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Abstract—The problem of reactive power and harmonics in the
medium voltage level of a power distribution system is considered
in this paper. Reconfiguration of the power delivery network
imposes new constraints in a distribution substation so that the
reactive compensation should be increased. The alternative of a
shunt hybrid active filter connected to the 13.8-kV level to enhance
the power quality is analyzed in this paper. This proposal uses
the existing capacitor bank to build a hybrid filter in which the
complementary compensation is performed by the active filter.
The performance of the hybrid filter is evaluated with extensive
simulations considering reactive power, harmonics, and unbalance
compensation. It shows very good behavior in steady-state and
transient conditions.

Index Terms—Active filters, harmonic distortion, power distri-
bution, power quality, reactive power.

I. INTRODUCTION

HE INCREASE of nonlinear loads and equipment, as well

as the distributed generation units in the power systems,
has been demanding the compensation of disturbances caused
by them [1], [2]. Voltage distortion, due to current harmonics,
has become a major problem for the utilities at distribution
levels. Utilities frequently encounter harmonic-related prob-
lems, such as higher transformer and line losses, reactive power
and resonance problems, derating of distribution equipment,
harmonic interactions between the utility and loads, reduced
system stability, and reduced safe operating margins [3].

The use of traditional compensation with capacitor banks and
passive filters (PFs) gives rise to harmonic propagation, i.e.,
harmonic voltage amplification due to resonances between line
inductances and shunt capacitors. Therefore, active solutions
have been continuously analyzed in the last few years [4]-[9].

One of the most popular topologies employed in harmonic
compensation is the shunt active power filter (SAPF) [4], [5],
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[9]. It basically functions as a harmonic current generator
feeding the needed harmonics and/or reactive currents at a
certain point of the network. Several control strategies have
been proposed for the SAPF [6]-[9], and those based on the
generalized theory of the instantaneous active and reactive
power have been the most popular [10], [11].

The particular problem of a power distribution network is
considered in this paper. Reconfiguration of the network im-
poses new constraints on different distribution substations
(DSs). Harmonics studies were performed considering the fu-
ture configuration of the network. Voltage distortions in differ-
ent points of the network and the working conditions of the
capacitor banks were verified by means of harmonic flows
[12]. A first proposal suggested increasing the existing passive
compensation, but this solution introduced resonances near the
fifth and seventh harmonics resulting in unacceptable distortion
levels. Therefore, the alternative of an active compensation was
first presented in [13]. A more accurate study of the distribu-
tion system modifies the power levels to be compensated and
shows that no zero-sequence component was present and that
there was very little problem of negative-sequence fundamental
currents. The 132-kV voltage system feeding the substation
presents almost no harmonics or unbalances. Therefore, it
appears as an ideal case to be compensated with shunt active
or hybrid filters. A hybrid active filter solution is proposed in
this paper. Then, it is extensively evaluated with simulations in
steady state as well as transient conditions.

II. NETWORK DESCRIPTION

The 132-kV network, where the DS under study is connected,
works meshed and connected to a 500-kV high-voltage trans-
mission system. In the future, the requirement to enhance the
voltage profile at 13.8-kV level demands for new compensation
[12]. The loads of the different substations are mainly com-
mercial and residential, so it is more difficult to identify the
harmonic sources than in the case of industrial plants. Then, it
is necessary to build a model based on the field measurements.

Fig. 1 shows the one line diagram of the system model
adopted for the DS under test. A digital three-phase model of
the network is constructed using the MATLAB/Simulink Power
System Blockset (PSB).

The system is represented as an ideal voltage source of
132 kV connected to three transformers of similar character-
istics, 132/34.5/13.8 kV and 15/10/15 MVA. The system is
modeled by its equivalent impedance related to short circuit
power at 13.8 kV, which is approximately 200 MVA. There are
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Fig. 1. One-line diagram of system model.
TABLE 1
HARMONICS CURRENTS
ip i5(A) | 7(A) | in(A) | i3(A) | THD(%)
Peak values | 74.9 54 24.5 18.7 5.4

no loads at the 34.5-kV level. All transformers are connected
in parallel to 13.8 kV where the capacitor banks and the
loads are placed. Due to the transformer winding connection,
Wye/Wye/Delta (Y/Y/D), there are no zero-sequence registers
at the 13.8-kV level. In addition, the measurements performed
on the network have shown that the load currents present no
negative-sequence fundamental component. Then, a balance
model network is built for the DS under study. Feeders, un-
derground cables and overhead lines, are considered at the load
connection.

