
Harmonic Mitigation Throughout a Distribution System: A

DG Based Solution

N. Pogaku∗ T. C. Green†

Department of Electrical and Electronic Engineering

Imperial College, London. Exhibition Road, SW7 2BT.

Abstract

This paper investigates the use of ancillary services from inverter-interfaced distrib-

uted generators (DGs) to achieve harmonic mitigation across a network. The approach

is to include the functionality of a resistive active power filter (R-APF) within several

DGs. The R-APF provides adjustable damping at harmonic frequencies. In a realistic

network, which has feeder sections of different characteristic impedances, it is imprac-

tical to damp with precisely that resistance. Instead, feeders are split into harmonic

sections based on the standing waves of the highest order harmonic and DG ancil-

lary services are called up for each section. Coordination of services from each DG is

arranged through adaptation of the harmonic resistance according to target THD lev-

els. The primary purpose of each DG is the supply of real power and this is respected

through a further aspect of the resistance adaptation which reduces the harmonic duty

of an individual DG if it approaches the apparent power rating of the inverter. The

harmonic VA required of the inverter is dependent on both the chosen harmonic resis-

tance and the harmonic voltage component present at the connection bus. The system

is demonstrated through a simulation of an irregular feeder using Simulink and PLECS.
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1 Introduction

Harmonic currents originating from non-linear loads cause harmonic voltage drops that

can propagate throughout a power distribution system. The propagation of these voltages

through feeders depends on the harmonic impedances of the system and if significant ca-

pacitance is present then resonant amplification of certain harmonic orders is a particular

concern for system operators. There are two obvious ways to tackle this: (i) reduce the

harmonic excitation from the loads and (ii) modify the network impedances to move, re-

move or damp resonance. Although newly purchased individual pieces of equipment should

meet standards such as IEC61000, the aggregate load on a distribution feeder can still draw

harmonic currents of sufficient magnitude to cause excitation of harmonic resonance. The

problem is most likely to occur where line impedances are high, such as in low voltage

distribution, and where shunt capacitors have been added for reactive power compensation.

The combination of shunt capacitors and line inductance provides resonant amplification of

the harmonic voltages across a certain frequency range [1]. The changing nature of loads af-

fects how prominent this problem becomes. Traditional resistive loads (notably heating and

lighting loads) are not significant harmonic sources and also provide damping (dissipation)

at harmonic frequencies. Modern electronic loads are very different: simple line-frequency

rectifiers emit harmonic currents and some loads act as constant current or constant power

loads and so do not provide damping at harmonic frequencies. However, loads that employ

single-phase unity power-factor pre-regulators often use the voltage waveform shape as the

reference for the current waveform and are thus resistive loads to harmonics within their

control bandwidth.

Traditional active power filters (APFs) have been proposed [1], [2], [3] for location

adjacent to major non-linear loads to provide equal but opposite harmonic currents and

thus prevent the flow of harmonic currents into the power network. There are two problems

with this approach. First, there is a case for consumer-funded APFs for specific high power

non-linear loads but this approach does not suit a collection of many small non-linear

loads that individually meet the regulations but which emit correlated low-order harmonic

currents. Second, most forms of APF compensate the local load current and do not assist
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with existing network voltage distortion [4]. Moreover, those APFs based on instantaneous

reactive power theory contribute additional harmonic distortion if the network voltage is

distorted or unbalanced.

The utility network operator faces a difficult challenge if the aggregate harmonic dis-

tortion interacts with resonances in the network impedances and violates harmonic voltage

limits. Conventional means of mitigating harmonics can be difficult to apply because the

pattern of harmonic current sources, the configuration of the network and the connection of

power factor correction capacitors are all time varying. The challenge is to provide active

devices such as power line conditioning APFs with control algorithms that provide harmonic

mitigation across a utility network. This requires that the control actions of multiple APFs

support each other and that there are no unstable interactions. Ideally this should be done

without the need for a communication infrastructure and in particular without the need for

central coordination and synchronisation.

In the literature several techniques have been proposed to mitigate the harmonics

throughout distribution networks. Some of the reported methods use optimisation algo-

rithms to compute the compensation reference for each APF in a network [5], [6], [7], [8],

[9]. This rests on having available harmonic impedance data for each branch and measure-

ments of harmonic voltage at each bus neither of which are easy to achieve in real time. An

important theme of work has been the resistive termination at the end of a radial feeder

[10], [11], [12], [13]. An acknowledged problem is that if the feeder is electrically long and

the harmonic order is high (the harmonic wavelength short) then harmonic standing waves

can not be attenuated along the full length of the feeder by resistive termination at the

end of the feeder only. If the feeder is a regular LC ladder of a consistent characteristic

impedance, the termination with a single resistance would be effective. From the economic

point of view, installing dedicated APFs at intervals along a feeder is not attractive to a

utility network operator. Nonetheless, resistive APFs which divide a long radial feeder into

small electrical sections (at harmonic frequencies) and effectively damp the harmonics in

those sections would be attractive from the technical point of view.

