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Executive summary

The ideal supply waveform is a 50Hz sinewave. There is an increasing range of electronic equipment, including Compact Fluorescent Lamps (CFLs), which draw non-sinusoidal current and which distorts the supply voltage. This distortion can adversely affect other customer loads, in particular three phase motors. Australian standards, based on international IEC standards, are intended to control the distortion to acceptable levels. If harmonic distortion is to be controlled, the harmonic current drawn by low voltage (LV) equipment needs to be limited. This has been considered by the IEC who have produced a standard IEC 61000.3.2, of which Australia has adopted it as AS/NZS 61000.3.2. In many countries such as Europe, equipment which is sold, must comply with this IEC standard. There is no compliance testing in Australia and as such equipment, including CFLs, is being sold although it does not comply with the Australian standard. 

The removal of all incandescent lamps in Australia, in conjunction with the absence of a compliance testing regime, could lead to a large increase in the number of CFLs connected to the power system with no limit to their distorting effect. If this situation is allowed to occur, it will be difficult to resolve without considerable inconvenience to the Distribution Network Service Providers (DNSPs) and their customers. Several parties including Energy Networks Association (ENA) and the Integral Energy Power Quality and Reliability Centre (IEPQRC), at the University of Wollongong, are attempting to determine the magnitude of future problems and what measures should be taken now to ease the situation. 

Present work includes;

· measurement of lamp characteristics;

· measurement on laboratory installations;

· measurement in the field of carefully selected installations; and 

· mathematical modelling of credible future scenarios. 

The interaction of the CFLs with the power system is a complex process and it is not possible to obtain results with unequivocal confidence. However, it appears highly likely that harmonic levels will increase significantly above present levels and may exceed accepted limits in some situations.

As a minimum, it is urged that Australia enforce compliance testing with AS/NZS 61000.3.2 in regard to CFLs. However, there is a feeling within some sections of the standard community that this standard is not sufficiently tight to ensure harmonic levels will be satisfactory in every situation. There needs to be additional effort through Standards Australia to remove a “loophole” which has crept into the most recent version of the standard, an alternative criterion which can be satisfied by CFLs while still emitting significant current distortion. When appropriate background work has been done, Australia should move to close the loophole at the international level by making submissions to IEC. 

There is a range of newer types of consumer equipment such as home theatres and some large TV screens which are capable of drawing harmonic currents which are much larger than from CFLs. There needs to be a watch on these trends with a view to widening the compliance testing regime to encompass this equipment as well. It is noted that even this approach falls short of the European approach where all LV equipment capable of producing distortion must pass a compliance test as regards harmonics before it can be sold.

It should be noted that while harmonic emission is a primary concern for widespread installation of CFLs, other issues that have been identified with CFLs include power factor and safety.

1. Harmonics – what is it and what are its adverse effects

1.1 The voltage waveform should ideally be a sinusoid at 50Hz.

1.2 Harmonic distortion is the presence of higher frequency components such as 100Hz (rare) and 150, 250Hz (common!). The healthy 50Hz is called the "fundamental" while the other frequency components are called "harmonics".

1.3 Harmonic distortion causes the waveform to appear non-sinusoidal. The most usual type of distortion causes the top and bottom of the waveform to be flattened and is consequently called "flat-topping".

1.4 High frequencies which are a multiple of 50Hz are often referred to their value as a multiple of 50Hz. For example, a 250Hz sinusoidal component is referred as a 5th harmonic. Harmonic magnitudes are often given as a percentage of the fundamental quantity. Typical magnitudes of harmonic voltage are 1-5% at the lower frequencies.   

1.5 When there are many harmonics present, it is convenient to use a single number to characterise the total effect. This number is called the THD or Total Harmonic Distortion. It is usual to express it as a percentage of the fundamental component.

1.6 The THD equals the magnitude of the harmonic when only a single harmonic is present. When there are several harmonics present, their values are combined by a method called "root mean square combination" which gives a result somewhat less than the simple arithmetic combination. For example, if a voltage waveform has 5th and 7th harmonic components of 4% and 3% respectively, the THD is not 7% but 5%. 

1.7 The THD of a voltage waveform is sometimes given the symbol VTHD. A typical value is 1-5%. One can also determine the THD of a current waveform, in which case it can be given the symbol CTHD or ITHD. A typical value is 0% for non-distorting equipment (e.g. an electric radiator) to 150% (a CFL).