The active and reactive power demand at the fundamental
frequency is represented by a constant impedance model and
the nonlinear load, corresponding to harmonics, through sinu-
soidal current sources. Their amplitude and frequency corre-
spond to those of each harmonic.

Based on the power flow and harmonics studies performed
on the system [12], the power total demand at the 13.8-kV bus
15 29.3 MVA with cos ¢ = 0.8. The harmonic peak currents and
the THD; defined in [14] are shown in Table 1.

A reactive compensation of 9.6 MVAr will result in cos ¢ =
0.94 at 13.8-kV level, which is the goal for the proposed
compensator.

Compensation of the reactive currents with capacitor banks
of 4.8 MVAr gives rise to parallel resonances which increase
the harmonics to unacceptable levels. The results of this com-
pensation, P and @) defined in [14], together with the reactive
power provided by capacitor banks (Qac) and the current and
voltage distortion, are summarized in Table II.

Table III summarizes the harmonic voltages and THDy for
all cases, together with the limits fixed by IEEE [15]. For
Qc = 4.8 MVAr and Q¢ = 9.6 MVAr cases, the individual
harmonic voltages for the fifth and the seventh harmonics and
THDy are above the allowable levels, so a different compensa-
tion should be considered.

TABLE 1I
POWERS AND POWER FACTOR RESULTS
Q P Q Viphase | THDy | Iy jipe | THDy| o 0 Qac
(MVAr) | (MW) [ (MVAr) | (kVms) | (%) [(Ams)| (%) (MVAr)
0 234 17.7 7696 | 566 | 1269 | 543 | 0.8 | -----
4.8 24.4 13.7 7865 | 9.65 | 1188 | 10.7 | 0.86 | 4.78
9.6 255 9.7 8040 | 9.64 | 1129 | 13.8 | 0.92 | 9.62
TABLE 1II
VOLTAGE HARMONICS RESULTS AND VERIFICATIONS
Harmonic Qe Qe Qe IEEE
Voltages | (0 MVAr) | (4.8 MVAr) | (9.6 MVAr) | limits
V(%) | 329 5.47 8.88 3
V7 (%) 3.32 748 3.61 3
Vi (%) 2.37 2.30 0.86 3
Vi3 (%) 2.14 1.42 0.56 3
THDy (%) | 5.66 2.65 2.64 5

III. HYBRID ACTIVE FILTER COMPENSATION

One of the most popular solutions employed in harmonic
compensation, the SAPF, was first presented in [13] as a possi-
ble solution to the present problem. Here, a hybrid active filter
solution is analyzed in detail. This solution takes advantage of
the capacitor bank already installed in the DS under study. The
capacitor bank is modified to make a PF. A general structure of
the shunt hybrid active power filter (SAPF) is shown in Fig. 2
[18], [19].

It is formed by connecting a shunt PF to the general structure
of SAPF analyzed in [13]. The main difference lies in the fact
that the measured current not only considers the load current
but also the current consumed by the PF.

It is well known that SAPF behaves better with loads that
can be modeled as current sources. Then, the capacitor bank is
modified to make a PF in order not to load the SAPF with a
voltage source. Moreover, tuning the PF near the lowest har-
monics present at the load guarantees its behavior as a current
source and, at the same time, reduces the current required for
the active filter.

Then, the whole compensation is shared by the SAPF and
the PF. A reactive power of 4.8 MVAr is compensated by the
PF, so less fundamental current is provided by the SAPF. It also
supplies the harmonics that are not provided by the PF.

The SAPF consists of a three-phase current-controlled
voltage-source inverter (CCVSI) connected to the grid through
a coupling inductor and a transformer. In addition, a ripple
filter is connected after the transformer to derive the high
frequencies generated by the inverter commutation. The current
references for the CCVSI are generated by the power control
block based on the instantaneous active and reactive power
theory. The current loops are closed with hysteresis controllers.
The dc side of the inverter is built only with a capacitor of
proper value, and the active filter can build up and regulate
the dc voltage on the capacitor without any external power
supply.

