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Abstract: Active Power Filters (APFs) have been used for reducing waveform distortion and
improving power quality. However, this function can be improved by means of a selective harmonic
compensation. Since an APF has rating restrictions, it is convenient to have the option of selecting
an individual or a set of particular harmonics in order to compensate and apply the total APF
capabilities to eliminate these harmonics, in particular those with a greater impact on the Total
Harmonic Distortion (THD). This paper presents the development of a new APF prototype based on a
three-phase three-level Neutral Point Clamped (NPC) inverter with selective harmonic compensation
capabilities and reactive power compensation. The selective harmonic compensation approach uses
several Synchronous Rotating Frames (SRF), to detect and control individual or a set of harmonics
using d and g variables. The APF includes a Three-Dimensional Space Vector Modulator (3D-SVPWM)
in order to generate the compensation currents. Because of its multilevel topology, the proposed active
power filter can be used in diverse power quality applications at sub-transmission and distribution
voltage levels. Simulation and experimental results are shown to validate the proposed solution and
assess the prototype performance in different scenarios.

Keywords: active power filters; neutral point clamped; selective harmonic compensation; synchronous
rotatory frames

1. Introduction

Harmonic currents produced by power electronic devices and nonlinear loads reduce power
quality, leading to diverse problems like increases in power losses, excessive heating in rotating
machinery, electromagnetic interference in communication systems, low power factor and failures in
electronic equipment [1-5]. There are several alternatives in the industry to improve power quality,
each one with their own advantages, disadvantages and field of application, e.g., transient suppressors,
line voltage regulators, uninterruptible power supply and active and hybrid power filters [6], among
others. APFs are used extensively in three-phase systems to reduce harmonic pollution and improve
power quality. These devices can be considered as controlled current sources, which inject harmonic
currents opposite to the harmonic currents generated by power electronic devices and non-linear loads,
reducing effectively distortion in the current and voltage waveforms [7]. A general description of the
APFs’ design can be found in [8,9].
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APFs have been also proposed to compensate the zero sequence through the neutral conductor
in four-wire systems [10], where a Flying Capacitor Converter (FCC) operates as a Shunt Active
Power Filter (SAPF) [11]. In general, the controller design of APFs is based on two stages that are
clearly defined. In the first stage, the APFs’ controller determines the fundamental and the harmonic
reference current to be compensated. Several harmonic current detection methods described in the
literature have been used at this stage, e.g., instantaneous reactive power theory [12], synchronous
reference frame method [13] and supplying current regulation [14], among others. Each one of these
techniques has been used in diverse application, and the synchronous reference frame method offers
some advantages for dealing with selective harmonic separation.

The second stage in the APF is normally designed to generate the harmonic reference currents to be
injected into the AC mains. Initially, for harmonics current cancellation, some well-known modulation
techniques, like the Pulse Width Modulation (PWM) technique described in [15], were used. Thus,
in [16], an APF for a three-phase, two-level inverter was proposed, where the controller design is
oriented to supervise both the line current and the DC-link voltage regulators. Later, the introduction
of Space Vector Pulse Width Modulation (SVPWM) techniques and the use of modern high speed
micro-processors became one of the more important developments in three-phase inverters [17]. This is
due to its undoubted operational advantages over carrier-based techniques, e.g., lower Total Harmonic
Distortion (THD), higher efficiency and higher voltage available in the DC-link, as shown in the
comparative study presented in [18].

More recently, the 3D-SVPWM modulation technique was proposed in [19]. This technique
was applied successfully to two level inverters in [20], minimizing the number of commutations
in the switching sequence and duty cycles. The excellent performance of 3D-SVPWM has
motivated the development of new applications in motor drives, rectifiers, Static Synchronous
Compensator (STATCOM), High Voltage Direct Current (HVDC), APFs and diverse renewable energy
applications [21,22]. Some other applications of 3D-SVPWM include a three-phase split-capacitor
voltage source inverter, which employs a hybrid voltage control algorithm [23], a three-phase four-leg
voltage source converter with a microcontroller [24] and a prototype to reduce common-mode voltage
(CMV) at the output of multilevel inverters [25]. It should be mentioned that the Neutral Point Clamped
(NPC) three-level inverter is actually the most extensively-applied multilevel topology [26-30]. Another
important feature of the 3D-SVPWM technique is the fact that it improves the performance of three-level
inverters compared with a two-level device [31]. Consequently, when applied to multilevel inverters,
its performance also improves significantly.