1.8 It is possible to compare the VTHD of different LV sites because in each case the THD is given in terms of the fundamental voltage which is the nominal voltage of 230V. It is not possible to compare the CTHD of different sites by simple comparison because the fundamental current can be different. For example, a CTHD of 2% in 500A feeder is much more serious than a CTHD of 50% in a 230W computer which draws a fundamental current of 1A. The first case corresponds to a distortion current of 10A (2% of 500A), while the second case corresponds to a distortion current of  0.5A (50% of 1A).

1.9 The effects of harmonic distortion on loads depend on the load type. A common problem is the setting up of high frequency currents in the rotors of induction motors. This can cause the motors to exceed their design temperature, overheat the insulation, and shorten their service life.

1.10 It is generally accepted that the motor can be seriously affected when the 5th harmonic voltage begins to exceed 5%.

2. Causes of harmonics

2.1 The voltage of a healthy car battery is about 13V when it is not supplying any current. Under normal conditions, this will fall to 12V or slightly less. The reason for this is the impact of the current on the internal resistance of the battery. This effect can be reduced by making the battery large, but it is uneconomical and impractical to do this.

2.2 The power system is in some respects similar to a car battery, even though its voltage is ac while a car battery generates dc. It has an internal impedance which causes its voltage to be affected when current is drawn. The effect increases with the current. 

2.3 If the current only contains 50Hz sinusoidal components, the reduction in voltage is also a 50Hz sinusoidal voltage. This reduces the voltage but does not distort it.

2.4 When the current contains higher frequency harmonic components, this causes higher frequency voltage drops in the power system. This combines with the normal 50Hz sinusoidal voltage to give a distorted voltage at the supply terminals.

2.5 It needs to be made clear that the waveform of a power system not supplying any current is very close to a 50Hz sinewave. It requires customer load current containing high frequency currents to distort the supply voltage.

2.6 The types of customer equipment which draw distorted current are mainly electronic equipment. For example, personal computers, office equipment, modern TV and entertainment sets, inverter air-conditioners and CFLs. A dominant part of the circuit of this equipment at the "front end" is a diode rectifier followed by a smoothing capacitor. In simple circuits, this draws a current which is a series of relatively narrow positive and negative pulses rather than the more extended waveform of a pure sinewave. This waveform is rich in harmonics, particularly at low frequencies. Single phase equipment (most residential loads) are rich in the 3rd, 5th and 7th harmonics. Three phase equipment (modern variable speed motor drives) are rich in 5th, 7th and 11th harmonics.

2.7 These circuits can be modified by additional electronic circuitry to reduce the harmonic components. This is sometimes done by manufacturers for products supplied in some countries due to regulations and this results in increased product cost.

2.8 In practice, the majority of customer installations contain at least one item of harmonic loads, and hence harmonics are produced at many different points in the power system. 

2.9 The harmonics vary throughout the power system, and are generally largest at the end of LV feeders where the impedance of the power system is largest, reducing as one approaches the distribution transformer. Harmonic levels in the MV power system are less, while harmonics in the transmission system are generally very low.

2.10 The harmonic voltage at the supply to a particular LV customer is made up from several sources. In general, the major contribution is all the other customers connected to the same LV feeder. The next contribution is that which comes through the distribution transformer due to customers connected to other parts of the power system. The smallest contribution is that due to the particular LV customer.

2.11 Harmonic voltages can be reduced by appropriate design of the power system. Methods which can be used to reduce these voltages include

· shortening the length of feeders

· reducing the number of customers on a feeder

· avoiding overhead open-wire transmission lines and using aerial bundle conductors or, better still, underground cables

2.12 All of the above cause an increase in the cost of the power system. The existing power system design has been built over many years and is mainly determined by economic rather than harmonic considerations (which were not issues at the time when the network was built) and depends on customer load density and whether the load is critical or not. Once the supply infrastructure is in place, it will take many years for it to be changed, and even then will be at considerable costs.

3. Standards

3.1 Australian harmonic standards are closely based on a suite of IEC (International Electrotechnical Commission) standards which together give some control over the level of harmonics which will appear in a power system. The standards have identical numbering with the IEC standards having the prefix "IEC" and the Australian ones "AS/NZS. For example, the Australian and New Zealand standard AS/NZS 61000.3.6 corresponds closely to IEC 61000.3.6.

3.2 These standards specify the maximum value of harmonic voltages which should occur at different parts of the power system at the different harmonic frequencies. Suggested limits are small in the transmission system, larger in the MV system, and larger again in LV systems. The limits are largest at low frequency, reducing to quite small values at the higher frequencies.

3.3 The IEC and derived Australian Standards give, directly or indirectly, the maximum value of harmonic current which particular customers should draw. In the case of MV and HV customers, principles are given which allow the maximum harmonic current to be determined for a particular customer. It is intended that the utility determine these levels for each MV/HV installation with the potential to draw significant distorting current and incorporate these values into connection agreements. Customers are obliged to meet these limits on harmonic current by appropriate plant design, choice of equipment or the installation of additional mitigation equipment such as passive harmonic filters.

