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Abstract: An important power quality issue is related to current harmonic components demanded by
non-linear loads. A solution to mitigate this issue is to use hybrid power filters (HPFs), that apply
low power active filters with passive filters. Some dual-converter topologies have been shown to be
attractive due to a better compensation performance compared with single filters, where the HPFs give
a reactive power support (an extra feature) together with harmonic compensation. On the other hand,
the drawback of dual converters is the high number of active switches. Besides that, due to the high
number of unbalanced non-linear loads connected to the electrical grid, triplen harmonics can appear.
However, traditional HPFs do not compensate triplen harmonics, which usually have considerable
values. Therefore, in this paper, a dual HPF based on the nine-switch inverter (DHPF-NSI) is proposed
to compensate current harmonics and to provide reactive power support. The NSI presents a reduced
number of switches when compared with classical dual topologies. The compensation of the third
harmonic caused by unbalanced nonlinear loads was also inserted in the control system. Experimental
results are presented for the DHPF-NSI in order to demonstrate the reactive power and harmonic
compensation performances.

Keywords: hybrid power filter; power quality; reactive power

1. Introduction

Disturbances that compromise the power quality may be classified as phenomena that can affect
the voltage and/or the current of the grid, such as voltage sags, swells, spikes, interruptions, harmonic
distortion, and fluctuations [1]. One of the most important issues related to power quality is the
excessive current harmonics in the grid caused by local non-linear loads. The current harmonics could
damage the conductors at high temperatures and overload the electrical system. Another problem that
impairs the power quality is the voltage drop in the electrical grid caused by the excess of reactive
power demanded by local inductive loads. Most loads have inductive characteristics such as motors,
transformers, and industrial furnaces that require reactive power to operate. However, the reactive
power does not produce work and the consequences of excess reactive power in the grid include a
loss of electric energy as heat, voltage drops, underutilization of installed capacity, new loads being
preventing from being connected without a further expansion of the utility grid, and many others.

The solutions to these power quality issues are generally classified according to the electrical
supply voltage level, i.e., at transmission and distribution levels. The Flexible Alternating Current
Transmission System (FACTS) consists in power conditioning devices usually employed to compensate
reactive power at transmission level, guaranteeing the stability of the electrical grid [2]. On the
other hand, Custom Power Devices (CPD) are based on the use of static controllers at distribution
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systems for electric utilities to supply value-added power with the reliability and power quality
requested by customers [3-5]. Among the available CPDs, the passive filters, shunt Active Power
Filters (APFs), Hybrid Power Filters (HPFs), and Unified Power Quality Conditioners (UPQCs) are
commonly used solutions for current harmonic compensation, having the reactive power support as
a possible extra feature.

The passive filters, composed of inductors and capacitors, are commonly used for current
harmonic compensation and power factor correction [6]. Those passive filters are tuned in the frequency
of the harmonic to be compensated, creating a low impedance path that absorbs the currents demanded
by the non-linear load. However, this solution is not viable for several reasons:

e In order to mitigate all the current harmonic components generated by unbalanced non-linear
loads, a great number of passive filters must be used for each harmonic to be compensated.

e  Some problems related to the peak resonance of the filter with the electrical grid, a phenomenon
known as harmonic-amplifying, can occur [7-9]. This phenomenon happens because the passive
filters drain the current harmonics not only from the local non-linear loads but also from other
non-linear loads connected to the grid.

o Depending on the power level, passive filters are bulkier and heavier and present inferior
performance when compared with active solutions, such as active power filters and hybrid
power filters.

The advancement of controlled semiconductor devices enable the development of shunt active
power filters, which are considered a superior solution for current harmonics mitigation and for power
factor correction in low and medium power when compared with passive filters [10-16]. The shunt
active filters have an adjustable compensation performance for both current harmonic and reactive
power, being able to change the family of harmonic components to be compensated depending on the
load connected locally. The conventional topology consists of a three-phase voltage source inverter
connected to the Point of Common Coupling (PCC) through an inductive filter. The shunt active
filter supplies the current harmonics required by the non-linear load, while the grid only supplies the
fundamental current. Nevertheless, those filters have power switches that increase the cost, making
them more expensive than passive filters. Besides that, the shunt active filter needs a control system to
activate the switches by performing current and voltage measurements, increasing its complexity.