The analysis of the SAPF is divided into two main sections:
the CCVSI and the control block to obtain the desired currents
and maintain the dc voltage of the CCVSI. In addition, the PF
design is shown in this section.
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Fig. 2. General structure of the implemented SAPF.

A. Current-Controlled Voltage-Source Inverter

The CCVSI is a standard two-level three-phase voltage-
source inverter with IGBTs [1], [16]. The current loops are
closed with hysteresis controllers. The output current through
the coupling inductor is sampled at a fixed frequency. There-
fore, the signal update at the input of the converter is limited
to the sampling time, and the maximum value of the switch-
ing frequency of the inverter is limited to a value near the
sampling frequency. Its mean value is approximately equal to
10 kHz.

The value of the coupling inductor results from a tradeoff
between filtering the high frequencies produced by the switch-
ing of the converter and allowing high di/dt on the inductor
to follow the harmonic currents that should be damped. The
switching frequencies are further filtered with a second-order
damped parallel filter which takes the high-frequency currents
away from the system [3].

The dc side capacitance is selected in order to keep the
voltage ripple below 2%. The dc value is chosen so that the
converter can supply the current time derivatives demanded
by the harmonics to be compensated. The dc voltage level is
controlled with a proportional controller which modifies the
active power reference to the converter. Although the dc bus
capacitor is modeled as a first-order system, its time constant,
as well as the dc gain, is defined by the value of the parallel
resistance that modeled the dielectric losses of the capacitor.
This resistance has several kiloohms, so the dc voltage is almost
the integral of the dc current, and a proportional controller is
suitable for this situation.

Finally, the coupling transformer adapts the voltage level of
the power system (13.8 kV) to ac voltage obtained from the
CCVSI with 6.5 kV on the dc side. This transformer provides
extra filtering of the switching frequencies.

B. Power Control Block and Reference Current Generator

The power control block mainly measures the network phase
voltages (V,,V;,V.) and the phase currents (ir,pra,?LPFb,
iLprc) and builds the reference currents for the CCVSI based
on the instantaneous active and reactive power theory [10], [11].

First, the measured variables are transformed into the station-
ary reference frame [o — 3 — 0]. Then, instantaneous powers
are calculated as

D PDC DoAC Vo vg O ("
q |=| gpc |+]| qac |=|—-vg va O |-]ig| (D)
Do PoDC PoAC 0 0 v 10

where p is the real power, ¢ is the imaginary power, and pg is
the zero-sequence power.

The system under study is a three-wire system where the zero
sequence may be neglected, so in the sequel, only p and ¢ are
considered. In the case of nonlinear loads, p and ¢ have both dc
and ac components. The mean value of the instantaneous real
power (ppc) equals three times the active power per phase,
while the mean value of the instantaneous imaginary power
(gpc) equals three times the reactive power per phase. The ac
components of both instantaneous powers, (pac) and (gac),
correspond to the contribution of the harmonics and unbalances.
In the present case, the ac components only correspond to
harmonics, since there are no unbalance loads and no zero
sequence is possible due to the transformer connections.

Generally, the network will supply the dc value of the real
power, while its ac component, as well as the whole imaginary
power, should be supplied by the SAPF. Then, the instantaneous
real power is filtered in order to separate both components
and to calculate the reference values p* and ¢*. It is worth
noting here that the ac components pass directly to the converter
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Fig. 3. Power and dc bus control block diagram of the SAPE.

references, so that there is no phase shift. When the ac com-
ponents may be low, the filter cutoff frequency may affect the
transient response but not the phase shift of the ac compo-
nents of the filter. Then, the reference currents in the [ — (]
frame are

Z.Coc — ; . Vo U . p* (2)
icp V20 [V —Va q"
and the phase currents required for the CCVSI are
(N 5 1 0 }
ity | =1/5- | -1/2 V3/2 [?C“} NG)
i 3 1cp
it -1/2 —V/3/2

The system voltages may be distorted by the harmonic
currents as well as the ripple generated by the active filter;
therefore, the currents calculated with the previous equation
will not exactly compensate the harmonics. Then, it is desirable
to obtain the phase angle and frequency of the fundamental
positive sequence voltage component (V) instead of those
directly measured. This is done by a phase-locked loop syn-
chronous with the positive sequence of the sinusoidal phase
voltages and a fundamental positive sequence voltage detec-
tor (FPSVD) which determines the amplitude of (V1) [17].
The outputs of the FPSVD are pure sinusoidal phase voltages
(Va,Vy,V!) which are used to synchronize the filter currents
and also to calculate the instantaneous powers.

