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SYNOPSIS 

ESKOM, together with Municipalities distribute power at a line-to-line voltage of 

400+/-10%. Hence in theory, the user ends up with a voltage of 340 to 440. In 

urban areas 2% voltage unbalance is considered acceptable, while 3% voltage 

unbalance is considered acceptable for rural areas. The combined effects of 

under or overvoltages coupled with "acceptable maximum" voltage unbalance is 

not understood or documented. 

This project is a comprehensive study of the effects of voltage unbalance in 

combination with under or overvoltages on induction machines (1M) variable 

speed drives. In addition the performance with PWM inverters connected to 1M 

via long cables is also studied. The project starts by an evaluation of previous 

work on the subject and related topics. Relevant conclusions are made based on 

the literature review in Chapter One. The second step of the project was to 

develop two test beds in the UCT Machine's Laboratory. The test beds are for 

performance testing of low (up to 15kW) and medium (up to 75kW) power 1M and 

their VSDs. The test bed losses are determined at 4 different operating points 

and documented. 

Several tests such as the blocked rotor and no load tests were undertaken to 

determine the machine parameters. A PSpice simulation model was developed 

and tested for the low voltage test bed. The test results compared well to 

simulation predictions. 

Furthermore, tests under unbalanced and overvoltage conditions were performed 

and the results verified with simulations. This proves that the developed PSpice 

model can reliably simulate the actual test bed for both balanced and unbalanced 

conditions. 
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SYNOPSIS 

Moreover, it can be easily applied to model different size machines and drives. 

The information required includes: the motor parameters, drive dc-link 

parameters, modulation ratio (ma) and the switching frequency. 

The impact of voltage unbalance in drives with long cables between the inverter 

and motor is examined. A 36m long, 4-core, PVC insulated cable is used on the 

low voltage test bed for a case study. The model used for the cable is a lumped 

parameter model. The 1M model is also taken from the literature to include a high 

frequency branch, to model the reflected voltage wave phenomenon. 

A basic analysis of energy savings in pumps and fans load associated with the 

application of variable speed drives is also done. Boiler feed-pumps from Tutuka 

power station are used as a case study that may be replicated for other 

applications in utilities or industry. The developed Excel Spreadsheet program to 

project the value of savings and determine the payback period is compared to an 

ABB program. The two results agree within an acceptable range. Therefore, the 

knowledge of the pumping system specifications and the cost of energy in kWh 

with the Energy Savings Program would enable one to project energy savings. 
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CHAPTER ONE 

Literature Review 

1.1 INTRODUCTION 

The three-phase supply to industrial, commercial and residential power systems, 

where induction machines are widely used, should ideally be balanced. Electrical 

power is generated at power stations and transformed to high voltage for 

transmission. The transmission and subsequent distribution process introduces 

unsymmetrical conditions to the power supply. Hence, unbalanced voltages and 

under or overvoltage are present at the point of common coupling andl or at the 

loads. Additional power quality problems are introduced by current harmonics 

due to variable speed drives (VSD's) and other nonlinear loads. Induction motors, 

which use up to 64% of generated electricity in the US and SA, are subjected to 

these unbalanced andl or distorted voltage conditions [1]. This can result in 

increased thermal stresses and rotor losses followed by loss of life of the motors. 

Moreover, the presence of voltage unbalance can cause control circuits to 

malfunction. 

The analysis of the operation of rectifiers and their effects on power systems can 

be found in standard textbooks. However, most analyses are conducted with the 

assumption of a balanced input power supply [2]. This condition is not 

necessarily true in many practical industrial systems, particularly in the presence 

of the nonlinear loads. 

The percentage of industrial motors operated from variable speed drives is 

steadily increasing. A drive consists of the motor, power electronics, control 

electronics and transducers, which is used to control the speed, torque or 

position of a motor. Figure 1.1 illustrates the drive elements. This includes, 

.. The load, e.g. conveyor belt system or feed water pumps 

.. Electrical machine, e.g. induction motor 

.. Power electronic converter 

.. Controller 
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II Power source 

~ Power source 

Controller Power Motor ... Process .. Electronic .. ... 
Converter 

PCCI ... 
Feedback ~ 

Figure 1.1: Drive elements 

Drives may use various techniques to control motor speed, torque or position. A 

moderate low-cost drive makes use of several types of power transistors 

(IGBTs). These transistors are switched rapidly On and Off in a technique known 

as Pulse Width Modulation (PWM). The voltage source inverters (VSI) with PWM 

switching are at present most widely used. The PWM inverter is controlled such 

that it supplies a sequence of pulses, which as far as possible simulates a sine 

wave of the desired frequency. 

1.2 VARIABLE SPEED DRIVE CLASSIFICATION 

Variable speed drives are classified in a number of ways, this could include their 

design topology, the type of machine they drive andl or power rating. 

1.2.1 Machine type 

VSDs could be classified according to the type of electrical machine they drive. 

The most common drives are: 

II DC machine's drive (DCMD) 

II Induction machine drives (IMD) 
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" Synchronous machine drives (SMD) 

" Switched reluctance machine drives (SRMD) 

1.2.2 Power rating 

This classification includes, 

" Small drives (up to 75kW) 

" Medium size drives (from + 75kW to 600kW) 

" Large drives (greater than 0.6 MW) [3] 

1.2.3 Converter topology 

" Voltage source converters 

" Current source converters 

1.2.4 Control strategy 

" Open loop PWM 

" Space vector 

" Direct torque control 

1.3 PULSE WIDTH MODULATION (PWM) 

A transistor allows a precise amount of current to flow through to the motor. As 

this transistor is rapidly switched On and Off, the amount of current, which flows 

through the motor, is dependent upon the ratio between on-time and off-time. 

This ratio is known as the Duty ratio. The larger this ratio the more current will 

flow. The power electronic device is pulsed, hence the term PWM. 

1.4 VARIABLE SPEED DRIVE APPLICATIONS 

The use of VSDs differs from industry to industry, depending on the production 

process and the requirements of the particular plant or system. 
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1.4.1 Process control 

One of the fundamental purposes of VSDs is to achieve improved process 

control without compromising the output quality. This is achieved by controlling 

the speed of the load. 

1.4.2 Energy savings 

The potential for reduced energy consumption, lies in the retrofitting of variable 

speed drives (VSD), so as to eliminate the significant auxiliary mechanical losses 

which apply to fixed speed drives. Each installation needs a detailed account of 

the benefits and disadvantages of VSD [4]. Benefits are more noticeable or 

significant in applications where pumps, fans and compressors are the driven 

loads. This is because when a pump speed is changed and the affinity laws are 

correctly applied, the pump efficiency stays approximately constant. Furthermore, 

these energy and costs savings are more apparent in large rated drives in the 

order of 2MW [4], although they can be attractive even in medium and small size 

applications. 

1.4.3 VSD applications in power stations 

The synchronous motor and the squirrel cage induction motor drive are the 

dominant contenders for new power station drives. [4] lists the advantages and 

disadvantages of VSDs in power stations. The most prominent advantage is 

energy savings. This depends heavily on system headl flow characteristics, 

generator duty cycle, fuel costs, excess capacity and maintenance. In some 

cases, energy savings may not be the significant factor. Secondary factors may 

have to be considered all of which should be accounted for in a consistent 

manner. 
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1.5 BENEFITS OF USING VARIABLE SPEED DRIVES [4] 

Advantages 

(i) There are no inrush currents, thus allowing a reduction in the capacity of the 

auxiliary power supply system. 

(ii) Startups are smoother resulting in lower mechanical impact on the motor 

and pump system and reduced maintenance. There is no limit to the 

number of allowable repetitive startups. 

(iii) There is longer pump seal life and reduced impeller wear. 

(iv)ReJiabiJity is high (MTBF of 50 OOOhrs) and there is a low mean time to 

repair. 

(v) Ride through capability with short time power interruptions is now possible. 

(vi) Control can be local or communicated to a remote control point. The 

integration of the pump into the overall plant is achieved with ease. 

(vii) Regeneration capability allows rapid controlled deceleration, allowing for 

emergency stops of 10 fans without risk of boiler implosion. 

(viii) Gearbox can be eliminated on high-speed drives. 

Disadvantages 

(i) The iron and copper losses are higher than expected for sinusoidal 

wavefonns of the same RMS value. The motor may need derating by as 

much as 10% to allow for this. 

(ii) At low frequencies, hannonics in the motor current wavefonn cause 

pulsating torque, which can cause annoying audible noise, mechanical 

fatigue and degradation in the load perfonnance. 

(iii) Depending on the type of rectifier, which is usually either the diode or SCR 

rectifier, the supply side will contain hannonics and can have a poor power 

factor. 

(iv)AII converters produce large voltage excursions with respect to ground. This 

may require speCial isolation techniques and careful layout of the dc-fink 

reactors. 
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1.6 INDUCTION MOTOR DRIVE PERFORMANCE 

VSDs can provide many advantages to industry depending on the make, model, 

installation and the control strategy. However, they can create problems with 

respect to the quality of electrical power, sometimes tripping and interrupting the 

very process they are designed to control [5]. The rectifier current waveform 

drawn by the diode rectifier is far from sinusoidal. This alone introduces 

unwanted current harmonics, which are reflected back to the supply. The current 

harmonics can be aggravated by the presence of voltage unbalance. 

1.6.1 Symptoms of voltage unbalance 

VSDs show symptoms of overload by tripping overload protection circuits. This 

may be the result of unbalanced phase currents. Even a small voltage unbalance 

can cause severe current unbalance. 

1.6.2 Effect of PWM on low voltage induction machines 

Low voltage induction motor designs are based on constant voltage and 

frequency supplied power. When considering the operation of a low voltage 

induction motor on a PWM inverter, it is necessary to consider the motor's NEMA 

design, figure 1.2, which defines its speed-torque characteristics [6]. 

Figure 1.2: NEMA motor design curves [6] 
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The electrical characteristics of a particular NEMA design will produce different 

operating characteristics for a given application. For example. a Class C or D 

motor typically has high rotor resistance, in order to develop the torque defined 

by NEMA. This is undesirable for a PWM inverter-fed motor because it results in 

a higher power loss and temperature rise than for a Class A or B PWM inverter­

fed motor. The amount of starting torque that the PWM inverter and 1M 

combination can provide, is limited by the amount of current that the PWM 

inverter can provide to the motor. 

1.6.3 Harmonics 

A 'pure' sine wave, by definition, would have no harmonic content. Harmonics 

are defined as the sum of all components generated as a percentage of the 

fundamental waveform. These harmonics can be found at the motor terminals 

(inverter output) and generally create no useful torque at the motor shaft. 

Instead, they result in additional heat losses to the machines. On the other hand. 

the rectifier also generates a current waveform rich in harmonics. 

1.7 POWER QUALITY 

As industry continues to use sensitive equipment for increased productivity and 

efficiency, the issue of power quality has become an important requirement. 

1.7.1 Power quality measurable quantities 

.. Voltage dip (sag) is a reduction in the RMS voltage in the range of 0.1 to 

0.9 pu for periods greater than half the mains cycle and less than a minute. 

Possible causes could be faults, an increased load demand and transitional 

events such as motor starting. 

.. Voltage swell is an increase in the RMS voltage in the range of 1.1 to 1.8 

pu for a duration greater than half a mains cycle and less than a minute. 

Caused by system faults, load switching and capacitor switching. 

Page -7 



Univ
ers

ity
of 

pe
 Tow

n

CHAPTER ONE 

Literature Review 

• A transient is an undesirable momentary deviation of the supply voltage 

or load current. There are two classifi.cations, impulsive and oscillatory. 

• Harmonics are periodic sinusoidal distortions of the supply voltage or 

load current caused by nonlinear loads. Inter-harmonics are harmonics 

with a harmonic order, which is not an integer-multiple of the fundamental. 

• Flicker is a term used to describe the visual effects of small voltage 

variations on electrical lighting equipment, within the frequency range of 1-

30Hz detectable by the human eye. 

• Voltage imbalance is a deviation in the magnitude and/ or phase of one 

or more of the phases, of a three-phase supply. 

• Frequency deviation is a variation in frequency from nominal supply 

frequency above/ below a predetermined level, normally +/-0.1 %. 

• Transient interruption is a reduction in the supply voltage, or load current. 

to a level, less than 0.1 pu for a time of not more than 1 minute. 

• An outage is an interruption that has a duration lasting in excess of one 

minute [7]. 

1.7.2 Sequence components 

• Zero sequence components consist of three phasors with equal 

magnitudes and zero phase displacement, 

• Positive sequence components consist of three phasors with equal 

magnitudes, +/- 1200 phase displacement, with a sequence a-b-c. 

• Negative sequence components, consist of three phasors with equal 

magnitudes, +/- 1200 phase displacement, with a sequence a-c-b. [8]. 

Let Vab, Vbc, and Vca, be a set of unbalanced voltages. 

VL -+A column vector of phase voltages 

Va -+ A column vector of sequence voltages 

A -+ A transformation matrix 
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A-I ~An inverse of A 

Therefore: 

VL :::: AVs 

It can be shown that: 

A-I A:::: I • Where I is a unit matrix 

In Equation (1.1) multiply both sides by A-I 

A-IV
L 

:::: A-I AVs 

::) Vs :::: A-IV
L 

Writing as separate sequence voltage equations 

Va :::: j (Vab + Vbc + VcJ 

1 2 
Vp ::::3"(Vab +oVbc +0 Vca ) 

V" :::: j(Vab +02Vbc +oVca ) 

(1.1) 

(1.2) 

(1.3) 

(1.4) 

(1.5) 

These are therefore, the positive Vp and negative Vn sequence voltages. 

Where o :::: -0.5 + jO.866 

0
2 

:::: -0.5 - jO.866 

(1.6) 

(2.7) 

Equation (1.3) shows that there is no zero sequence voltage in balanced three­

phase systems. This is because the sum of the three balanced phasors is zero. 

In an unbalanced three-phase system, line-to-neutral voltages may have a zero 

sequence component. However, line-to-line voltages never have a zero 

sequence component, since by KVL their sum is always zero [8] except when 

there is a fault. The same analysis is also true for line currents. 
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1.7.3 Unsymmetrical voltage conditions 

e Unbalanced voltage 

e Undervoltage (An undervoltage is defined as unbalance due to positive 

sequence voltage lower than the rated voltage magnitude) 

e Overvoltage (An overvoltage unbalance is defined as unbalance due to 

positive-sequence voltage higher than the rated voltage magnitude [9]. 

1.7.4 Voltage unbalance definitions 

There are three definitions of voltage unbalance, 

(a) The line voltage unbalance rate (L VUR) as defined by the National 

Electrical Manufactures Association (NEMA). 

L VUR = max. - voltage - deviation - from - average -line - voltage - magnitude ... 100 
average -line - voltage - magnitude 

(1.10) 

(1.11) 

(b)The phase voltage unbalance rate (PVUR) as defined in IEEE Std. 141, 

P VUR(%) = max. - voltage - deviation - 10m - average - phase - voltage - magnitude "'100 
average - phase - voltage - magnitude 

(2.12) 

(2.13) 

Page - 10 



Univ
ers

ity
of 

pe
 Tow

n

CHAPTER ONE 

Literature Review 

(c)The voltage unbalance factor (VUF) defined as the ratio of the 

negative-sequence voltage component to the positive-sequence voltage 

component. 

VUF(%) ::::: neg~t~ve - sequence - voltage - component * 100 
posItIve - sequence - voltage - component 

::::: V" *100 
Vp 

(2.14) 

Where, Vp and Vn are obtained by symmetrical component transformation [9]. 

1.8 SOURCES OF POWER QUALITY PROBLEMS 

• Variable speed drives: The most common 'economically damaging' 

power quality problem encountered. 

• IT and office equipment: IT equipment power supplies consist of a 

switched mode power supply (SMPS) and are the cause of a significant 

increase in the level of 3rd, 5th and 7th harmonic voltage distortion. 

The third harmonic is a 'triplen' harmonic. It is of zero order phase 

sequence and therefore adds in the neutral of the balanced three-phase 

system. This may lead to overloading of neutral conductors and 

overheating of transformers. 

• Arcing devices: These devices consist of electric arc furnaces, arc 

welders and electric discharge lamps. All arcing devices are sources of 

harmonic distortion. 

• Load switching 'single phase loads': Heavy load switching on the local 

network is a common problem causing transients to propagate through to 

'electrically close' equipment. These transients may have large voltage 

magnitudes, but low energy due to their short duration in milliseconds. 

• Large motor starting: During startup. induction machines can draw up-to 

six times their rated current. This increase in loading on the local network 
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has an effect of causing a voltage dip, the magnitude of which is 

dependent on the system impedance. 

• Embedded 'dispersed' generation: Increased levels of dispersed 

generation predicted in the future are likely to have an effect on power 

quality. Although it cannot be stated yet, this may degrade or improve 

power quality. 

• Sensitive equipment. Equipment manufacturers are designing and 

manufacturing ever more sophisticated equipment, much of which is more 

susceptible to variations in power quality. The result may be a combination 

of, 

(a) Catastrophic equipment malfunction 

(b) Data corruption 

(c) Reduced equipment operating life 

(d) Reduced process quality, hence product quality 

(e) Increase scrap material produced in production process 

(f) Process stoppage 

(g) EqUipment damage 

(h) Safety issues 

This may be a result of the standards that the electricity distributors adhere 

to, different from that of the end-user. This leaves a grey area between the 

two different standards. 

• Storm and environment related damage: Lightning strikes, high winds 

and storm conditions, snow and ice build-up, sea mists, dust and heavy 

dew in hot and humid climates, tree branches touching overhead lines and 

birds colliding with overhead lines [7]. 
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1.9 LITERATURE SEARCH FINDINGS 

Findings relevant to this topic. voltage unbalance on VSDs. are listed, together 

with their corresponding sources. 

• In some VSDs the current unbalance can be 20 times as high as the 

voltage unbalance [5]. 

• Excessive current unbalance increases current harmonic distortion, 

which can overload building wiring and transformers. This can trip 

protection circuits, even though the average current is well below the 

current rating of the VSD [7]. 

• Non-characteristic third harmonic currents and poor power factor are 

typical consequences of unbalanced VSD line currents [5]. 