Hybrid power filters have been proposed as a low-cost alternative to the shunt active
filters [7,8,17-22]. HPFs are composed of the combination of one or more passive filters with an active
filter of reduced power. In the HPFs, the passive filter is tuned to provide a specific current harmonic
component consumed by the load. The active filter aims to compensate the harmonic components near
the resonant frequency of the passive filter and to perform the reactive power compensation, in addition
to avoiding the harmonic-amplifying phenomenon caused by the passive filter. Another advantage
of HPFs is that the power switches have lower installed power when compared to conventional
active filters.

In the literature, one of the first hybrid filters has been presented by Peng, Akagi, and Nabae [17],
in which a combination of a series active filter and a shunt passive filter has been performed.
This configuration provided a good compensation of harmonics. Fujita and Akagi [7] proposed
a hybrid filter using a series active filter together with a passive filter. In this configuration, the active
filter can dampen the resonant peak between the grid and the passive filter. As the passive filter assists
in the filtering of current harmonics, the power of the active filter is reduced when compared to the
configuration using only the active filter. In this case, the switches have to withstand less voltage
than that in the shunt active filters because the passive filter capacitors divide the line voltage with
the active parts of the converter. Therefore, the configuration proposed in [7] is a topology with low
design cost due to power reduction of the active parts. Srianthumrong and Akagi [9] used an HPF with
a reduced amount of passive elements. This configuration is composed of a voltage source inverter and
only one passive LC filter tuned to the seventh harmonic component. This topology has low cost and
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volume, due to the reduction of some passive elements, when compared to the previous configurations.
Besides the current harmonics compensation, HPFs have been also given a reactive power support,
correcting the power factor of the load as an extra feature [18,23,24].

Other important active filtering solution comes from the idea of using dual converters
configurations [19,20,25-27]. The main advantage of using such configurations comes from their
enhanced compensation capabilities. An HPF configuration using two converters, known as
back-to-back converter, has been developed in [26]. The back-to-back configuration consists of
two voltage source inverters sharing the same dc-link and it has two three-phase output sets,
one being responsible for current harmonics compensation and the other responsible for the reactive
power control. The purpose of this HPF topology is to improve the harmonic and reactive power
compensations. For the power factor correction, the HPF has a great advantage in relation to the
capacitor banks, since it is capable of fine-tuning the reactive consumption [19].

The nine-switch inverter (NSI) has been proposed by Liu et al. [28]. This converter uses three
fewer switches and has the same number of output terminals in comparison to the back-to-back
configuration. With the reduction in the number of switches, this topology has a low design cost.
Limongi et al. [27] presented a dual HPF configuration based on the NSI, as can be seen in Figure 1.
The NSI can be divided into two parts. The first part is the top unit that is composed of the upper
and intermediate switches, with the terminals A, B, and C. The second part is the bottom unit that
is composed of the lower and intermediates switches, with the terminals R, S, and T, as shown in
Figure 1. The purpose of this configuration is to connect the two sets of three-phase outputs with two
passive LC filters for the current harmonics compensation. Originally, the top unit was responsible for
mitigating the 5th and 7th harmonic components and controlling the dc-link voltage, while the bottom
unit was responsible for compensating the 11th and 13th harmonics. However, this configuration is
not able to compensate the triplen current harmonics (3rd, 9th, etc.) caused by unbalanced non-linear
loads, and its control system has not been designed to compensate reactive power.

Three-phase
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Figure 1. Dual HPF based on the NSI (DHPF-NSI) connected to a three-phase electrical system.

In this paper, two extra features are proposed to the dual HPF based on the NSI (named here
DHPE-NS], shown in Figure 1): the compensation of triplen current harmonics and the reactive power
support. The reason for using a dual HPF is because dual filters have a better compensation capacity
than single filters, necessary to compensate triplen current harmonics, and HPFs have lower installed
power when compared with APFs. The NSI is the chosen topology, since it presents a lower number
of switches than back-to-back converters, implying a lower cost. As mentioned before, unbalanced
non-linear loads connected to the electrical grid consume typical triplen harmonics currents. For this
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reason, this work inserts a current compensation for the 3rd harmonic component. In the proposed
control system, the top unit is responsible for mitigating the 3rd and 5th harmonic components,
while the bottom unit is responsible for mitigating the 7th, 9th, and 11th harmonic components.
Both units are also used for compensating the reactive power consumed by the loads and to control
the dc-link voltage. In order to control the reactive power, the mathematical model of DHPF-NSI and
the controller design are also developed. The mathematical modeling and the controller design are
the main original contributions of this paper. In order to validate the capability of the DHPF-NSI to
compensate current triplen harmonics and to provide reactive power support, experimental results are
obtained in a prototype built in laboratory.