Multilevel inverters are used in high-power and medium-voltage applications due to their
competitive advantages over their two-level counterparts. Some of their advantages are, e.g., reduced
switching-voltage ratings, smaller switching stresses dv/dt and an improved output voltage at lower
switching frequencies. These characteristics have led to the development of many applications,
including dynamic battery systems, where the multilevel topology allows one to generate a wide range
of output voltage levels [32], flexible alternating current transmission system (FACTS) for medium
voltage applications [33] and diverse applications in renewable energy, in particular wind energy
systems [34].

The developments presented above briefly describe the evolution of modulation techniques for
APFs. Actually, 3D-SVPWM is the most efficient and widely-used technique for current harmonic
compensation due to its versatility and efficiency. On the other hand, the use of NPC multilevel
inverters has become a clear trend, which has the purpose of attending to the potential demand for new
applications at power distribution and sub-transmission voltage levels under the smart grid concept.
However, the combined application of the above developments (3D-SVPWM and NPC multilevel
inverter) for selective harmonic current compensation in APFs has been scarce and limited only to
four-wire system applications in order to compensate the zero sequence component [35]. As far as the
authors know, the 3D-SVPWM technique never before has been used in NPC multilevel inverters for
selective harmonic current and reactive compensation in APFs.
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This paper address the design and testing of a novel APF with selective harmonic current
compensation capabilities, based on a three-phase multilevel NPC inverter, as shown in Figure 1.
The proposed design has the advantage of reducing an individual harmonic current or a particular
group of harmonic currents, improving power quality in the grid, which is reflected in the THD.
The APF uses the 3D-SVPWM to generate the pulses that the converter needs to produce the
compensation currents. The APF multilevel topology facilitates its use in power quality applications at
sub-transmission and distribution voltage levels. The advantage of multiple or selective harmonic
compensation is evident, since the APF can be used in diverse applications for reducing an individual
or a set of harmonic currents, in addition to reactive power compensation. This feature allows one to
use all of the power available in the APF for reducing those harmonics with a greater impact on the
THD. In the next sections, the salient steps in the APF design are described. Finally, the experimental
works for the assessment of the proposed design in an APF prototype are presented.
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Figure 1. Active power filter with multilevel inverter topology.

2. Results and Discussion

2.1. Three-Level Inverter

An advantage of the multilevel NPC inverter topology is that voltage stresses across the switches
are reduced due to a greater number of switching devices and voltage levels. An appropriate selection
of switching vectors also reduces harmonic currents generated by the inverter [36,37].

A three-phase three-level NPC inverter is shown in Figure 2. Each phase shares a common
DC bus, subdivided by two capacitors in three levels. The voltage across each capacitor is Vpc/2;
and the voltage stresses across each switching device and clamping diodes are limited to Vpc/2.
A three-level NPC is capable of providing five levels of line to line voltage and three levels of phase
voltage. The NPC inverter reduces harmonics in both current and voltage output.

Table 1 shows the switch states for phase 4, and similar switching sequences can be derived for the
remaining phases considering a displacement of 120°. Here, S1, and S3, are complementary between
them and, so, for Sy, and Sy,. State condition 1/0 means switch ON/OFF conditions.
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Figure 2. Three-level Neutral Point Clamped (NPC) inverter topology.

Table 1. Switching states for a three-level NPC inverter.

States of Switches Voltage
S1a Sz Ssa  Sisa Level Vpy
1 1 0 0 +Vpe/2

0 1 1 0 0
0 0 1 1 —Vpe/2

From Figure 2, a (m)-level diode clamped inverter includes (m—1) capacitors on the DC
bus. Furthermore, there are m-level phase voltage outputs and (2m—1)-level line voltage outputs.
Each active switching device has to withstand a blocking voltage of Vpc/(m—1); however, the clamping
diode must have different voltage ratings for reverse voltage blocking. The number of diodes
required is 2(m—2), and the number of switches is 2(m—1) for each phase, where m is the number of
inverter levels.