• As the %l VUR increases, the double-pulse rectifier current waveform, 

characteristic of VSDs, will change to a single pulse waveform [5]. 

• NEMA Class C and Class 0 motors are not recommended for use on 

PWM inverters when selecting a PWM inverter and motor for a new 

application [6]. 

• A given value of percentage unbalance may correspond to at least 

eight voltage unbalance cases yielding different temperature rises in 

induction machines [9]. 

• Voltage unbalance causes additional loads on utilities resulting in 

additional charges for consumers [9]. Therefore, reducing system 

unbalance to decrease loads on the power system, improves capacity 

of the power system to meet its load. 
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1.10 CONTRIBUTION OF THIS THESIS 

The main contributions and objectives of this thesis are: 

• Construction and commissioning of two test beds for VSD performance 

testing. 

• To develop PSpice models for the two test beds. 

• To determine and document the effects of unbalanced supplies on 

induction machine VSDs. 

• Evaluate the correct method of calculating energy savings for the 

application of VSDs to centrifugal loads. 

• Quantify the effects of cable mismatch with the motor impedance. 
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2.1 INTRODUCTION 

The University of Cape Town has a unique electrical machine's laboratory. In 

addition to a flexible distribution system with the capability of various dc and ac 

supplies, the laboratory is also home to two, 250kW 4-quadrant dc machines and 

drives, fed directly from the University 11 kV ring mains through 11 kV to 500V 

three-phase transformers. This includes a three-phase, 6.6kV, 520kW alternator 

and a 75kW induction motor with a 75kW drive. One of the purposes of this 

project is the upgrading of the laboratory to be able to test three-phase induction 

motor drives as an aid to ESKOM's Demand Side Management program. 

This chapter describes the development of test beds for 3 and 75 kW induction 

motor drives sets. The test beds are developed with the intention of imposing fan 

or pump type loads and the ability to measure current harmonics, power flow from 

the utility supply through the converter and to the induction motor and hence, 

efficiency. The test beds are intended to have the capability to introduce voltage 

unbalance on the supply voltage, so as to determine the effects of voltage 

unbalance on induction machine drives. Mechanical losses of the test beds are 

determined and documented in this chapter. 

2.2 TEST BEDS OBJECTIVES (low and medium power) 

.. To study and measure the performance of induction machines and variable 

speed drives operating under balanced voltage supplies, 

.. To study and measure the performance of induction machines and variable 

speed drives under unbalanced voltage supplies, 

.. To model industrial loads such as fans and pumps, driven by induction 

machine and VSD sets, 

.. To determine the current harmonics due to voltage unbalance on VSDs, 

.. To determine the effect of these harmonic currents on the performance of the 

VSDs, 

.. To study the effect of voltage unbalance on induction machines and drives 

due to reflected waves associated with long cables. 
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• To determine energy savings associated with VSDs in industry. 

2.3 TEST BED CHARACTERISTICS [11] 

The ideal test bed should include the following features: 

• Industrially relevant power rating capability; 

• Wide range of service voltage, with capability for under-, over- and 

unbalanced voltage supplies; 

• Wide range of machine frame sizes, with the capability to accommodate 

unusual geometries; 

• Wide range of machine speeds, with capability for locked-rotor tests and 

dynamic speed changes; 

• The ability to test both motors and generators, while minimizing the 

dissipated energy; 

• Ability to test power electronics converters, with investigations of non­

sinusoidal and high frequency effects; 

• Ability to make accurate measurements of the above. 

2.4 LOW POWER TEST DRIVE 

The term, low power, in this context refers to machines and drives rated at below 

20kVA. 

2.4.1 System overview 

Figure 2.1, shows the low power test bed, including an energy efficient induction 

motor, coupled to dc machine. The load cell and its mounting frame can be seen 

on the left of the dc machine. 

Page -16 



Univ
ers

ity
of 

pe
 Tow

n

CHAPTER TWO 

Test Bed Development 

Figure 2.1: Low power machl ne test bed 

2.4.2 System components (see Figure 2.1-3) 

The components assembled to build the complete power circuil are listed below. 

• Three phase voltage supply. 380V line-lo-line 

• Variable voltage transformers 

• Induction motor drive 

• Induclion motor 

• DC machine 

• Four·quadrant thyristor rectifier 

2.4.3 Basic instrumentation 

The required instrumentation for system study and analysis are: 

• Oscilloscope 

• Power analyzer 

• Torque meter 
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Figure 2,2, shows the AC side of the test bed circuit. The VSD, can be seen on 

the left as indicated Single-phase variable voltage transformers are also visible 

including a power analyzer on the right 

, 

Figure 2.2: AC drive with measuring Instruments 

Figure 2,3 shows the dc side of the test bed circuit for the dc machine speed 

control. A rectifier is visible on the left hand side; it is used to adjusllhe load on 

the induction motor by varying the armature current 
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2.5 TEST BED DESCRIPTION 

A short circuit description is given below, describing the connection among the 

various circuit components. 

2.5.1 Circuit description 

The utility three-phase voltage supply is connected to the 1M VSD via three single­

phase Variable Voltage Transformers (VVT). The output of the ac VSD is fed to 

the energy efficient (EE) induction motor. Coupled to the 1M is a dc machine via a 

flexible joint coupling. A four quadrant-thyristor rectifier is connected to the input of 

the dc motor. A load cell is attached to dc-motor stator for torque measurements. 

Figure 2.4 is a schematic representation of the test bed. Torque is displayed by a 

digital torque meter, which converts the current signals from the load cell 

transducer to Newton meters (Nm). 

c 

DCM 
I 

~ 

Figure 2.4: 3kW 1M Test Bed 

2.5.2 Circuit operation 

The three-phase voltage supply from the mains is fed through VVT's to the motor. 

Depending on the test in progress, for example, for balanced voltage tests, the 

VVT's are bypassed. In the case where unbalanced voltage is required, the VVT's 

are connected. VVT's enable only per phase voltage amplitude variation to be 

introduced to produce voltage unbalance. The 1M VSD varies the induction 
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machine speed to the required magnitude depending on the load and type of test. 

Either of the two machines can be used as the driver or load. When the induction 

machine is the driver, the dc-machine can be used to represent different industrial 

loads, such as pumps and constant conveyor belt loads. The nameplates of the 

different components of the circuit are listed in Appendix A2.1. 

2.6 OPERATING POINT DETERMINATION 

The no-load and blocked rotor tests are undertaken for the induction motor. The 

motor parameters are computed using the IEEE equivalent circuit for induction 

motors, Figure 2.5. 

Xl Rl X2 
il----> 

+ 

VB R2/s 

Figure 2.5: 1M equivalent per phase circuit 

Induction motor capability curves are developed using the characteristic 

equations, (2.1), (2.2) and (2.3). 

(2.1) 

(2.2) 

(2.3) 
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The pump-load curve is also developed based on the rated torque and speed of 

the induction motor as described by Equation (2.4). 

(2.4) 

The pump-load curve is superimposed on the induction machine torque-speed 

capability curves in Figure (2.3). In this example, the motor is modeled at four 

operating speeds, which are at 15Hz, 25Hz, 40Hz and 50Hz. The intersection of 

the pump-load curve with the induction motor torque-speed curve is the operating 

point. That is, if the 3kW 1M were to drive a pump or similar load, it would operate 

at the intersection of the two curves depending on the speed required. 

40 

30 -1-----E 20 :z -(I) 
::::s 1 0 I-~:--~-=~ 

! o 
o 300 600 900 1200 1500 

Speed (rpm) 

Figure 2.6: Torque-SpHd curves for a 3kW EE 1M 

Tests on the test bed are undertaken to verify that this exercise does predict the 

operating point in terms of shaft speed and load torque. The induction motor is set 

to the required speed via the ac drive, e.g. corresponding to 25Hz. The resulting 

speed of rotation would be close to synchronous speed, since it is at no load. The 

load is imposed to represent a fan or pump load, which is 5.4Nm at 25HZ. This is 

achieved by setting the torque of the dc-machine by increasing the armature 

current. Increasing the load has an effect of increasing the slip, hence resulting in 

a decrease in the operating speed. 
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The procedure is repeated for 15Hz, 40Hz and at rated conditions (50Hz). Table 

2.1 shows that the actual speed of the motor shaft correlates with the graphical 

synthesis of the 1M-Load combination. Therefore it can be concluded that when 

the machine parameters and the load curve are known, the exact operating pOints 

can be computed. This can be used to calculate the energy savings that could be 

achieved by varying the operating speed of the motor shaft instead of throttling 

using valves for example. Moreover, this information can also be used to specify 

an appropriate variable speed drive for a particular application. 

a e . : re IC an ac ua opera n T bl 2 1 P d" ted d t I ti "ts g POIn 

Predicted Point Actual Point % Error 

f[Hz] m[rpm] T[Nm] m[rpm] T[Nm] m T 

50 1406.5 20 1416 17 0.7 17.6 

40 1142.1 13.2 1143 13.2 0.1 0 

25 727.5 5.4 730.2 5.4 0.4 0 

15 441.6 2 443.4 2 0.4 0 

2.7 VOLTAGE BOOST REQUIRED AT LOW FREQUENCIES 

In induction motor drives, at low frequencies the effect of stator resistance cannot 

be neglected, even at small slip frequencies. This can be determined if the 

following observation is made; induction motors of normal design, X2 ::: 21tfLlr, is 

negligible compared to R2/S in the equivalent circuit of Figure 2.2 [10]. Therefore, 

12 will be in phase with Eag. Taking Eag as the reference voltage, 

(2.5) 

The second term in Equation (2.5) corresponds to a phasor, which is almost 

perpendicular to Vs, and small in magnitude. Therefore its influence on the 

magnitude ofVs can be neglected, and 
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(2.6) 

When the air gap flux (<1>ag) is kept constant, 1m is also constant and Eag varies 

linearly with the supply frequency f. Therefore the additional voltage required due 

to X1 in Equation (2.6) is also proportional to the operating frequency f. As a 

result, for constant <1>ag, Equation (2.6) can be written as: 

(2.7) 

Equation (2.7) shows that the additional voltage required to compensate for the 

voltage drop across R1 to keep <1>ag constant does not depend on the frequency, f, 

but depends on 12. It is important to note that 12, the rotor current, is proportional to 

the electromechanical torque developed Tem. Therefore, the voltage boost 

required in a pump-type load increases with an increase in speed. 

2.1.1 Voltage boost for the pump curve 

In pump load applications, the slip frequency, fal increases with increased 

operating frequency. Therefore, 12 increases in proportion to speed. Consider a 3 

kW 1M with R1 = 2.2Q and 12 = 5.64A at some operating condition. The estimated 

voltage boost magnitude is: 

= 2.2 '* 5.64 

= 12.41 V 

(2.8) 

Voltage boost required for constant torque operation and pump load is tabulated 

in Table 2.2. Table 2.3, below tabulates per phase line-to-neutral terminal voltage 

with and without voltage boost and Figure 2.7 displays the corresponding curves. 

Voltage boost is computed based on a theoretical 1M model. At constant torque 
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operation the voltage boost is a constant, which is 12.41V in this case. However, 

with the pump load operation, voltage boost is a function of the rotor current. 

Table 2.2: Calculated rotor currents and stator volt-drop 

Vb 

0.00 

15 5.64 12.41 0.50 1.10 

25 5.64 12.41 1.30 2.86 

40 5.64 12.41 3.50 7.70 

50 5.64 12.41 5.64 12.41 

Where, Vb is the voltage boost 

Table 2.3: Motor terminal volta e with and without V-boost 

V~b2 

12.41 0 

15 65.82 78.23 66.92 

25 109.70 122.10 112.56 

40 175.51 187.92 183.21 

50 206.99 219.39 219.39 
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Figure 2.7: Voltage boost to compensate for the stator drop 

2.7.2 1M torque-speed characteristics with voltage boost 

Voltage boost is added at 15Hz, 25Hz and 40Hz and the T -Speed curves redrawn 

for these new conditions. The load torque curve is superimposed to determine the 

operating points. 

40 

-E 30 z -CP 20 
:::J 
2' 
~ 10 

0 
0 300 600 900 1200 1500 

Speed (rpm) 

Figure 2.8: 1M T -Speed characteristics with voltage boost 

The starting torque is greater under voltage boost conditions. This is desired for 

high inertia loads requiring large starting torque to accelerate. At rated speed and 

load, voltage boost is not required because it has been included, e.g., an 

induction machine with the voltage rating of 380V, has voltage boost already 

included in the 380V line-to-line. 
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To demonstrate the impact of voltage boost at low speeds, consider Figure 2.9, 

the torque-speed curves at 25Hz. The starting torque is 21 Nm when there is no 

voltage boost, this value increases to 26Nm when voltage boost is added. 

Where, 

I--n -T1 I 
40.00 T--····_--·····_,--·_· ,-.... _ .... -- .----.... ,-.-.-... -_.--..... - ... - -.. _ ..... _-... ,-.. -.................. -

30.00 ! . .............,. ___ 

~- --I~_---+--~--- ~ 
I 25.00 L----- "'" '\.. t 20.00 

"" 15.00 +----+----+---+--+---+----+--"\~~----I 
\,}. 

10.00 +---t---t----+--t---+---t------t<\Ir----! 

15.00 +----+----+---+--+----+----+---+ ........ '1--\--1 
0.00 +----+----+----+--+---+----+---+---l~ 

o 100 200 300 400 500 600 700 600 

Speed [RPM] 

Figure 2.9: Impact of voltage boost at 25Hz 

T1 is the speed/torque curve without voltage boost, 

T2 is the speed/torque curve with voltage boost. 

2.8 TEST RESULTS 

Some basic machine tests are undertaken to document the test bed 

characteristics. 

2.8.1 Power losses of the 3kW-test bed 

The mechanical losses of the test bed are determined by driving the induction 

motor using the dc motor. The mechanical losses incorporate friction and 

windage. The dc machine is run at four operating speeds corresponding to the 

operating points of the induction motor with pump loads. Speed, armature voltage 

and current are recorded for each operating point. Table 2.4 lists the power losses 

for each operating speed. 
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Table 2.4: Mechanical power losses [W] 

f(Hz} Q) (rpm) Total-mechanical Dc-machlne IMloaes 

loaes loaes 

50 1416 548.39 446.76 101.63 

40 1143 426.75 354.00 72.75 

25 730 245.70 199.54 46.16 

15 443 135.12 109.70 25.42 

2.8.2 Efficiency 

There are three efficiency quantities of interest; the converter efficiency, induction 

machine efficiency and the overall drive efficiency. Table 2.5 tabulates the power 

flow from the utility supply through the converter, to the motor. Figure 4.10 is a 

graphical representation of the efficiency. The drive maintains constant efficiency. 

The induction motor efficiency improves with increasing operating speed. 

100 r.+=~ji:::;:::::;=r"'I""'1 
~80 -~ 60+----+-
II: 
CD 13 40 +------,oIIoI!!iiI"'- --;-----+-----.+---1 

ffi 20 +----+---+--t------+-----1 

O+---~r---~-----r----~--~ 

250 500 750 1000 1250 1500 

Speed (rpm) 

Figure 2.10: Tast bed efficiency curves 

Table 2.5: Power flow 

f=40 1144 2.12 2.09 1.58 75.66 74.59 

f= 25 732 0.65 0.6 0.41 92.31 68.99 63.68 

f= 15 449.9 0.27 0.25 0.09 92.59 37.69 34.90 

+ 
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Where, Pin is the power input to a machine, 

P out is the power output of a machine. 

A closer look at Table 2.5 and Figure 2.10 shows that the induction motor drive 

has an almost constant efficiency curve throughout the increasing speed range 

from 15Hz to 50Hz. The induction machine starts with very low efficiency in the 

region of 30% at 15Hz. It gets better as the speed increases and levels off in the 

40Hz region with an efficiency of 73 %. 

2.9 MEDIUM POWER INDUCTION MOTOR DRIVE TEST BED 

In parallel with the construction of the low power test bed, a medium power drive­

motor test bed was also developed. 

2.9.1 System equipment 

Figure 2.11, shows the 75kW induction motor coupled to an ac generator and 

Figure 2.12 shows the 75kW drive installed at the lab. The ac generator is 

coupled to a dc generator on the other side. The ratings of the machines are as 

follows: 

.. 250 kW, 460 V, 543A dc machine 

.. 520 kW, 6.6kV (Y connected) synchronous generator 

.. 75 kW induction motor 

.. 75kWacVSD 

.. 250kW four quadrant thyristor drive 
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2.10 DESCRIPTlDrl OF THE i5 kW fM AND V~.o TEST EE[' 

The test bed is des·gred witl"1 f lexib iij;y in U·'i! types of tests te· be undertaken and 

the type of loads to be ffi)del2d For exam~le. t le indL :tic·n motor could be used 



Univ
ers

ity
of 

pe
 Tow

n

CHAPTER TWO 

Test Bed Development 

to simulate a turbine driving the alternator. The alternator can then feed an 

electrical load via a 6.6kV to 380V transformer. Varying the induction motor speed 

via the VSD can vary the output frequency of the alternator. Moreover, for any test 

on the induction motor and drive, the dc-motor could be the load. The machines 

can be decoupled depending on the type of test. Figure 2.13 is the schematic 

representation of the medium power machine and drive test bed. 

l.VaVbVc 

I I 
2. VSD 

5. VSD 

I I 
L-

()= f-- f-- - 6. DCII 

f--
4. Synhronous ... chine f-- -. 

figure 2.13: Schematic representation of the 75kW drive set 

2.11 TEST RESULTS 

The mechanical losses in the medium size test bed are determined and 

documented. The locked-rotor and no-load tests for the 75kW induction motor are 

undertaken and its! parameters computed for simulation purposes. 

2.11.1 12R and brush losses of the 250 kW dc machine 

The de machine is run at a constant speed of 200 rpm and armature voltage is 

applied to determine the brush-drop and armature resistance. The volt drop over 

the armature and the brushes is measured with a calibrated digital voltmeter. The 

voltage is allowed to stabilize, and then voltage and current are recorded. The 

supply is switched off and the back emf recorded. The back emf is subtracted 

from the measured voltage to determine the actual volt drop. The results are 

tabulated in Table 2.6. 
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Table 2.6: Measured voltage drop over armature 

Curren. Voltage Residual back Actual Volt Resistance 

[A} [V} emf [V} drop [V} [mlJ} 

50 4.63 1.41 3.22 64.4 

100 6.63 1.41 5.22 52.2 

150 8.52 1.39 7.13 47.5 

200 10.11 1.35 8.76 43.8 

Plotting these values on a graph and extrapolating the values to the zero Amp line 

(see Figure 2.14), yields the actual volt drop over the brushes of 1.37 V. 