2. Dual Hybrid Power Filter

The dual HPF based on the NSI [27] connected to a three-phase electrical system is shown in
Figure 1. There are three different loads connected to the system: (1) a linear load to absorb reactive
power, imposing a low power factor; (2) a three-phase non-linear load that produces mainly 5th, 7th,
11th, and 13th harmonics and that causes distortion in the grid currents; (3) a single-phase non-linear
load that produces mainly 3rd harmonics and that becomes dominant with great contribution to the
total harmonic distortion. The harmonics produced by the non-linear loads make the grid current
harmonics levels above the recommended limits [29]. Therefore, the dual HPF is connected at the
PCC to provide harmonics currents and to compensate reactive power. Each HPF unit has output
terminals connected in series with an LC passive filter, where the LC filters for each unit are tuned in
different frequencies.

2.1. Nine-Switch Inverter Analysis

The NSI proposed by Liu et al. [28] is an alternative to the back-to-back inverter, having the
advantage of a reduced number of switches. The upper switches are called S4, Sg, and S¢, and the
lower switches are called Sg, Sg, and St. The intermediate switches are shared between the two units
(top and bottom) of the NSI. Table 1 shows the possible switching states for leg AR and the respective
output voltages [27,28].

Table 1. Possible switching states and the respective output voltages for leg AR of the NSL

NSI Switching States Ss4 Sar SR a0 URo

1 1 1 0 % j%,
2 0 1 1 g
3 10 1 e

From the possible combinations shown in Table 1, the top and bottom switches duty cycles are
given by [27]:

D, — §+ Vo sin (wyt + @y) )
4 O4c

_ V,, sin (wyt

p, = 1y Yusin(wyt oy) )

4 Odc

The gate signals of the switches Sy and S, are defined by Equations (1) and (2), respectively, and
the gate signals of the switches S,y are determined by the logic operation XOR between the gate signals
of Sy and Sy.

2.2. Passive Filter Analysis

The peak voltages of the capacitors of the filters are evaluated from two analyses: the maximum
dc voltage and the maximum fundamental ac voltage, across the filter. The analysis of the dc equivalent



Energies 2018, 11, 1392 50f 19

circuit is made in a steady state, the same as performed in [27]. The inductors L,y and Ly, and the
grid voltages vg, . can be considered as short circuits. Therefore, the dc voltage components in each
capacitor are given by

Cbot ) Udc
ve, = — =0t ) e 3
Ctop (Ctop +Cbot 2 ( )
Crop Udc
= —" | £ 4
T)Cbot (Ct0p+cbot 2 ( )

The equivalent circuit for the fundamental frequency is shown in Figure 2. In the fundamental
frequency analysis, the inductors of the passive filter and grid are disregarded, so their reactances in
the fundamental frequency are negligible in comparison to the capacitive reactance of the passive filter.
The resistance value is low so that the voltage drop is also negligible. The capacitors ac voltages vac,,,
and v,4c, , should be considered as the difference between the grid voltage and the output voltages
synthesized by the NSI, vg,,, and vp, ), as follows:

VAC, = Vs — UK, ©)
where vr,, has the amplitude range given by

Odc Udc
- S thap S T (6)

The analysis of the bottom capacitor voltage is similar to the top capacitor voltage.

vE . iL
4 Chop Liop Riop Ttop O A
> .

>

§

%

Figure 2. Equivalent circuit for the fundamental ac voltage.

Another important requirement in the design of the passive filter is the reactive power supplied
by the dual HPF based on the NSI. The reactive power supplied to the grid depends directly on the
capacitance values and indirectly on the dc-link voltage. Therefore, the three-phase reactive power
that the dual HPF can provide to the grid is given by

Qsp = Qagy,, + 3y, = 3w (Crop + Cpor) V5™ (V5™ — v™) @)
where w is the fundamental angular frequency of the electrical grid.