2.2. Harmonic Detection Using the d-q Synchronous Reference Frame

The harmonics in the load current are detected using the Synchronous Reference Frame (SRF)
technique and a Low Pass Filter (LPF); see Figure 3. Hence, in the d-g harmonic frame, only the
selected harmonic is a DC-signal, and all other frequencies, including the fundamental, are AC signals.
The LPF is used for removing all of these AC signals, filtering only the DC signal representative of
the harmonic current of interest [38]. The filtered d-g harmonic current from the load and the inverter
is then fed to the PI controller. The controller generates harmonic currents of equal magnitude to
those produced by the non-linear load, for example, but of opposite polarity. Therefore, the harmonic
currents due to the non-linear load will be compensated by the inverter harmonic currents, at the point
of common coupling.

The proposed arrangement includes a saturation limit on every PI controller in order to ensure that
harmonic currents never increase beyond an allowed range. Otherwise, the inverter voltage reference
reaches magnitudes greater than the maximum allowed voltage by the DC capacitor. This may lead to
saturation in the modulator signal, which in turn produces unwanted harmonic signals. The main
advantages of this approach are that it allows one to compensate a single or a set of harmonic currents,
according to system requirements. For example, only those harmonic currents with a greater impact
on the THD can be selected for compensation. This is quite useful because APFs do not have infinite
power available to compensate harmonic currents.
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Figure 3. Selective harmonic compensation based on the synchronous reference frame.

2.3. Active Power Filter Controller

mabc‘75
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The vector control approach used has the advantage of a decoupled control for active and reactive
power, combined with a fast dynamic current response. The block diagram for the proposed APF
controller is shown in Figure 4. The design uses the three phase currents and voltages, which are
vectors in the complex a-f reference frame. A rotating reference frame synchronized with the AC-grid
is also introduced, the d-q frame, where voltages and currents remain constant. The angle between
both reference frames, §, is computed by using a Phase Locked Loop (PLL). The information from
the PLL is used to synchronize the grid voltage phase angle with the phase voltages generated by the
inverter. Therefore, from the above, it is convenient to use the cascade connection of two controllers
with independent PI control loops in an outer and inner array.
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Figure 4. Vectorial control scheme.

2.4. Inner and Outer Controller

The control system is mainly based on a fast inner loop controlling the AC current. The inner
current control loop can be implemented in the d-g frame using the basic relationship for the system
model. The inner current control block is presented in Figure 5. Inside the PI controller block,
there are two PI regulators, for the d and g axis current, respectively. After comparison, these PI
controllers transform the error between the d and g current components into voltage magnitudes.
The representative equation for the PI controller is:

. Ki 14+T;-s
R(S)—Kp-l-s —Kp< T s >, 1)

applying the Laplace transform to I — I(s). Considering I(s), I.¢(s) and the PI controller block:

{1y ) =160} (K + 1) = Vi) @

Ly PI V.. PWM |V System | ‘
Controller Inverter *| Transfer 77>
1 Function

Figure 5. General block diagram for the inner current control.

For control purposes, the inverter can be considered as an ideal power transformer with a time
delay. The inverter output voltage tracks the voltage reference signal with an average time delay equal
to half the switching cycle and produced by the inverter switches. Hence, the general expression is:

y 1

inv(s)m = Vinv(s)r 3)

where T, = Tspiten /2
The phase voltages and currents in Figure 1 are given by:

. disy
Vabc = Rlabc +L datc + Vahc_invl (4)

where V. and iy, are AC voltages and currents, respectively, and V. i, is the inverter voltage.
R and L are the resistance and filter inductance between the converter and the AC system. Using the
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abc to d-q transformations, the three-phase inverter currents and voltages are expressed in the d-g
reference frame as:

. di .

V; = Rij+ Ld—f — wLig + Viino, (5)
o dig

Vq = qu + LE +wlLiz + tinvr 6)

which are rotating synchronously at the AC frequency w. Similarly, in the output side:

dvdc
dt

Ije=C + 1. ?)

