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Abstract: An important requirement of the power grid with high penetration of renewable energy
sources is the mitigation of potential harmonic interactions between different distributed large
grid-tie inverters and the mains. This work presents the harmonic interaction between multiple mul-
tilevel photovoltaic (PV) inverters based on the well-known T-type neutral-point-clamped inverter
(BL-TNPC). The multiple 3L-TNPC is connected in parallel to a common ac bus by using distribution
voltage feeders. The analysis is performed by using the Norton equivalence model of each power
circuit, its admittance matrix modeling, and the potential overall impedance resonances with the ac
grid. The main contribution of this work is the development of a current harmonic injection model
of the system operating under a polluted voltage grid for harmonic analysis, while overall filtering
design restrictions due to impedance limits based on current and voltage standards are considered.
The proposed impedance Norton model is compared with the electromagnetic transient model (EMT
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updates model) by using comprehensive simulations, showing good match between both models.
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doi.org/10.3390/en15249462 1. Introduction

Academic Editor: Adolfo Dannier Commercial power converter designs for photovoltaic (PV) farms have been developed
ranging from small- to large-scale systems by using string, multistring, ac-module, and
central inverter configurations [1]. Central inverters are mainly used for utility-scale PV
(USPV) plants, commonly with a two-level voltage source inverter (2L-VSI) topology [2].
Currently, USPV plants are well established into the hundred MW range. Compared to
Publisher’s Note: MDPI stays neutral - 2].-VSI, multilevel converters can reach higher voltages and power ratings, they have lower
with regard to jurisdictional claims in - common-mode voltages, and lower switching frequency without compromising power
published maps and institutional affil- - quality due to an inherent increase of output voltage levels, consequently reducing the total
fations. harmonic distortion (THD) and the voltage stress across semiconductor devices [3,4].

The above technical features have made the use of multilevel converters very popular
over the last decades for high-power medium-voltage motor drive applications. In the last
years, three-level neutral-point-clamped (3L-NPC) converters have been used for interfac-
ing PV systems into the grid [5,6], where higher PV penetration brings along considerable
requirements on efficiency, power quality, and grid code compliance [7]. However, recently,
the T-type neutral-point-clamped inverter (3L-TNPC), also known as neutral-point piloted
conditions of the Creative Commons _converter (3L-NPP), has gained a wide presence in the industry sector due to several advan-
Attribution (CC BY) license (https://  tages, such as symmetrical loss distribution, higher overall efficiency, small footprints, and
creativecommons.org/ licenses /by / low harmonic injection in relation with the conventional 3L-NPC [8]. The increase in the
40/). efficiency and power density of multilevel converters has resulted in significant increases
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in the power ratings of inverter modules. In some cases, the rated power of one inverter
module can reach megawatt level [9].

According to the literature review, 2L-VSI topology is still preferred for LV/MYV large-
scale PV inverters due to the inverter cost and control simplicity. However, multilevel
converters have been gaining interest with attractive industrial solutions. For example,
in [10], a losses comparison is performed between two multilevel converter candidates: the
3L-NPC (NPC inverter) and 3L-TNPC (T-type inverter). The comparison concludes that
when combining the conduction losses and switching losses for both configurations, the
3L-TNPC configuration is 30% more efficient than the 3L-NPC. This reduction in overall
losses compared to the 3L-NPC topology brings forth better conversion efficiency, which
reduces the cooling requirements and helps improve the converter reliability. In this paper,
a dc—ac PV central inverter configuration based on 3L-TNPC is selected as a case of study.
The selection of a 3L-TNPC inverter is motivated by its high power density, while the
analysis can be extrapolated to other power configurations.

Power quality and grid interaction of grid-tie inverters is a high-priority concern
for utility operators [11,12]. In PV grid-connected systems, an important requirement of
USPYV or utility-interactive converters is the mitigation of potential harmonic interactions
between the different distributed large grid-tie inverters and the utility. Thus, the harmonic
interaction quantification is a critical point under polluted grids, due to the fact that in
the presence of a distorted voltage grid, the inverter output current will be also polluted,
increasing the harmonics injections and affecting the rest of the equipment [13]. To reduce
these harmonic interactions between grid-tie converters and polluted grids, each individual
converter connected to the mains should have an accurate current control design in order to
control the injection of harmonic currents and comply with the grid codes [14]. According
to the new requirements of the power grid [15], the USPV units must be equipped with
multifunctional control tasks such as regulated active and reactive power injection, load
and grid voltage harmonic compensation, power curtailment, load shifting, and others.
The key aspect is to generate the adequate grid current references in a cooperative control
algorithm to comply with the those so-called ancillary services [16,17].