In this paper we propose an approach based on multiple (harmonic) resistive elements

throughout a network where those elements are additional services provided by the inverters
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of distributed generators (DGs). The expected uptake of DG provides an opportunity for

several novel ancillary services because DG inverters can be expected to have a sophisticated

local controllers, instrumentation and, for much of the time, some unused apparent power

rating while the real power export is below the rated value. They will also be present in

several locations across the network and often close to load centres that require services.

The suggestion is that a distribution network operator (DNO) faced with an out-of-limits

harmonic voltage on a feeder could contract DGs to provide harmonic damping services in

preference to fitting its own active or passive harmonic mitigation devices.

There are several challenges to address. First, a methodology needs to be developed to

establish which DGs are well positioned to supply harmonic mitigation services for a feeder

section and should be contracted to do so. Second, a means is required of adaptively varying

the harmonic damping to suit the locally observed conditions while maintaining stable

operation within a network containing several such devices. Third, a means is required to

allow a DG to reduce its harmonic mitigation contribution at times when all (or almost all)

of its apparent power rating is required for real power export. Fourth, it may be necessary

for DGs to vary their mitigation contribution depending how much mitigation the DNO

contracts to buy.

2 Harmonic Mitigation using Voltage Detection Based Re-

sistive Active Power Filters

Damping of a harmonic resonance or attenuation of harmonic standing wave requires a

dissipative, that is resistive, element. This resistive element should only respond to harmonic

excitation and should not consume power at the fundamental frequency of the distribution

network. Akagi [10] has proposed suitable device composed of a shunt APF that is based

on voltage detection. The voltage measured at the point of connection is filtered to remove

the fundamental component (and perhaps other components). The APF is then controlled

to draw a current proportional to the instantaneous voltage.

IAPF = Kv ∗ V h (1)
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where, V h is the harmonic component of the voltage at the point of connection and the

gain Kv is the conductance offered the harmonic content in the voltage.

The resistive APF (R-APF) can be viewed as both providing a local low impedance path

for harmonic currents emitted by loads and providing damping to harmonic voltages prop-

agated from remote distorting loads. The R-APF proposed by Akagi was aimed at utility

applications to provide quality power to the consumers by eliminating the propagation of

background harmonics in networks with significant power factor correction capacitors. It

was concluded in [10] that voltage detection in time domain was the most suitable approach

in terms of stability for shunt active filters in power distribution systems.

2.1 Standing Waves in LC Ladder Networks

Wada et al [12] explained a curious phenomenon that may occur in an electrically long

distribution feeder having many PFC capacitors. The installation of R-APFs on a feeder

was observed to decrease the harmonic voltages at some buses (particularly close to the

point of installation) but may increase harmonics at other buses. Wada termed this the

wack − a − mole effect. The system that was studied was a long transmission line with

distributed PFC capacitors at load buses as shown in Fig.1 and it was assumed that the

PFC capacitors were of equal value and placed at regular intervals, i.e, L1−2 = L2−3 =

· · ·L9−10 = L and C2 = C3 = · · ·C10 = C.

There are two types of harmonic sources to consider in such a network

1. Harmonic voltage source existing at bus1 as shown in Fig.2(a), which represents a

propagated distortion from the external system.

2. Harmonic current source existing part way along the feeder as shown in Fig.2(b) which

represents a local non-linear load.

The analysis presented approximated the ladder network with a distributed parameter

transmission line (similar to a co-axial cable) with negligible series resistance. With the

R-APF placed at the far end of the feeder (bus 10 in this example) with a resistance equal

to 1/Kv at harmonic frequencies, the harmonic voltage standing-wave at any point x on

the feeder in the presence of V h
S at the source end of the feeder (bus 1) is given by,
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V h(x) =
cosh γ(l − x) + KvZc sinh γ(l − x)

cosh γl + KvZc sinh γl
V h

S (2)

When a harmonic current source Ih
S is placed at distance lS a standing-wave voltage is

established that is defined by (3) for the section 0 ≤ x ≤ lS

V h(x) =
(cosh γ(l − lS) + KvZc sinh γ(l − lS)) sinh γx

cosh γl + KvZc sinh γl
ZcI

h
S (3)

and by (4) for lS ≤ x ≤ l

V h(x) =
(cosh γ(l − x) + KvZc sinh γ(l − x)) sinh γlS

cosh γl + KvZc sinh γl
ZcI

h
S (4)

where, Zc is the characteristic impedance of the line (5), λ is the wave length (6) and γ

is the propagation constant (7).