Observe that Equations (5) and (6) are similar; therefore, only the d-axis equations will be used
from now on. The inner loop current controllers for iy provides the output voltage reference signals,
V4, which are fed into the inverter. By using (5),

. . K; 1
Vitiny = (ldref —ig) (KP + Sl> m- 8

Equations (5) and (6) have the frequency-induced terms, wLi; and wLi;, which produces a
cross-coupling between d and g currents. This undesired cross-coupling term can be eliminated
algebraically in the control loops, allowing an independent control in the d and g axis, respectively.
The compensating terms used for decoupling the system input from the converter are defined as:

Va;inv = _(ldref - ld) (Kp + Sl) + ZUqu + Vg 9)

by substitution of (9) in (3) and then combined with (5),

di )
L+ Rig = Vi (10)

applying a Laplace transformation, Equation (10) becomes,

R 1
sla(s) = = La(s) + 7 Vaino (5)- (11)
Thus,
1
and the system transfer function is:
1 1
Gls) = R(1+s7) (13)

where the time constant is defined as T = L/R.

Let us consider that the cross-coupling terms in the d-g current equations, and the grid voltage
components are disturbances, not present during the calculation of the d-g current control, but instead
being numerically compensated by a feed-forward loop in the main harmonic current control loop.
Then, the transfer function for the d-q fundamental and its harmonic currents is:

o an(s) _ fgn(s) _ in(s)
G(s) = Viino n5)  Vgino n(8)  Viny (5) (14)
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where Vi, and Vi, are the d-q components of the average voltages generated by the inverter for
the harmonic &, iy ; and i, j, are the d-q components for the current between the inverter and the grid
for the harmonic 4.

Observe in (13) that the system has a stable pole at —R/ L. This pole can be cancelled by the zero
provided by the PI controller, where Kp;,,, , and Ki;,,, j, are the proportional and integral constants of
the h harmonic in the PI current controller. Thus, Ki;,, 1,/ Kpiny 5 = R/L and Kpjyy 4/ L = 1/ Ty 1y
where Tj,,,, j, is the time constant of the closed-loop system.

The average value of DC current for the active power filter, i;,, can be represented in terms of the
fundamental AC currents and the inverter modulator signals. In the d-g reference frame, this is:

ige = 3/4(Mainvia + Myinoiq), (15)

where 1, and mg;,, are the APF modulator signal. The d-q fundamental voltages, (5) and (6) can
be represented in terms of the modulator signals and the DC voltage V., where Vy;,, = Vicmgin, /2
and Viiny = VicMgino /2. Thus, by solving (5) and (6) for iy and iy currents and then substituting these
values in (15), the following expression for the i;. and the DC power produced, Py, are:

B3R, L. 3L (. dig . di 3
_ dig |, digy 3 16
e = oy -(a+i3) + 5y (1‘1 it T ) T v (Vi) (16)

. 3R , o 3Ld,, .. 3,
iacVie = Pac = - (i + 1) + 7 2, (i3 + i) = 5 (Vaia). (17)

Equation (17) shows that in the DC side, the APF power is composed by the sum of resistive losses
on the AC side (3 - R(i3 + 13) /2), the energy stored in the inductance between the inverter and the AC
grid (3/4-L-d/dt- (i3 + 13) /2) and the AC active power (3/2 - (Vjiy)). Since resistive losses are very
small, they can be neglected from the dynamic equation of Py, (17). Furthermore, for low values of
L, the energy stored in the inductance can also be neglected. Thus, the final equation describing the
dynamics of the DC voltage is simplified to:

C dv? 3, .
> d?C = Piogq + <—2(led)) , (18)

where C is the circuit DC capacitance. In order to deal with linear terms (assuming that V; is
constant), the output variable of the DC-plant is selected to be the square of the capacitor voltage
(i.e., a representation for the energy in the capacitor). Thus, selecting the square of the capacitor
voltage w = V7 and considering Pjy,4 a disturbance, not present during the calculation of the voltage
controller, the transfer function for the DC-plant can be presented as:

