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This paper presents an assessment of capacitor 
banks and Distribution Static Compensator (D-
STATCOM) with respect to their impact on energy 
quality. Tests were done with capacitor banks built 
with electrolytic capacitors commonly used in 
industrial applications and a D-STATCOM. 
Experimental tests were performed for power 
factor correction in order to reduce the reactive 
power demanded from the electrical grid for 
inductive-resistive loads. For comparative 
purposes, the control of the D-STATCOM was set 
to operate with similar compensation conditions 
to that of the capacitor banks. Results show that 
under the same test conditions capacitor banks 
produce higher Total Harmonic Distortion (THD) 
than D-STATCOM.  

Keywords: Capacitor banks, D-STATCOM, power 
factor correction, energy quality, Total Harmonic 
Distortion.

Este artículo presenta una evaluación de los 
bancos de capacitores y el Compensador Estático 
de Distribución (D-STATCOM) con respecto a su 
impacto en la calidad de la energía. Las pruebas 
fueron hechas con bancos de capacitores 
construidos con capacitores electrolíticos 
comúnmente usados en aplicaciones industriales 
y un D-STATCOM. Las pruebas experimentales 
fueron realizadas para corrección del factor de 
potencia, con el fin de reducir la potencia reactiva 
demandada por la red eléctrica con cargas 
resistivo-inductivas. Por propósitos comparativos, 
el control del D-STATCOM se programó para 
operar en similares condiciones de compensación 
respecto al banco de capacitores. Los resultados 
muestran que, bajo las mismas condiciones de 
prueba, los bancos de capacitores producen 
mayor Distorsión Armónica Total que el D-
STATCOM.
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2.   Compensation using Capacitor Banks 

This paper presents an assessment of energy quality 
impacts for reactive power compensation with 
capacitor banks and D-STATCOM. While most 
common D-STATCOM applications typically focus 
on large loads, in this case, a low power application 
is approached. This is aligned with the new trend of 
distributed reactive power compensation that can be 
managed in  microgr ids .  At  present ,  th i s 
compensation type has been studied as evidenced in 
 in [20], [21]. The remaining of this paper is 
organized as follows: Section 2 presents a 
description of capacitor banks for power factor 
compensation, Section 3 presents a similar analysis 
for  D-STATCOM, Sect ion 4 presents  the 
experimental results and finally, conclusions are 
presented in Section 5.

Distribution Static Compensator (D-STATCOM) is a 
power electronic device which dynamically 
compensates the reactive power and is presented as 
an alternative to capacitor banks banks [13], 
[15][17] . D-STATCOM continuously senses load 
variations and provides the energy required by the 
load ; in consequence a D-STATCOM is able to 

ensure a power factor close to 11 [18]  . D-
STATCOM incorporates a Voltage Source Converter 
(VSC) for generating three phase current signals, a 
DC bus to feed the VSC, inductors for grid coupling 
and also a control system [18], [19]  . There are several 
topologies of D-STATCOM; however, the one 
featuring 3 branches and 6 pulses is the most 
common one for low voltage applications in 
electrical distribution systems (this topology 
presents the minimum number of switches per 
branch).

In a typical industrial installation, inductive loads are 
predominant, thus capacitor banks are employed to 
compensate their effect on the power factor. 
Capacitor banks are located close to loads in order to 
provide reactive energy so that the electrical grid 
would mostly provide active energy. 
Capacitor banks are composed of electrolytic 
capacitors which exhibit non-linearities in their 
operation current [22][24] . Due to its internal 
structure, a electrolytic capacitor is a polarized 
element element [24]  which requires higher 
voltage on its positive terminal. Reverse polarization 
can lead to capacitor destruction and potential 
damage to other equipment or persons. To allow its 
operation in AC systems, a series connection of two 
electrolytic capacitors is employed as described 
below.

Reactive power compensation is usually performed 
by shunt capacitor banks which are located close to 
loads in industrial applications, being arrays of 
electrolytic capacitors in delta connection [8][13]. 
This compensation method is discrete (a fixed value 
is selected for an operation point) and presents 
inaccuracy in face of  var iable loads.  In 
consequence, switching capacitor banks are used in 
order to add or remove capacitors according to the 
reactive energy demanded by the load in a given 
time period; nevertheless, there is a costly solution, 
introduces high current transients into the power 
system and can easily produce resonances due to the 
recurrent changes of the topology of the power 
system and the load. So, most of engineers prefer the 
use of Capacitor banks [5], [12], [14]. .