In general, the harmonic impedance models (HIM) can be classified into three cate-
gories: (i) invasive methods, (ii) noninvasive methods, and (iii) simulation methods [18].
In the invasive methods, the harmonic impedance seen from the grid or power unit is
measured online with experimental equipment located at the point of common coupling
(PCC). Despite that the accuracy of this equipment is high, the exact location of the studied
harmonic source or nonlinear load is not straightforward. The second category is based on
noninvasive methods, where harmonic impedance is computed offline based on voltage
and current data measurements. This method is useful for already installed equipment
or PV plants. However, for new large installation, a priori knowledge of the harmonic
impedance model and its effects is required. Thus, an attractive third category for the
community is the simulation methods [19], which are based on switching models or are
well known in the industry as electromagnetic transient models [20-22]. Furthermore,
couplings among paralleled generators or loads which create resonant interactions can be
considered [23,24]. The accuracy of the simulation results in the low-frequency range is
enough for harmonic load modeling purposes. However, system nonlinearities cannot be
represented due to unknown exact real-time system parameters [25], where the system
accuracy is limited by inter- and subharmonics and the impedance ratio fluctuations [18].

In this paper, system parameters are designed according to the level of harmonic
pollution at the point of common coupling (PCC) and to avoid potential resonances between
converters and the grid. Thus, with a comprehensive system design and Norton equivalent
impedance modeling, a bus admittance matrix modeling is developed [26]. The above
approach is used to develop an accurate model of the current harmonic injection of the
parallel system connected to a polluted voltage grid. Furthermore, potential resonances
introduced by interactions between each converter and its feeder are analyzed [27]. Thus,
the main contributions of this paper are as follows:
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1.  The development of a comprehensive switching model of the multiple multilevel
PV inverters.

2. The filter interface between the PV generators and the grid is designed by filtering de-
sign restriction due to static impedance limits based on current and voltage standards.

3. The development of a current harmonic injection model of the overall system operat-
ing under a polluted voltage grid.

4.  Finally, the developed impedance Norton model is compared with the EMT model by
using comprehensive simulations, illustrating the effectiveness of the approach.

The rest of the document is organized as follows: Section 2 gives a detailed review of
the control scheme for the 3L-TNPC converter based on multiresonant controllers, while
Section 3 summarizes the Norton impedance modeling and Section 4 presents the bus
admittance matrix modeling for the whole system. Simulation results are presented in
Section 6 for time and frequency domains. Finally, in Section 5, the conclusions of the paper
summarize the work performed.

2. Power Converter and Control System Description

The converter under study corresponds to the parallel connection of four 3L-TNPC
inverters by using feeders. The power configuration under study is illustrated in Figure 1,
while the fundamental control loops were previously introduced in [10,28].
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Figure 1. Multiple utility-interactive 3L-TNPC converter PV central inverter.

2.1. 3L-TNPC Inverter

According to the literature, many semiconductor manufactures have commercial
T-type legs to be used in central PV inverters and motor drive applications [29-31]. In
the three-level inverter based on T-type leg, as presented thirty-five years ago for motor
drives, the bidirectional medium switch was realized with thyristors and improved with
GTO-thyristors [32]. After some years, many configurations based on the well-known
3L-TNPC leg can be found in the literature [33].

To develop the model of the whole system, a simplified circuit is used. The above
circuit is based on the fundamental power configuration 3L-TNPC inverter depicted in
Figure 2. The inverter is connected to the grid by using an LCL filter. The fundamental
operation of one leg of the 3L-TNPC is based on the switching states defined according to
gate signals S;, where three switching states can be generated to produce three different
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voltage levels with respect to the neutralpoint {v.q, 0, —vc2} or {V;. /2,0, —V,;./2}, assuming
a balanced voltage operation. The above switching operation generates a five-level line-to-
line voltage.