ZC =
√

L/C (5)

λ =
1

hf1

√
LC

(6)

γ = jw
√

LC (7)

Not only has the series resistance been neglected but so too has shunt impedance of

the loads at each bus. This can be considered as a worst case in which the loads are not

consuming but the PFC capacitors are left in place. In fact, the network is more realistic

than it might seem. Even with a line fully loaded with resistive loads, the shunt resistance

is still large compared with typical values for ZC . It is also important to note that the

wavelength of the fundamental is short if either the series inductance or shunt capacitance

is large, such as might be the case in low voltage feeders, and that the wavelengths at

harmonic frequencies are proportionately shorter.
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2.2 Investigation of Example Feeders and Terminations

As a first step, a regular ladder network of 10 buses was investigated based on a 400 V

system (whereas Wada used a 6.6 kV example). The chosen system parameters are given

in Table 1. Fig.3 shows the harmonic voltage along the feeder when a 5th harmonic voltage

source equal to 2.5% of the fundamental magnitude is present at bus 1. The voltage is

normalised to the excitation voltage (in other words, the voltage magnification factor has

been plotted). Four termination cases are shown. With no termination at bus 10 (open-

circuit termination), a standing wave is established that means that the harmonic voltage

rises along the feeder to reach approximately 7 times the excitation voltage by bus 10. The

short-circuit termination reduces the harmonic voltage at bus 10 to zero and pulls down

the harmonic voltage at all of the intermediate buses. Termination with the characteristic

impedance gives an almost level compensation but with a slight attenuation due to the

non-negligible line resistance. The fourth case is a termination with an adaptive R-APF as

suggested by Akagi. The R-APF adjust its gain (conductance) to achieve attenuation of the

harmonic voltage to a given value. In this case the target was set equal to the magnitude

at the other end of the feeder and flat compensation is achieved.

The results in Fig.3 are a simple case and suggest that short-circuit termination is a

good approach. However, the open-circuit case shows that this is a relatively short bus

such that even at 5th harmonic it is shorter than a quarter wavelength. Even the move to

considering the 7th harmonic, Fig.4 shows a more complex picture. In this case the short-

circuit termination causes harmonic amplification at buses close to the source. Termination

with the characteristic impedance is better but in practice this is not easy to achieve because

the impedance might not be known or might not be an appropriate measure for an irregular

network. Fig.4 also shows the result from termination with an adaptive R-APF. Three

different target distortion levels were studied. In this case, a target set just below the

source level (2% compared to 2.5%) gave the best result but this is not always the case.

Althgouh Wada’s ‘wack − a − mole′ is present for some termination resistances because

the feeder is longer than 1/4 λ7, termination with a resistance close to the characteristic

impedance result in a flat propagation profile over distances greater than 1/4 λh
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Fig.5 shows an example of a harmonic current source at a load bus (bus 5) and with R-

APF termination at bus 10. In this case, short-circuit termination is particularly bad (unlike

in the case of Fig.3), open-circuit performs well and termination with the characteristic

impedance gives level compensation. The adaptive termination does not perform well in

this case because although the target voltage distortion (2.5%) is achieved at the termination

bus, it does not result in termination with a reisitance close the characteristic impedance.

A real distribution system presents some problems not apparent in the simple case of

the regular ladder network. First, loads change frequently, shunt capacitors are switched to

compensate the loads and network switching changes the feeder topology. The characteristic

impedances is therefore not a fixed value and will not be known a priori.

2.3 Discussion

The voltage detection based R-APF discussed in this section was aimed at providing damp-

ing for the propagation of harmonics in distribution systems. Some important observations

are listed below:

1. The analysis given in this section assumes a simplified distribution system. The distri-

bution system is assumed to be radial and PFC capacitors are evenly distributed along

the feeder so that it resembles a long transmission line. Practical distribution systems

are branched and meshed and the placement of PFC capacitors will be irregular. The

analysis discussed in this section may not be valid for the general case.

2. In [12] it was concluded that if the feeder length exceeds 1/4 λh for a given harmonic

order h, installing R-APF at the end bus of the feeder can not provide the adequate

damping for the propagation of the harmonics in the feeder. The action of R-APF

may lead to wack − a−mole effect.

3. The automatic gain adjusted R-APF is a good solution for dynamically varying har-

monic propagation. However, installing only a single R-APF at the end of the feeder

does not ensure the mitigation of voltage harmonics throughout the feeder in all cases.

It is possible for flat compensation to occur beyond 1/4 λh but this requires a distor-

tion target that happens to cause the R-APF to adapt to a resistance approximately
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equal to the characteristic impedance.

