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Abstract – Capacitive and LC passive filter structures 
are discussed for compensation of low voltage secondary 
networks distorting currents and/or voltages. Filters 
components dimensioning aspects as well as installation 
sites and efficiency are also considered. Problems arising 
due to primary voltage distortion are focused if the non-
linear loads are of current or voltage source types. The 
need for more knowledge about the specific network and 
the connected loads is evidenced, in order to achieve the 
desired objectives with the passive filters installation. 
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I. INTRODUCTION 

Electric Power companies are interested in applying 
passive filters or capacitive compensation in low-voltage 
distribution grids in order to postpone higher cost 
modifications to comply with the standardized voltage levels 
[1].   

A LC passive shunt filter could, in principle, correct the 
displacement factor, improve the voltage profile and limit the 
harmonic circulation through the transformer, reducing its 
losses [2-4]. Despite of using tuned shunt filters, the results 
presented in the references do not eliminate the undesired 
harmonic current component, and the causes of the poor 
efficiency have not been adequately explained. As discussed 
in this paper, the main reason is the inherent inefficacy of 
shunt filters if the non-linear loads are of harmonic voltage 
type [5,6].  Additionally, the high cost of the filter inductor 
makes such alternative less competitive.  

Another solution could be the use of a simple capacitor 
bank, concentrated at specific points or distributed along the 
feeder, for compensating the displacement factor. However, 
such alternative must be carefully analysed, in order to avoid 
resonances and harmonic amplification due to voltage 
distortion already present in the main (primary) system or 
imposed by non-linear loads. 

 
II. PASSIVE COMPENSATION OF NON-LINEAR 

LOADS 
 

The classical solution for reducing current harmonic 
distortion is to connect a shunt LC-series filter nearby the 
harmonic source in order to drain the current harmonics 
generated by the load, trying to keep the main source current 
sinusoidal. This approach considers that the non-linear load 
is a harmonic current source. In such situation the voltage at 
the PCC (point of common coupling) is determined almost 
only by the supply voltage source. This situation is typical of 
industrial loads.  

In this case the filter design can follow different methods 
[7-10] and its efficiency depends on the main voltage source 
impedance. Note that if such impedance is null, the shunt 
filter is absolutely innocuous since all the load current will 
flow through the source. 

The parallel resonance between the filter components and 
the source impedance, can be excited by non-characteristic 
harmonics [11] and must be carefully considered.  

The relationship between the voltage source harmonic 
current (Ii) and the load harmonic current (Ic), shown in 
Fig.1, is given by: 
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However, many power converters can’t be well modeled 

as a harmonic current source. This is especially true for 
rectifiers with capacitive filter at the DC side. Such converter 
is widely used in low-cost, low-power applications. This is 
the typical case of domestic and commercial electronic loads, 
like TVs, PCs, ballast for fluorescent compact lamps, etc. For 
this situation, the traditional current model, analysis and filter 
design method is not far useful. In fact, a rectifier with 
capacitive filter imposes the voltage at the PCC during the 
diodes conduction [12,13]. The resulting current depends on 
the difference between the source and the load voltage, 
divided by the branch impedance. Fig. 1 shows a typical 
circuit and a possible model.  
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Fig. 1 Shunt passive filter applied for non-linear load of the 

voltage source type: circuit (left) and model (right). 
 
For a voltage-type load, the source current (Ii) ratio to a 

specific harmonic voltage (Vo), generated by the load is given 
by [14]: 
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According to (2), the shunt filter effectiveness now 

depends on both, source and load model series impedance. If 
the source (Zi) or the load (Zo) impedance is zero, a shunt 
filter has no effect at all. As typically Zi and Zo are very low, 
a shunt filter efficacy is negligible. A better result is obtained 
with the use of series filter. However this solution is 
interesting if one considers, for example, as a goal, to reduce 
the THDV or increase the power factor for each particular 
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equipment, as recommended by IEC [15]. Active solutions 
could also be considered [12,16].  

However, it doesn't seem reasonable to connect a series 
filter for each consumer in a residential area secondary 
network. Maybe in a commercial building it could be 
feasible. 

 
III. A CASE STUDY OF CAPACITIVE 

COMPENSATION IN A DISTRIBUTION SECONDARY 
 

The distribution secondary analyzed next is a three-phase 
four-wire (220/127V), 60Hz system fed by a 13,8kV, 75kVA 
∆/Υ grounded transformer. The loads correspond to a 
Brazilian typical middle-class residential area consumer. As 
shown in Fig. 11 (last page), the Matlab SimPower System 
Toolbox was used for modeling the four wires system with 
the feeder impedances, including the neutral, with linear 
loads (parallel RL), and meters. Non-linear loads were 
implemented as single-phase rectifiers with capacitive filters, 
avoiding explicit current and voltage harmonic source 
representation.  

It is quite difficult to model such converter in the 
frequency domain due to its non-linear nature. The 
equivalent impedance Zo varies not only with frequency but 
depends on the output parameters, as capacitance and power 
delivered. Some models were described in the literature [17], 
but only for the rectifier operating in continuous conduction 
mode, which is not the real situation of home and 
commercial electronic appliances.  

It was observed from one-week measurements at the 
transformer secondary, shown in Fig. 2, that the fundamental 
reactive power reaches a minimum value, during the night.  