3L-TNPC Circuit
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Figure 2. 3L-TNPC converter power unit.

2.2. Control Scheme

The control scheme implemented for this study is based on the well-known
voltage-oriented control (VOC), where an inner current control loop is implemented in
stationary abc-frame based on proportional multiresonant (PMR) controllers. The active
current reference is provided by an external voltage control loop, where the dc-link voltage
is controlled according to a voltage reference imposed by an MPPT scheme. The used MPPT
is based on the well-known perturb-and-observe P&O algorithm, with a fixed step voltage
of 10 V and running at every 0.05 s. The above parameters were selected according to [34].
On the other hand, the reactive current reference is imposed, in part, by the user and com-
pensation value according to an external closed-loop PQ-controller [14]. The overall imple-
mented control scheme is depicted in Figure 3. Furthermore, a synchronous-reference-frame
phase-locked-loop (SRF-PLL) with some adequate filters was implemented. Finally, a sim-
ple virtual active damping strategy was included into the current reference generation
stage in order to reduce the potential losses of well-known passive damped LCL filters [35]
and to compensate the potential resonances produced by the voltage grid harmonic compo-
nents [14]. Relevant control loops and their respective considerations used in the control
design stage are explained in detail in the following subsections.
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Figure 3. Enhanced VOC for 3L-TNPC converter.
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2.3. Modulation Stage

The conventional modulation of the 3L-TNPC is based on the level-shifted pulse-
width-modulation (LS-PWM), where two carriers and a simple logic circuit are used to
generate the firing pulses {S1,Sy, S3,S54} of the leg (phase a) [36]. Figure 4 illustrates
the conventional LS-PWM applied to this converter. The conventional LS-PWM was
improved by including a third-harmonic injection or min—-max sequence to increase the
dc-link voltage utilization ratio to 2/ V/3. On the other hand, the conventional LS-PWM
was used as a step-up transformer provides galvanic isolation, avoiding leakage current
issues [10].

NV
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Figure 4. LS-PWM applied to a 3L-TNPC leg: (a) Triangular carriers and modulation signal,
(b) generated phase voltage, (c) generated line-to-line voltage, and (d) analog implementation.

Finally, the modulation scheme is complemented by a simple capacitor voltage bal-
ance control by adding an offset d, to the voltage reference vector m* = [m; mj mi]T
commanded by the current control loop, which regulates the use of the upper (C;) or lower
(Cy) capacitor voltage according to the existing unbalance. To find an expression for the
capacitor voltage balancing control, the neutral-point potential vp must be defined,

Vo = Vel — V2, @
where the dynamic of the neutral-point voltage is

d?)o

Cac—; = —(Siifa + Ssipy + Soife), 2

where i¢ = [if, ify i fC}T is the inverter current vector and C;. = C; = Cp. The transfer
function of this neutral-point potential with respect to compensation signal d;, is a nonlinear
expression with a complex structure, where a complete analysis for NPC converters is
reported in [37]. However, the main dependence of this variable is the capacitor voltage
dynamic. To help withthis problem, a simplified model, based on (3), is used to design this
control loop.

dv(s) B _Cdcs. (3)

Finally, due to the low-frequency harmonic presence in the ac side and dc-link reference
due to MPTT operation, some harmonic components are affecting the modulation stage.
To compensate this issue and avoid the generation of low-frequency components in the
current generation, a dc-link ripple feedforward compensation is included in Figure 5 [38].



Energies 2022, 15, 9462

6 of 21

Min-Max Sequence DC-link feedforward compensation ~ Capacitor Balancing

V,"nu @ Vima I_g Xrl m; @
o
. = Y : LS-PWM|S
Vb N\ mb o my, i
m S'J v Lo I XJ R ’\‘B Figure 4d —
Vine &) mq 3 2] o x e 8
: > v = o
+— Min T de o Ve
(D2 = . Pl

Figure 5. LS-PWM with min-max sequence and ripple feedforward compensation.