3. Dual Hybrid Power Filter Mathematical Model for Reactive Power Control

The strategy of the reactive power control is based on the instantaneous reactive power theory
proposed by Akagi et al. [30]. The reactive power can be written in the rotating dq reference frame
according to

Q = vpcc,isa — vpcc,isq ®)
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where vpcc, and vpcc , are the dg-axis PCC voltages, is; and fsq are the dg-axis grid currents. The
signal of Equation (8) is changed in relation to that proposed in [30] for better coupling between
the instantaneous and conventional power theories. Thus, the positive reactive power is related to
inductive loads and negative reactive power is related to capacitive loads. In this paper, the voltage
vpcc, is in phase with the grid voltage, i.e., vpce, = 0. Thus, it is observed that the reactive power
control can be performed by controlling is;.

The HPF modeling is developed from the equivalent circuit for reactive power control shown in
Figure 2:

— — —

iFtapABC = Lypc — ISpe ©)
L - dit
UFppc =Usypc T Reopitopapc + Lfop%
- (10)
1 = > dZSABC
+ ?op / ZP“’PABCdt — RSISABC — LST
Using Equation (9) in Equation (10) yields
5PABC = 6SABC + PL(t) + Ps(t). (11)
The terms Py (t) and Ps(t) are written as follows:
d d?L 1 i
PL(t) = RtoplLABC + Ltop dI:BC + C /1LABCdt (12)
top
rd d?S 1 d
Pg(t) = —Regispe — Leg d/;BC - Crop /ZSABCdt (13)

where Reg = Rs + Riop and Leg = Lg + Ltop-

To simplify the abc reference frame to the af reference frame transformations, all terms in
Equation (11) are derived so that the terms with integrals are eliminated. Since Clarke’s inverse
transformation matrix is composed of constant elements in relation to time [31], the derivative of this
matrix is null. Therefore, Equation (11) is rewritten as

dor,,  dis,

= PP () + () (14)

where the terms Pgﬁ (t) and PS“ P (t) are given by

= 2—.’
0(/5 dPL(t) dlLaﬁ d ZLMg 1 ird
PL (t) = TO(‘B dt = RtOPT —+ Lfopﬁ + ?opllwﬁ (15)
> 27
wp oy _ o APs(t) dis, A, 1 -
P™(t) = Tup at ~ Ra—g ~La—gp — Ctopls“ﬂ' (16)

As the control is performed in the dg rotating reference frame, the dg voltages and currents are
obtained from Park’s transformation [32]:

fag(t) = e P fup(t) (17)

where f (t) can assume any three-phase voltage or current as a function of time.
Using Equation (17) in Equation (14):

del®5r,  del®%s
= a0+ P (18)
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where Pfq (t) and qu (t) are given by

del?7, d2el;
dq o Lgg Lag 1 Tid
PL (t) = Rtop at + Ltop a2 + Ctop e/ ILgq (19)
el d2elf],
dq _ Sdq Sdq 1 4=
Pg'(t) = —Rey T Leg TR Ctopef Sy, (20)

0 7 2,j0 7| .
Using the derivatives del df; ® and 4 e; t’; ® in Equation (18) and eliminating the term ¢/ from this

equation, the terms of the voltages and currents in the frequency domain (s) are
.o o 5 = d d
jwVe, +sVr, = joVs, +sVs, + PLq(s) + Psq(s) (21)

where P{lq(s) and qu(s) are given by

J L 1 - S .

P{(s) = Reop (jeoTr,, +s1i,, ) + G Ty + Loy (~w?l,, + 2wsly,, +5T1,,) (22)
dq _ . - o 1 - . _ 27 . = 27

PH(s) = —Ryy (]wlsdq +sIsdq) o Is,, — Leg ( W?Is,, + 2wsls, +s zsdq) : (23)

The model obtained in Equation (21) is compared to the complete system (Figure 1) through
simulations performed in MATLAB/Simulink. For the simulations, all non-linear loads in the system
have been disconnected making the load current (I;) and Pfq (s) null. The grid voltage Vs and inverter
output voltage Vr are in phase with the d-axis, guaranteeing that the q-axis voltage components are
null. In this paper, Vs, is a not null constant and Vp; is constant. However, the reference value of Vi
can change for the reactive power control.