 

 

 
Fig. 2 – Reactive power (top) and active power (bottom), 

measured at the transformer secondary. 
 

This value can be attributed to the connected refrigerators 
[6]. The reactive power increases during the morning, 

presumably due to the entrance of other electric machine 
driven appliances, like washing machines.  

The active power varies along the day, reaching the 
highest values at evening, mainly due to showers and 
lightning, thus increasing the power factor. Also the 
harmonic voltage distortion increases during the evening, 
evidencing the influence of TV sets and fluorescent compact 
lamps, as shown in Fig. 3.  

 

 
Fig. 3 – Secondary voltage total distortion along a week at the 

transformer secondary. 
 
Based on these measurements, the network model was 

initially adjusted to reproduce the measured data in terms of 
power demand, voltage profile, and harmonic distortion. 
Non-linear (electronic) loads were connected along the 
feeder to represent 15% of the total demand. The system was 
loaded near the peak demand.  

Measured and simulated voltage and current spectra at 
the secondary side of the transformer are shown in Figs. 4 
and 5, and show a good agreement. 

 

 

 
Fig 4. Measured (top) and simulated (bottom) voltage spectra 

at the transformer secondary. 
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Because there is a residual harmonic voltage component 
even when the secondary load is minimum, we presumed that 
the high-voltage side imposes such background distortion. 
Based on the measurements taken at the substation, 1.5% of 
the 5th harmonic and 0.3% of the 7th component were added 
to the input voltage. 
 

 

 
Fig 5. Measured (top) and simulated (bottom) current spectra 

at the transformer secondary. 
 

3.1 Capacitive compensation at the secondary 
The measurements indicate that the total reactive power 

varies from a minimum of 16 kVAr to a maximum of 28 
kVAr. A capacitive compensator bank of 17,5 kVAr was 
designed and installed near the transformer (node 21, 
stressed in Fig. 11).  

Such capacitance, together with the transformer leakage 
inductance, will produce the frequency response shown in 
Fig. 6. The minimum impedance seen by the primary occurs 
near 700 Hz. Thus the harmonics from the 5th to the 17th, if 
present in the high-voltage side, will find a low impedance 
path, and one could expect some harmonic current 
amplification in this frequency range. 

 

 
Fig. 6 – System impedance as seen by the transformer primary, 

with capacitive compensation. 

Figures 7 and 8 show the measured and simulated spectra 
with capacitive compensation. The good agreement indicates 
again that the model is representative of the real system.  

 

 

 
Fig. 7 – Voltage spectra at the transformer secondary: measured 

(top) and simulated (bottom), with capacitor installed.  
 

 

 
Fig. 8 – Current spectra at the transformer secondary: measured 

(top) and simulated (bottom), with capacitor installed. 
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As predicted, the voltage distortion increases from 2.5% 
to 3% (average values), and the current THD increases from 
8% to 11%, in this case mainly due to the 5th component. 
Nevertheless, the resulting voltage THD (Fig. 9) is below the 
limit (5%), indicating that this reactive compensation 
strategy could be used, since complying with the harmonic 
limits of [18]. 
 

 
Figure 9. Voltage THD before (1st week) and after the capacitive 

compensation. 
 

The main goal of the capacitive compensation is the 
improvement of the voltage profile along the feeder. Fig. 10 
indicates the voltage level at some nodes for different 
compensation strategies.  

The best result is obtained dividing the total 17.5kVAr 
capacitive bank for connection at two points: 30% at node 12 
and 70% at node 34, according to the power demand 
distribution. It is indifferent, for the voltage profile if delta or 
star connection is used. While concentrating the capacitor 
bank at node 21 does not render the same voltage profile, it 
also allows an improvement in all voltage levels.  
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Fig. 10 – Node voltages for different compensation strategies.  
 
It was also verified that under light load, the upper 

voltage limits are not violated.  
The resulting voltage rise due to reactive compensation 

increases the power consumption. From simulations, the 
expected demand increase is about 1 to 2% at peak load. 
Considering only this consumption increase, the payback 

time for the capacitive compensation solution resulted to be 
1.5 years. 

 
IV. CONCLUSIONS 

 
In some cases, it can be necessary to improve the voltage 

level at the consumers in order to comply with the standards. 
A possible solution is to use capacitive compensation for this 
purpose. However, due to the voltage and current distortion, 
it is necessary to verify, for each case, if the capacitors do not 
degrade in excess the waveforms.  

Simulation can be used since the non-linear loads are well 
modeled. Residential and commercial power networks 
present non-linear voltage harmonic source type loads. The 
typical example is the single-phase rectifier with capacitive 
filter. Such converter does not determine the network 
current; otherwise, it imposes the voltage at the PCC. Shunt 
filters cannot filter out the resulting current harmonics, 
related to this kind of non-linearity. Such load imposes the 
PCC voltage, and not the respective current. More than this, 
shunt connected reactive compensators may increase the 
current harmonics circulations through the circuit, mainly if 
the high-voltage is already distorted.  

The presented simulation results are based on a model 
that represents the real non-linear loads and adequately 
reproduces experimental measurements, allowing the usage 
for additional studies.  
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Fig. 11 - Complete 44 nodes, three-phase, four-wire secondary distribution grid, 

modeled with Matlab SimPower System Toolbox. 
 

Node 21
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