3 Methodology for Multiple Harmonic Dampers

The conclusion in section 2 was that a single R-APF installed at the end of the radial feeder

may not be effective for a wide range of harmonics and system parameters unless a means

of adapting to the characteristic impedance. Even so it can not be guaranteed to work

if the network is irregular and standing waves form in complex patterns. The proposal is

to provide harmonic mitigation in local feeder sections by identifying electrical distances

similar to the harmonic quarter wavelengths 1/4 λh of the regular network. From this one

can identify the buses at which R-APFs should be deployed to provide damping.

The method proceeds in the following steps.

1. A worse case network model is formed with all PFC capacitors in place and loads

impedances assumed infinite.

2. The order, h∗ of the highest order harmonic of concern is identified

3. A harmonic voltage of order h∗ is connected at bus1 of the feeder and the propagation

of this voltage along the feeder is observed.

4. The locations of the maximum and minimum harmonic voltage (the nodes and anti-

nodes of the standing wave) are identified as electrical distances similar in form to

1/4 λh∗ .

5. Adjustable gain R-APFs are connected at or close to each of these locations.

The method will ensure that harmonic voltages of order up to h∗ are damped to below

the source voltage throughout the feeder. This solution is independent of the location and

type (voltage or current) of harmonic source. As noted in section 2, the wave length of any

frequency component has an inverse relationship to the capacitance. Hence, this solution

remains valid even if any of the capacitors in the feeder are disconnected. Using the no-

load condition for the initial assessment of the feeder is appropriate because the harmonic

propagation is worst under this condition[10]. Even with full rated loading, the resistance
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presented to the harmonics will be significantly greater than the characteristic impedance

of the feeder. Hence, the damping provided by the loads for harmonic propagation is

insignificant compared to the damping provided by R-APFs.

The test system was modified according to Table. 2 to give a more realistic irregular

pattern of feeder sections and bus capacitances. The system parameters chosen here are

obtained by slight modification of the system considered in [13]. Line inductances are in the

range of 2.5% to 5% and PFC capacitors are in the range of 3.5% to 10.5% compensation.

For the test case, the 17th harmonic is taken as the highest order harmonic of concern. A

17th harmonic voltage source of 2.5% was connected at bus 1 and the propagation of this

voltage found to be that shown by the curve marked w.o.r. in Fig.6(a). Voltage maxima

were found at buses 3 & 7 and voltage minima at buses 5 & 9 which indicates that the feeder

is long in terms of the 17th harmonic. The four buses are chosen as sites for resistive damping

via an APF. Each of these R-APFs is controlled to keep the individual harmonic voltage

level below 2.5% at the point of connection. This configuration was investigated through

a time-doamin simulation performed using MATLAB-SIMULINK and PLECS [18]. In the

presence of these R-APFs, the 17th harmonic voltage throughout the feeder kept below the

source harmonic voltage as also shown in Fig.6(a). The dashed line indicates the target

level, 2.5%, for the individual harmonic voltage of the R-APFs. To test the ability of

this system to maintain good harmonic mitigation under varying system parameters, the

capacitor at bus 6 was disconnected with the same R-APFs operating. It can be seen from

Fig.6(a) that, the 17th harmonic voltage throughout the system still maintained below the

source harmonic voltage.

Having allocated the R-APF locations on the basis of the propagation of the 17th har-

monic, it is important to verify that harmonic mitigation of lower order harmonics (with

longer λh values) is indeed ensured. For this test, 13th, 11th and 7th harmonic current

sources of 14 A each were connected at bus 6, bus 4 and bus 4, respectively and the results

are shown in Fig.6(b)-(d). In all these conditions, the harmonic voltages at all the buses are

less than the harmonic voltage at the source buses, validating the proposed method. In this

particular case, harmonic voltages through out the system are below the 2.5% target set for

the R-APFs for all the harmonic orders below h∗. One interesting observation is that, in all
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of these cases, the bus where the harmonic source exists is the bus with the peak residual

distortion after compensation by the R-APFs (as indicated with an arrow in Fig.6).

Fig. 7 examines the case of multiple distorting loads present at the same time. This

tests whether the adaptation of the APF resistance to a single value acts to properly damp

more than one source. A 7th harmonic current source was connected at bus 2 and a 13th

harmonic source at bus 6. It can be seen that the 4 R-APFs placed on the basis of the

17th harmonic standing wave provide effective damping throughout the feeder for multiple

sources at lower orders.