The currents of the model obtained in Equation (21) and the real system currents during the
transient period are seen in Figure 3. This transient period occurs due to a step in V4. The currents Igy
and Is; obtained from the mathematical model and the real system are similar and both stabilize and
converge to the same reference. Therefore, it can be stated that the mathematical model is consistent
with the real system dynamics.

Isq (A)

0 20 40 60 80 100
Time (ms)

Real system —Mathematical model

Figure 3. Dynamics of the model obtained in Equation (21) and the real system: (a) Current Is;; (b)
Current Is,;.
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In Figure 3, it is observed that the current Is; changes with the step in Vp;. Therefore, it is possible
to control the current I, through the voltage Vr;. Consequently, the reactive power control can be
realized by controlling the current Is;. The transfer function of the plant obtained in Equation (21) is
given by

—w
I L K
G(s) = =L = i = (24)
VE, L, 2 RO
eq
2 Req Ctop
s$c + TS + L
eq eq

4. Hybrid Power Filter Control System

The control system for the HPF based on the NSI to compensate the harmonic components of
currents and the reactive power consumed by the loads is shown in Figure 4. This control is divided in
two subsystems: The first subsystem is responsible for the fundamental components control (dc-link
voltage control fixed in a reference value and reactive power control). The second subsystem is
responsible for the harmonic components control [9].

w3,,ws, Current, Harmonic
¢ ¢ Compensation
i Lds 1 Lds (U
i d3gs]—-2 L3 d3 ABC
ABCy| i \ ; ZFyop o
Lq3 Ld3
ABC g Low-pass a3 d3qs
- Active and Reactive
19d 15d Power Control
. d1q1 > | —
Samc . \ = v
1Sq | 1Sq £ Fy
ABC | Low-pass a PI

[
i%q

v,

DJ1¢
iSd isd iSd1 Y . <
i d1g1—"+> : Ktop >D— ABC Y i*
Sanc \ y o v Vhd, e

e 4 % > A\ | Vo
> >

*
VR Qtop

3
<

N

)

Y

Y
A/

is
ABC\ 4>

=
VPCCane s, (+3wn) “ X
—>» PLL ppws, (—3w1) v = VR
bwr, (+7w1) »I@ > - ABCP e
P wr, (—Tw) Y UFdyor > —45*"
kbor >3 —>{d1q1 “= oo
UFgyot i
iLd7 iLd7 v,
i drqr—2 J ABC
ABCy i \ 5 2Pyt o
Lq7 Ldr 7
ABC Low-pass ‘ drqr
wr,,, Wr,,

Figure 4. Control diagram of the DHPF-NSI with fundamental and harmonic components control.

4.1. Active and Reactive Power Control

4.1.1. Reactive Power Control

A closed loop analysis is performed by utilizing a Proportional-Integral (PI) controller with
unitary feedback, and the transfer function of the controller is given by

kpgs +kiq  Z(s)
s L(s)

Cls) = (25)
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where k,o and k;g are the proportional and integral gains of the PI controller, respectively.
Thus, the closed-loop transfer function can be obtained as follows:
Ij ~ C(s)G(s) KZ(s) B(s)

I,  1+C(s)G(s) — L(s)R(s) + KZ(s) Q) (26)

where [ is the reference value of g, in the frequency domain. kg and kjg gains is designed using
the polynomial roots Q(s) of the closed-loop transfer function expressed by Equation (26), which is
given by
1 2
R = — Le w* — wk Q k:
Q(S)=s3+ﬂsz+cmp ! P YR

27
Leg Leg Leg @7

The polynomial in Equation (27) has three roots due to the two poles of the plant in Equation (24)
and one pole of the controller in Equation (25). The criterion for the determination of the gains is the
pole placement design [33], the same as performed in [34]. Therefore, the required polynomial A(s) has
two complex conjugated poles (with aT and w; being the real and imaginary parts, respectively), two
complex poles, and one real pole. The polynomial A(s) required by the closed-loop system is given by

A(s) = (s + (aT + jwy)) (s + (aT — jwa)) (s + a) (28)

where T is the relation between the position of the real part of the complex conjugated poles and the
real pole.
Using the polynomial coefficients in Equations (27) and (28), the following relations are obtained:

_1 ([ Ry
=3 (a.Leq a 1) @9)
kpo = N Leq (w2 +a’T? + w? +2a2T) (30)
L
kiQ e —g(aB’Tz + 61.605). (31)

The variable T is defined from the relation obtained in Equation (29). The gains k¢ and k;g are
calculated based on Equations (30) and (31).

