components 
used in the design are listed. 

Vin(t) Voltage I TrueRMS I 
i---...---iconvertori----.--------» Vru > Isolator 

-Iin(t) 
iiBI x-j11u1tip1ierJ ..... 

1
---» Apparent power 

·!--.----+--!True RMS ------------» Irms » eurrent ::;J =:1J .--------» P(t) Instant. power 

Multiplieri-_._~AC/OC Pree. i---» Pavg Avg. power 

r lTl1:r: rnnl 11
1

11111 · rl 1m1n ..... = 

Voltage I 

:l:~JI I x~Multiplierl ILPF~» Power fact. cos(e) 

..___-i~crossinq U iiBI Bl 
=1111 rl 

Fig. A2.2 Block diagram of true r.m.s. power meter. 

Precision components used in the design: 

Precision isolation operational amplifier: 
ISO l22P Burr Brown. 

True r.m.s. to de converter: 
AD 534 Analog Devices. 

Low offset, high frequency opamps: 
LF 411 Analog Devices. 

Precision multiplier: 
AD 536A Analog Devices. 
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Fig. A2.3 True r.m.s. powermeter, exposed circuit. 

P r e cis i o n AC/ DC Co nver t er 
PC t l - > P av g 

lt71tCS ... 
.,. 
'"" 

... 

APPENDICES. 

Fig. A2. 4 Precision AC/DC converter Averaging power 
circuit. (incorporated in cct. in Fig. A2.5). 
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ii 
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I 

ii 1.5 

l 1 

. l 0.5 
ct 

I 
l 

--'-· 

I 

l A 
l /l 

A) AK' .. 
~~11·--ttt1t11litttr..:m~-;::;;::l:¢::::=:;-tt~H,tt·~·~~~·+ ..... 

I 0 .. 
~ -0.5 

I IV IV 

-1 

-4-t--~-+~~-t-~~~~-+-~~~~~-4 

o o.oos 0.01 0.015 0.02 0.025 o.o3 · · 
-1.5 

0.005 0.01 0.015 0.02 0.025 0.03 
Time (sec) 

o 
Time [sec) 

(a). (b). 

Fig. A2.6 (a). Voltage v(t) and current i(t) signals and 
instantaneous power P(t), (b). P(t) and the Average Pa~ 

signals. PWM excitation under load conditions. 

Table A2.1· Accuracy of wattmeter 
digitized signals and measured from 
converters. 

' 

calculated from 
Pavg and r.m.s. 

Excitation (%) Error (%) Error (%) Error 
(Under Load) Vrms 1rms Pavg 

PWM: 
Calculated 0.2 0.7 1.0 

Measured 0.6 0.5 1.0 

' SQWave: 
Calculated 0.6 0.9 0.6 

Measured 0.1 0.3 0.6 

The accuracy of the wattmeter under load and no load 
conditions can be approximated to the region of 1% , as 
calibrations were repeated with consistent results. This 
device proves to be a viable alternative to the Yokogawa 
powermeters. A dedicated transputer based digital power 
meter will be superior for inverter application power 
measurements and should be implemented to obtain . even 
better precision for efficiency measurements. 
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APPEHDICEs. 

HBM Slip ring Torque Transducer. 

Torque measurements were performed with a HBM (German \, 

company) strain gauge slip ring torque transducer with 
good dynamic frequency response to measure torque 

pulsations. 

Technical Data 
Typo __ ,...., __ , _____ _ 
-·---Ternpernnetfec:tper IOK atnominlil ~IWtge 

on IN MnSilMly ('*f9d ID lhe _.. .......,., 
on zet0 liQr..i ll'ecatldtothe nominlil s.mlMty) 
,_ ____ .... __ 
---d-acconin;IDDIN1319 

lnpul: l9llilla8ncll M reftirWQ -'*"91'1 mnnectiCn Zand 3 
Ouci:iul NSilWQ al m..nc:. tamperan ~ClamlC*N 1 and .. 
__ .. __ -----­___ .. ___ .. 
sic..--.._ .. __ .., 