Proper choice of the harmonic order to use when choosing locations of the R-APFs

is crucial. If the order is lower than the order of a significant harmonic present in the

real system then the R-APFs will be placed further apart than is necessary to ensure

damping of this higher harmonic. Fig.8 illustrates such a case. The same irregular network

(Table. 2) was considered with the assumption that the 13th harmonic was the highest order

present. Voltage excitation at bus 1 revealed three nodes/anti-nodes and three R-APFs were

connected, one at each of the buses 4, 7 and 9. A 7th harmonic current source of 14 A was

placed at bus 3. Fig.8(a) shows that without the R-APFs a standing wave with a peak

voltage amplitude of 8% is establiashed whereas with the R-APFs operating the voltage

distortion remains below the target value of 2.5% throughout the feeder except at bus 3

itself. Becuase the excitation is at a lower frequency than the design case the results are

good. Fig.8(b) illustrates what happens when this is not the case. A 23rd order harmonic

current source of 3.5A was connected at bus 2. The voltage standing wave with the R-APFs

active is little different from that with them inactive. In particular, the harmonic voltage at

buses 3 and 5 remains higher than that at bus 2 (where the harmonic source is connected)

indicating that the resonant amplification has not been sufficiently damped.

4 Harmonic Mitigation Services from Distributed Genera-

tors

The emphasis on new and renewable forms of energy and the consent difficulties in reinforc-

ing network infrastructure suggests that more distributed generation will be connected to
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networks in the coming years. Several of the forms of DG, such as micro-turbines and fuel

cells, are connected to the distribution network via an interfacing inverter. The inverter is

a very versatile unit and while its main function will be to control the export of real power

it may also be called upon to provide reactive power support as an ancillary service to the

DNO or as a condition of connection. This can be taken further by exploiting the control

capabilities of the inverter to provide other ancillary services. It is possible that power

quality services could be traded in a network containing controllable loads [14]. In terms

of the control for R-APF operation, it may or may not be necessary to supplement the DG

instrumentation with bus voltage sensors. There is growing interest in designing interface

inverters to provide services such as the elimination of harmonic distortion, unbalances and

voltage dips [15],[16],[17].

4.1 Integration of DG and R-APF

A schematic showing the addition of an R-APF function to a DG is shown in Fig.9. A

standard power controller sets a reference value for the fundamental frequency current.

An additional control block, the Harmonic Reference Calculation block, filters the bus

voltage and multiplies this by an adaptable gain to form a harmonic current reference. The

adaption method follows that described in [13]. The reference THD∗ is multiplied with the

fundamental voltage V 1 to produce a reference harmonic voltage V h∗. Measured harmonic

voltage V h is then compared with reference V h∗ in the GainAdj. block, and the gain Kv

is adjusted till V h falls below V h∗. The sum of the two current references is passed to a

standard current control loop. In this diagram it is assumed that the power source provides

a stiff dc voltage.

The operation of the R-APF as part of a DG was tested by simulation in the 400V

irregular network of Table. 2 with 70% loading and a DG connected at the far end of the

feeder (bus 10). All the reference calculations were implemented in the d-q reference frame.

A 7th, a 11th and a 13th order harmonic components of each 2.5% are connected at bus

1 and a 5th harmonic current source of 5.75 A is connected at bus 8. Fig.10 shows what

happens when the R-APF action is swithed on. This occurs at t = 0.5 s. The gain of the

R-APF function, Kv rises and the harmonic voltage at bus 10 (top axes) falls to below the
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3% limit. At t = 2 s, the DG is given a fundamental frequency real power reference of

15kW. The instantaneous real power output of the inverter, which is the sum of fundmental

and harmonic terms (bottom axes), is seen to be the sum of a slowly varying offset and an

oscilatory term.

4.2 Adaptive gain adjustment under peak fundamental power demands

The assumption thus far had been that the DG has sufficient apparent power rating to be

able to export fundamental real power and import harmonic real power. Under conditions

of peak power export the instantaneous phase current may exceed the ratings if the damping

current is also large. Since the main objective of a DG is the real power export, the harmonic

damping will need to be curtailed in some circumstances to ensure the apparent power rating

is not exceeded. The harmonic power required for damping the voltage harmonics varies

from time to time and depends on both the amplitude of harmonic voltage at the point of

connection and the gain Kv. Under the peak fundamental power demand, the harmonic

power supplied by the inverter has to be decreased by reducing Kv. This can be achieved

with an additional current limiting mechanism in the inverter reference calculation which

monitors and controls the harmonic power.

A simple current limiter scheme is illustrated in Fig.11. A current limiting outer loop

(shown with thick lines in Fig.11) is added to the harmonic current reference block. The

current limit Imax
dq is obtained from the inverter rating. The inverter fundamental current

reference I1∗
dq is subtracted from the total inverter current limit Imax

dq to produce a harmonic

current limit Ih max
dq . This reference is then compared with the actual harmonic current Ih

dq.