A complete block diagram of the proposed power control
loop is shown in Fig. 3. The active power required for the in-
verter (p*) results from the sum of two terms. One corresponds
to the ac component of real power (pac), while the second is
the output of the dc-bus voltage control (pcap), Which is the
power that should be absorbed by the converter to maintain
the dc voltage level. Concerning the reference value of ¢*
selected, there are three possibilities. Option 1 compensates the
whole ¢, which is the mean value (gpc) plus (gac), option 2
compensates only the ac components of ¢(gac), and option 3
compensates the ac components plus a part of the mean value
of g determined by the limit Q. ... In this analysis, option 3
is selected with Qax = 4.8 MVAr.

The current control loop of one phase is shown in Fig. 4.

switching
signals
%

Hysteresis band

ki

Sample

Ira |

Fig. 4. Current control loop for phase a.

The sampled inverter phase currents (igy, irp, iFc) are coms-
pared, one by one, to the reference currents (¢, i¢y,, i¢) With
three hysteresis comparators, determining the firing signals
of the inverter. The inverter currents are sampled at a fixed
frequency, so that they are updated to the comparator only at the
sampling instants, and the maximum commutation frequency
of the inverter is limited to a frequency near the sampling
frequency. The hysteresis controller with limited frequency is
preferred, since it constitutes a simple, fast, and rugged current
control.

C. Passive Filter

The PF consists of simple LC' filters per phase that can
supply 4.8 MVAr and are tuned near the fifth harmonics [3].
Therefore, defining the reactive power compensation (Qcpr),
the tuned harmonic frequency (f;), and a typical quality factor
(Qpr) of PF, the values of Cpp (in microfarads), Lpr (in
millihenries), and Rpg (in ohms) are calculated as

Qcpr(MVAr) =27 - f - V. Cpp

1
fi(Hz) = 5 7 Vs Crp
Xo
Qprr = Ror 4)

f  system nominal frequency, 50 Hz;

V' system rms line voltage, 13.8 kV;

inductance (or the capacitance) reactance at reso-
nance ().
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TABLE 1V
SAPF AND RIPPLE FILTER DESIGN PARAMETERS

Inverter Transformer Ripple filter (damped)
Vde (V) 16500] S (MVA) 10 Rrrp(ohm) 30
Csuapr(uF) [ 3000 | Vi/Vo(kV) [ 2.3/13.8 Crp(uF) 3.53
Lsyape(mH)| 0.5 X (%) 10 Lip(mH) 3.18
Lz_gk\/(mH) 0.168 fc (HZ) 1500
TABLE V
PF DESIGN PARAMETERS
Passive filter (tuned)
Qpr(MVAr) | 48 Cpp(uF) | 80.2
fi(Hz) ~ 250 | Lppg(mH) | 5.05
pr(Othl) 0.17 Qpp 45
TABLE VI
SUMMARY OF COMPONENTS
Components SAPF | SHAPF
1GBT | S =2 Voo |y 15
rating Ipeak(MVA) —
Inverter Current (A peak) 4600 2600
DC Voltage (V) 6500 6500
capacitor C (uF) 7500 3000
Coupling inductor yes yes
Connection transformer (MVA) Ix15 | 1x10
Passive filter (MVAr) no 1x48
Ripple filter Yes Yes

D. Design Parameters

The design parameters of SAPF and the ripple filter
are summarized in Table IV, and the PF parameters are
in Table V.

Table VI summarizes a comparison between the SAPF pro-
posed here and the SAPF presented and analyzed in [13].

Both filters are designed to compensate the DS presented
in this paper. The table clearly shows that the hybrid solution
reduces the current rating of the inverter as well as the power
level of the connection transformer. As a consequence, the dc
bus capacitor may have less capacitance. The hybrid solution is
more economical than the active one, particularly considering
that the capacitors of the PF are already in the system.

