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Abstract: Controlling a PWM rectifier can be challenging due to the bilinear nature of its averaged
model. This paper introduces the use of the Butterworth approach to design and control an LCL-filter-
based PWM rectifier with power quality functions. By leveraging the linear part of the system, this
approach reduces the number of variables involved in the control scheme. The rectifier is designed
and controlled in a concatenated manner to ensure proper performance even during demanding
power-quality events. The uniqueness of this approach lies in the fact that a fourth-order model
can be regulated by using solely three-state variables and linear techniques founded on Butterworth
polynomial synthesis. This approach differs from previous methods in that it does not employ
nonlinear controllers, dg transformations, or double control loops. Hence, this divergent approach
contributes to the simplification of power converter design and control through the application of the
same polynomial synthesis, besides enhancing system operation in demanding scenarios. Extensive
SIL simulations of a 1 kW, 220 Vrms PWM rectifier using the OPAL-RT-1400 platform were conducted
to demonstrate the feasibility of the proposed controller. The selected tests reveal the validity of this
proposal even when the PWM rectifier faces multiple power quality events simultaneously.

Keywords: harmonic current compensation; LCL filter; PWM rectifier; state feedback control

1. Introduction

Power conversion has a long history of using front-end rectifiers that rely on active
components, even when vacuum valves were considered cutting-edge technology [1]. Over
time, these rectifiers have evolved to become PWM rectifiers, which are now utilized for a
range of control objectives, including power factor correction, harmonic compensation, AC
voltage unbalanced operation, and so on [2-5].

Multiple references exist to support these developments. Before such an amount of
control objectives, naturally, the applications grew in variety. For instance, PWM recti-
fiers for motor drives were investigated when semiconductor technology advanced in
terms of capabilities [6]. Also, alongside the use of a PWM rectifier, other capabilities
related to power quality were explored such as voltage sag ride through [7], harmonic
compensation [3], power factor compensation [8], and even fault-tolerant operation [9].

Groundbreaking applications are also related to PWM rectifiers because of their mul-
tiple functionalities. For example, the doubly-fed induction generator (DFIG) wind tech-
nology uses a PWM rectifier in its operative blocks to ensure that the DC bus remains
stable, which is crucial for the stability of the entire power system [10]. This is also true
for photovoltaic (PV) systems that integrate large battery energy storage systems into the
grid [11]. In these cases, the PWM rectifier transfers grid energy to the battery with high
quality standards. The same applies to electric vehicle (EV) applications, where a PWM
rectifier is used, as referenced in [12,13].
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The previous discussion is interesting from the standpoint of power conversion and
its applications. However, as previously explained, the automatic control component is
necessary to successfully achieve these objectives. For the inherently bilinear model of
the PWM rectifier, some researchers propose nonlinear control approaches to provide the
converter with desired capabilities, but they can be challenging to implement in practical
cases [2,14,15]. Those approaches are attractive because nonlinear controllers permit the
system performance around the complete range of operations. However, understanding
the nonlinear philosophy can be confusing for practical engineers, and their incorporation
as a helpful tool is a pendent assignment for future engineers.

Addressing the control detail, multiple references report the non-minimal phase
behavior of boost topologies such as the PWM rectifier [16,17], and due to that, it is natural
to find double loop controllers—DC voltage and AC current—either for linear or nonlinear
approaches, increasing the processing amount of signals. From a linear standpoint, the dg
transformation and linearization are commonly used, since the tracking control problem
can be changed into a regulation problem [8,18,19]. The price to be paid is that the inverse
transformation should be made for controlling the system in the time domain.