IR + Brush Drop 
9,-------------------------~. 

8+--------------------------
7+-------------------~·------

8+--------------------------
i:+------------~·~-----------
~ 
3+------~·~------------------

2+--------------------------

o+-~------~----~----~--­
o 50 100 

Current 

150 

Figure 2.14: Armature voltage VB. Current 

200 

The slope of the above graph represents the resistance of the armature, Le. 36,9 

mn. This value is verified by taking measurements directly across the armature 

with the brushes disengaged. The resulting values, listed in Table 2.7, show the 

resistance across one set of brushes and the probes. The difference gives the 

armature resistance between one set of brushes and has to be halved to get the 

actual armature resistance. 
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Table 2.7: Galvanometer results of armature resistance 

Position Resistance 

[m.Dj 

Resistance over 2 adjacent 110.0 

brushes 

Resistance of the probes 37.0 

Resistance of the armature 36.5 

This value correlates with that of the first method, with a difference of 0.4 mO. 

2.11.2 Mechanical losses of the 250kW dc-machine and synchronous 

machine 

Initially the medium power test bed consisted of two 250kW dc-machines with four 

quadrant thyristor drives. These dc machines are coupled to either side of the 

altemator. The alternator is then connected to the 6.6kV/380V step-down 

transformer. One of the dc-machines is used to drive the other machines to 

determine the mechanical losses of the dc machine-alternator combination. 

The dc machine is run at increasing speeds with 100rpm increments up to 1000 

rpm, the rated speed. The corresponding input power, armature voltage and 

current are recorded. The results are tabulated in Table 2.8, 2.9 and 2.10 below. 

The tests are undertaken for the three conditions, 

lit Dc motor cold 

lit Dc motor warm 

lit Dc motor decoupled from the other machines 
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Table 2.8: Large test bed mechanical lass data for the cold states 

Speed V.cho Real V.[VJ Ilem I. [A] Power 
Speed [mAl [WJ 

100 0.6 102 48.9 2.25 11.25 550.1 
200 1.2 207.4 97.8 2.45 12.25 1198.1 
300 1.8 312.8 145.9 2.65 13.25 1933.2 
400 2.4 409.7 190.7 2.95 14.75 2812.8 
500 3 504.9 235 3.37 16.85 3959.8 
600 3.6 605.2 282.7 3.93 19.65 5555.1 
700 4.1 703.8 327 4.57 22.85 7472 
800 4.8 807.5 376.1 5.38 26.9 10117 
900 5.2 875.5 409.7 5.95 29.75 12189 
1000 5.9 996.2 456.7 7.1 35.~ 16213 

Table2.9: Large test bed mechanical lass data for the warm states 

Speed V.cho Real V. [VJ I'em I [A] Power [WJ 
Speed [mAl 
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Table 2.10: large test bed mechanical loss data for dc machine decoupled 

Speed Vtacho Real V. [VJ I fA] Power 
Speed [WJ 

100 48.6 1.75 8.75 425.3 
200 96.5 1.85 9.25 892.6 
300 143.1 2.05 10.25 1466.8 
400 188.4 2.25 11.25 2119.5 
500 233.5 2.6 13 3035.5 
600 
700 5630.4 
800 7428 
900 9699.9 
1000 12334 

Figure 2.15 is a plot of input power vs. speed for the dc-synchronous machine set. 

This is the power consumed by the dc motor that is driving the dc machine­

alternator combination. Therefore the load losses consist of bearing friction, inertia 

of the three machine's rotors and windage. The power difference curve represents 

the difference between the power when the dc machine is warm and coupled and 

when it is warm but decoupled (running at no load) from other machines. These 

power differences are the mechanical power losses of the test bed machines, 

attributed to bearing friction and windage losses. It can be noted that at 1000rpm, 

which is the rated speed for this particular dc motor, the mechanical losses are 

3,826 kW. The dc machine total losses are 12,33 k~ including the field winding 

copper losses. This totals 16,159 kW power losses for the test bed. 
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Figure 2.15: Mechanical losses of the large test bed machines set 

2.12 INDUCTION MOTOR (75kW) INSTALLATION 

The medium power test bed is upgraded by retrofitting one of the 250kW dc 

machines with a 75kW induction motor supplied via a 75kW drive. Figure 2.11 

displays the actual test bed (see Appendix A2.2 for the 1M and drive nameplate). 

The blocked rotor and no-load tests are undertaken to determine the motors 

parameters. The results are tabulated in Table 2.11. 

Table 2.11: Parameters for the 75kW 1M 

R1 = 0.10 

R2 = 0.10 

X1 = X2 = 0.530 

Xm= 14.450 

Similarly, the torque-speed characteristic curve is generated using Equations 

(2.1), (2.2) and (2.3), as illustrated in Figure 2.16. 

Page - 35 



Univ
ers

ity
of 

pe
 Tow

n

800 

550 

800 

450 

400 

1350 

1 300 

! 250 

200 

150 

100 

o 

CHAPTER TWO 

Test Bed Development 

/ 
v 

V 
~ --I-'" 

/' r"\ 
/ \ 

\ 
\ 
1 

o 100 200 300 400 500 800 700 800 IKlO 1000 

Speed [RPM) 

figure 2.16: Torque-Speed characteristic of a 75kW 1M 

The starting torque is projected to be 109Nm and pullout torque is 540Nm. The 

torque of the 75kW based on the rated speed and power is 746Nm. While the 

torque output at rated speed from Figure 2.16 is 450Nm. 

2.13 CONCLUSION 

Two test beds were constructed and commissioned. Tests to determine system 

parameters, such as the blocked rotor and no-load tests were performed for both 

tests beds. The machine's parameters are computed for both test beds. 

Furthermore, four operating points are analytically computed and verified by 

measurements. Therefore, induction motor performance curves can be used to 

accurately determine the shaft torque for given a speed. Moreover the system 

losses are measured and documented. 
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3.1 INTRODUCTION 

Commercially available induction motors have been designed for operation on 

sine-wave power. Similarly, 1M VSDs are tested under 'clean' supply conditions. 

The performance characteristics under these conditions are well documented. 

This chapter develops a PSpice simulation model, which allows the performance 

to be predicted under balanced conditions. The simulation model agrees with the 

measured results. The model is then used to determine the drive performance 

under unbalanced voltages to predict the impact of voltage unbalance on 

induction machine's variable speed drives. 

3.2 DRIVE MODEL DEVELOPMENT 

The high risk of undertaking tests without first predicting the result is unjustifiable. 

Therefore, a model correctly predicting the actual performance has to be 

developed. 

3.2.1 Simulation model 

Figure 3.1 illustrates the interconnection of the various components forming the 

model. 

Power flow > 
Rectifier Cdc Inverter 

figure 3.1: PSpice model block diagram 
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A three-phase diode bridge rectifier is connected to a PWM switched inverter, via 

a dc-link circuit with smoothing capacitor and dc-bus impedance as shown in 

Figure 3.2. The output of the inverter is fed to a 3kW energy efficient induction 

motor. The induction motor in this example is operated at full-load and half rated 

speed. The nameplate ratings of the drive and the motor are listed in Appendix 

A2.1. Small inductances and resistances in series model the supply impedance. 

The dc link circuit consists of a dc-link series impedance and a smoothing 

capacitor. 

Va Rs L5 ia--- 'R--->Rd Ld id--- iA--->Rm Lm 

Figure 3.2: 1M drive system 

The inverter circuit consists of 'S-break' switches to eliminate commutation delay. 

Comparing the three sinusoidal waveforms at the required output frequency, to a 

continuous triangular waveform, generates the switching pulses. This output is 

fed to the inverter switches for control. 

3.2.2 load model 

The induction motor is seen as an electrical load from the converter side. This is 

modeled as a balanced three-phase RL circuit connected in star. The effect of 
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the load on the slip has been taken into consideration. The complete model 

diagram is in Appendix A3.1. 

3.3 MODEL PARAMETERS 

The slip (s) of an induction machine is a function of the load torque on the output 

shaft. 

:. s (slip) a T LOAD (3.1) 

The 3kW motor test bed is run at 25Hz, that is, at half the rated speed, but at a 

full load of 20Nm. The speed is set such that the VSD operates in the linear 

region. This is because within the linear region the modulation ratio rna can be 

calculated analytically. The line-ta-line voltage and the line currents at the supply 

point and motor terminals (drive's output) are measured. The corresponding 

FFT's are captured via an oscilloscope. The RMS value of the fundamental 

voltage is extracted. The line-to-line RMS voltage, line current and the power 

factor at which the power is drawn by the motor are used to compute the 

impedance as seen by the converter. Furthermore, the amplitude modulation 

ratio is determined as defined by Equation (3.2) below. 

(3.2) 

Figure 3.3 displays the RMS value of the supply line-to-line voltage as function of 

rna. The three modulation regions are clearly illustrated, linear, over-modulation 

and square-wave region. 
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...d.. _ 0.7 • .. 
- 0.612 

Figure 3.3: The effect of ma on voltage control 

From the set points tabulated in Table 3.1, the drive is operating within the linear 

region. The linear region of operation is one where the modulation ratio ma is less 

than one. These parameters form the inputs to the drive model in PSpice. 

(3.3) 

Table 3.1: PSpice input parameters 

Quantity Magnitude 

fsupply [Hz] = 50 

fout [Hz] = 25 

Ma= 0.6 

Zt [Q] = 13.74+j6.66 

Cdc [uF] = 1000 
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3.4 EXPERIMENTAL PROCEDURE 

In the first phase of the model development, all tests and simulations are 

undertaken with balanced supply voltage conditions. 

These conditions are summarized as: 

• Balanced 380V line-ta-line voltage supply, 

• VSD set to 25Hz output frequency, 

• Switching frequency of 2kHz 

• Induction machine fully loaded 

The following quantities of interest are measured, for both the supply to the 

rectifier and to the motor. 

• Current and voltage, 

• Rectifier current harmonics 

Two power sources are used. The first is the mains supply from the ESKOM grid 

(Electricity Supply Commission). The second voltage supply is generated using 

the machine's lab 500kVA, 6.6kV altemator, which is transformed down to 380V 

Ii ne-ta-Iine. The harmonic content of the supplies differs drastically. Hence the 

performance of the drive under these different conditions will test the capability of 

the model. 

3.5 CORRELATION OF TEST BED AND SIMULATION FOR THE MAINS 

VOLTAGE SUPPLY 

The measured and simulated results are first correlated for the mains voltage 

supply. 
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3.5.1 Current and voltage comparison 

Figure 3.4 displays the actual grid, 380V line-to-line voltage supply captured from 

Machine's Laboratory at the University of Cape Town. This voltage is fed to the 

3kW test bed machines. The quantities of interest are measured and recorded. 

The same three-phase line-to-line voltage supply is captured as a CVS file and 

fed into PSpice. It can be seen from inspection of the voltage waveform in Figure 

3.4, that it is highly distorted. 

-400V'+-'--'--'--'-I-'-'--'--'-+-'--'--'--'---!-JL-!..-.l......!-+-,--'--'--'-I-'-'-'--'-+-'-'--L......J.-+-''-'--'-'-I 
46_ 465lu 47_ ,,_ 48_ 

o V(Vl.-) - V(Vl.+) • V(V2.-) - V(V2.+) v V(1I3.-) - V(V3:+) 
Ti ... 

t9Sms 500ms 

Figure 3.4: Mains three-phase IIne-to..Jlne voltage supply 

The term, rectifier current refers to the current drawn by the diode bridge rectifier 

and inverter current refers to the current drawn by the 1M from the inverter. 

Tables 3.2 to 3.5 tabulate the results of current and voltage, for simulation and 

the performance test under mains three-phase line-to-line voltage supply. The 

corresponding waveforms are included, Figures 3.5 To 3.9. This comparison is 

given for amplitudes and RMS values of voltage and current. 
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Table 3.2: Rectifier currents comparison 

I lpo.k (A) IRMs (A) 

Simulated 23 6.4 
r...;----~- . -_.-
Measured 23.6 6.53 

% Error 2.5 2.0 

.. +1< tU:: .. , .. 

~l i < " 
I : "' r"c";,'-,,'-:,-::. -,;, "I,J, C""ri, .,. , 
:L _____ ._. __ J 

-~ ,-

Figure 3.5: Rectifier current slmulat&d and measured, respectively 

Table 3.3: Dc-link voltage comparison 

I I V ••• (V) Vpp (V) % Ripple 

; Simulated 
1

544 12 2.2 , 
: Measured 1557 10.7 1.9 , 
''(' Error : 2 3 12 16 , 
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1 
I r-

- '" -[J 

i i - t-

" .. .". 
"" 

Figur<J3.6, Simulatud Dc-link ~oltagu at balanced conditions 

.-~ 

'-

Figure 3.7: Measured Dc-link ~oltag .. at balanced conditions 

Table :>.4: Inverter current comparison 
- --11»"' (A) i I,ms (A) I 

Simulated 10_5 7.2 , 

------ - ------ -
Measured 10_6 71 

% Error 0.9 1.4 I 
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Figuro 3_6: MOi!,Urod and s imulated invorter curronts, respectively 

Table 3.5: Inverter output line-to-line voltage comparison 

1-

> 2() ] 

• , 0 
, • _2m 

'N 
_5m 

Figure 3.9: Measured inverter voltage waveform 
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Figur~ 3.10: Simulated in~erter output ~ojt.1ge 

It is observed from Table 3.2 to 3,5 that the simulated result correlates with the 

test bed results, The per,~entage error for each quantity is also computed, This 

correla tion is for ampli tudes and RMS values of voltage and current The errors 

are acceptable for testing purposes. 

3.5.1 Rectifier current harmonics comparison 

The rectifier current is characteristically rich in harmonics, therefore it is 

fundamentally important that the drive be capable of predicting these harmonics, 

The harmonic comoonents correlate very well with a maximum difference of 

O,25A at the fundamental component 

Table 3 6' Rectifier current harmonics for the mains supply 

undamental 5th th 11th ,13th 17th 9th 
est Harmonics 

m[AJ 4.55 4.23 3.94 306 2.85 1.66 1.44 . 

m[A] pu 1.00 , 0,93 0,87 0.67 0.63 0.37 0,32 
.. --

m[A] % of 11 100,00 93,11 86.60 67.30 : 6266 36,52 31.62 ... 

imulation Hannonics . __ ,1 . 

m[AJ 4.8 
, 

4.36 3,98 2.92 24 1 3 0,89 , 
-

m[A] pu 1.00 
, 

0.91 0,83 0.61 0.50 0,27 0,19 
~;A; ~/, of f1 

---- . 

100,00 ~ 90,83 : 82.92 60,83 50,00 27.08 18,54 

V. Error on 1m 55 3,1 I 1.0 46 , 15.8 21.7 38.2 
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The current amplitude of the fundamental. 5'" through to ihe 19t11 harmonic, for 

the test and simulation. are compared In Table 3.6. The 5"'. i" and 11 t" 

harmonics correlate w~11 Larger error in the higher order harmonics are 

accepiable because lower order harmonics have a more significant impact 

3.6 CORRELATION OF TEST BED AND SIMULATION FOR THE LAB 

GENERATED VOL TAGE SUPPLY 

The laboratory generator set voltage supply is used from the UCT's lab, The 

objective is to show that the developed drive model is robust enough to work with 

voltage supplies with high distortion 

3.6.1 Current and voltage comparison 

Industrial voltage supplies can be 'dirty', that is. rich in undesirable harmonics 

due to, among other things to nonlinear loads in the three phases. This supply 

was made availalJle by driving ihe 500kVA, 6.6kV aliernaior with a 75kW 

induction machine via an 1M drive. Similarty, the objective is to determine base 

reference quantiiies while proving that the developed model accurately models 

the test beds Figure 3.' 1 displays ihe three-phase voltage waveform (380V 

line-to-line). 

Figu .... 3,11: Machi ",,'s lab generated three-phas ~ Ii ne-to-lioo voltag<> supply 
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The output of the alternator is fed to the test bed drive via a 6.6kV to 380V line­

to-line transformer. The supply voltage is captured in a CSV file, which is then 

fed into the PSpice model. Again voltages and currents are recorded for both the 

simulation and the test bed in Table 3.7 (a)-to- (d). 

Table 3.7: Comparison of simulated and test bed measured results for the 

laboratory generated voltage supply 

(a) Rectifier currents 

lpeak (A) Irma (A) 

Simulated 23.5 5.7 

Measured 25.2 5.8 

% Error 6.7 1.7 

(b) DC-LInk voltage 

VaveM VppM % Ripple 

Simulated 525 9.1 1.7 

Measured 534.6 8.9 1.7 

1.8 2.2 0 

(c) Inverter current 

lpeak (A) IRMS (A) 

Simulated 10 7 

Measured 10.6 7.1 

5.6 1.4 
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(d) Inverter output IIne-to-line voltage 

Vm(V) VRMS (V) 

Simulated 528 295 

Measured 531 274 

% Error 0.6 7.7 

It can be seen from Table 3.7 (a)-to-(d) that the simulated result correlates with 

the test bed result. This result further validates the developed model, that is, any 

industrial three-phase ~upply can be used and voltages and currents predicted. 

Although the model is developed for a 3kW induction motor, with the parameter 

knowledge of other machines e.g. 75kW, it can be modified accordingly and 

upgraded to the required power rating. 

3.S.2 Rectifier current harmonics comparison 

Again the model predicts the rectifier current harmonics within acceptable 

accuracy (+1- 10% of the measured value). The exception is at the 17th and 19th 

harmonics. where the predicted magnitudes are 0.69A and 0.4A respectively. 

The actual magnitudes are, 1.17A and 1.12A respectively, with errors of 61.2% 

for the 1 ih harmonic and 64.3% for the 19th harmonic. 