2.4. Multiresonant Current Controller

The current control scheme was implemented based on the PMR controllers, where
a stationary system is used to find the transfer functions of the controlled current with
respect to the inverter voltage actuation v. The following relation can be easily derived
from the three-phase circuit of Figure 2. Then, the current dynamic is associated with the
ac side of the converter:

dig .
LfE—O—Rflf—i-Vc =v —1v,, (4)

dig }
Lgﬁ + Rgig + vg = ve + 1oy, (5)

dv,
Cr—— —ig+ig =0, 6

f dt f+1g (6)
where i¢ is the inverter current vector (controlled current), v = [v¢; Ugp Ucc]T is the ca-
pacitor filter voltage vector with respect to the point 1, v = [0, vy U] is the inverter
voltage (voltage actuation) with respect to the neutral-point 0, ig = [igs igp igc])T is the
grid current vector (current to be compensated), vg = [vgq Vg vgc]T is the grid voltage

vector with respect to the point N, 1 is a vector of ones, and v,9 and v,y are the respective
common-mode voltages with respect to the capacitor filter and grid neutral wire, which
can be computed assuming balanced operation as

_ Ua0 + Upo + TVc0

0= @)
Ugq + Vgp + 0
OpN = ®

Finally, by applying Laplace transform in (4)-(6) and by neglecting the feedforward
variables, the following transfer function with respect to the actuation at phase a can be
stated [14],

o ifa(s) . 1
Hpa(s) = " (Ly+Lg)s+Rf+Rg ©)

In the above expression, the inverter side inductance Ly is selected according to [39],
while the grid side inductance Ly is selected according to Ly = 3L¢, which is an optimal
design in terms of resultant low-order harmonics, as was recently proposed in [40]. Note
that a detailed LCL filter design considering the potential harmonic voltage level permitted
by PV standards is included in Section 3.3. The structure of each implemented PMR
controller in the Laplace domain is presented as follows:

2kp,wps
+ 2wps + (hwy )2’

Cin(s) = kpn + (10)
where Cy(s) is the resonant controller at the h-th frequency, kpn, kn, and wy, are the propor-
tional gain, resonant gain, and resonant frequency, while the parameter wj, is a parameter
introduced to avoid unstable issues by using conventional discretization methods. Finally,
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the PMR controller is considered by adding different controllers at fundamental, 5th, 7th,
11th, and 13th harmonic frequencies:
5,7,11,13 2kyy 0y

Ci(s) = k .
i(s) ; pht 2 + 2wyps + (hwg)?

(11)

Note that the above resonant controllers were considered to achieve selective harmonic
impedance enhancement according to [26]. As an example, the tuning design of the
fundamental controller is included here, where an initial design is based on kph = (0.72843py,,
ky, =137.19, w, = 10 rad /s, and wg = 27t fe = 314.16 rad /s. The factor py, is a gain factor
to each harmonic controller defined as p;, = {1, 0.75, 0.5, 0.125,0.0625}. The used plant
model was previously presented in (9). In this design, the damping ratio of each controller
is 0.808, while the closed-loop bandwidth is tuned to 1 kHz; due to multiple harmonic
compensation, it is required to be over 650 Hz.

The discrete PMR controller structure is improved by including an anti-wind-up mech-
anism to avoid controller wind-up due to input saturation [41]. Note that the saturation
value is retained accordingly [42]. On the other hand, a correct implementation is required
to obtain the designed control dynamic.

2.5. Grid Current References Generation

An external power controller is included to generate the compensated current refer-
ences to be injected. This controller is based on the PQ control theory, where the direct cur-
rent component proportional to the active power is generated by using a PQ controller [14].
This controller computes the direct i; 4 and quadrature iy, grid current references according
to active and reactive power references:

l e ] S L[ m ] [ P ] )
igq 3 v§d1 + Ufm Ugql  —Ugdl Q%
where vgy1 and vgg are the direct and quadrature components of the fundamental grid
voltage obtained with the SRF-PLL. Note that the reactive power reference Qg is imposed by
the user allowing reactive power control, while the active power reference Py is commanded
by the dc-link voltage reference generated by the MPPT (v}.) and the dynamic direct current
reference (Aijid) by the dc-link voltage controller; thus,

P} = 0feipo + AifV4c. (13)