This paper presents a different approach for designing and controlling a bi-phase
PWM rectifier with LCL filter input. The proposed approach has a significant conceptual
advantage over other approaches in that it uses only the linear part of the averaged model
to design the LCL filter and tune the controller by concatenating the same polynomial
synthesis. On the other hand, most of the existing works use dq transformations, double
control loops, or nonlinear controllers, as can be seen in [20]. In straightforward terms,
this paper formulates that a fourth-order system is controlled by using the third-order
linear part. Another advantage of this approach is that it can be extended to both other
filter order and three-phase systems. The design and control tuning are concatenated in
a polynomial approach based on the Butterworth polynomial. In order to validate the
proposed method, software-in-the-loop (SIL) simulations of a 1 kW, 220 Vrms PWM rectifier,
applying a sinusoidal PWM technique (SPWM), are presented by using a real-time OPAL
RT-1400 setup through an OP4510 simulation target as shown in Figure 1.
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+
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E=1 | Technologies TCP/IP

Figure 1. SIL simulation setup for testing the PWM rectifier with LCL filter.

The organization of the article is as follows: Section 2 presents the electrical specifi-
cations to be accomplished by the bi-phase PWM rectifier alongside its modeling and the
LCL filter design. In Section 3, the control tuning is developed and explained. Section 4
is devoted to presenting the test demonstrations with SIL simulations by using OPAL
RT-1400. Section 5 is dedicated to discussing and concluding the findings and achievements
of the research.
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2. LCL-Filter-Based PWM Rectifier
2.1. Parameters and Capabilities

In this paper, a challenging electrical performance profile is presented to demonstrate
the wide range of functionality of the proposed control scheme. Table 1 reports the steady-
state electrical parameters and the extended functions to be tested, while Figure 1 illustrates
the SIL simulation used for testing the PWM rectifier. It can be noticed that this proposal
includes an LCL filter interconnected between the grid and the power converter, where
v p is the grid voltage; v, is the PWM voltage; v, £is the voltage of the capacitor C £ ig, ip,
and i, ip are the currents through the inductors L¢; and L, respectively; i4p is the grid
current; v, is the DC bus voltage; C;. is the DC capacitor; and Zj, is any load—depending
on the application—at the DC side.

Table 1. Steady state and extended functions for a 1 kW PWM rectifier.

Parameter or Condition Symbol Value
Nominal active power. Prect 1 kW
Grid voltage. Vag 220 Vs = 10%
Power factor. PF ~1

Grid current total harmonic distorsion. THD;4p  <5% (at full load)
DC bus voltage reference. Ve 420V £ 24%
Grid voltage sag ride-through capability. yes
Harmonic current compensation capability. yes
Dynamical DC load and voltage sag ride-through

capability simultaneously. yes
+10% DC bus voltage variation capability. yes
Dynamical DC load, voltage sag ride-through and

harmonic current compensation simultaneously. yes

2.2. Modeling

To formulate the proposed concept, the modeling of the PWM rectifier is addressed
with the following considerations:

¢ The PWM rectifier is modeled in the time domain considering the average model. This
modeling is justified because the switching frequency is high enough with respect to
the grid’s fundamental frequency.

*  The components are considered ideal. This consideration is justified because the effect of
an integrator that will be introduced into the closed-loop controller has the capability of
robustness against constant parameter variations, such as parasitic parameters.

Once the assumptions have been established, the average model of the PWM rectifier
can be written as:

0 0 sy w | rmy [ O]

% 0 0 ﬁ 0 X §ff32

slTl2 & 0o o O I M)
Xy %z; 0 0 #@C X4 0

where
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The fourth column and the fourth row of the state matrix of (1) show the bilinear nature
of the average model, since the PWM signal v,;, appears, multiplying the state variables x4
and x1, respectively. This feature will be explored later to formulate the proposed concept.

2.3. LCL Filter Design

For the LCL filter design, the handbook of filter synthesis is used [21]. Although its
main focus is on communication applications, the mathematical principles are useful for
power conversion. Hence, Figure 2 illustrates the design of a third order filter.

L Ly
/1000 /5000

~Cy ;1.0

Vab

@

AY|

Figure 2. LCL filter of [21] using Butterworth concept.