Table 3.8: Rectifier current harmonics for the lab generator 

Fundamental (fd ~th t1th 11th 13th 17th 19th 

Test Harmonics 

m [A] 4.55 3.80 2.85 2.38 1.44 1.78 1.12 

~m [A] pu 1.00 0.84 0.63 0.52 0.32 0.39 0.25 

.m [AJ % off1 100.00 83.56 62.66 52.36 31.62 39.27 24.60 

~Imulation Harmonics 

~m [A] 4.59 3.43 2.62 1.41 1.12 0.69 0.4 

1m [A] pu 1.00 0.75 0.57 0.31 0.24 0.15 0.09 

~m [A] % off1 100.00 74.73 57.08 30.72 24.40 15.03 8.71 

YO Error on 1m 0.9 9.7 8.1 40.8 22.2 61.2 64.3 
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The fundamental, 5th through to the 19th harmonic amplitudes are compared. 

Generally the simulation results are an under-estimate. That is, the measured 5th 

harmonic amplitude is 83.56% of the fundamental. The predicted 5th harmonic 

amplitude is only 14.13%, resulting in a difference of almost 9%. This trend is 

also observed at other harmonic orders. 

3. 7 CORRELATION OF TEST BED AND SIMULATION FOR AN 

UNBALANCED MAINS VOLTAGE SUPPLY 

An arbitrary voltage unbalance setting is chosen, and a test run at this setting. 

The resulting voltages are recorded for both the test bed and simulation. The two 

measurements are compared to show that the developed drive model can be 

used to predict the impact of unbalanced voltage supplies on induction motor 

drives. Figure 3.12 displays the unbalanced line-to-neutral mains supply voltages 

and the corresponding RMS and amplitude magnitudes in Table 3.9. The 

unbalance introduced is only magnitude unbalance, because the laboratory 

currently does not have the capability of introducing phase unbalance. 

200Y 

-20DV 

~400V 

0$ 51t1& 101115 15.s 20.6 
C V(V11-) - V(V11+) (j> V(V2f-) - V!Y21+) "Y(VJ:-j - YIVll+) 

TiMe 

Figure 3.12: Mains three-phase voltage supply with unbalance 
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Table 3.9: Unbalance IIne-to-neutral voltages 

~an Vbn Ven 

VmM 331 315.5 309.3 

~RMsM 236.7 223 223.8 

Phase 00 1200 2400 

Since these voltages were set arbitrarily, the percentage unbalance according to 

the NEMA definition can be calculated. The corresponding line-to-line voltages 

are: 

Vab = 397.84V 

V be = 384.92V 

Vca == 400.2V 

And the average line-ta-line voltage is: 

V ave = 394.32V 

The fact that the average voltage is greater than 380V. which is the nominal 

voltage magnitude, means that there is an overvoltage. The overvoltage is 

14.32V on average. correspond to 3.8% of 380V. The maximum deviation from 

the average is; 

L\V max = 1~94.32 -384.9211 = 9.4V 

:. %LUVR == 100* 9.4 = 2.4 
394.32 
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3.7.1 Impact of voltage unbalance on rectifier current 

Figure 3.13 and 3.14 shows the rectifier current waveform for one cycle and 

phase measured for the unbalanced calculated above. The effects of unbalanced 

voltage supply are evident from the unequal current pulses. Table 3.10 tabulates 

the comparison of the measured and simulated current magnitudes. 
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Figure 3.13: Measured rectifier current 
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Figure 3.14: Simulated rectifier current 
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Table 3.10: Rectifier line currents showing the effect of unbalance 

line a line b linec 

1m IRMS 1m IRMS 

39.1 7 2 6.2 

8.3 34.4 6.7 33.3 6.9 

% Error 5.9 13.7 3.4 26 10.3 

Therefore, unbalanced voltage with an overvoltage increases the peak rectifier 

currents and causes an uneven distribution of load amongst the three rectifier 

lines. This is undesirable because the peak rating of power handling 

semiconductors may be exceeded, resulting in equipment failure. Moreover, 

other sensitive loads connected at the same coupling point may be affected due 

to the uneven current drawn by the drive. 

3.7.2 Impact of voltage unbalance on DC-link voltage 

The average dc-link voltage at nominal balanced voltage supply of 380V line-to­

line is 555V. Under unbalance conditions with overvoltage, the dc-link voltage is 

predicted to be 564.4V and the actual is 570.3V as shown in Table 3.11. The 

measured and simulated waveforms are displayed in Figure 3.15 and 3.16. 

Table 3.11: DC-link voltage showing the effect of voltage unbalance 

lVaviIII VDD % Ripple 

Simulated 564.4 19.77 3.5 

Measured 1570.3 14.7 2.6 

% Error 1 34 35 
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Figure 3.15: Measured dc-link voltage showing effects of unbalance 
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Figure 3.16 Simulated dc-link voltage showing effects of unbalance 

The simulation overestimates the dc-link ripple by 0.9%. The test bed exhibits a 

peak-to-peak voltage of 14.7V and the simulation, 19.8V, an over estimate by 

5.1V. Voltage unbalance increases the DC-Link voltage above the nominal 

voltage and the percentage ripple. The simulation correlates with the measured 

magnitude. An error of 1% on the average dc-link voltage is recorded. There are 

larger with ripple voltage. 
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3.7.3 Impact of voltage unbalance on inverter output voltage 

The inverter voltage is balanced for all three phases. It is observed that the 

inverter draws power from the dc-bus. hence the peaks correlate with the dc-link 

peak voltage magnitude. Therefore. the induction machine "sees' balilnced 

three-phase voltages with increased peaks due to the unbalilnces on the supply 

side. Therefore. the effect is only on the voltage peak magnitude. These voltage 

milgnitudes a'e tabulilted in Table 3.12 The measured ilnd simulated inverter 

output wilveforms are displilyed in Figure 3.15 and 3.16. 

Tilble 3.12: Inverter output line-to-line voltage 
" --

Line a Line b Line c ------ --~----~ -

~ VRMS V," V RM$ V~ V RMS 

Simulated 570 317 565 317 57' 317 .. ~ 

Measured 570 314 575 321 575 315 
1', Error 0 1 1.7 1 2 02 0.6 

~ 

' 00 

, = , 
" , 

0 
> = 

'00 

.~ 

nm. [u"l 

Figure 3.18: Measured inverter output voltage wavMorm 
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"" Flguru 3.19: Slmulatud lnvurter output voltage waveform 

3.7.4 Impact of voltage unbalance on inverter output current 

The corresponding cUlTents are also balanced. This is in agreement with the fact 

that the load is balanced. The induction motor "load" is rated at 6.5A in star 

connection The simulation and test show that the motor is drawing over-currents 

Of. 7.47A and 7.2A The additional current will increase the operating 

temperature of the motor. Moreover. the copper losses will increase and the life 

of the machine will be degraded The line current magnitudes are tabulated in 

Table 3.13 and the measured and simulated waveforms are displayed in Figure 

3.20 

Table 3.13: Inverter output line currents 

Line a Line b Line c 

-'" IIRMs '" ;IRMs '" II, M~. 
~~_~ated 10.76 ;7.47 10.85 7.47 10.84 7.47 

Measured 10,76 72 10.76 7.27 1072 72 

Yo Error 3.8 08 2.8 11 3.8 

It can therefore be stated from the above results that the developed drive model 

can be used to predict the impact of voltage unbalance on induction machines. 
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figure 3.20: Rectifier currents, measured & simulated, respectively 

3.8 VOLTAGE UNBALANCE SIMULATION OF 1M VSD 

The developed PSpice model has proved the capability of modeling induction 

motor variable speed drives within acceptable accuracy. Furthermore, the model 

works for unbalanced voltage conditions. The only critical requirement is 

knowledge of system parameters. This section is a parametric study of the 

impact of increasing unbalance on the induction motor variable speed drives. 

3.8.1 Three-phase voltage supply 

Three-phase voltages with 1 %, 2%, 3%, 4% and 5% unbalance are generated 

using the true definition of voltage unbalance. These voltages are generated 

such that the NEMA definition of voltage unbalance is also valid. Figure 3.21 

displays the three-phase line-to-line voltages. starting with balanced voltage 

supply and with 1%, 3% and 5% voltage unbalance. 
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Figure 3.21: Supply voltage peaks for zero, 1%, 3% and 5% voltage unbalance 

A closer look at Figure 3.21 shows that V12 and V31 increase in magnitude, while 

V23 decreases. Moreover, V23 serves as the reference voltage for the other two, 

with phase angle at zero degrees. Table A3.3 in Appendix A3.2 tabulates the 

selected voltage magnitudes and phase angles as a function of voltage 

unbalance for simulation purposes. 

3.8.2 Dc-link voltage 

The average dc-link voltage increases with an increase in voltage unbalance for 

a constant average voltage. For balanced conditions the dc-link voltage has six­

pulses, due to the six line-to-line charging voltages. This is the characteristic of 

the dc-link voltage. In the presence of voltage unbalance this characteristic is 

degraded resulting in only four pulses per cycle, for a 2% voltage unbalance 

indicating that not all phases are conducting. Figure 3.22 shows the dc-link 

voltage for one cycle of the supply voltage (50Hz) starting at balanced conditions 

up-to 5% voltage unbalance. It is observed that unbalance changes the 

frequency of the dc link voltage. 
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Figure 3.22: DC-Link voltage for balanced voltage supply up-to 5% voltage unbalance 

The average dc-link voltage increases from 529.14V under balanced conditions 

to 538.3V at 5% voltage unbalance for a constant average unbalance supply 

voltage. The peak-to-peak ripple shows distortion due to the unbalanced voltage 

supply, with a ripple of 10.44V (1.97%) under balanced conditions. This ripple 

increases to 24.6V (4.57%) at 5% supply voltage unbalance. as tabulated in 

Table 3.14. Furthermore, the ripple frequency is reduced from 300Hz at balanced 

conditions to 100Hz for unbalanced conditions. 

Table 3.14: Average dc-Unk voltage 

DC-Unk voltage M 

%LUVR Vdc Vp-p %Rlpple 

0 529.14 10.44 1.97 

1 529.3 17.8 3.36 

2 530.4 23.15 4.36 

3 533 23.75 4.46 

4 535.6 23.95 4.47 

5 538.3 24.6 4.57 
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3.9 RECTIFIER CURRENT EVALUATION 

The current drawn by the rectifier and associated harmonics affect the drive and 

other loads connected at the same pOint of coupling. 

3.9.1 Peak to peak rectifier current 

At steady state, the dc-link capacitor is fully charged with the characteristic 

voltage ripple. Consider the top-three diodes, 01, 03 and 05 in Figure 3.23. 

Current only flows when the voltage supply to the diode rectifier is greater than 

that of the dc-link capacitor. This happens at the voltage peaks when the diodes 

are forward biased, as shown in Figure 3.24. 

ro_ 

III 113 

Vl 111 Ll 
.( 

V2 R2 1.2 
.( 

V3 R3 L3 

.( 

To Inverter 

Figure 3.23: Three-phase diode rectifier 

V I ,2,3 > Vp For the positive peaks 

For the negative peaks 

Where, up and Un. are the positive and negative bus voltages respectively. 
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Figure 3.24: Forward biased rectifier diodes conducting 

The dc-link voltage in Figure 3.25 is compared to the six line-to-line voltages for 

the balanced simulated voltage scenario. The diode current can be seen only 

during the periods where the supply voltage is greater than the dc-link voltage. 

Current flows for approximately 1ms per current pulse. This is equivalent to 180 

of the 360°,supply voltage cyde. There are two pulses per diode, therefore, 

current only flows for 2ms (36°), and not 6.67ms (120°). which occurs with an 

inductive dc link. During this period the current peak rises from zero to 23.6A, 

with an RMS value of 6.9A for balanced voltage supply. It is noted that during the 

2ms, the diode current is discontinuous, with two equal pulses. There are six line­

to-line voltages charging the dc-link capacitor. Let the three phase voltages be 1, 

2 and 3. Therefore the six line-to-line voltages are, 

Hence the three-phase diode rectifier is also known as a six-pulse diode rectifier. 

In the presence of voltage unbalance the six line-to-line voltages are unequal. 
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Therefore the dc-link capacitor charges to three different voltage levels. Figure 

3.11 shows the dc-link voltage for one cycle at steady state for two scenarios. 

The pulses are all identical to the balanced voltage supply case. Superimposed 

on Figure 3.11 is the dc-link voltage with 1 % voltage unbalance. 
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Figure 3.25: DC-link voltage for balanced and 1% unbalance voltage supply 

In Figure 3.26 the current through 01, 03 and 05 show the result for 1 % voltage 

unbalance. which is evident through the unequal peaks of the double-pulse 

rectifier current characteristic. Consider the current through 01. the 1st pulse from 

the left in Figure 3.26, peaks at 31.27A. The conduction lasts for 1.2ms (21.6°). 

The diode conducts for a longer period than for balanced conditions, for the first 

pulse. Hence, the peak is greater than for balanced conditions. The second 

pulse, diode 01 conducts for only O.928ms (16.704°), resulting in a peak of 

22.8A. This peak is less than at balanced conditions. 
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Figure 3.26: Diode currents for 1% unbalanced voltage supply 

The 3rd current pulse flowing through 05, on Figure 3.26 peaks at 12.5A. 05 

conducts for O.79ms (14.22°). At 2% voltage unbalance the 1st current pulse­

peak through 01 is 37.27 A. 01 conducts for 1.322ms (23.796°). while the 2nd 

pulse, peaks at 23A and conducts for 1ms (18°) as shown in Figure 3.27. 
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Figure 3.27: 2%'Voltage unbalance, resultant dc-link voltage and currents 
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A closer look at Figure 3.27 shows that at 2% voltage unbalance two of the six 

supply voltage peaks have decreased to such an extent that two diodes cannot 

be forward biased (see Figure 3.23 at 190ms). Diode 01 conducts for both 

instants, with two unequal current pulses. Diode 03 only has the 2nd of the two 

current pulses. This is because the line-to-line voltage supply does not exceed 

the dc-link voltage, hence the diode is not forward biased. This is also evident 

through the continuous decay of the dc-link voltage to 190ms in Figure 3.23. That 

is, the dc-link capacitor is not charged at this instant and the inverter continues to 

draw power as the dc-bus voltage is degraded. In the cases of 3%,4% and 5% 

voltage unbalance, the response to voltage unbalance is similar. 

3.9.2 Impact of unbalance voltage on rectifier current waveform 

The effect of unbalanced voltage on the rectifier current depends on a 

comparison of the supply line-to-line voltage with the dc-link voltage at steady 

state. The current in each line follows the voltage trend, that is, two line currents 

tend to increase with an increase in voltage unbalance. The third line current 

decreases with an increase in voltage unbalance. In Table 3.15, the RMS line 

current as a function of percentage voltage unbalance ratio and corresponding 

peaks are listed. 
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Table 3.15: Rectifier line currents as a function of LUVR 

Phase A Phase B PhaseC 

%L.UVR IPUk IRMS lpellk IRMS IPUk IRMS 

0 23.6 6.9 23.1 6.9 

~ 1 31.27 8.66 31.27 7.6 

2 37.27 10 37.27 8.8 23 4.8 

,3 37.5 10.05 37.5 8.85 22.8 4.9 

4 37.5 10.05 37.5 9.0 23 4.7 

5 37.8 10.2 37.5 9.1 22.6 4.6 

Figure 3.248 displays the current for the three top diodes of the rectifier, from 

balanced conditions to 5% voltage unbalance, Appendix A3.3 displays the 

current waveforms through each diode. 
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Figure 3.28: Current through Diode 1, 3 and 5 

The first current peak through 01 reaches a maximum value at 2% LUVR. After 

this, any increase in LUVR causes an insignificant increase in the current peak. 
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The second peak remains almost constant at 23A. In 03 the first peak and in 05 

the second peak reduces to zero at 2% LUVR. 

3.10 INVERTER OUTPUT VOLTAGE AND CURRENT (Induction motor 

input) 

The output voltage and current of the inverter become the input to the motor. 

3.10.1 Inverter line-to-line output voltage 

The dc-link voltage increases with increase in voltage unbalance, which is in turn 

pulsed through the switches (PWM) on to the inverter output voltage. Hence the 

inverter output voltage has peaks equal to the dc-link voltage peaks. This is 

extracted from the result tabulated in Table 3.16, whereby the voltage peaks 

increase with an increase in percentage unbalance. Figure 3.29 is a plot of 

percentage unbalance and the peak inverter voltage. 

Table 3.16: Inverter line-to-line voltage 

%LUVR Vpeak VRMS 

0 534 300 

1 537 300 

2 540 300 

3 543 300 

~. 546 300 

5 550 300 

In ideal terms the line-to-line RMS voltage at the fundamental frequency is given 

by: 
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Where, ma is the amplitude modulation ratio and 

Vdc is the average dc-link voltage. 

(3.9) 

Consider a case where ma is constant, such as in the drive model simulated in 

this report (ma = 0.6). Therefore Equation (3.9) would be, 

Where kl is the constant of proportionality. 
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" 

Figure 3.29: Inverter output peak voltage 

5 

It can be observed from Equation (3.10) that the fundamental line-to-line inverter 

output voltage should increase linearly with an increase in the dc-link voltage. 

The RMS voltages remain constant; this is because the modulation ratio (rna = 
0.6) and the switching frequency (fs = 2kHz) are constant. But in Table 3.17 it's 
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not the case. The RMS voltage in Table 3.17 is the RMS voltage of the whole 

waveform, not the fundamental component only as in Equation (3.10). 

3.10.2 Inverter line current 

Noting that the modulation ratio and switching frequency are constant at, 

Iss ::::2kHz 

Table 3.17: Induction motor line currents 

%LUVR lpeak IRMS 

0 10 7 

1 10 7 

2 10 7 

3 10.1 7.05 

~ 10.1 7.05 

5 10.1 7.1 

The motor will draw a current to match the required torque. Table 3.17 shows 

that the motor draws balanced constant three-phase currents, because the load 

torque is constant. 

3.11 CONCLUSIONS 

The three-phase mains supply at the University of Cape Town Machine's 

Laboratory is distorted and unbalanced. This introduces undesirable inaccuracies 

in the tests results. However, this does represent the practical scenario, where 

an acceptable unbalance is always present in a distribution network. 
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A PSpice Supply-Drive-IM model has been successfully developed and 

correlated with test measurements for balanced voltage supplies. Furthermore, 

the model was also tested for simulating the impact of voltage unbalance on 1M 

drives. The results were compared and verified with test measurements. 