1. Introduction

Electrical industrial consumers must pay for 
excessive use of reactive energy. A power factor 
lower than 0.9 (either lagging or leading) is 
indicative of inadequate use of electrical energy and 
therefore is often penalized [1]–[4 . One of the 
effects of reactive power flows in transmission lines 
is the reduction of their transmission capacity. 
Excessive reactive power leads to lines and 
transformers oversized, reduction of active power 
supplied to users and undesired overgeneration due 
to higher power losses. Furthermore, excessive 
reactive energy circulation causes generation system 
destabilization, voltage drops and reduction of 
generator lifespan  . Despite of the aforementioned 
facts, reactive energy plays a key role and is 
necessary to operate certain electrical devices  . For 
these reasons, reactive power compensation is of 
paramount importance in order to reduce cost for 
users as well as generators and grid operators  [5], 
[7], [8].  
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2.1 Three-Phase Compensation

Figure 2. Capacitor bank operation: a) non-ideal 
model, b) positive semi-cycle and c) negative semi-

cycle.  Source: own.

Figure 3 presents the equivalent circuit for a three-
phase capacitor bank. In three-phase compensation, 
capacitor banks are built with three electrolytic 
capacitors in delta connection; basically, a three-
phase bank is composed of three single-phase 
banks. Banks with wye connection are not 
commonly used due to the fact that their reactive 
compensation is lower than that of the delta 
connection and requires a higher voltage.

 
During the grid positive semi-cycle, capacitor c1 is 
correctly polarized and the lower capacitor is at 
reverse bias. Electrolyte from capacitor c2 becomes 
conductive and the capacitance from the upper 
capacitor limits the current avoiding its destruction; 
this happens analogously, during the negative semi-
cycle. Note that this behavior is closer to a non-
linear switching network than to an ideal linear 
capacitor. 

2.1. Single-Phase Compensation

Figure 1 shows the basic scheme of single-phase 
reactive energy compensation. In this case, the 
capacitor bank is composed of two capacitors in 
anti-series configuration. This connection prevents 
capacitor destruction in AC operation. 

Figure. 1. Single-phase compensation.

Figure 2 presents a first-approximation model for the 
capacitor bank which was adapted from  [25] . 
Figure 2a shows the circuital model where ideal 
capacitors c1 and c2 have imperfect zener diodes Z1 
and Z2 in parallel. Figure 2b presents the conduction 
path in positive grid semi-cycle; Z1 is reverse biased 
and current flows through c1 and Z2. In negative 
semi-cycle, Z2 is reverse biased and current flows 
through c2 and Z1 as shown in Figure 2c. The use of 
zener diodes allows to model capacitor rupture by 
over-voltage. 

Source: own.
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In this section, a brief description of capacitor 
configurations for reactive power compensation was 
presented. Capacitor banks are essentially non-
linear, even without considering other phenomena 
that affects linearity (capacitance dependence on 
voltage, dielectric conducting properties, leakage 
currents, dielectric absorption, etc). Thus, in its 
application to AC systems they are expected to cause 
signal distortion.

Figure 4. D-STATCOM topology.

3. Compensation with D-STATCOM

D-STATCOM is a controlled power electronics 
device used to compensate reactive energy in 
centralized or decentralized form [26][28] . Figure 4 
presents the D-STATCOM topology, its main 
components are: a DC bus (composed of two 
capacitors) that provides a stable voltage supply for 
the Voltage Source Converter (VSC). VSC is a three-
phase inverter with six switches used to generate the 
current signals for reactive compensation; each 
branch of D-STATCOM corresponds to a phase (a, b 
and c).

Compensation by means of D-STATCOM is 
illustrated in Figure 5. A typical industrial load 
demands active and reactive power

STATCOM also requires active power to account for 
its losses, such losses should be provided by the 
electrical grid, then                          In this way, the 
electrical grid only supplies the active power 
required by the load and D-STATCOM operation
 

The purpose of D-STATCOM is to provide reactive 
power to the load so that the electrical grid would 
only provide active power; therefore

Source: own.

Figure 5. D-STATCOM compensation.