The small signal model of the PWM rectifier in Figure 1 is presented in Figure 3. This
last figure is used to formulate—by using a comparison between Figures 2 and 3—the
concept of the filter design and the control tuning. Note that, in Figure 3, the left side is the
circuit part where the bilinearity of (1) originates.

Z'dc
-—

Figure 3. Small signal model of the PWM rectifier.

For the LCL filter design, consider the following step-by-step procedure:

1.  Select the filter order n. In this case, n = 3.

2. From the power specification of the PWM rectifier on the DC side, consider that the
AC power is the same, i.e.,, ¥ = 1. For practical design, # can be selected as lower
than one.

3. Calculate a “virtual” resistance R,;;+, whose value shall represent the AC power Pyp
needed to cover the DC power requirements, as shown in Figure 4.

4. Select the switching frequency fs, and the cut frequency wp virt, where fsw = mgf1, with
the frequency modulation index m; = 155, the fundamental frequency f; = 60 Hz,
and w_ ;i is selected one decade lower than fs; thus, W, iyt = (0.1)27Tfsy = 0.1wsye.
Note that w, ,;,+ can be obtained for a desired attenuation of the most relevant harmonics
of v,;, according to the needed specification.

5. Calculate the values of the LCL filter according to Zverev method [21]: (i) For a third
order filter, the normalized values are

Lp,=15/3, Lp,=05/3,  Cp,=3x13333 3)
(ii) Then, denormalizing

Lo — Ruirt Lfl,n Loy — Roirt LfZ,n Cr — Cf,n @)
fl wc,virt ’ f2 wc,virt ’ f Rvirt wc,virt.
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Applying the above procedure, it is obtained that

1% 2202
Ryint = ﬁ = 1000 = 4840Q), W,y = 5.84krad/s, 5)
Lpp =414mH, Lp=138mH, C;=1414uF. (6)

The flow chart shown in Figure 5 summarizes the step-by-step LCL filter design procedure.

Zverev approach \ AC side (Pag) [

Lyt Ly ' L Lo !
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[ \
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Select the - T I UL
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] =
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Pag = Pac/y (in this case)
STEP 3 See Figure 4

Calculate Ryt
that satisfies Pap

Note: For consistency between (I) and
(IT), consider (2) and the effect in (3)

STEP 4 Select my and f1
and calculate: my = 155
fow =myfr f1 =60 Hz

Wew = 27 fow

(in this case)
Weirt = 0.1wsw

Reduces

my

(Does it fulfill
the distorsion
specification?

15 Roire Ljin
STEP 5 Calculate the LCL|  Lfin = —= Lp= wtift
filter values 0.5 Ros CY«Z
according to Ly2n = 3 Ljz = =
We,virt
Zverev method Cyn=3x1.33 Cton

Cp=—Crm
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END

Figure 5. Step-by-step LCL filter design procedure based on the Zverev method.

3. Control System Design

Linear controllers have an important role in the industrial environment due to their
easy understandability, low complexity design, and good performance. Keeping this in
mind, a linear control for the PWM rectifier is proposed, which can be more easily accepted
to be implemented in industrial boards, whether digital or analog.
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For control purposes, the following considerations are stated:

e Asthe LCL filter was designed to cope with the DC power requirements, a linear
controller is proposed just for controlling the power flux through the LCL filter.
¢ To tune the controller, some rearrangements should be made to (1) as follows:

X1 0 0 3’27 X1 3_[‘)2 0
X | =| 0 0 ﬁ X2 |4+ 0 Jou+ ﬁ vag,  (7)
X3 E—fa (% 0 X3 0 0
X1
X2
RINERXEE=3 ©
X4

where (7) corresponds to the LCL filter with its control signal v,;, as shown in Figure 4
(II), and (8) represents the DC bus voltage dynamics, illustrated in Figure 4 (III).