Percentage unbalance as low as 2% can cause considerable increase in the 

rectifier input peak currents. The rectifier current peak at balanced conditions 

was measured to be 23.5A. It increased to 37.3A at 2% voltage unbalance. This 

is an increase of 58%. The voltage unbalance may seem small, but the effect it 

has on current is considerable. At 3%, 4% and 5% voltage unbalance, the 

increase in the rectifier current peak is not as large as the initial increase with the 

2% unbalance. 

The dc-link voltage characteristic six-pulse is distorted in the presence of voltage 

unbalance, resulting in an increase in the average dc-link voltage. Ultimately the 

1M draws O.5A more current than the rated 5.5A RMS. 

The output voltage of the inverter is balanced, despite the presence of voltage 

unbalance on the supply. As a result the line currents drawn by the motor are 

also balanced. 

A baseline for future reference has been documented at balanced voltage supply 

conditions. Furthermore, unbalance voltage does not exist in isolation. it is 

normally coupled with under or overvoltage supply, which the developed PSpice 

program is able to simulate. 
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4.1 INTRODUCTION 

The effective application of VSDs requires a detailed understanding of VSD 

operation, motor performance, load characteristics and installation problems. 

The use of IGBTs switches has not only improved the performance of VSDs, 

but also introduced new issues with regard to motor overvoltages [17]. 

An inverter duty motor is interpreted differently by different motor 

manufactures. It may not imply the ability to handle the increased reflected 

wave voltage stress resulting from IGBT drive applications [17]. This chapter 

uses an existing cable model for simulating the 2pu or greater (1pu :::: dc bus 

voltage) reflected voltage wave phenomenon for both the cable and induction 

motor. The system is analyzed for a balanced voltage supply initially. 

Unbalanced voltage supplies are then applied to the model and the results 

discussed. It is discovered that the initial model employed is insufficient 

because there are two frequency bands, the normal power frequency 

waveform and the reflected high frequency waves. This necessitates a 

modification to the existing cable model. 

4.2 REFLECTED WAVE PHENOMENON (RWP) 

4.2.1 RWP analysis 

The inverter of a PWM drive does not produce a sinusoidal output voltage but 

generates a continuous string of pulses as shown in Figure 4.1. These pulses 

propagate through the cable from the inverter output to the motor terminals. 

The peak of the inverter output voltage is equal to the dc bus peak voltage. 

However, the voltage peaks at the motor terminals are not necessarily equal 

to the dc bus voltage peaks, but depend on the dynamics of the drive-cable­

motor circuit [17]. 
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Figure 4.1: Inverter output voltage "Train of pulses" 

The drive-cable-motor circuit dynamics depend on'­

• Inverter output voltage lise time, 

• Cable length, 

d" J, 

• Cable transmission line charactelistic and 

• Motor impedance, 

. . 

Transient overvoltages at every swi tching point are evident at the motor's 

terminals, and are illustrated In Figure 42 for one pulse. The overvoltages can 

exert destructive stresses on the motor insulation thereby reducing motor life, 

-l:rFiHI.·~~~l 
, 

" 

. , 
. -.~ 

~_,_ ,, __ ""- ~_u,,_ ~_,_ .,,- -"'-' ,- ,-,~" - -... ", 

! I 

'1 
.j 

Fig ure 4 2' Tr~nsient overvolt~ge at switch ing for one phase 
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A space-time ladder diagram, as shown in Figure 4.3, is a technique of tracing 

the various reflections and their resultants. The horizontal axis is the distance 

along the cable length, and time is plotted on the vertical axis. Distance is 

from left to right, while time is from the top to bottom. The zigzag lines 

represent the wave fronts of the various reflections and the numbers attached 

to the lines indicate the magnitudes of the individual waves. The magnitude of 

each reflection is obtained by multiplying the magnitude of the incident wave 

by the reflection coefficient at the point where the reflection takes place. The 

number shown in each intervening space is the sum of the individual waves 

above that point, and represents the net voltage in that region of the diagram. 

The voltage at any time can be obtained from the diagram. 

Figure 4.3: Voltage reflection diagram 

With time, the reflected voltage will decay to 0 and the voltage at the load will 

converge to E. However, at the next PWM switching point, the process will be 

repeated. The voltage at the source will remain at E for all times for zero 

source impedance. The waveform of the voltage at the load end is shown in 

Figure 4.4, for a terminal reflection coefficient of 0.B7. 
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figure 4.4: Voltage at Induction motor terminals 

4.2.2 Causes of reflected waves in long cable leads 

The reflected wave phenomenon in long cables can be explained using 

transmission line theory. The inverter output voltage is equal to the dc bus 

voltage. However at the receiving end, at the 1M terminals, the voltage peak 

depends on a voltage ring-up factor r [17]. 

Where, 

It is also referred to as the 'Reflection coefficient' and is a function of source 

impedance (Zs) , cable surge impedance (Zo) and load surge impedance 

(Zload). The relation between these parameters is expressed in Equation (4.1) 

and (4.2). 

Where: 

(4.1) 

E,- is the incident voltage wave at the load end, 

E,+ is the reflected wave at the load. 
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(4.2) 

Similarly: E; is the incident voltage wave at the source and, 

E: is the reflected wave at the source. 

:. VIM = (l + r,) '" V;nvel1er (4.3) 

In long cables the voltage propagates in waves. Whenever the cable surge 

impedance does not match that of the motor, the voltage wave will be 

reflected at the motor terminals. It can be shown that the peak of the reflected 

wave can exceed 2pu of the sending end voltage [18]. 

4.2.3 Variables affecting reflected wave magnitude 

Factors affecting motor overvoltage magnitude can be summarized as [17]: 

• Motor and cable surge impedance 

• Motor load 

• Cable length 

• Magnitude of drive pulse 

• Rise time of drive pulse 

• Spacing of PWM pulses 

The cable and motor surge impedance mismatch are the primary causes of 

the motor terminal overvoltage problem. 

4.3 CABLE CHARACTERISTIC IMPEDANCE 

Long cables are inevitable because the converter is often housed in a clean 

positive pressure environment, to prevent problems associated with dust and 

for cooling purposes. The induction motor would be where the process takes 

Page - 74 



Univ
ers

it
f Cap

e Tow
n

CHAPTER FOUR 

Impact of Cables in PWM VSDs 

place several tens or hundreds of meters from the drive as shown in Figure 

4.5. 

Long cabl. 

Converter 

figure 4.5: General supply-drive-motor layout 

lumped RlC circuits can model long cables. Due to the high ringing 

frequencies of the reflected voltage wave, the motor model needs modification 

for simulation purposes. This is to allow it to cater for the high overvoltage 

frequency and low power frequencies simultaneously. 

4.3.1 Cable parameters 

The cable used in this study, is a four-core PVC insulated copper cable of 

length 36m, manufactured according to SABS 1507-1990 standard. The cable 

is connected between the inverter output and the induction motor terminals 

with specifications in Table 4.1. 
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Table 4.1: Cable Specifications 

Parameter Units Value 

Surface Area mmA2 2.5 

Diameter mm 1.25 

Number of Cores 4 

Insulation PVC 

length (for test) m 36 

Nominal current A 20 

Woltage rating V 600/1000 

In general, the model adopted for the cable is a RlC circuit. It is found that for 

this particular cable type, one RlC branch is sufficient and accurate enough 

for simulation. Figure 4.6 is the per phase cable model adopted for simulation 

that is generally used for power frequency modeling [19]. 

Ro 
Pm! Voltaae ,A" 

La 
y 2 

l~ 
o 

per phase 

nduction Motor 

10 star point 

Figure 4.6: Per phase cable parameter model 

A challenge is faced in determining the value of Ro. lo and Co of the cable 

model. Initially a step response test for an uncharged cable is undertaken to 

determine the propagation delay of the voltage waveform, to travel from one 

end to the other as illustrated in Appendix A4.1. That is, two phases of the 

four-core copper cable are used. One end of one phase is connected to a de­

supply of 250V and a voltmeter. The other end is connected to a voltmeter. 

The switch is closed and the step voltages at each end are captured in an 
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oscilloscope. Figure 4.7 shows the step response of the cable specified in 

Table 4.1. 

f···························· i ~ v;,~t' ~'.'~ '.'-'~~' r·····"··""··""·"·"""1 
380 -.----.--

330 +---+--

280 +---+-­

E 230 +---+--
CD 

1 180 

~ 130+-~---v--+-~---+--~--r--+--~~ 

80T--;--~--~~---r--~~~-+--4-~ 

30 

-20 o 2 4 6 8 10 12 14 16 18 20 

TIme [us] 

· · 
· 
· 
· 

. . .................................................................................................................................................... .. ' 

figure 4.7: Dc-voltage step response wavefonns 

The propagation delay is determined to be, 

tp = 220ns 

A reflected wave is required to traverse the cable length, a (a is the symbol for 

cable length) four times to complete one oscillation cycle. Therefore, the 

period of oscillation is given by; 

T cycle:::: 4t p (4.4) 

Oscillation frequency (ringing) is inversely proportional to the cable length 

(4.5). Therefore, high oscillation frequencies occur for short cable lengths [18]. 

The ringing frequency for the 36m long cable is given by; 

1 1 10 =-=-
T cycle 4t p 

(4.5) 
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1 
fo = =1.136MHz 

4*220ns 

The ac resistance Rs(nlm/conductor) of the cable is a function of cable 

oscillation frequency and is higher than the dc resistance due to skin and 

proximity effects. The skin effect is attributed to high internal inductance at the 

center of the conductor. The proximity effect is due to adjacent conductors 

distorting and effectively reducing current flow in the primary conductor and is 

dependent on the cable design. Therefore, high frequency fo' currents turn to 

crowd on the conductor surface, this effectively decreases the conductor area 

and increases the ac resistance. The effective ac resistance is then given by; 

(4.6) 

Where, 
K _ dog; 

skin(/o) - 2(0.0661) 
(4.7) 

Therefore, 
K p16.61 *10-8 Fa 

R = --.:..-----
a d 

o 

(4.8) 

The proximity effect increases the ac resistance by a factor of two (K p = 2) 

for tightly bundled round conductor cables [18]. Using the cable oscillation 

frequency calculated above in Equation (4.6) the ac resistance is found to be, 

Rae =5.70, 

The cable parameters, La and Co , are very difficult to measure 

experimentally and the machine's laboratory is not well-equipped with the 

required instrumentation. Therefore, an ESCORT ELC-2260 RLC Meter is 

used to measure the capacitance and inductance and to confirm the ac 

resistance magnitude. These quantities are compared to a 3mm square cable 

parameter and are found to be within acceptable limits [18]. 
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Table 4.2: Cable parameters 

Units Cable Used 

Area mmA2 2.5 

Rdc mn 282.5 

Rac n 5.695 

Lo uH 25 

Co nF 3.915 

4.4. MOTOR MODEL 

The inverter output voltage has two frequency components of interest 

produced by the presence of long cables in PWM drives. The first one is the 

desired power frequency. which sets the 1M speed. The second frequency is 

the undesirable cable oscillation (ringing) frequency in the order of MHz. A 

model robust enough to handle steep voltage wavefronts at high frequencies 

is desirable for accurate simulation. The high frequencies are a transient 

effect that takes place at every switching point of the PWM voltage. The 

extreme stress on the 1M winding is primarily due to IGBT's with small rise 

time. Thus, the 1M model must be able to simulate high frequency effects and 

the normal operating frequency effects. 

A motor model suitable for predicting the surge performance is shown in 

Figure 4.8 [23]. 

Chf Uf 

Vt 
Rzo Rtf 

Figure 4.8: Differential mode motor model 
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At low frequencies, the motor behaves as an inductive series impedance 

(R+ jmL) just like a standard 1M. At high frequencies, the motor behaves as a 

capacitive series impedance (R + j:C) to allow the passage of surges. In 

Figure 4.8, the low frequency inductance Lif and low frequency resistance Rif 

are consistent with the parameters determined in Chapter Two for the power 

frequencies. The high frequency resistance, Rhl , corresponds to the surge 

impedance of the 1M and establishes the reflection coefficient, r t [23]. The 

high frequency capacitance, Chi' allows the surge to pass through, while 

blocking the power frequency. 

4.5 MOTOR PARAMETERS 

The load impedance as seen by the cable at the termination point is 

dependent on the reflection coefficient and is given by Equation (4.7). 

From (4.1) 

And 

From (4.3) 

The low voltage test bed is run with a balanced supply voltage, 380V line-to­

line. The 36m long-cable as specified in Table 4.1, connects the inverter 

output to the 1M terminals. The inverter is set at 25Hz output frequency, and 

the 1M is fully loaded with 20Nm on the output shaft. The switch is closed and 

the motor allowed to reach the steady state operating conditions. Figure 4.9 is 

captured and the reflection coefficients at the termination point is calculated 

as follows: 
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Figure 4.9: Measured Inverter output and 1M tennlnal voltage 

The measured incident voltage at the termination point is, 

E,- =555V 

And the reflected voltage is measured to be, 

E,+ = 1030, But 

Therefore, r t = 0.856 

The motor illustrated in Figure 4.8, has the following parameter values, which 

are computed and tabulated in Table 4.3. 

The magnitudes of Rif and Lif remain unchanged as determined in Chapter 

Two for an operation frequency of 25Hz. 

Where Rif = 13.740. and 
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Llf = 42.37mH 

The magnitude of Rzo is computed as follows: 

(4.9) 

As m-+oo, (4.10) 

Substituting the reflection coefficient at the motor terminals, r t :::: 0.856. in 

Equation (4.1) results in: 

(4.11) 

Therefore, (4.12) 

Substituting, Lo = 25pH and Co = 3.92nF from Table 4.2, in Equation (4.12) 

results in: 

The high frequency branch, Rzo in series with ChI I is to due to the reflected 

wave oscillation. Therefore, the high oscillation frequency capacitance of the 

motor is estimated as follows: 

(4.13) 
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Solving for C}if and substituting for the known magnitudes, 

fa ' the oscillation frequency was computed to be 1.136MHz from the step 

response test. Zo :::: 79.86Q, from Equation (4.10) . 

. '. Chi:::: 1.77 pF, for the 36m cable. 

The motor parameter magnitudes are summarized in Table 4.3 below. 

Table 4.3: Motor model parameters 

Rit 13.74 

lit mH 42.37 

1030 

F 1.77 

4.6 SIMULATED AND MEASURED TEST RESULTS 

The measured and simulated reflected wave peaks and 1M line currents are 

compared for the balanced voltage supply to validate the cable model. 

4.6.1 Cable voltage drop and 1M line currents comparison 

Table 4.4 summarizes the validation of the model capability to model 

reflected waveforms. However, the large volt-drop predicted by the cable 

model employed is unacceptable. A percentage error of 1400 on the cable 

volt-drop, based on 5V, measured volt-drop is computed. 

Table 4.4: Balanced voltage supply reflected voltage 

V 1 
1030 

imulation 
Error 

75 --+-- -, 
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Figure 4.10 is the measured inverter output and 1M terminal voltages; a closer 

view is displayed in Figure 4.11. By averaging the two voltages for the case in 

Figure 4.11 a volt-drop of 5V is realized. This is compared to simulated volt­

drop displayed in Figure 4.12, whereby a volt-drop of 75V is predicted. 

j--VIM ..... 'Vinv I 

900+-~--~--+-~--~--+--+--~--r--+--~ 

750 

~ 500 
CD 300 
i 
~ 150 

-00 

-250 +---+--+--+---+--+--+---+~-+--t----+--I 

450~~--~--~~--~--~~~~--~~--~ 

Time [us] 

Figure 4.10: Measured inverter output and 1M tenninailine-to-line voltages 
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~ 
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Figure 4.11: A closer view of Figure 4.10 
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Figure 4.12: Simulated inverter output and 1M terminailine-to-line voltages 

Furthermore, another discrepancy observed is in the 1M line currents. The 

measured RMS current is 7.2A and the predicted is 5.5A. In both current 

magnitudes, amplitude and RMS percentage errors of 29.8% and 23.6% 

occur. Table 4.5 and Figures 4.13 and 4.14 summarizes the results. 

Table 4.5: Balanced supply 1M line currents 

36 7.2 11.4 

Imulation 36 5.5 8 

~ Error 23.6 29.8 

-10"+-,-.J.....I--'-+---'--'--'-'-+-'--'-'--'-+---'-'--'-'-+-'--'-'--,-+---'-'---'-'-+-,--'-'--,-+---'-'-..I-..L....l 
60ms 65m" 70ms 75_ 60.. 85." 90.1.111 95MB 100mll 

Q ~I (Lll) 

Figure 4.13: Simulated 1M line current 
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Figure 4.14: Measured 1M line current 

4.6.2 Discussion 

The simulation accurately predicts the shape, magnitude and damping of the 

drive-cable-motor system and has been verified experimentally. However, the 

cable model in sections 4.3 is inadequate. 

til The voltage drop between the inverter output voltage and motor 

terminal voltage predicted when skin and proximity effects are 

considered is 75V. This is much larger than the measured value of 5V. 

• Moreover, there are two categories of waveforms from the inverter to 

the motor, the 'normal' pulse-train characteristic of the PWM drive at 

the power frequency range and the high oscillation frequency of the 

reflected waveforms. These waveforms, effectively 'see' a different 

cable impedance. 

4.7 CABLE MODEL REVISIONI MODIFICATION 

The lumped RLC cable model in Figure 4.6 is found to be insufficient to 

accurately predict the cable behaviour at high ringing frequencies. The PWM 

inverter output voltage waveform produces several frequencies in the cable. 

The cablel motor impedance mismatch creates voltage reflections, which 

oscillate in the MHz, while the fundamental frequency is in the 10's of Hz and 
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the PWM frequency is in the kHz range. Attention here is directed at modeling 

the voltage reflection problem, while at the same time maintaining the correct 

power flow through the cable. Hence, the model here is suitable for the 

voltage reflection problem and fundamental frequency power flow operation. 

The skin effect is not Significant at power frequency, but the high oscillation 

(ringing) voltage waves do experience high ac resistance due to proximity and 

skin effects. 