4.1 Load Characteristics

4.      Experimental results

The load used for power factor correction is an 
induction motor with three inductors connected in 
series as indicated in Figure 6. The impedance of this 
arrangement is                                 per phase. The 
load is fed by a line-neutral voltage

Source: own.

The coupling inductors of D-STATCOM are in 
charge of filtering the current signals and coupling 
AC and DC voltages. Due to the switching nature of 
the VSC, D-STATCOM currents may present high 
harmonic content; so grid coupling inductors 
provide an output current that is similar to a pure 
sine wave. Appropriated design and implementation 
of grid coupling inductors is necessary to avoid 
harmonic contamination in the grid.

This section presents a comparison between 
compensation by means of capacitor banks and D-
STATCOM. Tests were done in similar operative 
conditions for both devices in order to analyze the 
improvement of energy quality. Three aspects are 
analyzed in this stage: power factor correction, 
current waveform and new current harmonics 
generated by the compensation.

 

Figure 6. Load for experimental tests.Source: own.
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Figure 9. AC three-phase capacitor.

Figure 8. AC capacitor current. Source: own.

The three-phase capacitor bank used for the tests is 
built with three AC single-phase capacitors in delta 
connection. Figure 9 shows three-phase capacitor 
built to compensate reactive power. 1, 2 and 3 are 
arrangement of AC single-phase capacitors; each 
array has six capacitors connected in pairs to obtain 
three AC capacitors in parallel connection, adding 
up 18 electrolytic capacitors. Arrangements 1, 2 and 
3 are connected to the load depicted in Figure 6 in 
order to show the effect of a compensation based on 
capacitor banks

Test results of the compensation performed with the 
AC three-phase capacitor bank is shown in Figure 
10. This figure has three columns; the first one 
illustrates the wave forms in time domain (Figure 
10a); the second one depicts harmonics in frequency 
domain (Figure 10b); finally, the third one depicts the 
phasor diagram that is used to show power factor 
(Figure 10c). The first row of Figure 10 represents the 
electrical grid; in this case, the feeding voltage is 
.                  and it is the reference signal (gray signal 
of Figure 10a) for power factor compensation. The 
grid presents THD=1.83%, hence, grid voltage is not 
a pure sinusoidal wave. The phasor of the electrical 
grid is taken as the reference. The Second row of 
Figure 10 represents the load without compensation; 
in this case, the current wave is in backlog with 
respect to the reference wave in time domain. The 
load presents THD=0.77% in frequency domain. 
The phasor diagram presents an angle between 
current and voltage a=-71.7 which corresponds to 
pf=0.312 in backlog; this load does not comply with 
normative pf<0.9 and needs compensation. The 
third row of Figure 10 presents measures of AC three-
phase capacitor under test voltage without load; in 
this case, current leads the reference by 87.06o 
(pf=0.051 leading); also, THD=12.2% evidences the 
non-linearity of the three-phase capacitors used to 
compensate reactive energy. The fourth row of Figure 
10 corresponds to measures of load with 
compensation (load connected with three-phase 
capacitor); in this case, load and voltage waves are 
phased in time domain and pf=0.997 in the phasor 

Source: own.

A single-phase AC capacitor is built with two 
electrolytic capacitors connected in series with 
opposite polarities as shown in Figure 7.

4.2.    Compensation with Capacitor Bank

Source: own.
Figure 7. Single-phase AC capacitor.

Figure 8 depicts the response of the AC capacitor 
when it is connected to the grid at the test voltage 
without load. It was found that the resulting current 
is displaced approximately 90o with respect to the 
voltage signal. Note that the current signal exhibits a 
high distortion in comparison to the feeding voltage. 
This evidence the non-linear characteristic of AC 
capacitors which increases the THD of the electrical 
system.
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diagram; the load without compensation presented THD=0.77% and harmonics were increased up to 
THD=35.1% with the compensation using capacitors. 

               is used to compare with the response of the 
three-phase capacitor bank built with electrolytic 
capacitors. Current response is shown in Figure 11b, 
note that the distortion in the current wave is similar 
to the one illustrated in Figure 10b.