If Ih
dq is less than Ih max

dq then gain adjustment is performed as normal based on the detected

harmonic voltage. If Ih
dq exceeds Ih max

dq , the prevailing value of the gain Kv is decreased

until Ih
dq falls below its limit and the total inverter current falls below Imax

dq . During this

ramping down of Kv, the instantaneous current limit applied to the total current reference

will be active. Fig. 11 makes clear that the first preference in the allocation of apparent

power is given to the fundamental power export. It may not be possible, therefore, to

achieve sufficient harmonic damping when peak fundamental power is requirements.

A simulation was performed in a similar way to that in Section 4.1 but this time the
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real power export was increased in two steps until the inverter approached its current limit

of 29 Arms. The current limit is equivalent to 50 A in the power-conserving d-q frame used

here. Simulation results are shown in Fig.12. Initially the inverter is inactive and the bus

voltage is seen to contain over 25 V of harmonic distortion (bottom plot). The inverter is

activated at t = 0.6 s with a fundamental real power reference of 18 kW (top plot). The real

power quickly responds to this and the current limit for harmonic mitigation falls (second

plot). Gradually the gain of the R-APF rises Kv (third plot) and the distortion V h
dq falls to

its target of 3.0% and the current remains within its limit. It can be observed that when

the fundamental power increases from 0 to 18 kW the measured harmonic voltage oscillated

slightly because of the high pass filter response characteristics in the harmonic identifier.

At t = 2.05 s the fundamental real power reference is stepped up to 19.5 kW; the harmonic

current limit Ih max
dq falls to below the prevailing harmonic current Ih

dq and the R-APF gain

is reduced in response. The R-APF action is still present but is not longer able to keep

the distortion of the bus voltage at its target. The following simple calculation reveals the

action taken by adaptable gain contoller.

The relation between the inverter apparent power and the various components of the

power is given by

S =
√

P 12 + Q12 + Dh2 (8)

where P 1 is the fundamental real power, Q1 is the fundamental reactive power (which is

set to zero in this case) and Dh is the distortion power. For normal operating conditions of

the DG and R-APF function, the dominant term in the distortion power will be the product

of fundamental voltage with the harmonic current drawn by the filter. This is the ratings

price that must be paid to allow the (dissipative) harmonic damping power, the product of

harmonic voltage and harmonic current, to be drawn by the R-APF. The damping power

itself is relatively small but, of course, crucial. The remaining term, the product of the

fundamental current of the DG and harmonic voltage of the network is small and would be

present even if the R-APF function were not present. In In Fig. 12 the inverter fundamental

power reference was set to 18 kW and full compensation (to the 3% target) was achieved
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with a conductance (Kv) of 1.25 S. From this the approximate distortion power can be

calculated as

Dh '
√

3 ∗ 400 ∗ (
400√

3
∗ 0.03 ∗ 1.25) = 6000 V AR

and the apparent power output is

S '
√

180002 + 60002 = 18974 V A

which is well below the 20 kVA limit. Now, to achieve full compensation at a funda-

mental power reference of 19.5 kW the inverter output has to be

S '
√

195002 + 60002 = 20400 V A

which exceeds the inverter limit. Hence, the current limiter was activated to decrease the

distortion power by decreasing the conductance to 0.54 S which led to an increased distortion

component in the bus voltage (4.45%). Under this condition, the output distortion power

is

Dh =
√

3 ∗ 400 ∗ (
400√

3
∗ 0.0445 ∗ 0.54) = 3845 V AR

and the apparent power output is

S =
√

195002 + 38452 = 19875 V A

which is approximately equal to the inverter rating. This confirms that the adaptable

gain controller can achieve a good sharing of fundamental and harmonic powers with a

simple current limiting mechanism.

4.3 Contribution of multiple DG inverters to harmonic mitigation

The argument has been that there will be several DG inverters in a network and thus if

one of them reduces its harmonic mitigation action because of the sort of current limiting

described in Section 4.2 the harmonic action of others could be increased. The test to be
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described here is whether the adaptation mechanism of the R-APF element can achieve this.

Fig. 13 shows the results of a simulation in which two DGs each with an R-APF function

are connected at bus 10. Initially DG1 was supplying 19 kW and DG2 was supplying 5 kW.

Both DG inverters had spare apparent power capacity and so they shared the harmonic

current duty equally and were able to keep the harmonic voltage below the 3.0% target.

This is equivalent to connecting two equal (harmonic) resistances in parallel. A t = 1.12 s

the fundamental power command to DG1 was increased to 19.8 KW and the harmonic

current limit within DG1 was decreased to acommodate the increased fundamental current.

To realise this, the gain Kv1 was decreased untill the harmonic current met its limit. The

consequence of this is that the harmonic content of the bus voltage rises a little and the

second inverter responds to this by increasing its R-APF gain, Kv2 to bring the distortion

back to its target value.