Therefore, as in the resonant tank motor model adopted from [23] the cable 

model is modified such that it is capable of handling both low and high 

frequency voltage waves. The modified cable model is shown in Figure 4.15. 

The assumptions and calculations made are as follows: 

• At least two RLC branches are required, one for the fundamental and 

PWM frequencies, 

• The second for the high frequency oscillation of the reflected voltage 

waves, 

• A cut off frequency of 6kHz is used for the power and PWM RLC 

branch. 

Ra La 

From Inverter To motor 

es Ra Co 

Figure 4.15: Modified cable model 
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The magnitudes of, Ro, Lo and Co are the cable parameters for the power and 

PWM frequency range and are the same as in the model in Figure 4.6. 

Furthermore, Rs is Ro adjusted for skin and proximity effects as described by 

Equations (4.6 And 4.7). The inductance Ls, remains unchanged, and is therefore 

equal to Le. The magnitude of Cs, for the cable model specified in Table 4.1, is 

calculated using filter circuit theory, as follows: 

Consider Figure 4.16 below, 

Z ::::sL+R+_I­
sC 

Cs Ra 

Figure 4.16: RlC high frequency branch 

At resonance, the imaginary part of Equation (4.9) is zero 

I 
:.sL+-==O 

sC 

'.7 I 
::::) jOlL == --

jOJC 

1 
f == 21r../LC 

Therefore, for the 36m cable length Cs is, 

Rs == 5.690 

Lo == 25~H 

f== 6kHz 

:.Cs == 28.14~F 
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4.8 ANALYSIS OF THE REVISED CABLE MODEL FOR A BALANCED 

VOLTAGE SUPPLY 

The predicted volt-drop across the cable agrees with the measured value of 5V 

as tabulated in Table 4.6. Figures 4.17 and 4.18 are the simulated and measured 

inverter output and 1M terminal voltages. 

Table 4.6: Balanced voltage supply reflected voltage 

Vp1 pu ~oltdrop M 
irest 1030 1.94 5 
$imulation 1054 1.91 5 
~ Error 2.3 0 

542,OOV 

S040.00V 

I 
538.20V 

97.744S.8 91.1600111$ 97.7800.s 97.8000m8 97.8200Jllis 97.B31Sms 
0" V{LH!2,C211) .;:. V(PHASEA,PHASEB) 

ri •• 

figure 4.17: Simulated Yolt-drop across the cable 

Page - 89 



Univ
ers

it
f Cap

e Tow
n

570 

565 

~560 
& 
I 555 
> 

550 

545 
20 

CHAPTER FOUR 

Impact of Cables in PWM VSDs 

21 

1- . - . VIM --Vin" I 
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Time [us] 

Figure 4.18: Measured Yolt-drop acron the cable 

The modified cable model has reduced the percentage error for the RMS current 

from over 20% to 1.4%. Also, the amplitude of current error has decreased to 

6.9%. The results are summarized in Table 4.7. Moreover, Figures 4.19 and 4.20 

are the simulated and measured current waveforms, validating the modified 

cable model. 

Table 4.7: 1M terminal current 

Cable length [m] 1M line current [A] 

a l_ Im 

Test 36 7.2 11.4 

Simulation 36 7.3 10.6 

fITrro 1.4 6.9 
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Figure 4.19: Simulated 1M line current 
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Figure 4.20: Measured 1M current 

Therefore, from the above results it is concluded that the modified cable model 

produces acceptable results, when compared to the previous model. 

4.9 PARAMETRIC STUDY BASED ON THE MODIFIED CABLE MODEL 

The cable model is modified for the reasons discussed in section 4.6 and 

simulations undertaken, for increasing cable length. The peak reflected voltage at 

the motor terminals decreases with increasing cable length. The voltage drop 

across the cable length follows the same trend. It is observed that the voltage 

drop varies from pulse to pulse, therefore, during the analysis of results, the 
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worst voltage drop was recorded. The variation in the voltage drop across the 

cable is due to pulse width period difference. 

4.9.1Analysis of the 36m-cable test and simulation result 

The reflected voltage is found to be 1.9pu and correlates with the measured 

result. The test undertaken with a 36m long cable correlates with the simulation. 

The measured and simulated results are summarized in Table 4.8, for constant 

switch rise time. 

Tabl&4.8: Improved cable model reflected voltage summary 

Result Cable Peak Voltages M ~nverter output Voltage 

OriSlin LenSlth VJ:t1 Vln" Dro]) ~u 

:rest 36 1054 554 5 1.9 
Simulation 25 1069 569 6 1.9 
Simulation 36 1064 569 5 1.9 
Simulation 50 1062 569 4.5 1.9 
Simulation 100 1054 569 3.5 1.9 
Yo Error 36 0.9% 2.7% 0 0 

The average dc-link voltage and ripple are not affected by the presence of a long 

cable. The results summarized in Table 4.9, show that 581V were measured 

while the simulation predicts 564.5V. an under-estimate by 2.8%. If the drive 

were operating in regenerative braking mode, then it would be expected that the 

dc-link voltage be affected by the reflected voltage waves. However, regenerative 

braking is beyond the scope of this project. 
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Table 4.9: Dc-link voltage with modified model 

36 581 20 
25 564.5 20 
36 564.5 20 

imulation 50 564.5 20 
Simulation 100 564.5 20 
Yo Error 36 2.8 0 

The only impact observed is on the inverter output current amplitude, which has 

increased from 10.2A as measured, for no cable, to about 15A for long cable 

conditions. This is due to current harmonics generated by the reflected waves. 

The cable impedance filters out these current harmonics, which are embedded 

on the inverter output current, by the time the current reaches the motor 

terminals. Table 4.10 shows that the cable length does not affect the motor RMS 

current. It was established in Chapter Three, that voltage unbalance does not 

affect the voltage balance of the inverter output. 

Table 4.10: Revised cable inverter and 1M currents [A] 

Result Cable Length [m] Inverter output current 1M line current 
Origin a [m] L- Im L- Im 
Test 36 7.3 15.8 7.3 10.2 
Simulation 25 7.3 14.8 7.3 10.6 
Simulation 36 7.4 15 7.4 10.6 
Simulation 50 7.4 15 7.4 10.6 
Simulation 100 7.4 15 7.4 10.6 
Yo Error 36 1.4 5.1 1.4 3.9 

4.10 IMPACT OF CABLE LENGTH UNDER UNBALANCED SUPPLIES 

An arbitrary voltage unbalance setting is chosen for both the test and simulation, 

similar to the case discussed in Chapter Three. The percentage unbalance of 

2.4% and overvoltage of 3.8% were determined from the arbitrary voltage setting. 
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The supply voltage waveforms are displayed in Appendix A4.2. The purpose of 

the work in this section is to prove that the developed model is capable of 

predicting the impact of long cables in the presence of unbalanced voltage 

supplies. The test is undertaken and the relevant quantities measured. The same 

voltage supply is captured and applied to the PSpice model. The results are 

analyzed and correlated. 

4.10.1 Rectifier current 

The rectifier line currents show unbalance in both their peaks and RMS values. 

The peak and RMS currents are tabulated in Table 4.11, Figure 4.21 and 4.22 

are the rectifier current waveforms for line A. The rectifier currents are in line with 

the findings in Chapter Three, that is, each line current peak is dependent on the 

length of the diode conduction period. This is purely a function of the three-phase 

unbalanced voltage supply arrangement. Therefore, the same voltage unbalance 

can give different current unbalance results, depending on the phase sequence, 

employed. 

Table 4.11: Rectifier line currents 

rhaseA rhaseB rhasec 

Test 35.2 7.9 33.1 6.3 35 6.4 
Simulation 38.7 8.7 38.4 6.9 41 6.1 

% Error 9.9 10.1 16 9.5 17 4.7 
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Figure 4.21: Simulated rectifier current for line A 
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Figure 4.22: Measured rectifier current for line A 

4.10.2 Dc-link voltage 

0.( 120 

The average dc-link voltage from the test result is 2.2% greater than that 

predicted by the simulated model. A percentage ripple of 3.54% is predicted, 

while an actual ripple of 2.84% is computed from the measured parameters. 

Table 4.12 tabulates the dc-link voltage comparison between the measured and 

simulated values, and Figure 4.23 and 4.24 are the dc-link voltage waveforms. 
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Table 4.12: Dc-link voltage analysis 

~aveM ~ppM % Ripple 

Test ~77.3 16.41 ~.84 

Simulation ~64.5 19.99 ~.54 

% Error ~.2 ~1.8 

% Ripple ~.2 ~1.8 ~4.4 

Where, Vave is the average voltage, 

V pp is the peak-to-peak voltage. 

Figures 4.23 and 4.24 are the measured and simulated dc-link voltage 

waveforms, respectively. The two waveforms are comparable, indicating validity 

of the model. 
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Figure 4.23: Measured dc-llnk voltage waveform 

Figure 4.24: Simulated dc:iink voltage waveform 
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4.10.3 Inverter output and 1M currents 

The inverter output and 1M line currents also correlate well with measured values. 

The filtering effect of the cable is evident from the measurement of the inverter 

output current amplitude of 17A and 11A at the motor terminals. The RMS values 

are not affected by the presence of a long cable, as displayed in Table 4.13. 

Figure 4.25 and 4.26 are the simulated and measured inverter current 

waveforms. Figures 4.27 and 4.28 are the simul~ted and measured 1M terminal 

currents waveforms. 

Table 4.13: Inverter and 1M currents 

Inverter output 

lCable length [mJ iCurrent [A] M line current [AJ 

a L_ Im l_ Im 

36 7.14 17.83 7.23 11.35 

lSimulation 36 7.4 15 7.35 10.6 

% Error 3.6 15.9 1.7 6.6 

Figure 4.25: Simulated Inverter output current 
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figure 4.26: Measured Inverter output current 
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figure 4.27: Simulated 1M terminal current 
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figure 4.28: Measured 1M terminal current 
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4.11 PARAMETRIC STUDY FOR INCREASING %LUVR 

Four cable lengths, of 25m, 36m, 50m and 100m are simulated for increasing 

percentage unbalance, from 1 % up-to 5%. The reflected peak voltage, dc-link 

voltage, cable volt-drop and inverter output voltages are monitored. 

Table 4.14 and Figure 4.29 illustrate the reflected voltage peak voltage as a 

function of percentage unbalance. The voltage peak increases almost linearly 

with increasing voltage supply unbalance. On average, the voltage increases by 

6% at 5% unbalance conditions from the nominal reflected peak voltage. The 

nominal voltage peak is measured at balanced conditions. 

Table 4.14: Reflected peak voltages 

~LUVR 

1 
2 
3 
4 
5 

Reflected peak voltage 
26m 36m 60m 100m 

1003 1000 1001 986 
1004 1007 1002 990 
100~ 1013 100~ 99B 
1021 1019 1011 100q 
1026 1020 1020 100B 

1-'-25m __ 36m ~5Om ~100m I 
1030 -.----,.----,---,----,----,---r---....,.---, 

'I 1025 
!. 1020 +----t----t---j----+---+--:z 

& 1015 t==t==t==::r:~::t: :I 1010~--+--

i~:~~~~ 
i ~5~-+---4--~~ 
t ~~~===l===t==1===t===t==1==~ iii: 985 *-= 
~O~--~---+---t-----+----+--~-~--~ 

1.5 2 2.5 3 

%LlNR 

3.5 

Figure 4.29: Reflected yoltage peak 
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The dc-link voltage is found to be as simulated in Chapter Three, that is, only the 

effect of voltage unbalance was observed. This effect is illustrated in Figure 4.30, 

where the average dc-link voltage and the ripple are plotted. Therefore, the 

presence of long cables between the inverter and induction motor does not affect 

the dc-link voltage under the conditions simulated. 
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Figure 4.30: Average dc-link voltage and ripple 

Table 4.15 tabulates the dc-link voltage ripple; with all the cable lengths 

exhibiting the same percentage ripple. The ripple is 4.5% on average, except 

3.4% at 1 % unbalance is predicted from the simulations. The measured dc-link 

voltage ripple was 3.44% for the 36m long cable at 2.4% unbalance with 3.8% 

overvoltage on the three-phase supply voltage. 

Table 4.15: Percentage ripple with increasing %LUVR 

IoIOLUVR % Ripple 
1 3.40 
2 4.53 
3 4.50 
4 4.48 
5 4.46 
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Another parameter monitored during the parametric study, was the volt-drop 

across the cable. The volt-drop measured for the 36m long cables under 

balanced voltage supply conditions is 0.9% of the peak inverter output voltage 

across the cable. Figure 4.31, is a plot of the volt-drop per cable length for 

increasing percentage unbalance. The volt-drop is inversely proportional to cable 

length. This is because, at 25m and 36m, the oscillation frequency is in the MHz 

range, and hence the skin effect is stronger than at 50m and 100m, where the 

oscillation frequency is in the kHz range. As a result, a larger volt-drop exists in 

the 36m long cables than at 100m. 

1.2 ,..----,---r----,..----,---r----,---.,...----, 

1.1 

f 1.0 

'U 0.9 F=---r-........... ~::::::_I-I---r-:::::ii::;:;;;::;;=p=~ 
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Figure 4.31: Percentage voltage drop along the cable 

4.12 WORST CASE CONSIDERATIONS 

Two worst voltage supply cases are simulated, 

(8 10% overvoltage with 5% unbalance on the supply voltage 

(8 10% undervoltage with 5% unbalance on the supply voltage 

5 

The actual numerical values of the worst-case scenario voltage supplies are 

tabulated in Table 4.16 and 4.17. 
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Table 4.16: Supply voltage with 5% lUVR and 10% overvoltage 

~MS IVm phase Angle 

Vab f428.8741 ~06.304 P 
Vbe ~96.0531 ~60.7212 118.0522 

Vea ~28.3894 ~06.335 232.88 

Table 4.17: Supply voltage with 5% lUVR and 10% undervoltage 

RMS ~m Phase Angle 

~ab 351.042 496 .. 0753 0 

~be 324.4488 458.8399 117.556 

~ea 350.7327 496.011 235.097 

Applying the same drive-motor model developed in Chapter Three, a 5% voltage 

unbalance and a 10% over or undervoltage are added to the three-phase supply 

voltage and the results analyzed. NEMAl; standards state that induction 

machines can be operated under unbalanced voltage supplies up to 5% provided 

that the recommended derating is applied. There are no unbalanced voltage 

supply standards for VSDs that are known to the author at the time of writing this 

report. ESKOM guarantees the customer unbalanced voltage not exceeding 2% 

in the urban areas and 3% in the rural areas in their distribution network. 

4.12.1 Reflected voltage peaks 

The first three reflected voltage peaks for the three scenarios; unbalance with 

under or overvoltage and nominal voltage with unbalance are displayed in Figure 

4.31. At nominal unbalanced voltage conditions the predicted pu reflection 

overvoltage is 1.87, which is the same for the undervoltage conditions. However, 

during overvoltages, the pu overvoltage is 1.86, see Table 4.18 below. 

~ NEMA: National Electrical Manufacturers Association 
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Table 4.18: pu reflected voltage 
"-

Inverter output 1M Input pu overvoltage 
----" 

Vln" [V] Vp1 M 
tundervoltage 492 920 1.81 

~minal voltage 545 1020 I '" 
pvervoltage 602 1122 i '"6 

Figure 4 32 shows the simulilled inverter output voltage and the reflected voltage 