A strong assumption by which to consider (7) as a linear equation is that the state
variable x4 exists as a constant, i.e., x4 = V.. Due to the rectifier’s nature, which has
AC time-variant voltage and current at the input port—AC grid side—and constant-time
average voltage at the output port—DC bus side—the previous assumption is considered
valid. The apparent algebraic loop generated by that assumption can be broken if a soft
start strategy is applied at the beginning of the rectifier operation at t = 0 s followed by a
closed-loop operation once x4 = V..

Thus, the open-loop linear matrices of the third-order system are:

1 (=Y
0 0 5 4(§4Lf1d) 0
—1 1
A=| 0 0 g | b= 0 , ba= |35 |, c=[0 1 0]. (9
3 3
c ¢ O 0 0

Figure 6 shows in red color the open-loop eigenvalues at the imaginary axis, thus the
system is undamped, which is undesirable for the PWM rectifier operation. Therefore, in
order to achieve a good performance in a closed-loop, a state feedback with an integrator is
proposed in this work, as shown in Figure 7.

From Figure 7, the system equations in the closed-loop can be derived as:

X A +bik bik; X 0 b,
_ 'a
o |~ e 0 o | T |2t o [P
. 0 by
=A ol x5 + 0 |vaB (10)



Energies 2023, 16, 7382

7 of 15

Imaginary Axis [seconds™!]

T
—— OP - eig

—— CL - eig | |
8ka::1l)‘ ]

C1x 10t

X 10

X . 1.2 10

0347046~
o 14t 1 -
1.5 00.1 1
x10*

Figure 6. Root locus of the open and closed-loop eigenvalues of the system.
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Figure 7. Block diagram of the state feedback with an integrator.

The next step is the control tuning, that is, to select the values of k and k; in such a
way that the matrix A results in a Hurwitz matrix; nevertheless, there are some restrictions
to take into account. Although any value of k and k; that fulfills the Hurwitz condition of
A is valid, the PWM rectifier has physical limitations to transferring power from the AC to

the DC side; hence, the set of possible values of tuning gains is restricted.

Considering the research reported in [22], the boundaries are established for the root
locus of the closed-loop eigenvalues. The concept can be observed in Figure 8, where
the upper limit is set by the switching frequency ws,. The closed-loop wide band w,,;
is proposed as wy,; = Muw iy < Wsw, Where M is a positive real number. Note that,
in Figure 8, the closed-loop root locus of the fourth order is produced by applying the

proposed controller of (10) to the reduced third-order linear model of (7).

Upper
boundary |
wS’lU

Imaginary
axis

J

/10.3926 rad

Real axis

>

—J

Figure 8. Closed-loop root locus with Butterworth approach.
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Proposing M = 2.5 and using the Ackerman formula for calculating the controller gains,
the results obtained are: k; = —1.129, ko = —3.574, k3 = 0.092, and k; = 26295. Figure 6
shows the root locus of the system in open- and closed-loops. As can be seen, the closed-loop
eigenvalues increase M = 2.5 times w, ,;»¢, by the controllaw v,, = kix1 +kyxo + k3x3 +k;o
and ¢ = x5 — x2.

With this different concept for designing both the LCL filter and the control tuning,
the system (1) achieves the desired performance.

4. Software-in-the-Loop Simulation Results of the PWM Rectifier

In engineering, software-in-the-loop simulation integrates compiled production code
into a mathematical model simulation. Engineers can use this to develop and test detailed
control strategies for large and complex systems in a virtual environment before hardware
prototyping. Figure 1 illustrates the SIL setup.

In order to validate the concept, simulation tests are developed in MATLAB & RT-LAB
through an OP4510 simulation target based on Opal RT-1400. The PWM rectifier modeled
by the system (1) is shown in Figure 9. Additionally, to challenge the control concept,
a nonlinear load (NLL) is connected at the point of common coupling (PCC) with the
following characteristics:

. I . I . L.
i = ésm(hlwg +¢1) + éSIH(h3Wg +¢3) + h—;sm(hg;wg + ¢s)

+i—15in(h7wg + 477) + #Sin(hgwg -+ ¢9) + hl—lsin(hnwg + 4)11), (11)
7 9 11

where I} = 4 A is the peak value of the NLL fundamental component, ; are the harmonics
withj=1,3,5,7,9,11, and ¢;j are the shift angles respect to the grid voltage v4p with
¢$1 =0° ¢3 = 38°, ¢5 = 25°, p7 = 18°, g = 15°, 17 = 12°. According to this harmonic
spectrum, the total harmonic distortion (THD) of the NLL current is 42.88%. The aim of the
PWM rectifier will be the compensation of harmonics from the third to the eleventh.