3.4 In the case of LV customers, it is considered impractical to specify the maximum level of harmonic current which each LV customer can draw. Instead, assumptions have been made about the typical impedance of the power system, the number of connected residences, the typical range of equipment installed in each residence and usage patterns. Based on this, harmonic current limits have been determined for each class of equipment. It is intended that equipment manufacturers need to make themselves aware of these limits and design equipment accordingly. In Europe and some other countries, these equipment standards are mandated and equipment which does not comply cannot be sold.

3.5 In Australia, AS/NZS 61000.3.6 sets out maximum harmonic voltages which can be allowed in the power system to prevent undesirable damage to equipment. It is clearly stated that the utility has the major responsibility in limiting harmonic voltages in the power system. This standard shows how maximum harmonic currents can be determined for each MV and HV customer. In Australia, this standard is referred to in National Electricity Rules, state-based regulations and Distribution Codes which the utility is obliged to satisfy.

3.6 AS/NZS 61000.3.2 applies to LV equipment and gives harmonic current limits to different classes of equipment, including lighting. Although adopted by Standards Australia, it is not mandated. There are many known cases where equipment sold in Australia is found to not meet this standard.

3.7 This has not led to any major issues yet in Australia. Monitoring of harmonic voltages (for example the University of Wollongong Long Term National Power Quality Survey) shows that on average, harmonic levels are at about 50% of the values given in harmonic standards. Values are at about two-thirds the average values reported in Europe. It is hypothesised that this is because the there is less modern electronic equipment (in terms of both number and power rating) in both industry and domestic housing in Australia. There is a wide variation between sites in Australia with a significant fraction close to the limit values.

3.8 The overseas trend in harmonic growth is about 1% increase in THD per decade. The trend in Australia is three times this at some sites, which could be interpreted as a result of a catch-up in technology. Hence the results reported in the previous section do not guarantee that harmonic problems might not occur in the near future.

4. Recent Work by Standards Australia on standards applicable to CFLs

The standard applicable to lighting equipment (including CFLs) is Clause 7.3 of AS/NZS 61000-3-2 “Electromagnetic compatibility (EMC) – Part 3.2: Limits-Limits for harmonic current emission (equipment input current <= 16A per phase)”. In the latest revision of this standard in June 2007, concerns were raised by members of Standard Committee EL-034 that out of the two criteria (Clause 7.3 (b)) specified for discharge lighting equipment (of which CFL is one type), the second criterion focuses only on limiting third and fifth harmonics but no restriction is placed on higher order harmonics. The committee was concerned that with the phasing out of incandescent lighting equipment in Australia, CFLs satisfying only criterion 2 will cause high level harmonic distortion of the supply voltage. The committee resolved to address the concern with a footnote in the revised standard “Widespread use of devices meeting this criterion can cause interference in networks, particularly networks using ripple control signalling. It is intended to delete this second criterion from October 2010 subject to the outcome of a review to be carried out on the effect of the mass introduction of these lamps.” However there are still some concerns with this which need to be further discussed.
5. CFLs

5.1 CFLs operate by means of an arc discharge rather than the heating of a filament as occurs with an incandescent lamp. This improves their efficiency (defined as light output per electrical power input) about five times.

5.2 The arc discharge cannot be connected directly to the power system as the current drawn would be very spiky and cause problems with the power system. A similar problem occurs with conventional fluorescent lamps. A circuit has to be connected between the supply terminals and the discharge arc to smooth the current waveform. A magnetic ballast is used in the case of a conventional fluorescent lamp and a similar circuit was used in earlier CFL designs. This has now been almost completely superseded by the use of an electronic circuit, whose front end is the diode rectifier and smoothing capacitor referred to in Section 2. The benefits of the so-called electronic ballast are reduced size, losses and manufacturing cost.

5.3 There are various modifications to the basic CFL circuit with electronic ballast to improve the harmonic performance, but these result in cost increases. For example, a typical design has a CTHD of 150% and a cost of about $3.50 while a design giving a CTHD of 34% might cost $7. 

5.4 In the case of some cheaper CFLs available in Australia, it has been observed that the circuit board is the same as that used in products in countries where the equipment standards are more stringent, however the components which can improve the waveform are missing. This shows that the manufacturer knows how to supply a quality product, but has deliberately made a lower quality product to cut costs and be more competitive specifically for the Australian, New Zealand and presumably other countries lacking tight compliance requirements.