The position of the real pole is defined from the stabilization time of the plant at 2%, which is
given by

4
tro, = —. 32
2% = (32)

4.1.2. Dc-Link Voltage Control

The top unit is responsible for controlling the dc-link voltage in a desirable value. The control
strategy is the same as that used in [27], where the dc-link voltage control is based on the assumption
that the power on the dc side is the same as the active power on the ac side of the converter. Therefore,
if the dc-link voltage remains constant, the average value of the current that passes through the dc
capacitor must be null. The resulting model for dc-link voltage control is based on an ideal capacitor
and the closed-loop transfer function is given by
_ VdC keo kpS +k i

= (33)

GCL(S) = m .
kpkey .
Vdc C 52 + PCCVS + kz(kjcv

The controller is a conventional PI to cancel the error between the desired reference voltage V_
and the measured dc-link voltage V.
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4.2. Current Harmonic Compensation

4.2.1. Feedback Control

In this control, the grid harmonic currents components (igg and i, sq) are the current references
of the proportional feedback control, as proposed in [9]. Thus, each extracted current harmonic is
multiplied by a proportional gain (K), so that the reference voltages can be written as follows:

Vg = Kisag (34)
where v}, g are the reference voltages produced by the feedback control.

4.2.2. Top and Bottom Feedforward Controls

The feedforward action is inserted into the control system for the improvement in harmonic
current compensation. In the top unit, the feedforward control compensates the third harmonic of
the load currents. The feedforward action of this unit has the function of creating a low impedance
path for the third harmonic, preventing this harmonic from circulating through the grid. The reference
voltages of the feedforward control to compensate the third harmonic are obtained as proposed in [9]:

-

Z_fdktﬁ = RFtop +jw3LFtop - (35)

ws CFtop lqu3
_1
w3C Frop :

In the bottom unit, the feedforward control compensates the seventh harmonic of the load currents.
The feedforward action of this unit has the function of creating a low impedance path for the seventh
harmonic, preventing this harmonic from circulating through the grid. The reference voltages of the
feedforward control to compensate the seventh harmonic are obtained as

where Xyop = w3Lp,, —

-

6:;77 = Ry + jwsLFy, — (36)

71’[4
dq7
w7CFbot g

where X0y = wyLF,, — “’7%%

The reference voltages of the reactive power, dc-link voltage, feedback, and feedforward (third
harmonic) controls are added for composing the reference voltages of the top unit. The reference
voltages of the reactive power and feedforward (seventh harmonic) controls are added for composing

the reference voltages of the bottom unit.

5. Experimental Prototype

A DHPF-NSI prototype was built using an insulated-gate bipolar transistor (IGBT) with a
switching frequency of 20 kHz [35,36]. The general diagram of the experimental setup is shown
in Figure 5. The hardware platform used to control the Dual Hybrid Power Filter inverter is a dSPACE
development modular system based on a DS1005 processor board [37] and several boards for each
special hardware task, i.e., a DS5101 board for Pulse-Width Modulation (PWM) generation [38], a
DS2004 board for Analog/Digital (A/D) conversion [39], and a DS4002 board for Digital Input/Output
(I/0) [40]. All boards are hosted in a dSpace PX10 expansion box that uses the DS817 board for
bidirectional communication with a Personal Computer (PC) through optical fibers. The signals
measured from the system are the grid currents ig,, ., load currents iy , ., filter currents if,,., and
line-to-line voltages vs ,,.. A general view of the experimental test bench is shown in Figure 6. The
prototype parameters can be seen in Table 2. The top unit LC filter is tuned to 300 Hz to mitigate
the 5th harmonic and to contribute to low order current harmonics compensation. The bottom unit
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LC filter is tuned to 660 Hz to mitigate the 11th harmonic and to contribute to high-order current
harmonics compensation.

Table 2. Prototype parameters.