- Ly Ly
d — 0000 —
C+ Jg} I ia + A iAB pCC iap AP
H Udc_?<cdc ’l;jab 'chi7<Cf i i
2L 1 i | is .
I3 I3 L ot
Lyi Ly

NLL

Figure 9. PWM rectifier representation using LCL filter and compensating the harmonic current of a

nonlinear load connected at the PCC.

Next, the behavior of the rectifier at different operating points is presented by using
the parameters from Table 2. Note that, as long as the NLL is disconnected, i 45 = i 45 holds.
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Table 2. Parameters of SIL simulations.

Parameter Symbol Value
Nominal active power Prect 1 kW
Grid voltage Vag 220 Vs
DC bus voltage reference Vie 420V
Rectifier switching frequency Srect 9.3 kHz
Grid frequency for g 60 Hz, 377 rad/s
DC-link capacitor Cac 5000 pF
Rectifier side inductance Lp 414 mH
Grid side inductance Lp 1.38 mH
Capacitor of the LCL filter o 14.14 uF
DC equivalent load resistance Zy, 176.4 Q)
Controller gains k1, ko, k3, k; —-1.13, —3.57,0.09, 26,295
Time step tg 10 us
Active power of the NLL P 622.22 W (62% Prect)
THD current of the NLL THD,,; 42.88%

4.1. Steady-State Performance

Figure 10 illustrates the steady-state performance of the PWM rectifier, operating
at nominal parameters, without connecting the NLL. The four state variables of (1) are
presented in Figure 10a, and it can be seen that the grid current i 45 has a low harmonic
content (as shown in Figure 10d, resulting in a THD; 45 < 1%, fulfilling the requirements of
the IEEE standard [23]. A near unity power factor can be observed from Figure 10c, as well
as that the value of the DC current i;. corresponds to the DC load resistance Z; = 176.4 Q).
From the PWM voltage v,;, shown in Figure 10b, the amplitude of the modulating signal
can be calculated as |u,,| = |v|/ Vye = 0.74.
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Figure 10. Performance of the PWM rectifier at steady state. (a) ip, iap, 0cf and vy. (b) vap, iap and

Ugp- (€) VaB, iaB, igc and vy.. (d) Harmonic spectrum of i4p.

These results reveal the capability of regulating the state variable x4 by applying the

proposed control scheme.
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4.2. Grid Voltage Sags without DC Load Variation

For stressing the control scheme facing hard operative conditions, Figure 11 shows the
operation of the rectifier when a grid voltage sag occurs periodically. Although periodical
sags are unusual, this test reveals the robustness and capabilities of controlling the system
with only the third-order linear part of the PWM rectifier. The voltage v 4p decreases its
nominal value by 25% (until 165 Vrms) while the DC load remains constant. The sag repeats
every 1s. In order to maintain the power balance, the grid current increases its peak value
from 6.43 to 8.57 A, and the DC voltage remains regulated.