_3Va
Cs '

= Py(s) = (19)
From (19), the plant Py (s) has a pole in the origin, and therefore, it is susceptible to disturbances.
In order to improve the disturbance rejection of plant Py (s), an additional control loop is required to
speed up the plant natural response, which can be incorporated into the controller design. This control
loop is designed to move the pole away from the origin into the negative side of the real axis.
The configuration for the additional control loop is shown in Figure 6. By adding a feedback loop of
gain Gy, as shown in Figure 6, the transfer function of the improved plant M, (s) is:
Py (S) 3Va

= - = - . 2
Ma(s) = =1 +Pu(s)Gw  Cs+3V;Ge 20)
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Figure 6. The inner feedback loop applied to improve the load disturbance rejection of the DC
voltage plant.

As shown in Equation (20), the artificial pole added by the inner feedback loop has a value of
3V;Gy. This value must be selected according to the desired speed of response; the larger the value
of Gy, the faster the speed of response, which means a better disturbance rejection. Some control
designers select G, to make the plant dynamics as fast as the controller response time. The inner
feedback loop can be implemented in the digital controller scheme by making the current control
signal of the controller equal to,

ig(s) = i(s) — Gpw, (21)

where 7/,(s) is the controller output. Once the inner feedback loop has been added to the DC voltage
plant, the controller tuning can be made by means of zero-pole cancellation, since now, the DC voltage
plant has a stable artificial pole at —3V;G,. This pole can be cancelled with the zero provided by the
PI rotor speed controller defined as:

K Ki K Ki
Kuy(s) = pwsj = fw (S+ K:Z;) ’ @)

where Kp,, and Ki,, are the proportional and integral constants of the DC voltage controller. Thus,
by selecting Kiy, /Kpw= 3V;G/C and 3Kp,,V,;/C = 1/1,, where 1, is the time constant of w = VD%C
in the closed-loop system, then the open-loop controller gain is:

Kiy
3KpaV, S+ Rpy 1
wls) = KalOMa(9) = (24 ( mcw) = T )
o)
and the closed loop transfer function:
V2 (s) 1
B (S) _ de_ref — Kw(S)Mw(S) I 1 (24)
de V2 T+ Ko(s)Mu(s) 14+ L Twos+17

which is a first-order transfer function with unitary gain. The selection of 7, is chosen according
to the desired speed of response of the closed loop system. It is recommended to set this loop at
least three-times greater than the time response of the i; control loop. Figure 7 shows the DC voltage
control loop.
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Figure 7. DC voltage control loop.

Figure 8 shows the Bode plots for the system in the DC voltage control loop. The transfer function
for the DC voltage P, (s) is a single integrator, according to (19). After adding an additional control
feedback loop, the improved plant of the DC voltage My, (s) now contains an artificial pole at 146 rad/s.
This pole was selected to provide load disturbance rejection according to the closed loop dynamics,
by means of a real pole. The Bode plot for the closed loop transfer function shows that the the DC
controller loop performance is a first order transfer function.

Magnitude (dB)

Phase (deg)

-135

150 Systcnllz Pw(s) System: Mw(s)
100 Frequency (rad/s): 146
e Magnitude (dB): 63.2
50 gzes
System: Closed loop TF
0 Frequency (rad/s): 146
Magnitude (dB): 3.0~ T

—

-90

Frequency (rad/s)

Figure 8. Bode diagram for the outer controller.

Figure 9 shows the Bode plots of the system in the current control loop. The transfer function for
the plant that defines the current dynamics is a first order system. The closed loop transfer function
includes the transfer function for the PI controller in cascade with a second order filter used to remove
the AC components of the d-g harmonic currents. However, at the frequency of interest (299 rad/s),
the dominant dynamics are mainly due to the plant and the PI controller.
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Figure 9. Bode diagram for the inner controller.