Typn wCh nomNI klftJa :5 2kNrn 
l'ypeewterlnomll'llll~ SkNrnird 101ftn 
Types wlm nr:ir'*'-l 9ar'Qll'1 20 kNm Ind SO kNm 

~~,__,IDMt.( .. llllO.,..~MedWllic:llllrnilv..._, .......... _ 
~------, ___ ...._ ....... _...., 

"The~illheedml~191&1 •norrinll IOl'QW. 
-~-- .. _ .. __ 
Schematic Diagram 

i ... -mVN .. 
.. .. .. .. 
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I 
I .. I 

R, ... R,: __ _ i R, ••. R.:--
• &ft 
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2:e-1 ..... 1 
3: ~fGf'""OlbUel 

•: °'*"' .... 

Ttl ... T2/ ••• 
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1:2:5: 10 
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:i:0.1 
:t0.05 

< :tO.t 

< :O.o5 

:IS)"' 
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Fig. A2.7 Torque transducer (HBM), picture, Technic~l Data 
and schematic diagram. 
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The signal from the strain gauge bridge is conditioned 
in a instrument amplifier and then logged to the data 
acquisition system. The'torque transducer sensitivity is 
1.5 mv / 1 v, which is 0.15%. The torque signal is high 
pass filtered to investigate torque variations. A low 
pass filter gives the average torque. 

2.6 Shaft Voltage Sensors, External Trigger Circuit Diagram. 

The shaft voltage was measured 
carbon brushes, the signal fed 
amplifier via screened cables. 

form the shaft by 
to a differential 

ShaTt Voltage measuring circuit 
DITT. amp\ I Tier 

Shatt: Yal 't•'ll• rn.••ur•• 
vi.a c:-bon b,.ushes 

51 - Or-iv• End Shat1: 
52 - "°" Or1v- End Shatt 

.. 
COAX 

R? 

A'llRES: ••• 
R? 
"°T 

R? ... 
R? 

R? 

AU RCS 

J.E.A~ 

Fig. A2.8 Shaft voltage signal differential amplifier 
circuit diagram. 

External Trigger and Synchronizing Circuit 

R? R? 
RE RES 

R? 

R? 

RES 
R? 
RES 

:-····· ••••••••••• ••······· ·········: R? 

~ 
~-""-R""Es.._....~ --i+ 

""" 

Tr"iQQ•t"' •t •x•c:t z•ro c:ro•sin9. risin9 •d9• 

N•9ative kvster••is band inc:luc:led. 

R? 
RES 

Enabl• Cl.. 2. J. 4 P•l"'iodsl 

r···---L ... J ______ L_ _____ L, 
__ ___..., MM74C93 

Q? 
NPN 

Bin•,.,. Counter ; 

: ............. -----·-·········-···--····j 

Fig. A2.9 External triggering circuit. 
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Temperature Measurement. 

measured 
the 

Temperature was 
transducer placed in 
noise and interference 

with LM35-D temperature 
To reduce 
to give 

machine 
the signal 

laminations. 
filtered was a 

not average steady state constant. 
crucial as temperatures change 

The time constant 
very slowly. 

is 

Precision Centigrade Temperature sensor: LM35-D National 
Semiconductor Corporation. 

Accelerometer Application Information. 

The accelerometer application 
frequency response is given in 

notes 
Fig. 

are given 
A2.10. 

C•llbrallon Chart for 
Acceterometer Type 8301 

Serlal No. ~. Y. X.J~-;> 
BrOel & Kjmr 

Oenmertr: 

A•t ... .nc• S9MHlYlt¥ jjf .•• ~~P ... Hz al .. ./. :3 .. ·c· .. 
and including 

C•ble Capacitance of ...• .!/.tJ. ..... pF: 
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2.9 Calibration Data and Measurement Equipment. 

2.9.1 Measurement Equipment. 

APPENDICES. 

All calibration statistical calculations were perf armed' 
with standard Quattro Pro spreadsheet functions. 

Equipment used is outlined in Chapter 2. 