4.4 Discussion

The simulation results shown here have demonstrated how a network-wide harmonic mit-

igation function can be incorporated into normal DG operation using an adaptive imple-

mentation of a resistive active power filter. The features that might make this a desirable

solution include:

1. The main advantage of using DGs for active harmonic mitigation is that the network

operator can avoid using dedicated devices for this function and therefore the solution

is cost effective.

2. An adjustable gain R-APF responds only if there is any voltage harmonic component

above the set point. If a dedicated R-APF is used for this function it will have to sit

idle when harmonic damping is not required. A DG unit used as an R-APF is more

suitable for such applications.

3. The proposed method for limiting the harmonic current under conditions of peak

fundamental power ensures that the delivery of fundamental power is not restricted

by the additional functions. The loss of harmonic mitigation contribution from one

DG can be smoothly compensated for by an adjacent DG through its adaptation
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algorithm and without the need for central coordination.

5 Conclusions

A scheme for adding resistive APF functionality to distributed generators has been described

and used as the basis for a proposal to use multiple R-APF devices to provide harmonic

damping throughout a distribution feeder. In conclusion:

1. Damping the propagation of harmonics with a resistive APF is an attractive solution

for radial feeders, but a single R-APF at the end of the feeder may not be effective for

a wide range of harmonics, especially for electrically long feeders and high harmonic

orders.

2. The proposed method is based on multiple R-APFs which divide the feeder into small

electrical sections at harmonic frequencies and provide an effective solution for a wide

range of harmonics even when the shunt and series impedances of the feeder change

as loads or the system configuration change.

3. The proposed method for limiting the harmonic current under peak fundamental

power demands ensures that the fundamental power duty is given the first preference.

Peak fundamental power demand may reduce the harmonic damping of an individual

DG but this may not be a significant problem if more than one DG has been arranged

to provide this additional harmonic damping service.

4. The proposed method provides an effective way of sharing the harmonic duty among

the adjacent DGs.

17



References

[1] Grady, W. M.,Samotyj, M. J., Noyola, A. H.: ‘Survey of Active Power Line Condition-

ing Methodologies’, IEEE Trans. Power Delivery, 1990, 5, (3), pp. 1536-1542.

[2] Akagi, H.: ‘New Trends in Active Power Line Conditioning’, IEEE Trans. Ind. Appli-

cat., 1996, 32, (6), pp. 1312-1322.

[3] Peng, F. Z.: ‘Application experience with active power filters’, IEEE Ind. Appl. Mag-

azine, 1998, 4, (5), pp. 21-30.

[4] Green, T. C., Marks, J. H.: ‘Control Techniques for Active Power Filters’, IEEE Proc.

Elec. Power Apps., In press, pp. 262-267.

[5] Grady, W. M., Samotyj, M. J., Noyola, A. H.: ‘Minimizing Network Harmonic Voltage

Distortion with an Active Power Line Conditioner’, IEEE Trans. Power Delivery, 1991,

6, (4), pp. 1690-1697.

[6] Chang, W. K., Grady, W. M, Samotyj, M. J.: ‘Meeting IEEE-519 Harmonic Voltage

and Voltage Distortion Constraints with an Active Power Line Conditioner’, IEEE

Trans. Power Delivery, 1994, 9, (3), pp. 1531-1537.

[7] Chang, W. K., Grady, W. M., Samotyj, M. J.: ‘Controlling Harmonic Voltage and

Voltage Distortion in a Power System with Multiple Active Power Line Conditioners’,

IEEE Trans. Power Delivery, 1995, 10, (3), pp. 1670-1676.

[8] Chang, W. K., Grady, W. M.: ‘Minimizing Harmonic Voltage Distortion with Multiple

Current-Constrained Active Power Line Conditioners’, IEEE Trans. Power Delivery,

1997, 12, (2), pp. 837-843.

[9] Tien-Ting Chang, Hong-Chan Chang: ‘An Efficient Approach for Reducing Harmonic

Voltage Distortion in Distribution Systems with Active Power Line Conditioners’,

IEEE Trans. Power Delivery, 2000, 15, (3), pp. 990-995.

[10] Akagi, H.: ‘Control Strategy and Site Selection of a Shunt Active Filter for Damping of

Harmonic Propagation in Power Distribution Systems’, IEEE Trans. Power Delivery,

1997, 12, (1), pp. 354-363.

18



[11] Akagi, H., Fujita, H., Wada, K.: ‘A Shunt Active Filter Based on Voltage Detection

for Harmonic Termination of a Radial Power Distribution Line’, IEEE Trans. Ind.

Applicat., 1999, 35, (3), pp.638-645.

[12] Wada, K., Fujita, H., Akagi, H.: ‘Considerations of a Shunt Active Filter Based on

Voltage Detection for Installation on a Long Distribution Feeder’, IEEE Trans. Ind.