IV. COMPENSATION EVALUATION

In this section, the results from simulations of the SAPF
topology, using MATLAB/Simulink PSB, are presented. In
order to evaluate the performance of the proposed filter, the DS
under study is simulated for different load conditions.

A. Full Load

First, a maximum demand is considered. This means
29.3 MVA with cos ¢ = 0.8 (P = 23.4 MW, Q = 17.7 MVAr).
The voltage and current of one phase at the 13.8-kV level
upstream the PF and SAPF are shown in Fig. 5.

The PF is always connected. The SAPF was connected at
t = 0.2 s. Fig. 5 shows how the distorted currents (dotted line)
became sinusoidal and almost in phase with the voltage (solid
line), after the SAPF was connected. It also shows that a small
high-frequency ripple appears in the phase voltages.

2000

Voltage | | ~~~~~~ Gurrent

n,

1000
05

Voltage (V)
o
o
Gurrent (A)

Qs s T | SRR
B g 1-1000

Fig. 5. Full load. Voltage and current in 13.8-kV bus when connecting SAPF.
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580 650 780

Fig. 6. Full load. Voltage and current THDs and spectra in 13.8-kV bus at
steady state.

Fig. 6 shows the phase voltage and line current harmonics
spectra. These results correspond to the steady state of full load
and a reactive compensation of 9.6 MVAr. The THDy has been
reduced from the original 9.64% to 0.99% in the voltage with a
fundamental rms value of Vi, = 8037 V. Regarding current
harmonics, the THD; has been reduced from the original 13.8%
to 0.57% with a fundamental rms value of I7,,s = 1135 A.
Both THDy and THD; have been calculated considering up to
the 50th order harmonics. When the harmonic order is increased
up to 12 kHz, in order to consider the commutation frequency,
the THDy, increases to 1.34%, while the current distortions
remain almost the same.

B. Unbalanced Load

In this section, the effects of load current unbalances are eval-
uated. Although there were no problems of system unbalances
detected with the previous measurements, some simulations
were developed to evaluate the behavior of the filter in presence
of negative-sequence fundamental load currents. Here, certain
unbalanced load is characterized by a 7% negative-sequence
load current (ratio of negative-sequence current to positive
sequence current) added to the reactive and harmonics shown
in the previous section.

The voltage and current of each phase at the 13.8-kV level
upstream the PF and SAPF are shown in Figs. 7 and 8.

The PF is always connected. The SAPF was connected at
t =0.2 s. Fig. 7 shows how the distorted voltages in each
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Fig. 7. Unbalanced load. Phase voltages in 13.8-kV bus when connecting
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Fig. 8. Unbalanced load. Phase currents in 13.8-kV bus when connecting
SAPE.

phase became sinusoidal, after the SAPF was connected. It also
shows that a small high-frequency ripple appears in the phase
voltages. The original voltage unbalance of 1% was reduced
to 0.26% with the control of the active filter. Fig. 8 shows how
the distorted and unbalanced currents in each phase became
sinusoidal and with low unbalance, after the SAPF was con-
nected. The negative sequence of 7% originally considered was
reduced to 2%.

Fig. 9 shows the phase voltage and line current harmonics.
These results correspond to the steady state of full load and a
reactive compensation of 9.6 MVAr. The THDy, has been kept
below 1.3% with a fundamental rms value of Vi, = 8029 V.
Regarding current harmonics, the THD; has been kept below
1.8% with a fundamental rms value of I7,,s = 1143 A. Both
THDy and THD; have been calculated considering up to 50th
order harmonics. When the harmonic order is increased up to
12 kHz, to consider the commutation frequency, the THDy
increases to 2.3%, while the current distortions remain almost
the same. It is worth noting that the voltage and current dis-
tortion increments are mainly due to a third positive-sequence
harmonic generated by the fundamental negative-sequence cur-
rent and a second harmonics dc voltage ripple.

C. Load Change

First, the load and distortion corresponding to the 50% of
maximum demand are considered at the 13.8-kV bus. Voltage
and current of one phase at the 13.8-kV level upstream the
SAPF are shown in Fig. 10.
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Fig. 9. Unbalanced load. Voltage and current THDs and spectra in 13.8-kV
bus at steady state.
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Fig. 10. 50% of full load. Voltage and current in 13.8 kV at steady state.
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Fig. 11.  50% of full load. Voltage and current THDs and spectra in 13.8 kV
at steady state.