at the 1M terminals for 5% unbalance and overvoltage. The high ringing 

frequency is evident from the waveform in the order of MHz 

I !W VP1 IIVP,2_VP3 DVinVl 

1 "00 

'''" :;: 000 

• 0 600 

~ 400 

200 

0 

~~~=-:'~"t=~t=::-- e71 968 ~ 492 ~':~'--c~-"-I_ :: 
Type of voltage distort/on 

Fi~u", 4.32: First threG reflected wave peaks 

4.12.2 Effect of 10% overvoltage with 5% LUVR on de-link voltage 

The results in Table 419 show that the presence of a long cable does not 

influence the milgnilude ofthe dc-link voltage 
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Table 4.19: Dc-link voltage (10% overvoltage and 5% LUVR) 

~aveM Vp-pM %Ripple 

No cable 592.3 26.7 4.5 

36m cable 592 26 4.4 

~ifference 0.3 0.7 0.1 

4.12.3 Effect of 10% undervoltage with 5% LUVR on dc-link voltage 

Similarly, no significant impact is observed during undervoltage conditions, as 

shown in Table 4.20. 

Table 4.20: Dc-link voltage (10% undervoltage and 5% LUVR) 

~aveM ~p-pM %Ripple 

No cable 484.3 21.8 4.5 

~6m cable 484 22 4.6 

Difference 0.3 0.2 0.1 

4.12.4 Inverter and 1M line currents 

The inverter output current has large amplitude when compared to the current at 

the machine's terminals. This is because the long cable has filtering effects on 

the current waveforms. There is no significant impact observed on the RMS 

current due to the presence of a long cable on both the inverter output and 1M 

input. The only significant impact is on the inverter output current amplitude, 

which has increased by 42.2% at undervoltage, 40% at nominal unbalance 

voltage and 42.7% at overvoltage. Therefore, on average, the inverter current 

amplitude is increased by 41.6%, due to the cable length of 36m. (See Table 

4.21) 
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Table 4.21: Inverter and 1M currents 

Inverter output I [A] 1M terminal I [A] 

m 

12.8 6.3 9 6.3 

14 6.9 10 6.9 

15.7 7.7 11 7.7 

4.13 CONCLUSION 

The PSpice drive-cable-motor model has demonstrated through simulations, that 

the reflected wave phenomenon can be calculated accurately for long cables in 

the presence of voltage unbalance. Theoretical results were verified with 

measurements. 

The existing lumped parameter cable model and 1M motor models were 

inadequate because, in the presence of long cables, the inverter output voltage 

has two components. There is the normal pulse-train at the required modulated 

frequency and the high frequency component due the oscillation of the reflected 

voltage waves. Moreover, for every pulse there is a reflected wave. As a result, 

adding an RLC branch in parallel with the existing cable model branch proves to 

be sufficient. Similarly the standard per-phase 1M model is not sufficient to 

correctly model an 1M under long cable conditions. Therefore, a resonant tank 1M 

model is used. The parameter determination part is challenging, however, a 

technique was developed, based on the measurable quantities. 

The dc-link voltage is not affected by the varying cable length. Moreover similar 

results were found in Chapter Three. That is, the no-cable conditions rendered 

similar results as the long cable conditions with some exceptions. This is for 

motor terminal current and the dc-link voltage and ripple. The exception is with 

the inverter output current amplitude which increases by 40% from 10A to 14A. 
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It is concluded that the proposed resonant tank motor model and the modified 

cable model can be applied correctly to predict the reflected wave phenomenon. 
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5.1 INTRODUCTION 

Variable speed drives are used in a range of applications, from small water 

fountains of 1 kW to boiler feed water pumps of 12 MW. Hence, it is important to 

understand the energy savings associated with VSDs. The capital investments in 

VSD equipment and peripherals could easily amount to millions of Rands. 

Whether energy savings are the sole or partial justification for installing VSDs, 

the calculation should be correct and accurate [31]. This will ensure sound and 

proper decision-making. 

This chapter discusses and evaluates a method for determining energy savings 

associated with VSDs on centrifugal loads, such as pumps, fans and 

compressors. Relevant data is extracted from pump manufacture's performance 

curves and these are expressed in mathematical formulae. To illustrate this 

method. a practical case is undertaken from Tutuka Power Station in Standerton. 

A spreadsheet program for determining energy savings associated with VSDs is 

developed and the results presented. This is verified by comparing the results 

computed with an ABB spreadsheet program for energy savings. 

5.2 VSD BENEFITS 

Variable speed drive's benefits can far outweigh their cost, provided the 

application is appropriate. These benefits could be in the form of production and 

quality improvements or financial savings, some examples of which are as 

follows: 

411 Improved life expectancy of equipment, because it is not operated at rated 

load and speed unnecessarily, 

411 Improved process control, 

411 Noise reduction at reduced speeds. especially in fans. 
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5.3 VSD CANDIDATE IDENTIFICATION 

The application engineer should appreciate the fact that not all industrial 

processes require the application of VSD. Therefore, feasibility studies are 

required before implementing such a project. Operating profile characteristics are 

a major factor in determining energy savings. Therefore, a thorough study and 

monitoring is required before a decision is made as to the applicability of a VSD 

in a given plant. 

Contributing factors in identifying suitable VSD candidates, 

., Variable load: The load is the determining factor as to what size and type 

of drive equipment is required, e.g. Figure 5.1 shows a variable load duty 

circle per annum . 

., High annual operating hours: The longer the operating time, the higher 

the energy utilization. This creates more opportunities for energy savings . 

., Operating at reduced loads most of the time: The fluctuation of the 

load allows the possibility of operating at different speeds. 

2500 
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figure 5.1: Annual duty cycle of a water pumping plant 

Page -108 



Univ
ers

it
f Cap

e Tow
n

CHAPTER FIVE 

Energy Savings of a Pump Drive 

5.4 JUSTIFICATION FOR VSD INVESTMENT 

A proper and detailed evaluation of the quantities listed below is essential. These 

estimates can vary, because costs vary with time, for example, the price of 

electricity. Furthermore, in plants like power stations where there could be up to 

16 identical generating units, it may take several years to completely implement a 

project. During such a period the cost of investment may vary considerably, 

especially in South Africa, where engineered equipment, such as VSDs are 

imported. 

Factors that need consideration are: 

• Plant life expectancy versus VSD equipment life expectancy, 

• Present cost of VSDs and peripherals, 

• Benefit per annum over the total plant life, 

• Present value of benefit 

A comparison between the present value benefits to the present cost can be 

undertaken. Assuming that the energy savings are the only determining factor, if 

the present benefit value is greater than the present investment value, it would 

mean that the VSD project is justified. Otherwise, all factors need to be 

considered carefully. 

5.5 ENERGY UTILIZATION POINT 

It is fundamental to identify exactly where energy is consumed in pumping 

systems. Controlling the process means varying the flow [31]. It is the technique 

with which variable flow is achieved that determines the amount of energy 

utilized. When a pump or a set of pumps operate at a fixed speed, at any given 

volume flow rate, the pressure developed by the pump is greater than that 

required by the system. Here the system refers to head required by the pumping 

equipment and losses due to the pipes and fittings. 
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The only exception is at the natural operating point, where the developed head 

matches the system curve. Therefore, in pump and fan type loads, there is only 

one natural operating point per rotational speed. At reduced loads, the pressure 

is dropped to match the required pressure. In dOing this, control valves are 

normally employed to either, 

.. Directly drop excess pump pressure by throttling the output. 

.. Or indirectly drop the pump discharge pressure by recycling 

additional flow. 

Energy is dissipated during such processes, which may amount to millions of 

Rands in large pumping systems and petrochemical industries. 

5.6 HOWVSDs SAVE ENERGY 

Figure 5.2 displays the pump performance and system curves. It can be 

observed that the pump characteristics are not compatible with system 

requirements. It can be seen that the system requires less pressure at reduced 

flows. The end process that requires the pumped fluid governs this. However, the 

pump pressure increases at reduced flows. The pressure difference between the 

two curves increases with flow reduction. 

I 
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I Pump cu~=~ Svstem culVe I 45 
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Figure 5.2: Pump curve showing operating point 
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In a fixed speed pump operation, the method of matching the required pressure 

to the pump output pressure dissipates electrical power. Variable Speed Drives 

enable flow control through shaft speed control. That is, the system and the 

pump pressures are matched by reducing the motor speed. Only the power 

required to develop the required speed and torque is used. The energy that is 

normally used to overcome the pressure drop across the throttling valve is now 

saved. 

5.7 PROCESS SYSTEM MODELING 

Manufacturers present pump performance data in a graphical form. As processes 

get more and more complicated with multiple flows and pressure settings, it 

becomes impractical to represent the whole process system graphically. 

Therefore, mathematical models need to be developed to represent these 

systems, so that affinity laws may be applied [31]. 

5.7.1 Pump performance curve 

The pump curve can be represented by: 

(5.1) 

Where, Hp is the head developed by the pump [m] 

a is the shut-in pressure, the head developed by the pump at zero 

flow [m] 

c is a constant [hr2/m5
] and always negative to establish the correct 

concavity. 

Q is the volume flow rate [m3/hr] 
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In computing the values of the constants a and c. the performance curves from 

the manufacturer are required. For this example a pump model 32-160, Rapid­

Allweiler make is used (see Appendix A5.1). The shut-in pressure is read directly 

from the performance curves and it is found to be, 

a = 42m, For the 170mm impeller diameter. 

Before a pumping system can be designed and specifications determined, the 

intended design operating point must be known. This is required to calculate 

constant c. Therefore, consider the natural operating point from Figure 5.2 of, 

N1 operating point, [Q; H] ::: [45; 32,08] 

Where, 

N1 is the pump impeller speed. 

Therefore the pump equation becomes, 

(5.2) 

Figure 5.2 is the plot of equation (5.2) showing the pump curve at rated speed of 

5.7.2 Process lines 

Process lines represent the system, the pipes and fittings losses, and the 

required output head. These are expressed in meters, with a parabolic shape. 

(5.3) 
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Where, 

Os represents Net Positive Suction Pressure (NPSH) plus the pressure 

required before any flow can be achieved. This includes system losses 

due to friction. 

es is a positive constant, since the system resistance increases with 

increased flow. This is analogous to electrical resistance. In practice, one 

computes all the system losses and adds NPSH to get the correct value of 

Hence, 

Hg = 5 +13.37 * 1O-3Q2 (5.4) 

The system curve is superimposed on the pump curve in Figure 5.2 to establish 

the 'natural operating point'. 

5.7.3 Affinity curve 

Affinity curves are tools used to determine the correct initial conditions to be 

applied when the flow s 

peed is varied by means of VSDs. These curves are generally represented by 

(5.6) below. 

(5.5) 

H _Q2 HI 
2 - 2 Q~ 

1 

(5.6) 
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5.7.4 Shaft power curve 

The power equation is similar to the pump equation, except that Q is raised to a 

variable degree, d in Equation (6.6), and is determined by trial and error [31]. 

This gives the modeling engineer the flexibility of manipulating the flow versus 

power characteristics to match the manufacturers curves. 

(6.7) 

Reading from the manufacturers pump performance curves in Appendix A6.1, 

the following points are noted to calculate the constants in Equation (6.7). 

[Q; Ps] : [0; 1.8]; [46; 7] and [28; 6] 

Solving the simultaneous equations results in Equation (6.8), which is plotted on 

Figure 6.3. 

~ == 1.8+ 113*10-3Q (6.8) 

Keys to the curves in Figure 6.3 are 

• N1 is the pump curve at rated pump rotational speed, 

• DSC is the design system curve, 

• AC1 is the affinity curve at rated conditions and 

• Ps is the shaft power curve. 
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Figure 5.3: Shaft power curve superimposed on pump characteristic curves 

5.8 APPLICATION OF AFFINITY LAWS 

Affinity laws, in equation (S.8), (S.9) and (S.10), relates the impeller speed, head 

developed and the shaft power utilized by the pump. 

Where 

H = pump discharge head [m] 

Q = pump discharge volume flow rate [m3/hr] 

Ps = pump input shaft power [kW] 
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The method of controlling flow by throttling a valve, effectively forces the system 

curve to be compatible with the pump curve, as shown in Figure 5.4 

1~r-------------------------------' 

Figure 5.4: Operating points by valve flow control 

Using a VSD for controlling flow by varying the shaft speed effectively displaces 

the pump curve to be compatible with the system as shown in Figure 5.5. 

Where. 

50 
45 
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35 

E 30 
- 25 
:z: 20 
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~~1 -+-DSC -a-N2 -e-N31 

I 

~ 
.Ar "'"'"-I 

~ r' t::f 
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Figure 5.5: Pump clIrve showing three operating points 

N2 and N3 are the pump curves at reduced speeds, 
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The process of locating the correct shaft speed corresponding to a reduced 

required flow requires application of the affinity curve. Affinity curves are 

graphical depictions of the affinity equation derived in section 5.7.3. 

If the system has no static pressure (the system curve starts at zero flow and 

zero head). the speed fraction equals the flow fraction using the design flow point 

as the initial point. However, it is most often the case that the system has static 

head. Therefore, the determination of the amount of speed reduction required to 

meet the reduced speed operating point is not obvious, and the solution requires 

the concept of affinity curve. 

The problem of using the affinity law, which states the equivalence of flow ratios 

to speed ratios, is finding the full-speed initial flow rate. 

From Equation (5.8) 

Figure 5.6, below illustrates a graphical procedure for determining a flow rate for 

an arbitrary reduced-speed operating point. The procedure is summarized as 

follows: 

e Construct the design system curve on the pressurel flow performance 

curve. 

e Substitute the desired operating point flow rate, Q2, into the system curve 

equation to obtain the associated system head. This flow, Q2. and H2 are 

the coordinates of the reduced speed operating point. 

e Derive the affinity curve constant using the operating point coordinates 

obtained above, substituting in Equation (5.6). 
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• Construct the operating point affinity curve on the pressurel flow 

performance curve: 

150r--------_______ ...... 

o. 
°o~~'~--~~~--~oo~--oo~. ~~----1~~--~1~ 

'" Oftlgn Flow 

Figure 5.6: Design system curve and operating point affinity curve 

The flow. 01. associated with the intersection of the affinity curve and the 

pressure! flow performance curve is the correct full-speed initial point used in 

applying the affinity law. The ratio Q2 is equal to the required speed ratio. This 
QI 

procedure must be repeated for all reduced-speed operating points. There is a 

unique affinity curve for each point except for a system with zero static head. At 

zero static head conditions, all the affinity curves coincide with the design system 

curve. 

5.9 RAND ENERGY SAVINGS 

The performance curves at various operating speeds have been determined. The 

next step is to tabulate the electrical energy utilized and the cost of such energy. 

This is done for both constant speed operation and variable speed to identify the 

savings due to the application of a VSD. 
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Constant speed operation is the simple case, because the power drawn from the 

utility supply is constant. In the case of variable speed drives, the efficiencies of 

all interconnected power handling equipment needs to be factored in. Also the 

fact that these efficiencies will vary with speed should be considered. This 

requires experimental data, of which the manufacturer may supply some and the 

rest could be measured. In the absence of measured data typical values can be 

used. The efficiencies of the following equipment need to be considered, that is, 

if they form part of the system: 

• Input transformers, 

• Variable speed drives, 

• Mechanical gears, if any, 

• Electrical machines, and the 

• Pump. 

A spreadsheet program is developed so as to compute the energy savings in 

terms of Rands, associated with VSDs. Condensate extraction pumps from 

Tutuka Power Station are used in the case study to quantify the energy savings. 

The plant specifications, that is, the motor ratings, pump specifications are in 

Appendix AS.2. 

The tariff in use has a significant impact on how much could be saved. In order to 

simplify the calculations, an average cost per kWh is used. This average is 

determined by calculating the total cost of electricity per duty cycle divided by the 

total kWh utilized during each period. Therefore the only input to the program is 

the cost per energy unit in kWh. Table S.3 tabulates all the charges that make up 

the electricity total cost. 
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Table 5.1: Energy cost based on ESKOM's 2000 tariffs 

Type of Charge Charges , 
Demand charge(R) ::: 40 Imonth 

Basic charge (R) :::: 165 Imonth 

Energy charge (R) :::: 0.35 IkWh 

This tariff structure varies from distributor to distributor. The input table for the 

developed spreadsheet is illustrated in Appendix A5.3. 

5.9.1 Cost of energy for constant speed operation 

At constant speed, throttling a valve or bypassing the flow are the techniques 

used to control the flow. Bypassing the flow means diverting the flowing fluid 

back to the source. These methods are energy inefficient and present 

undesirable pressure on the system. The amount of energy utilized is 

approximately 5.8GWh amounting to R2.03 million per annum at constant speed 

operation in this example. The actual projected energy consumption and costs 

are tabulated in Table 5.2. 

Table 5.2: Electrical energy cost per annum: Constant speed operation 

LDC POWER SUPPLY ENERGY ENERGY 

~oad Hrs/yr kW kWh COST 

~O% 0 741.81 0.00 RO~ 
~O% 350 724.8Jj 253,695.81 R 88,793.5~ 

~O% 1050 761.52 799,595.5] R 279,858.~ 

~O% 1400 818.05 1,145,269.5~ R 400,844.36 

170% 2100 B41.0Jj 1,766,203.61 R 618,171.21 

~O% 1400 867.64 1,214,691.83 R 425,142.104 

00% 700 885.95 620,162.38 R 217,056.83 

100% 0 917.89 0.00 RO.QC 

7000 6,558.75 5,799,618.7~ R 2,029,866~ 
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Table 5.2 is also represented by the LDC curve, Figure 5.1. 

5.9.2 Cost of Energy at Variable Speed Operation 

Variable speed operation matches the pump output power to system 

requirements by adjusting the pump impeller rotational speed. The energy 

utilized at variable speed operation is 2.56GWh amounting to R900 000.00 per 