2.9.2 Calibration. 

current: 

Constant: 
Std. Err. of Y Est: .•.•••. 
R squared: ............... . 

0.013 
0.003321 

0.999952 
No. of Observations: ...•.. 13 

Degrees of Freedom: . • • • • • • 11 

x-coeff icient: ••.•.••••.•. 0 .188251 
Srd.Err. of Coefficient: 0.00093 

1 [A] = 0.1908 [V] 

1 [V] = 5.24 [A] 

Voltage: 

Phase A: 1 [V] = 100.15 [V] 
Phase B: 1 [V] = 100.36 [V] 
Phase C: 1 [V] = 99.45 [V] 

Torque: (HBM strain gauge slip ring configuration). 

Constant: •••••••••••.•.••• -0.68449 
Std. Err. of Y Est: •.••... 0.137988 
R squared: .•••.•.••.••.••. o. 999807 
No. of Observations: ...... 27 
Degrees of Freedom: ••.••.. 25 

X-Coefficient: .........•.. 12.279 
Srd.Err. of Coefficient: .. 0.034131 

1 [Nm] = 12.27 [V] 
1 [ V ] = 0 • 0 81 [Nm] 
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Speed: (DC Tacho generator)~ 

Constant: .................. 36. 92 
Std. Err. of Y Est: .••.••• 1.61688 
R squared: ••..••. · ••••••..• o. 99992 
No. of Observations: •.•••• 17 
Degrees of Freedom: .•••.•• 15 

x-coefficient: •••••••••••• 673.02 
Srd.Err. of Coefficient: •• 0.4983 

R.p.m. 
1 [r.p.m.] 
1 [V] 

Radians/sec. 

= 0. 001484 [V] 
= 673.02 ·[r.p.m.] 

Offset: 36.92 [r.p.m.] 

1 [rad./sec.] = 0.0141 [V] 
1 [V] = 70.47 [rad./sec.] 

Frequency. 
1 [Hz] 
1 [V] 

• 

Offset: 0.615 [rad./sec.] 

= 0.089 [V] 
= 11.21 [Hz] 

Offset: 0.615 [Hz] 
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3. Appendices - Chaprer 3. 

3.1 Frequency Spectra of Voltage and currents. 

400 

300 

200 

100 
A 

" 0 

No-load voltage and current signals 
frequency spectra are given in Fig. A3.1. 

with current 
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(a). (b). 

Fig. A3. i No load Voltage and current signals with current 
frequency spectrum for (a). PWM and (b). Square Wave 
excitation. 

From the no load current frequency spectrum it can be 
observed that the higher time harmonic components are 
only marginally smaller than under load condition. The 
power factor is much worse, as deduced from the phase 
shift between voltage and current signal. 
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3.2 PWM Modulation over the Operating Range. 

Fig. A3. 2 shows a sample of analysis of PWM waveforms 
using the software written by the author. 

(a). 

(b). 

( c). 

Fig. AJ.2 PWM modulation technique - variable vol~age, 
variable·frequency. (a). f 1 ~ 30 Hz, (b). f 1 ~ 50 Hz 
(c). f 1 ~ 60 Hz. 
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6. Appendices - Chapt;er 6. 

6.1 Ho Load Pulsating Torques. 

No load pulsating torques under subsynchronous 
and running characteristic operating configuration, 

conditions, as shown in Fig. A6.1. 

VLT 6 PIJse tws'hr - NJ LOAD. 
2T----ir----...-~-.-~-.....----..----. 

1.a-1----t·----------· ·--·-· 
11.5 ·---t----t----1---·-· 
..... 1.-' -··---------+---'! 
~12'•tt---+---+--~i-·--+·-~I 
• 
~ 1 ·•t---+---1-----+----l-

' io.a · 
!I 
~0~1f--'1:1Gt1t----t---~----1 

1o." 
02+----ir----+---+---+----I ·---l 

o-+--~'----+----+---+-----1----1 
0 

(a). 

500 1000 1500 2000 2500 3000 
si-CRPMJ 

·vi.r 6 PU.w mr11r - NJ LOAll. 
2,--.-.--.....--r--...,.......--,,.---,.--...,....-~---. 