2.5. The Reactive Power Controllers

The reactive power dynamics is defined by:
3., .
Q=- Edeq, (25)

where Q is the reactive power. According to (25), the relationship between the amount of Q current
and the inverter reactive power is directly proportional if the AC voltage is assumed to have a constant
value. Because of this, a simple integral controller is enough to control the reactive power with first
order dynamics and zero steady state error. The transfer function, Gg, from the reactive power Q to

the i, current is given by:

i 2
Go=2=—-—. 26
Q=7Q 7 (26)

In case of an integral controller of the type Cn(s) = Kig/s, where Kig is the integral constant

of the reactive power controller, Gg is added in cascade, and the following open loop expression

is obtained:

2Kig

AQ(S) = GQ : CQ(S) = — 3VdS . (27)

If Kig is selected to have a value of Kig = —3V;a/2, where ag can be regarded as the closed
loop bandwidth of the controller, then the open loop expression Ag(s) and the closed loop expression
Eq(s) from the reactive power reference Q,, ¢ to Q are:

2 3V o
AQ(s) = 5 (— ‘ Q) _ % (28)

S

_Q  Agls) g
o Qref o 1+AQ(S) - S—l—DéQ' (29)

Ep(s)
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As seen in Equation (29) the closed loop dynamics for the active power control loop are a first
order system with a closed loop bandwidth of xg. The value of a can be selected for a given rise time
of the control variable by the following formulations for first order systems:

0.35

N, —

Q

(Hz) or a,~ 22 (rad), (30)
r_Q tr_Q
where t, ( is the desired rise time for the closed loop system. Figure 10 shows the block diagram for

the reactive power control loop.

E,(s)
7 N
Ay(s)
Controller  Control Plant
Reference signal Output
Q/‘g/' + E iq (S) Q ;
0 a
\ J

Figure 10. Schematic diagram for the reactive power control loop.

2.6. Three-Dimensional Space Vector Modulator

The 3D-SVPWM algorithm allows one to calculate efficiently the commutation sequence by using
four state vectors, which are adjacent to the reference vector. The algorithm also determines the
respective commutation times for the power electronic devices in the three-level converter [39,40].
The reference vector can be represented by a tetrahedron whose vertices are the state vectors of the
switching sequence. Figure 11 shows the generalized 3D space for a three-level NPC inverter. In this
figure, 0, 1 and 2 represent the different DC levels, where 0 is the lower DC level, 1 is the connection
between the neutral point and each converter phase and 2 is the higher DC level. The multilevel control
region is divided into several sub-cubes, and the first step of the modulation algorithm is to find the
sub-cube where the reference vector is pointing. Considering this sub-cube using abc coordinates
and changing the origin coordinates to the nearest (0, 0, 0) sub cube vertex, the problem is reduced
to a two-level case because the two-level control region is one sub-cube. Therefore, the reference
vector is pointing to a tetrahedron. The tetrahedron vertices are the switching sequence state vectors.
The modulation algorithm input is a normalized voltage vector. The normalization depends only
on the number of inverter levels n and the DC voltage level at the inverter input. The modulation
algorithm takes, as the origin, the coordinates (0, 0, 0), so that the standard reference voltage must be
displaced, as shown in Figure 12.
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Vcl\

Figure 12. Sub-cube and the reference vector.

Six tetrahedrons should be studied for each sub-cube. Therefore, it is required to define these
possible tetrahedrons where the reference vector can be found. The desired tetrahedron can be
easily found using comparisons with the three planes at 45° within the three-dimensional space,
which directly defines the six tetrahedrons within the sub-cube. A maximum of three comparisons is
necessary to find the desired tetrahedron. Figure 13 shows the six tetrahedrons with corresponding
state vectors where the reference vector can be found. The computational load is always the same,
being independent of the number of inverter levels.
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Figure 13. Tetrahedrons in a sub-cube with corresponding state vectors.
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Figure 14 shows the flowchart for the 3D-SVPWM algorithm for calculating the tetrahedron where
the reference vector is localized and the corresponding state vectors. Figure 15 shows the complete
block diagram of the 3D-SVPWM algorithm. Once the state vector, generated by the reference vector,
is defined, the switching times must be calculated. The algorithm generates, as output, the matrix
shown in (31) with four state vectors.