The THDy,, THD;, and the individual harmonics of phase
voltage and line current, corresponding to the steady state with
50% of full load and a reactive compensation of 9.6 MVAr,
are shown in Fig. 11. They are presented in [%] of their
fundamental values. THDy, results 0.48%, and THD; results
0.52%. When the harmonic order is increased up to 12 kHz,
to consider the commutation frequency, the THDy increases to
1.03%, while the current distortions remain almost the same.

At t = 0.4 s, the load is increased to its maximum demand.
The PF and SAPF are already connected. Voltage and current
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50% to 100%.

of one phase at the 13.8-kV level upstream the PF and SAPF
when the load is increased are shown in Fig. 12.

Fig. 12(a) shows a transient in line voltage and current after
the increment of the load. The amplitude of the current in
the system increases due to the raise of the load. The ampli-
tude of the voltage decays because the value of the reactive
power compensation of the SAPF continues being the same
(Qc = 9.6 MVAr). The distortions in the current and the
voltage increase during the transients. Fig. 12(b) shows that
the SAPF fully compensates the harmonic distortion after the
transient.

Fig. 13 shows the transients of powers at 13.8-kV bus. The
reactive compensation is shown in the imaginary power (lower
trace). At t = 0.4 s, the active and reactive power increases
from 50% to the full load. After a transient of 100 ms, the
dc component of the imaginary power corresponds to the full
load minus 9.6 MVAr of reactive compensation supplied by the
SAPFE. Its ac component is almost cancelled by the SAPF.

The performance of the CCVSI is shown in Fig. 14, showing
the current delivered by the converter and the dc voltage when
load changes from 50% to 100%. The upper trace shows the

TABLE VII
POWERS AND POWER FACTOR RESULTS
Case Qc P Q lehase THDV ll line THDI cosg
(MVAr) | (MW) | (MVAr) [ (kVms)| (%) |[(Ams)| (%)
Balance 9.6 257 9.45 8037 | 0.99 | 1135 | 0.57 |0.94
Unbalance 9.6 2565 | 9.16 8029 | 123 | 1143 | 1.71 |0.94
TABLE VIII
VOLTAGE HARMONICS RESULTS AND VERIFICATIONS
Harmonic voltages Q 0.6 MVAT) IEEE limits
balance | unbalance
V3 (%) 0 0.63 3
V5 (%) 0.12 0.11 3
V7 (%) 0.05 0.12 3
Vy (%) 0 023 3
Vi (%) 0.58 0.59 3
Vi3 (%) 0.53 0.57 3
THDy, (%) 0.99 123 5

current of one phase entering the PCC. Its fundamental value
corresponds to 4.8 MVAr of reactive compensation, while the
harmonics are those of the load minus those damped by the
tuned PF. The bottom trace shows that the dc voltage suffers
a voltage drop of around 5% when the load is increased from
50% to 100% (t = 0.4 s), but it reestablishes its mean value in
150 ms. It presents a 12th harmonics oscillation due to the ac
component of the instantaneous active power. In this case, the
5th and 7th harmonics are mostly damped by the PF, so 11th
and 13th dominate the voltage ripple.

The results of SAPF compensation at the 13.8-kV bus system
are summarized in Table VII.

Table VIII summarizes the harmonic voltages and THDy
with the SAPF compensation together with the limits fixed by
IEEE [15]. The individual harmonic voltages and THDy are
well below the allowable levels.

V. CONCLUSION

The design of a hybrid active filter to compensate reactive
power, harmonics, and unbalance loads in the medium voltage
level of a power distribution system was presented in this
paper. This solution used the existing capacitor bank and built
the complementary compensation with the active filter. The
capacitor bank was modified to make a tuned filter near the
fifth harmonics. The proposal shows very good performance
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and may be more economical than a shunt active filter solution
since it uses capacitors already present in the system and results
in a lower rating inverter.

The proposed SAPF is a very good solution for power
systems in which the voltage generation is almost ideal and the
loads present little unbalance. Compensation of distorted and
unbalance voltage systems will require more complex solutions
like the universal power quality controller.
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