The test without load was repeated using a 
commercially available three-phase capacitor bank 
for reactive power compensation as depicted in 

Figure 11. The capacitor illustrated in Figure 11a is 
able to compensate up to                   with voltage

Figure 10b shows that THD of the grid current (load 
and capacitors) is higher than THD of the capacitors; 
however, harmonics amplitude of both are similar. 
Fundamental amplitudes are different due to the 
capacitive effect on reactive power compensation; 
nevertheless, there is not harmonic compensation 
a n d  g r i d  h a r m o n i c  a m p l i t u d e s  r e m a i n 
approximately constant. THD is a harmonic 
measurement done by comparison between 
harmonics amplitude and fundamental amplitude as 
shown in equation 1. Therefore, capacitor THD is 
calculated with respect to                   and grid THD 
with                   This measurement increases the 
THD value of the electrical grid and does not take 
into account that harmonics in both cases remain 
approximately constant.

Figure 11. Capacitor for industrial reactive 
compensation.
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4.2    Compensation with D-STATCOM

The D-STATCOM used for experimental test was 
developed in the laboratory of GIMEL research 
group at Universidad de Antioquia and is presented 
in Figure 12. The D-STATCOM was designed to 
compensate reactive power up to 15 kVA connected 
at 440 V with DC BUS at 850 Vdc in nominal 
operation conditions. Nevertheless, the feeding 
voltage of D-STATCOM was reduced up to          to 
do the tests presented in this paper.

Source: own.

The results of compensation with D-STATCOM are 
presented in Figure 13. This figure has three 
columns. The first one illustrates the wave forms in 
time domain (Figure 13a); the second one, Figure 

13b presents harmonics in frequency domain; and 
the third one Figure 13c presents the phasor diagram 
and power factor. The first row of Figure 13 
represents the feeding source with             and 
THD=2.29%. The second row of Figure 13 
represents the load without compensation. In this 
case, the current wave is in backlog with respect to 
the reference wave in the time domain and 
THD=1.03% in frequency domain. The load THD 
increased due to variation (increasing) of voltage 
THD. The Phasor diagram presents an angle 
between current and voltage a =-71.3 which 
corresponds to pf=0.319 in backlog (pf<0.9). The 
third row of Figure 13 illustrates the D-STATCOM 
measures under test voltage without load operating 
as capacitor. In this case, the current leads the 
reference by 70.22o (pf=0.338 leading) with 
THD=4.10%; D-STATCOM also introduces 
harmonics to the grid; nevertheless, these are minor 
than those introduced by the three-phase capacitor 
bank (66.4% approximately). The fourth row of 
Figure 13 corresponds to measures of load with 
compensation (load connected with D-STATCOM). 
In this case, load and voltage waves are phased in 
time domain and pf=0.999 in the phasor diagram. 
The load without compensation had THD=1.03% 
and harmonics were increased up to THD=6.64% 
with the compensation using D-STATCOM. On the 
other hand, the three-phase capacitor bank 
presented THD=35.1%, in comparison with D-
STATCOM compensation, harmonics were reduced 
up to 81.08%. 

Figure 12. D-STATCOM used for comparison.

Figure 13. Compensation with D-STATCOM. Source: own.
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Table 1 presents the main results obtained with the 
capacitor bank and D-STATCOM considering both 
with and without load. Experimental results without 
load show a major pf from D-STATCOM than that of 
the capacitor bank, and lower THD for D-STATCOM 
in compar ison wi th  the capaci tor  bank. 
Experimental results with load present a similar pf for 
both; nevertheless, the THD produced by the 
capacitor bank is up to 5 times greater than the THD 
obtained with the D-STATCOM, operating in the 
same conditions.

Table 1. Main results comparation.
Source: own.

This paper presented a comparison of reactive 
power compensation performed with capacitor 
banks and D-STATCOM. Both, D-STATCOM and a 
three-phase capacitor were set to compensate 
reactive energy up to pf=0.99 in order to compare 
time and frequency responses in similar operating 
conditions. Experimental results showed a slightly 
higher pf with D-STATCOM when compared witht 
the capacitors bank. It was also found that the THD 
with the capacitors was higher, even without load. 
The same power factor was reached with D-
STATCOM; however, with a THD reduction of up to 
81.08%. In this case, THD reduction is higher taking 
into account that D-STATCOM was feed with a 
major THD voltage.
Finally, THD results with power factor correction 
show that harmonics require another type of 
measurement. Generally, THD is calculated with 
respect to fundamental amplitude; nevertheless, 
compensation of reactive energy reduces this 
amplitude. Therefore, reduction on fundamental 
amplitudes causes an increase of THD even if 
harmonic magnitudes are not increased.

5. Conclusions 
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