1.8 ····--· -·-··· ···-····· --·- ···--+--+ 

11~ -··- -· --·- -
..... 1.-' ---· - ··-·-- ··- -·· 
~ 12 -·· ··--+--~-----+--+-~-D • 
~ 1 -- - . --- ···-·-·-+---J'----+--

~0.8 - -· 
::i 
~ 0.6 +--t--'!la-YI 

~ u ··- -· -- -~-M~ 
02-1--1--
0+--+--+--+---+---+-~"---+-+--4-~ 

0 10 20 30 -'O 50 60 70 80 90 100 
Exdtatlon Frl!JIRY (Hz) 

(b). 

Fig. A6 .1 Square Wave exci ta ti on, Peak Torque pulsations 
under subsynchronous configuration (Vr/87). (a). Torque 
pulsations vs excitation frequency, (b). Torque pulsations vs 
speed. 
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7. Appendices - Chapter 7. 

7.1 Vibration Nomogram and Vibration Quality Grades. 

The nomogram of vibrations is shown in Fig. A7.1. 
Vibration quality grades are presented in Table A7.1. 

·-
Fig. A7. 1 Frequency Nomogram. Source [2.3]. 

Table A7 .1 Vibration quality grades of small- and medium 
sized rotating electrical machines (as per ISO 2373 [2.3]). 

Nominal .. 
Axial height, mm . . speed 

Vibration quality 
n,s-1 56<h<132 I 132<h<225 I 22S<h~400 grade 

h. the permmible vibration severity 
over I upto inmms-1 

N,Nonnal 10 60 1.8 2.8 4.5 I 
R, Reduced vibration 10 30 0.71 1.12 1.8 

30 60 1.12 1.8 2.8 
S, Special 10. 30 0.45 0.71 1.12 

30 60 0.71 1.12 1.8 
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9. Appendices - Chapter 9. 

9.1 Induction Motor Performance with External Leakage 
Reactance. 

Based on the paper [9.1] motor performance with 
increased external leakage inductance was investigated, 
Figs. A9 .1, A9. 2 and A9. 3. In [ 9. 2] the discussion 
focuses mainly on the reduction in temperature rise in 
the rotor bars. In this section the voltage and current 
waveforms, powerfactor, torque pulsations and shaft 
voltages are measured. 

Voltage and current signal. 
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Fig. A9.1 Characteristics of induction motor with external 
inverter under load 

waveform, (b) Voltage 
inductance fed from a square wave 
condition: (a) Voltage and current 
spectrum, (c) current; spectrum. 
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Three series inductances of approximately 9.8 [mH] are 
connected in series with the three phase supply to the 
induction motor, increasing the total leakage reactance 
by nearly 60% • Especially high frequency components are 
filtered out and will thus reduce harmonic effects ,on the 
induction machine. The pull-out torque is then however 
reduced. 

Peak torque pulsations. 

(a). 

·
6 
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! ~ ,., __ _ 
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.§ 2 --­
ii • ;c 1.S 

! 
~ 1 

j 
IL 0.5 -!------+-

(b). ( c). 

20 30 •o so 
Exdlallan FrsµRy [Hz) 

Fig. A9.2 Characteristics of induction motor with external 
inductance fed from square wave inverter: (a) Peak torque 
pulsations at no-load condition, (b) Peak torque pulsations 
load condition vs speed and ( c) Peak torque pulsations vs 
excitation frequency. 

- Page 146 -

so 



Induced shaft voltages. 

NI> load. 5a Hz ~ (rxtemii hllct.) 
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Fig. A9. 3 Characteristic of induction motor ·with external 
inductance fed from square wave inverter: (a) Induced shaft 
voltages at no-Load condition (b). Induced shaft voltage under 
load condition. 

Simulation of increased leakage reactance • 

• 

(a). 

Fig. A9.4 Computer simulation 
from square wave inverter: 
reactance and (b) with external 

( b). 

results of induction motor fed 
(a) without external leakage 
leakage reactance. 
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