5.5 19 different domestic-use CFLs were purchased by the Integral Energy Power Quality and Reliability Centre. Of these, 26% failed AS/NZS 61000.3.2 if both criteria referred to in Clause 7.3 (b) are used. Only 1 lamp passed the more stringent criterion of Clause 7.3 (b). One lamp had a CTHD of 34%, 15 had CTHD in the range 100-126%, while 3 had a CTHD in the range 140-154%. In general, the lower quality lamps were cheaper.

5.6 The mandating of AS/NZS 61000.3.2 will reduce the worse cases of distorting CFLs from entering the Australian market, but does not guarantee that the problem will not occur at some future time because:

· Australia has a policy of the complete phase-out of incandescent lights. This will lead to a greater penetration of CFLs than was assumed in the development of the standard. The existing standard might need to be revised to give a tighter distortion limit to CFLs.

· Other types of consumer equipment such as home theatres are coming on the market. This will lead to a larger amount of distorting equipment in the home than was assumed in the development of the standard. The standard needs to review the whole range of distorting equipment connected to the LV system. It is suspected that this must lead to a reduction in limits for most equipment.  

6. Modelling studies

6.1 Attempts have been made to develop some realistic models for creditable scenarios for CFL penetration. These models represent part of the power system, appropriate MV and LV feeders and household equipment including a presumed number of CFLs per house. There is also a representation of distortion entering the local power system from other parts of the power system.

6.2 These models can be set up using standard power systems analysis programs such as PSCAD. Alternatively, the equations of the model can be determined and then calculated using a spreadsheet. Some simple models can be calculated using a calculator.

6.3 There are several difficulties in setting up the models and one cannot have 100% confidence in the results at this stage.

(a) Is the power system parameters really representative of an average situation? The most appropriate scenario may differ from state-to-state and between city and rural parts of the system. It is noted that some model results presented in the literature are based on US power systems which have different construction practices than Australian or European systems.

(b) Has an appropriate choice been made as to the average number of lights on in each home? Will changes in entertainment technology affect the number of lights which might be used in the home?

(c) How to determine the harmonic levels from outside the power system? Should it be assumed that the upstream power system is "fully saturated" in the sense that harmonic levels have reached harmonic limits?

(d) How to represent the CFL harmonic current? Some studies represent the CFL as injecting the same harmonic current as measured under laboratory conditions from a strong power supply, that is one which is not distorted very much.  The harmonic current drawn by "n" CFLsrmon is often modelled  as "n" times the current drawn by 1 CFL. With a real power supply, this approach can overestimate the harmonic currents. As described previously, CFLs cause a type of distortion called "flat-topping". This distortion reduces the harmonic current to less than what might be measured in a laboratory. As a result, the current drawn by "n" CFLs is less than "n" times the current drawn by 1 CFL.

(e) The distortion currents drawn by two CFLs need not be in phase (that is they do not go positively and negatively at the same time). This occurs when the CFLs are connected at different points in the power system, or when two CFLs of different design are connected at the same point in the system. Under these conditions, the combination of the currents is less than the sum of the current magnitudes.

(f) Other loads can reduce the harmonic voltages caused by CFLs. They can provide an alternative path for harmonic currents rather than through the power system. Some other types of distorting loads produce harmonic currents which will cancel out those of CFLs. This has been observed with a mixture of single and three phase harmonic loads and can be demonstrated theoretically for simple systems with a common connection point. 

6.4 The author has made a simple calculation assuming 120W of CFL per house with 80% 5th harmonic current. Assuming a short-circuit current of 500A at the supply point (with resistance equal to reactance), a 5th harmonic voltage of 0.3% has been determined at the supply point, much smaller than a typical limit of 5.5%. If there are 50 such houses, the harmonic voltage is not 50×0.3% but less. Standards suggest a suitable reduction is to 33% of this value or 4.9%. This leaves little headroom for additional harmonics from other loads in the house and harmonics penetrating through the distribution transformer from loads in other parts of the power system. From this study, we reach a conclusion similar to many found in the literature

(a) The harmonics due to CFLs in one house are negligible.

(b) The harmonics due to all houses having CFLs will give problems where harmonics are already high due to other causes. 

6.5 Another modelling study suggests that CFL CTHD needs to be kept below 34% to avoid harmonic problems.

6.6 Our skill has not reached a stage where the previous effects can be reliably incorporated into models and there will be uncertainty in model results for some time to come until some measurements can be made of real systems.

6.7 Attempts at finding problems from direct measurements have been unsuccessful to date. The difficulty is that the take-up of CFLs is at an early stage and it has not been possible to identify any area with a large CFL penetration. Various utility companies are continuing the effort in direct measurements.