(31)
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Thus, the associated switching times are defined by:

S
Sy

t— : (32)
S3

Sy

Normalized
Reference Vector
(Ua, Ub,Uc,)

a= integer part (Ua)
b= integer part (Ub)
c= integer part (Uc)

Ua, Ub,Uc,a,b,c

Yes Yes

Case 1.1 Case 2.1
No Yes
[ Case 1.2 } [ Case 1.3 } [ Case 2.2 J [ Case 2.3 J

Figure 14. Flowchart for the Three-Dimensional Space Vector Modulator (3D-SVPWM) algorithm.

No

Ub<=Ua+(b-a) Ub>=Ua+(b-a)

Yes No

J gA
Efl Algorithm
" V"ef Vrcf nor _’Vref nor gorl S > Seq g B
N - e » S
Reference — § eq gC
Voltage Normalization - —
& 3D-SVPWM State Vector Signal Switching
Swtching Sequence

=

B —»

+ C

A
— N

Figure 15. Block diagram for the 3D-SVPWM algorithm.

3. Experimental Work

This section describes the computer simulations and experimental results obtained in the APF
prototype build up according to the methodology proposed in Section 2.
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3.1. Computer Simulations

The APF performance was simulated first in MATLAB/Simulink, 2014b® in order to verify
their operational characteristics and to assess the convenience of building up the prototype shown in
Figure 1. In the computer simulations, a three-phase rectifier was used as a nonlinear load connected to
the grid at 100 V, 60 Hz through filtering inductors with L = 8.4 mH. The APF maintains a DC voltage
up to 250 V by using a capacitor C = 820 pF. Table 2 shows some cases of study regarding selective
harmonic compensation; the numbers in this table represent the proportion of harmonic compensation
considered. For example, 1 represents 100% compensation, and so on. It is important to remark that
the THD obtained after using the APF and compensating all of the harmonic currents is below 5%,
which complies with regulations. The THD obtained without using the APF is 27.4%.

Table 2. Study cases for selective harmonic compensation.

HARMONICS
CASE

5th  7th 11th 13th THD
1 1 1 1 1 42%
2 1 0 0 0 10.8%
3 1 05 05 0.5 6.3%
4 05 05 05 05 12.2%
5 0.5 0 0 0 15.1%
6 0.5 1 1 1 11.2%
7 0 1 1 1 21.5%

Figure 16 shows graphically the current waveforms’” performance before and after current
compensation at ¢ = 0.8962 s. In this figure, the benefits of using the compensation levels shown in
Table 2, Case 1, are evident. For example, in this particular case, the THD is reduced from 27.4% to 4.2%.
Figure 17 shows the process for harmonic current compensation using the proposed APF and the
waveforms shown in Figure 16. First, from the contaminated signal shown in Figure 17a, the reference
filtered current is obtained (Figure 17b), which is a mixture of different harmonics. Figure 17c shows
the opposite currents generated by the multilevel inverter, which must be injected into the system for
harmonic current compensation. The final outcome of this process is a signal Figure 17d with a smaller
waveform distortion and a new improved THD equal to 4.2%. On the other hand, Figure 18 shows the
THDs obtained for the different harmonic currents with and without compensation, Cases 1, 2, 5 and 7
from Table 2. In general, the computer simulations show that the selection of the harmonic currents to
compensate and the percentage of compensation have a significant impact on the THD. The computer
simulations also show that the methodology proposed is capable of eliminating harmonic currents
with good results. Thus, it was decided to build up the APF prototype.

— la
THD=4.2% b

THD=27.4%

g 1 y 7
Befnre. . After ) »
6L compensation 1 compensation i
1 1 1 1 1 1 1
0.87 0.88 0.89 0.9 0.91 0.92 0.93 0.94
Time (s)

Figure 16. Three phase grid currents before and after compensation.
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Figure 17. Harmonic current compensation process for phase a: (a) grid current without compensation;

(b) reference filtered current; (c) injected current into the system; and (d) grid current compensated.