Parameter Symbol Value
Line-to-line grid voltage (rms) Vs 220V
Grid frequency fr 60 Hz
Switching frequency fs 20 kHz
Dc-link voltage Vge 260 V
Dc-link capacitor Cac 4700 pF
Top filter capacitor (5th harmonic) Cpmp 46 uF
Top filter inductor (5th harmonic) Lg,, 6.12 mH
Top filter Resistor (5th harmonic) Rg,, 620 mQ)
Bottom filter capacitor (11th harmonic) Cr,, 46 uF
Bottom filter inductor (11th harmonic) Lg,, 1.26 mH
Bottom filter resistor (11th harmonic) Rg,, 300 mQ2
Nonlinear three-phase load input inductor Lac, 5 mH
Nonlinear three-phase load dc-link resistor Ri1 310
Unbalance load input inductor Lac, 7 mH
Unbalance load inductor Lo 128 mH
Unbalance load dc-link resistor Ri» 60 O
Linear three-phase load inductor L3 128 mH
Linear three-phase load dc-link resistor Ri3 24 O)

Three-phase rectifier

Di Ly,
%OAOME[}

Single-phase rectifier

Doope
O/\ b E[E

Linear load
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Figure 5. Single-line diagram of the experiment prototype showing the interface between the DHPF-NSI
and dSPACE.
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ey

ments

Figure 6. General view of the experimental test bench.

5.1. Reactive Power Compensation Performance

Based on the parameters of the system presented in Table 2, the gains of the reactive power
controller were calculated. The value of w; defined for the design is 1820 rad /s, which is the same
as in Equation (24). For controller design, the stabilization time (f,9,) is equal to 150 ms. Based on
Equation (32), the position of the real pole is obtained as 26.67 rad/s. The value of the variable T,
calculated in Equation (29), is 1.64 s. Therefore, by substituting the values of the system parameters and
the values of a, T, and wy in Equations (30) and (31), the values of the controller gains were obtained.
The controller gains are given in Table 3.

Table 3. Gains of the reactive power controller for the prototype parameters.

Parameter Symbol Value
Real pole position a 26.67 rad/s
Variable T T 1.64s
Position of the imaginary part of the complex pole wy 1820 rad/s
Proportional gain of reactive power control kpo —0.075Q
Integral gain of reactive power control kig —14752 Q- 571

In order to verify the stability of the reactive power control system, the frequency response of the
plant, G(s) in Equation (24), the controller, C(s) in Equation (25), and the open-loop transfer function,
C(s)G(s), are shown in Figure 7, using the data in Tables 2 and 3. As can be seen, the designed
controller has an infinite gain for dc (0 Hz) components, ensuring zero steady-state error in the reactive
power control, and imposes a phase margin (PM) around 90° for the open-loop transfer function,
which denotes a stable system. The cut-off frequency, 4.2 Hz at 0 dB, is sufficient to produce a step
response with a settling time around 147 ms, very close to 150 ms, which is the value used for the
controller design.

In order to validate the reactive control design, a step in i;q was applied in the experimental
prototype, producing the responses shown in Figure 8. Initially, the i¢ g value was set to 3 A. At 25 ms,
the value of /5, was changed to 6 A, taking around 150 ms to ig, to reach the reference value, as can
be seen in Figure 8a. The corresponding reactive power generated by the DHPF-NSI is shown in
Figure 8b. It should be noted that the DHPF-NSI can compensate the reactive power consumed by any
type of load in the range of 500-1050 var.
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Figure 7. Frequency response of the plant, G(s), the controller, C(s), and the open-loop transfer
function, C(s)G(s), for the reactive power control.
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Figure 8. Step responses for a change from 3 A to 6 A in i’S‘q at 25 ms: (a) current is, injected by the
DHPF-NSI; (b) reactive power generated by the DHPF-NSI.

5.2. Current Harmonic Compensation Performance

The results in this section have been obtained using YOKOGAWA DL850 ScopeCorder [41] with
a High-Speed 100 M /s, 12-Bit Isolation Module 720211 [42] and a power quality analyzer Fluke 434
series II [43] to measure the total harmonic distortion and the percentage value of each current harmonic.
The IEEE 519-1992 standard [29] recommends that any load connected to general distribution system
(up to 69 kV, which is the majority of industries) could consume currents with the harmonic limits
defined by Table 4, which is a reproduction of Table 10.3 of [29]. The worst-case scenario would be the
first line of Table 4, where each odd current harmonic up to the 9th order has a maximum distortion
limit of 4%. From the 11th to the 15th order, the maximum distortion limit falls to 2%, and the THD
(Total Harmonic Distortion, with the load at nominal power condition) is limited to 5%. All values are
percentages of the fundamental component of the load current at nominal power condition.