Tek Prevu [a I3 - | ] Tek PreVu [a - — ‘ T I - 1
4 D -1.820s @ 32009
(1] 133s (@ 2400V
231565 £80.00V. A
. z " B :
\‘ / ] I IBERE S
1 u \[ ‘ [ i T i T
P, LA ALANA R TSN
B ,
N Veq
B - B H H
@ 50V v @ 100h W 400ms 25.0ks/5 @/ @ 50V v @ 100A ~ 100ms T00kS/s @/ :
5.004 € sV 100k points 3304 @ 5.004 500V 100k points 3804 P
Value Mean Min Max std Dev Value Mean Min Max Std Dev. |
@ riis 193V 163 193 163 0.00 okms 193V 193 193 193 0.00 .
@D RMs 5314 531 531 531 0.00 @Ry 531A 531 531 5.31 0.00
Mean 2474 247 247 247 0.00 oMea 2.46 A 246 246 2.4 0.00
Mean 429V 429 429 429 0.00 €D Men 429V 429 429 429 0.00

(a) (b)

Figure 11. Performance of the PWM rectifier under grid voltage sags. (a) vap, iap, iz and v.. (b) Zoom
in of signals.

4.3. Grid Voltage Sags and Dynamic DC Load Simultaneously

In Figure 12, the DC load changes while grid voltage sags occur with the same
aforementioned magnitude. The voltage v 4p decreases every 1 s, but simultaneously Z|,
is modified with a frequency of 1 kHz. The load changes from 352.8 () (corresponding to
500 W) to 117.6 Q) (for 1500 W, representing a 50% of overload), and viceversa; thus, the
current i;. switches between 1.22 A and 3.66 A. This result is relevant since it demonstrates
the ability to regulate DC voltage even when the PWM rectifier operates outside the nominal
operation point.
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Figure 12. Performance of the PWM rectifier under grid voltage sags and load changes. (a) v4p, iaB,
ige and vy,. (b) Zoom in of signals.

4.4. DC Voltage Reference Changes

Figure 13 illustrates the behavior of the system under different DC voltage reference
variations. Figure 13a,b show how the voltage v, follows its reference V;. when the last
one decreases from its nominal value of 420 V to 378 V (—10% of V) or increases from
420 V to 462 V (+10% of Vj), respectively. Also, in Figure 13c,d, it can be seen that the
system performs well even when V. changes from +10% to —10% of V. and vice versa.
Since the reference of the current i 4 is directly proportional to V., its peak value modifies
as V. varies. This is also applied to the current iy, as long as the DC load remains constant.
Note that the voltage v, takes approximately 1.5 s to reach its reference.
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Figure 13. Performance of the PWM rectifier under DC voltage reference changes. (a) V. decreases
—10%. (b) V. increases +10%. (c,d) V. changes from +10% to —10% and viceversa.

4.5. Harmonic Current Compensation

Another challenging test for the proposed control is by combining the function of the
current filter and the PWM rectifier simultaneously. Figure 14 shows the PWM rectifier
acting as a harmonic current compensator. At the beginning, the NLL is connected to the
PCC but the rectifier follows only the fundamental component of the current reference
as seen in Figure 14a,b; thus, the grid current supplies all the requirements of the NLL,
resulting in a THD; op = 18.74%. When the converter begins to compensate the harmonics
of the NLL, the grid current continues providing the fundamental component but its THD
decreases to 6.18% due to the active filter action. In order to not exceed the nominal
power of the rectifier, for this test, the DC load increases to 1.2Z; and, as a consequence,
Prect = 0.833 kW. According to this power, i:;B =3.78 Ayms = 5.35 Apeak, but by adding the

load harmonics, its peak value increases until i:;B = 6.36 A, as shown in Figure 14b. Also,
due to the NLL demand, the grid current rises to igp = 6.66 A .

The harmonic content of currents i 4 and i,;; can be seen in Figure 14c and Figure 14d,
respectively. The fundamental component of the NLL reaches 4 A .4, and then the peak
values of harmonics are obtained in agreement with (11). It can be observed from Figure 14b
that the DC signals remain constant and that the current i;. = 2 A, as a consequence of
increasing Zj to 211.68 () = 1.2 x 176.4 Q).
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Figure 14. Performance of the PWM rectifier as an active current filter. (a) ag, iag and iyy. (b) vap,
iaB, igc and vg.. (c) Harmonic spectrum of i 4p. (d) Harmonic spectrum of 7,;.