annum. In computing these figures, consideration of VSD, motor and pump 

efficiencies are made. Tabfe 5.3 tabulates the projected energy consumption 

and cost at variable speed operation. 

Table 5.3: Electrical power cost per annum: Variable speed operation 

LDC POWER SUPPLY ENERGY ENERGY 

Load Hrs kW kWh Cost 

~O% 0 72.86 0.00 RO.OO 

140% 350 114.94 40,230.35 R 14,080.6~ 

50% 1050 177.00 185,844.81 R 65,045.69 

60% 1400 257.65 360,715.89 R 126,250.56 

70% 2100 367.71 772,193.83 R 270,267.84 

80% 1400 508.32 711,641.60 R 249,074.56 

90% 700 701.84 491,290.28 R 171,951.60 

100% 0 936.63 0.00 R 0.00 

7000 3136.95 2,561,916.76 R 896,670.87 

5.9.3 Energy saved 

The amount of energy and hence cost savings, is the difference between the 

energy utilized at constant speed and at variable speed. The developed program 

projects 55.8% reduction energy consumption at variable speed operation. This 
/ 

amounts to R1.1 million savings per annum. The projections are listed in Table 

5.4. 
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Table 5.4: Energy and cost savings 

Ener 

2,561,916.7 

3,237,701.9 

5.10 ABB AND ESS" ENERGY SAVINGS PROGRAM COMPARISON 
The same system parameters are logged into a similar program for VSD energy 

savings, developed by ASS. The result of the developed spreadsheet, referred to 

as the ESS is compared to the ASS result. 

Table 5.5: ABB and ESS program result comparison 

Quantity Units ESS Result ABB Result 

Calculated ener~ throttlin~ kWh 5,799,618.74 5,456,198.10 

trhrottled pump energy tolal cost lannum Rands R 2,029,866.56 R 1,909,669.34 

[c;alculated energy pump with VSD kWh 2,561,916.76 2,394,555.84 

~SD energy total cost per annum Rands R 896,670.87 R 838,094.55 

trotal energy saving per annum ~Wh 3,237,701.98 3,061,642.26 

irotal energy cost saving per annum Rands R 1,133,195.69 R 1,071,574.79 

The total energy utilized when throttling a valve to control fluid flow is projected to 

be 5.8GWh by ESS and 5.5GWh by ASS. The developed program projects 

savings of 55.8% and ASS projects 56.1 % per annum. Therefore, the two 

projections predict annual savings of more than 50% with an installation of 

variable speed drives. Observing the two right hand side columns in Table 5.5 

shows that ESS values are greater than ASS's. This is attributed to slightly 

different assumptions that each developer used . 

• ESS:- Energy Savings Spreadsheet 
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5.11 INVESTMENT PAYBACK PERIOD FOR TUTUKA PIS 

The cost' of the project consists of equipment and engineering services for 

system design, installation and commissioning. The investment payback 

calculation is based on the equipment costs quoted on the 13th November 2001 

by Southern Pumps S.A. (PTY) Ltd and Siemens Automation & Drives. 

The existing 1024kW induction motor is old and therefore not designed to 

operate through a VSD. It is therefore economically sensible to change this 

motor, rather than installing output filters. The recommended system equipment 

required, consist of an induction motor, a VSD, and a transformer. These are 

listed in Appendix A5.4 and their total cost is R 1,186.390. Adding an estimated 

20% installation and commissioning cost, the total cost projected is R1,423,668. 

Depending on the project's finance method, the simple payback period could be 

determined as follows: 

Y( ) 
C(project - cost) 

yrs = 
S (cos t - savings) 

(5.12) 

Therefore, for the project cost of R 1,423,668 and annual savings of R 1.1 million, 

the payback period is: 

From Equation (5.13) 

Y(yrs) = Rl,423,668.00 = 1.26 
Rl,133,195.69 

Therefore the payback period would be 1.26 years (16 months) based on the 

ESS spreadsheet. The payback period based on ABB spreadsheet projections is 

1.33yrs (16 months). Equation (5.13) gives a rough estimate of the payback 
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period. In cases where the initial project investment is a loan, which is often the 

case, compound interest needs to be considered. Moreover, the amount saved 

may decrease over the years because of factors such as equipment depreciation 

and an increase in energy costs. 

5.12 EXAMPLE TO VERIFY THE ENERGY SAVINGS SPREADSHEET 

Further verification of the developed spreadsheet's accuracy is considered. The 

ratings and costs of the pump, motor and selected VSOs are in Appendix A5.4, 

for a second case study. 

5.12.1 Cost of energy for constant speed operation 

The amount of energy utilized is approximately 284MWh, amounting to 

R99.400.00 per annum at constant speed operation. The actual projected energy 

consumption and costs are tabulated in Table 5.6 for the LOC in section 5.3. 

Table 5.6: Electrical power cost per annum: Constant speed operation 

LDC POWER SUPPLY ENERGY ENERGY 

Load Hrs kW kWh COST 

30% 0 12.03 0.00 RO.OO 

40% 350 26.62 9,315.88 R 3,260.56 

50% 1050 37.24 39,105.37 R 13,686.88 

60% 1400 40.57 56,791.65 R 19,877.08 

70% 2100 42.44 89,114.22 R 31,189.98 

80% 1400 42.54 59,552.33 R 20,843.32 

90% 700 43.05 30,134.48 R 10,547.07 

100% 0 50.20 0.00 RO.OO 

7000 294.67 284,013.94 R 99,404.88 
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5.12.2 Cost of energy for variable speed operation 

The energy utilized for variable speed operation is 130.4MWh amounting to R45 

600.00 per annum. In computing these figures consideration of VSD, motor and 

pump efficiencies are made. Table 5.7 tabulates the projected energy 

consumption and cost for variable speed operation. 

Table 5.7: Electrical power cost per annum: Variable speed operation 

LDC $UPPLY ENERGY ENERGY 

Load Hrs kW kWh ~ost 

30% 0 0.91 0.00 R 0.00 

40% 350 3.92 1,373.21 R 480.63 

50% 1050 10.75 11,283.44 R 3,949.20 

60% 1400 15.04 ~1,061.54 R 7,371.54 

70% 2100 20.92 43,939.69 R 15,378.89 

80% 1400 23.76 33,264.16 R 11,642.46 

90% 700 27.84 19,485.19 R 6,819.82 

100% 0 0.00 R 0.00 

7000 ~ 130,407.23 R 45,642.53 

5.12.3 ABB and ESS energy savings program comparison 

The amount of energy and hence cost savings, is the difference between the 

energy utilized at constant speed and at variable speed. The developed 

spreadsheet, ESS, projects a 54% energy consumption reduction for variable 

speed operation, while the ASS program projects 52.6%, see Table 5.8. 
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Table 5.8: Energy and cost savings 

Quantity Units ESS Result ~BB Result 

Calculated energy throttling kWh ~84,013.94 ~75,583.65 

Throttled pump energy tolal cost lannum Rands R 99,404.88 R 96,454.28 

~alculated energy pump with VSD kWh 130,407.23 130,584.44 

rvSD energy total cost per annum Rands R45,642.53 R 45,704.55 

rrotal energy saving per annum kWh 153,606.71 144,999.21 

rrotal energy cost saving per annum Rands R 53,762.35 R 50,749.72 

5.12.4 Investment payback period for the selected example 

Similarly for the selected example, 20% of the equipment cost is added for 

installation and commissioning. Hence the cost projected is R110.336.40. The 

required equipment and costs are listed in Appendix A5.4. The developed 

program projects a payback period of 2.07yrs (25 months) and the ASS program 

projects 2.19yrs (27 months). 

5.13 CONCLUSIONS 

A method for determining energy savings for the application of VSDs to 

centrifugal loads is presented. A spreadsheet program is developed to determine 

the energy savings. With a knowledge of equipment specifications and system 

requirements, payback periods are projected. A case study using condensate 

extraction pumps, at Tutuka power station in Standerton, is undertaken. 

The projected energy savings using the developed spreadsheet are 

3,237,702kWhl yr and amount to R1.133.196.001 yr. The results are compared 

and verified by using a similar package by ASB. The savings projected by ASS 

automation and drives spreadsheet are 3,061,642,26kWh/yr amounting to 
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R1.071.574.79/yr. Both projections correlate, because ESS projects 55.8% 

savings and ABB projects 56.1 % savings. 

The calculated payback period is 16 months for both the ESS and ABB 

spreadsheets. Furthermore, a hypothetical example using real quoted equipment 

costs, is presented and the results correlated between the ESS and ABB energy 

calculation spreadsheets. 

Moreover, it is observed that the larger the VSD candidate plant, the larger the 

potential for energy savings. Hence, the payback period for the Tutuka 

condensate extraction pumps is shorter (16 months) than that of the second case 

study. 

A spreadsheet capable of projecting energy savings and the corresponding 

payback period has been successfully developed and verified. 

This can be used for the Demand Side Management initiatives to confirm and 

propose efficient use of electricity by industry. Moreover, this will result in real 

financial savings and optimum plant operation. Plant life will be extended due to 

an improved and efficient operation. 
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6.1 CONCLUSIONS 

Based on the findings the following conclusions are drawn: 

6.1.1 LITERATURE SEARCH 

For a given voltage unbalance the corresponding current unbalance can be much 

higher [5]. Excessive current unbalance increases current harmonic distortion, 

which can overload building wiring and transformers. This can trip protection 

circuits, even though the average current is well below the current rating of the 

VSD [7]. Moreover, non-characteristic third harmonic currents and poor power 

factor are typical consequences of unbalanced VSD line currents [5]. Voltage 

unbalance causes additional loads on utilities resulting in additional charges for 

consumers [9]. Therefore reducing system unbalance improves the ability of the 

power system to meet its load. 

6.1.2 TEST BED DEVELOPMENT 

Two test beds were constructed and commissioned. Several operating points 

were analytically computed and verified by measurements. Therefore 1M 

performance curves can be used to determine accurately, the shaft torque for a 

given speed with knowledge of the system curve (load curve). Moreover the 

system losses were measured and documented. 

6.1.3 DRIVE MODEL DEVELOPMENT AND SIMULATION 

The three-phase mains supply at the University of Cape Town Machine's 

laboratory is distorted and unbalanced. This represents practice where an 

acceptable unbalance is always present in a distribution network. 

A PSpice model has been successfully developed and correlated with test 

measurements for balanced voltage supplies. Furthermore, the model was also 

tested for simulating the impact of voltage unbalance on 1M drives. The results 

were compared and verified with test measurements. 
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Percentage unbalance as low as 2% can cause considerable increase in the 

rectifier input peak currents. The rectifier current peak at balanced conditions can 

increase by 58%. The voltage unbalance may seem small, but the effect it has on 

current is greater. At 3%, 4% and 5% voltage unbalance, additional increase in 

the rectifier current occurs. 

The dc-link voltage characteristic is distorted in the presence of voltage 

unbalance, resulting in an increase in the average dc-link voltage. The output 

voltage of the inverter is balanced, despite the presence of voltage unbalance on 

the supply. As a result the line currents drawn by the motor are also balanced. 

6.1.4 IMPACT OF CABLES IN PWM VSO'S 

A PSpice drive-cable-motor model that simulates the reflected wave 

phenomenon was developed. Furthermore, the effects of cable length on the 

operation of a PWM drive in the presence of voltage unbalance are simulated 

and verified through measurements. 

Two cable models are used, a lumped RLC model and a variation to allow for 

modeling the standing waves. The lumped RLC model is found to be inadequate 

for predicting the correct volt-drop across the cable. As a result, adding an RLC 

branch in parallel with the existing sector branch proves to be sufficient. A 

resonant tank 1M model is used. The parameter determination is challenging. but, 

assumptions were made which led to estimated parameter values, based on the 

measurable quantities. 

The dc-link voltage is not affected by the varying cable length. That is, the no­

cable condition renders similar results as the long cable conditions for the dc-link 

voltage, inverter current, motor terminal current and the dc-link ripple. 
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Furthermore, it is concluded that the proposed resonant tank motor model and 

the modified cable model can be adequate to correctly and accurately predict the 

reflected wave phenomenon and other associated effects. 

6.1.5 ENERGY SAVINGS OF A PUMP DRIVE 

A correct method for determining energy savings for the application of VSDs to 

centrifugal loads is presented. A spreadsheet is developed to determine the 

energy savings and payback periods. A case study using, condensate extraction 

pumps at Tutuka power station, Standerton, is undertaken. The results are 

compared and verified by using a similar package by ABB. 

The calculated payback period is 16 months projected by both spreadsheets. 

Furthermore, a hypothetical example using actual quoted equipment costs is 

presented and the results correlated between the developed spreadsheet and 

ABB energy calculation spreadsheet. Moreover, it is observed that the larger the 

VSD "candidate" plant, the larger the potential for energy savings. Hence, the 

payback period for the Tutuka condensate extraction pumps is shorter (16 

months) than that of the selected example, at (25 months). 

This can be used for the Demand Side Management initiatives to confirm and 

propose efficient use of electricity by industry. 
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6.2 RECOMMENDATIONS 

Based on the above conclusions the following recommendation are made: 

6.2.1 LITERATURE SEARCH 

Develop a table or curve that relates percentage voltage unbalance to the 

corresponding current unbalance for benchmarking equipment current ratings for 

operating under unbalance voltage conditions. 

6.2.2 TEST BED DEVELOPMENT 

Upgrade the test beds to impose unbalance voltage with phase unbalance 

capability, and also for transient testing. 

6.1.3 DRIVE MODEL DEVELOPMENT AND SIMULATION 

PSpice has limitations when simulating the performance of variable speed drives. 

Simulink will allow improved VSD performance simulation. 

6.1.4 IMPACT OF CABLES IN PWM VSD'S 

Investigate the causes of greater than 2pu reflected voltage wave. Consider 

methods of eliminating or minimizing the reflected voltage peak. 

6.1.5 ENERGY SAVINGS OF A PUMP DRIVE 

Use the developed program for retrofits and new energy efficiency initiatives 

projects in ESKOM Demand Side Management. 
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APPENDICES 

APPENDIXA2 

A2.1 Low power test bed equipment specifications 

Table A2.1: AC circuit nameplate 

~CCIRCUIT 

Induction motor Drive 

Input Output 

VM= 380 38Q..415 380-460 

I[A] = 6.5 16 

P[kW] == 3 7.5 

co [rpm] = 1415 

f [Hz] == 50/60 50 0-100 

Table A2.2: DC circuit nameplate 

DC CIRCUIT 

DC motor Rectfier 

Input Output 

VM== 220 380 400 

I[A] :: 15 35 40 

P[kW] :: 2.6 16 

co [rpm] == 1480 

Table A2.3: Load cell nameplate 

Load cell 

Capacity ::: 50 kg 

Signal ::: 2mV/V 
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A2.2 Medium power test bed equipment specifications 

Table A2.4: 1M Nameplate 

p::: 7SkW 

V= 380V 

1= 144 

00= 960RPM 

Insulation class F 

Poles 6 

Duty 81 

Table A2.5: 75kW 1M drive nameplate 

~L8TOM ALSPA MV3000 

Input Output 

Voltage 380-440 0-380-440V 

Current 14SA 140AJ 10SA 

Frequency 4S-63Hz 0-200Hz 

Power 7SkW 
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APPENDIXA3 

A3.1 load model 

R5 112 L11 R6 
V asel 

13.74 

U3 

Figure A3.1: Three-Phase Induction Motor in Star Connection load model 
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A3.2: Unbalanced three-phase voltages used in the parametric study. 

Table A3.1: Three-phase line-to-line voltages as a function of unbalance 

lUVR RMS Angle 

% M [deg] 

0 Vab= 380 0 

Vbc= 380 240 

Vca= 380 120 

1 Vab= 381 0 

Vbc= 376.18 119.52 

Vca= 381.85 239.04 

2 Vab= 383.83 0 

Vbc= 372.33 119.02 

Vca= 383.84 238.02 

3 Vab= 385.84 0 

Vbc= 368.42 118.52 

Vca= 385.74 237.05 

4 Vab= 387.76 0 

Vbc= 364.48 118.04 

Vca:::: 387.76 236.01 

5 Vab= 389.78 0 

Vbc= 360.5 117.52 

Vca= 389.68 235.19 
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A3.3: Diode currents 

Rectifier current waveforms through each top diode as a function of line unbalance 

voltage ratio. 

HIO!u 182M 184_ 1881lS 
c '" " t. 0 ., 1(01) 

Figure A3.2: Diode 01 current from zero to 5% LVUR 

~,~~~~~~~~~~~~~~ 
UhiS 189M.! 

Q: • V ....... lIDl) 

Figure A3.3: Diode 03 current from zero to 5% LVUR 

17'- 116_ ..... 
o ¢o If ~ D .. !(O!o) 

Figure A3.4: Diode 05 current from zero to 5% LVUR 
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APPENDIXA4 

A4.1: Dc-step response for an uncharged cable 

~ Lines ==3= Cable 

-_ -250V 

Figure A4.1: Dc-step response test schematic 

A4.2: Unbalance voltage supply from the Mains with 2.4% unbalance and 3.8% 

over voltage . 

• OOY 

>OF ....... ~ ~ I""~ VOA. ;4981J1 

V ""'\ .... if"" ""\ .. / r-r, 
200V '\ J<f .-" \ Y 

"\V v f"\;"f 
11' I'\. '----, / r- " 

ov 
f--I -'---1. B I / ., I C I / "-

AI J '\. I If .I I \ 

R I v r---- --' J -+ Y..r- / 
1V"":7 '\. if 
"- / '\. ./' 

-2_ A l.i'.. I 

!'~ ; r..... I' '\ 
./ r-., .J .... ~ Y .~ 

-.-o. ... 
D VM:-.lbl:l1 .to V(V2:-,V2::+) 0 VM:-.bl:l) 

Figure A4.2: line-to-neutral three-phase unbalanced supply voltage 
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APPENDICES 

APPENDICES AS 

AS. 1 : AIiWelier pump specs 
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A5.2: Tutuka power station condensate extraction plant specifications 

1. Pump type: 400/600 Two stage vertical caisson 

lIP Flow 

lIP Head 

lIP Nominal 

lIP Efficiency 

lIP Maximum shut-in head 

lIP Power absorbed 

lIP NPSH; Net Positive Suction Head 

2. Induction motor: Cage induction, JKC 450/5 

lIP Manufacturer 

lIP Enclosure 

lIP Supply voltage 

lIP Rated output 

lIP Full load current 

lIP Rated speed 
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: 1600m3/hr 

:160m 

: 1500rpm 

:80% 

:221m 

: 872kW 

:5.6m 

:GEC machines (Alstom) 

:drip proof IP22 

:3.3kV 3-phase-50Hz 

:1025kW 

:211A 

:1486 rpm 
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AS.3: User interface input tables 

Table AS.1: Parameter input window 

QUANTITY 

1 Liquid density (water =1) 

2 Pump nominal flow 

3 Nominal head of the pump 

.c1 Pump maximum head (at zero flow) 

E IStatic head of the system 

E Nominal efficiency of the pump 

i "Head over open throttle valve 

f Rated power of motor 

~ iSupply and motor voltage 

1C lRated motor speed (induction machine) 

11 !Motor full load current 

12 Nominal efficiency of the motor 

13 Nominal efficiency of the VSD 

1-4 Irotal operating time per year 

15 Price of energy per kWh 

Table AS.2: Spreadsheet LDe input table 

UNITS 

P (K)'/j.i3) 

an (mA3/h) 

Hn (m) 

Hmax (m) 

Hst (m) 

~1t (%) 

\Hv (m) 

\Pi (kW) 

~M 
RPM 

Y\ 
MJl(%) 

t'lmcro (%) 

trk (hrs) 

Rands 

Flow mA 3/h Time (%) tiours ~oad (%) 

30% 480 0 ] 3] 

40% 640 5 350 40 

50% 800 15 1050 50 

60% 960 20 140C 60 

70% 1120 30 21 OJ: 7] 

80% 1280 20 14QC 8] 

90% 1440 10 70j: 9] 

100% 1600 a c 100 

Total sum 100 7000 
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1000 

20C 

7C 

&Il 

E 

8C 

t 

55 

38C 

2965 

10C 

95 

9f 

700e 
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A5.4: Equipment and costs for the Tutuka Power Station Condensate Extraction 

Pumps 

Table a5.4: Equipment costs for the first case study 

Type Number Description Nett Price 

6SE7141-1 HJ62-4BAO 1000 kW 690V MASTERDRIVE CABINET UNIT 1 *R 695,946.00 

MOTOR 1100 kW 4 POLE 690V INDUCTION MOTOR 1*R 290,444.00 

rrRANSFORMER 1600kVA 3.3kV/690V 1*R 200,000.00 

Sub tolal (VAT excluded} R 1,186,390.00 

AS.4: Equipment and cost for the example selected by Southern Pumps SA 

(pty) ltd. 

Table a5.5: Equipment log for the second case study 

~tem ~ty Description Nett Price 

1 1380v/ 75kW MASTERDRIVE/6-PULSE DIODE R 53,115.00 

2 175kW/2POLE IP55 cast iron 380/3/50 INDUCTION R 26,240.00 

3 1 STORK MODEL CEN 100-250 CENTRIFUGAL PUMP R 9,458.00 

4 1 FENNER TYPE CLOSED COUPLING R 3,134.00 

Sub tolal (VAT excluded} R 91,947.00 
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