=

0.5

0.4

03F
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Figure 18. Harmonic distortion for Cases 1, 2, 5 and 7 from Table 2 and grid current without compensation.
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3.2. Experimental Results

An APF prototype with selective harmonic compensation was built up, rated 1 kW three-phase
combined with a non-linear load based on a three-phase diode rectifier with a controlled resistive
load in the DC side of 48 (). The APF is connected to 40-V AC with a DC bus voltage of 150 V.
The control algorithm consisting of the reference compensating current calculation and the proposed
controller technique for selective harmonic compensation was implemented in the 32-bit digital
signal processing F28335, at a switching frequency of 16 kHz. Figure 19 shows the setup used
in the laboratory during prototype testing. Figure 20 shows the measured three-phase voltages,
the measured grid current compensated and the original polluted load current measured for phase a.
In this figure, the grid currents are compensated up to the 13th harmonic, as shown in Case 1 of
Table 2. In general, the measured results in the APF prototype are quite similar to the calculated
results in the computer simulations, which gives confidence in both the APF computational model
and the experimental prototype. In order to illustrate the APF advantages in the case of selective
harmonic control, the measured and calculated harmonics currents for Cases 7, 5, 2 and 1 in Table 2 are
shown in Figures 16-19, respectively. Each of these cases tries to reduce the waveform distortion by
using different strategies of harmonic compensation, leading to different THD improvements indexes.
Observe in Figures 21-24 that measured and calculated currents have similar waveforms and that
the THD is different for each case (Table 2), according to the strategy of harmonic compensation
selected, as expected. From the different cases under analysis, the fifth harmonic has a greater impact
in THD reduction. For example, in Case 2, the fifth harmonic is fully compensated in order to obtain a
TDH =10.8%. However, in Cases 5 and 7, the fifth harmonic is not fully compensated, and even though,
the other harmonics are compensated, the THD is still higher than in Case 2. These experimental and
computer simulations show the advantages of using a suitable strategy for harmonic compensation
and THD improvement, where the selective harmonic compensation implemented in the proposed
APF prototype is a useful tool (individual or group of harmonics).

Voltage Source
Converter

DSP
F28335

Inductances

Figure 19. Laboratory setup used for the experiments.
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Figure 20. Three phase voltages, three-phase grid currents compensated and initial polluted current
load in phase a.
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Figure 21. Grid current waveform for Case 7, THD = 21.5%: (a) measured current; (b) simulated current.
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Figure 22. Grid current waveform for Case 5, THD = 15.1%: (a) measured current; (b) simulated current.
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Figure 23. Grid current waveform for Case 2, THD = 10.8%: (a) measured current; (b) simulated current.
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Figure 24. Grid current waveform for Case 1, THD = 4.2%: (a) measured current; (b) simulated current.

4. Conclusions

This paper presents the development and assessment of a new APF for improving power quality
and reactive compensation in domestic, commercial and industrial environments. The APF prototype
is a three-phase, three-level NPC inverter with total or selective harmonic compensation capabilities
using several SRE. The use of SRF combined with an LPF facilitates individual harmonic control
using d-q signals. In general, the different design equations and control rules are easy to obtain
and can be implemented in a straightforward manner. The use of several SRF controllers allows a
selective harmonic compensation, which improves energy management after implementing a particular
harmonic elimination strategy for a given scenery. Furthermore, the harmonic compensation is carried
out without steady state error in a PI controller. A key stage in the APF performance is the accurate
generation of any harmonic current, with low harmonic content. This is achieved by using three-level
inverter and 3D-SVPWM techniques.

Due to the above characteristics, the proposed APF based in a three-level converter is an
attractive alternative to be applied in power quality improvement at distribution and sub-transmission
systems. Simulation and experimental results validate the design approach used and the general APF
performance. This can be observed in the comparison of the simulated and measured result in the
lab prototype.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating Current

APFs Active Power Filters

DC Direct Current

DSP Digital Signal Processor

HVDC High Voltage Direct Current

LPF Low Pass Filter

NPC Neutral Point Clamped

PLL Phase Locked Loop

PWM Pulse Width Modulation

SRF Synchronous Rotating Frame
STATCOM  Static Synchronous Compensator
THD Total Harmonic Distortion

VSsC Voltage Source Converter
3D-SVPWM  Three-Dimensional Space Vector Modulation
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