4.6. Grid Voltage Sags, Dynamic DC Load and Harmonic Current Compensation Simultaneously

In Figure 15, the DC load changes and grid voltage sags occur while the rectifier com-
pensates the current harmonics of the NLL. To assess a more severe scenario, as in previous
subsections, the grid voltage decreases every 1 s, the DC load is modified with a frequency
of 1 kHz, while the rectifier acts as an active filter. The grid voltage decreases by 25% and
the DC load Z;, switches between 211.68 () and 270.48 Q) (1.2Z;, + Z;,/3). Consequently,
the current iy, changes from 2 A to 1.58 A and vice versa, as seen in Figure 15a. In order
to maintain the power balance, when the grid voltage decreases, the current i 4 increases
its peak value as shown in Figure 15b. Note that, even in the presence of these events, the
PWM rectifier has a good performance.
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Figure 15. Performance of the PWM rectifier under grid voltage sags anc and load changes, acting as an
active current filter simultaneously. (a) v4p, inp AB, i4c and vg.. (b) v 43, inp AB,iag and i,;.
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4.7. Grid Voltage Sags, Dynamic DC Load and Harmonic Current Compensation Simultaneously
Considering a Grid Impedance

In order to evaluate a more realistic scenario, a grid impedance is added in series
with the voltage source, as shown in Figure 16. The resistance and inductance values are
proposed according to [24] as Rg = 1.36 () and Ly = 0.6 mH. For V4p = 220 Vs and
liag| = 3.78 Ayps, the voltage at the PCC is given by

[Upee| = Vipee = Vap — liap| |Rg +1(1207Lg)| = 214.85 Vyps. (12)
— PCC .
LCL-filter-based | 145  wvpee iap Ry Ly UAB
PWM rectifier li"”
NLL

Figure 16. PWM rectifier representation using LCL filter, compensating the harmonic current of a
nonlinear load connected at the PCC and considering a grid impedance.

Next, the behavior of the PWM rectifier at different operating points is evaluated.

In Figure 17a, the DC load changes while the rectifier compensates the current har-
monics of the NLL. As can be seen in this figure, the grid voltage v 45 is not affected; thus,
the magnitude of the voltage V. = 213 V5, which is very close to the value calculated in
(12). The THD of the voltage at the PCC is 1.16%. Figure 17b shows the same operating
point evaluated in Section 4.6: the DC load changes and grid voltage sags occur while
the rectifier compensates the current harmonics of the NLL. Note that, by adding the grid
impedance, the performance of the PWM rectifier is as close as in Figure 15.
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Figure 17. Performance of the PWM rectifier under different scenarios and considering the grid
impedance. (a) Under load changes, acting as an active current filter simultaneously. (b) Under
voltage sags and load changes, acting as an active current filter simultaneously.

5. Conclusions

In this article, a concatenated approach for designing a PWM rectifier and tuning its
control using the Butterworth polynomial synthesis is proposed. The approach is based
on using the three linear equations of the LCL filter to control the entire fourth-order
system, considering the assumptions explained in the article. Analytical developments
and tests using the SIL approach have been carried out, which demonstrated that the
PWM rectifier maintains its compensation and stability properties for regulating the DC
bus, despite the reduction of the variables involved in the control. To test the PWM
rectifier’s performance under a complicated operational regime, multiple tests have been
conducted, even performing tasks for which it was not designed. For instance, it can
work simultaneously as a rectifier and an active filter, and it can manage voltage sags and
dynamic loads in the rectifier mode. The results showed that no performance properties are
lost when performing the Butterworth polynomial synthesis in both the design and control
of the three-order system to control and operate the fourth-order system. It is worth noting
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that the proposed approach does not require either making the control more complex with
nonlinear controllers or using double control loops. Likewise, it is unnecessary to resort to
dq transformations. The aforementioned factors contribute to the proposal appeal in the
modern industrial electrical applications environment, where the need to control complex
systems in a simple and robust manner is critical.
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