Applicat., 2002, 38, (8), pp.1123-1130.

[13] Jintakosonwit, P., Akagi, H., Ogasawara, S., ‘Implementation and Performance of Au-

tomatic Gain Adjustment in a Shunt Active Filter for Harmonic Damping Throughout

a Power Distribution System’, IEEE Trans. Power Elec., 2002, 17, (3), pp. 438-447.

[14] Dreisen, J., Green, T. C., van Craenenbroeck, T., Belmans, R. J. M.: ‘The Develop-

ment of Power Quality Markets’, IEEE Power Engineering Society Winter Meeting,

2002, 2002, 1, pp. 262-267.

[15] Macken, K. J. P.: ‘Analysis and Control of Renewable Generation Units Used to

Improve Power Quality’, PhD Thesis, Katholiek Universiteit Leauven, 2003.

[16] Macken, K. J. P., Green, T. C., Belmans, R. J. M.: ‘Active Filtering and Load Balanc-

ing with Small Wind Energy Systems’, 10th International Conference on Harmonics

and Quality of Power, 2002, 2002, 2, pp. 776-781.

[17] Marei, M. I., El-Saadany, E. F., Salama, M. M. A.: ‘Flexible Distributed Generation’,

Power Engineering Society Summer Meeting, 2002, 1, pp. 49-53.

[18] www.plexim.com

19



Table 1: System parameters of Fig.1

Line Voltage 400 V
Line Frequency 50 Hz
Line Inductance(L) 0.2 mH

Line Resistance 0.05 Ω
Bus Capacitance 50 µF

Table 2: Parameters of the distribution system analysed in proposed method

Line Voltage, Base kVA 400 V, 70kVA
Line Frequency 50 Hz

L1−2 L2−3 L3−4 L4−5 L5−6 L6−7 L7−8 L8−9 L9−10

Line Inductance(mH) 0.22 0.3 0.2 0.22 0.22 0.22 0.3 0.4 0.2
C2 C3 C4 C5 C6 C6 C8 C9 C10

Capacitance(uF) 50 100 100 150 50 100 50 150 150
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Figure 1: A Simple Radial Distribution Feeder

Figure 2: A Transmission Line Model of a Feeder with a Source-End Harmonic Voltage
Source or a Mid-Point Harmonic Current Source
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Figure 3: Voltage amplification factor (M5
V = V 5/V 5

bus1) along the regular feeder for a 2.5%
5th harmonic voltage source at bus 1 and four cases of termination at bus 10.

Figure 4: Voltage amplification factor (M7
V = V 7/V 7

bus1) along the regular feeder for a 2.5%
7th harmonic voltage source at bus 1 and six different cases of termination at bus 10.
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Figure 5: Harminc voltage as a percentage of fundamental voltage (V 11/V 1
bus1×100%) along

the regular feeder for a 5 A eleventh harmonic current source at bus 5 and four cases of
termination at bus 10.

Figure 6: Harmonic Damping with multiple R-APFs, located based on 17th harmonic volt-
age propagation, in the presence of (a) a 17th harmonic voltage source at bus 1 (b) a 13th

harmonic current source at bus 6 (c) an 11th harmonic current source at bus 4 (d) a 7th

harmonic current source at bus 4; w.o.r - without R-APFs; w.r - with R-APFs
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Figure 7: Harmonic damping in the presence of multiple harmonic sources: (a) 7th harmonic
current source at bus 2 and bus 6 (b) 13th harmonic current source at bus 2 and bus 6;
w.o.r - without R-APFs; w.r - with R-APFs

Figure 8: Harmonic Damping with multiple R-APFs, located based on 13th harmonic volt-
age propagation, in the presence of (a)a 7th harmonic current source at bus 3 (b) a 23rd

harmonic current source at bus 2
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Figure 9: A DG inverter with an additional current reference calculation to add harmonic
mitigation

Figure 10: Control of harmonic and fundamental powers: (a) Phase a voltage (b) Inverter
output current (c) Inverter instantaneous output power.
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Figure 11: Adaptive gain adjustment block under constrained apparent power

Figure 12: Harmonic current limiting loop response under peak fundamental power de-
mands: (a) fundamental real power reference Pref. (b) harmonic current Ih

dq and its limit

Ih max
dq (c) Conductance (gain) Kv (d) harmonic voltage V h

dq and its target V htarget
dq
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Figure 13: Harmonic current sharing between two DG inverters: (a)harmonic voltage V h
dq

and its target V htarget
dq (b) harmonic current of DG1 ( Ih

dq1) and DG2 (Ih
dq2) (c) conductance

offered for harmonics by DG1 (Kv1) and DG2 (Kv2)
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