With the DHPF-NSI is disabled, the currents waveforms and the THDs for the three-phase grid
currents are shown in Figures 9 and 10. The load currents present high harmonic values that are well
above the limits recommended in Table 4 [29]. Based on Table 4 and Figure 9, it is possible to build
the current harmonic profile of the grid currents with the DHPF-NSI disabled, which is shown in
Figure 11.
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Table 4. Current Distortion Limits for General Distribution Systems (120 V Through 69 kV) [29].

Maximum Harmonic Current Distortion in Percent of I

Individual Harmonic Order (Odd Harmonics)

L/ 11 <11 11<h<17 17<h<23 23<h<35 35<h TDD
<20* 4.0 2.0 1.5 0.6 0.3 5.0
>20 and <50 7.0 3.5 2.5 1.0 0.5 8.0
>50 and <100 10.0 4.5 4.0 1.5 0.7 12.0
>100 and <1000 12.0 55 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

Even harmonics are limited to 25% of the odd harmonic limits above. Current distortions that result in a dc
offset, e.g., half-wave converters, are not allowed. * All power generation equipment is limited to these values
of current distortion, regardless of actual I, /I, where I, = maximum short-circuit current at PCC, and I}, =

maximum demand load current (fundamental frequency component) at PCC.
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Figure 9. Three-phase grid current harmonic components with the DHPF-NSI disabled.
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Figure 10. Three-phase grid current waveforms with the DHPF-NSI disabled.
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Figure 11. Three-phase grid current harmonic profile with the DHPF-NSI disabled.

As can be seen, not only are the 3rd, 5th, 7th, 11th, and 13th harmonic components of the grid
currents above the IEEE 519-1992, but also the THDs of all three phases are as well. On the other hand,
when the DHPF-NSI is enabled, the THDs and the waveforms of the grid currents are considerably
improved, as shown in Figures 12 and 13. For example, the THDs are reduced from 18.9-22.9%
(Figure 9) to less than 5% (Figure 12) in all phases, respecting the THD limit recommended in
Table 4 [29]. Based on Table 4 and Figure 12, it is possible to build the current harmonic profile
of the grid currents with the DHPF-NSI enabled, which is shown in Figure 14. It is possible to see
that the influences from the 5th to the 13th harmonic components are strongly reduced, below the
limits of the IEEE 519-1992. For instance, the 5th harmonic component has a reduction from 16.9-21.2%
(Figure 9) to less than 4% (Figure 12) in all phases, proving the effectiveness of the proposed DHPF-NSL
The current waveform results (grid, load, and filters) for Phase A are shown in Figure 15 in order to
illustrate the individual performance of each hybrid filter in the load current harmonic compensation.
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Figure 12. Three-phase grid current harmonic components with the DHPF-NSI enabled.
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Figure 13. Three-phase grid current waveforms with the DHPF-NSI enabled.

_S 5.0
T 45
2 40
8 35
c
§_30
SR 25
O oo
(&}
€ 15
o
g 10
S 05
s o
0.0
THD 3rd Sth 7th 9th 11th 13th

Harmonic Order

M EEE519 MPhase A ®PhaseB M PhaseC

Figure 14. Three-phase grid current harmonic profile with the DHPF-NSI enabled.

vol
ot * 10.004/div B tcitode : Normal
Position = -1 .07“div Wain100.0k 2MS/s  Bns/div
= <Main>
Isy

Stopped 318 Edge CH2:
25/05/2017 14:32:49.966275 Auto 0.00A

Figure 15. Current waveforms for Phase A. From top to bottom: grid (is4), load (if 4), top unit (i FtupA)
and bottom unit (i Foot )-



Energies 2018, 11, 1392 17 of 19

6. Conclusions

In this paper, two extra features have been proposed for the dual HPF based on the NSI:
the compensation of triplen current harmonics and the reactive power support. Dual HPF are used
because dual filters have a better compensation capacity than single filters, and this is needed to
compensate triplen current harmonics. HPFs have a lower installed power when compared with APFs.
The limits of reactive power that the DHPE-NSI can compensate as well as its mathematical model
and the controller design for reactive power compensation have also been demonstrated. Experiments
testing for the overall response of the proposed system, among other parameters, have been carried
out, proving its feasibility in terms of reactive power support and harmonic compensation.
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