On the other hand, the terms i; 4 and iy, are the direct and quadrature current reference
to be compensated by the inverter. The first reference is added to the dynamic direct
current reference generated by the dc-link voltage controller. Furthermore, this grid current
reference generation (CRG) is enhanced by including a voltage harmonic compensation
(vgan) based on a virtual damping resistor in parallel to the voltage grid. Theoretical details
of active damping approach are fully included in [14]. The virtual resistor R; is designed
according to an empirical process by measuring the grid current THD under grid voltage
harmonics. Thus, the total direct current reference component is

Ugdh

R, (14)

To compute the total quadrature current reference component, a reactive power con-
troller is implemented. This control is preferred to obtain a fine dynamic control of the

injected reactive power. Finally, the ig, is added to the quadrature current reference gener-
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ated by the PQ controller and the virtual damping term; thus, the total quadrature current
reference component is

ok Ak 53 Ugqh

3. Norton Impedance Model

In this section, a Norton impedance model is developed to obtained an accurate
current harmonic injection model of the system operating under a polluted voltage grid.
Aspects such as the above control scheme and the filter design are relevant due to the
fact that the general output impedance of a grid-tied converter depends on the current
controller transfer function [9,25,26].

3.1. Harmonic Interactions

A single-phase converter is used to analyze harmonic interaction issues, where each
converter emulates one leg of the three-phase converter in Figure 2. Considering that
the control of the dc-link voltage has a ten-times-slower dynamic than grid currents,
this voltage dynamic regulation is considered constant for this analysis. Furthermore,
symmetrical voltage is assumed by implementing the capacitor voltage balancing controller.

The inverter is connected to the grid through an LC filter at the PCC, as is shown
in Figure 6a. Since each single-phase inverter is controlled to inject current into the grid,
this inverter is represented by a Norton model, i.e., a current source i, and a parallel
impedance Z,, as is depicted in Figure 6b. Finally, harmonic quasi-resonance between
the output impedance of an inverter and the input impedance at the PCC should be
considered. The quasi-resonance term means that the harmonic frequency could be near to
the resonant frequency of the impedance grid. Thus, series and parallel potential resonances
are illustrated in Figure 6¢,d, respectively. The subscript I denotes the harmonic order.
Note that the impedance of the grid (Z;,) and the resonant frequencies change because
several other converters or voltage transformers can be connected here and different loads
can affect its dynamic behavior [26].

Vv Ry ig
RN
i Control |v
a) — = vl
if Strategy
—>
Z, g Z, 1

T Vol
I
|
[

PCC
I
I
I
I
I
I
I
I
I

Figure 6. Impedance representation: (a) single-phase model, (b) Norton model approach, (c) series
resonance, and (d) parallel resonance.

3.2. Output Impedance Model

The main requirement is to derive an accurate model for harmonic analysis interaction
of low-frequency line voltage harmonic components. To describe an inverter, an average
model is enough to achieve similar results as a switching circuit model when the switching
frequency is much higher than the frequency of interest. The average circuit model of
the inverter is illustrated in Figure 7a, where the control of the filter current reference (ij})
is derived from an external power control loop (PQ controller, MPPT loop, and dc-link
voltage control) which is omitted by this model since its bandwidth is considered lower
than the current control loop. Thus, the filter current control of the inverter (if) is controlled
by a single-loop inductor current feedback C;(s).
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Figure 7. Output impedance model: (a) average circuit model, (b) simplified control model,
(c) derived Norton model.

On the other hand, as the switching frequency of the inverter (8 kHz) is higher than
the 40th harmonic, each switching period can be averaged and the PWM inverter can be
represented by a simple unitary gain Gj,, = 1. Therefore, the control structure diagram of
the inverter is drawn in Figure 7b, where its representation is based on the simplification
of Equations (4)—(6) and expressed as follows:

. 1 ” .

i15) = 755 (GG (150 = 7)) —2:(0)). (16)
ig(s) = Zgl(s)(vc(s) ~0y(s)), (17)
ve(s) = zc(s)(z'f(s) - ig(s)). (18)

Finally, a Norton model can be obtained based on small-signal analysis around an
operation point, as is illustrated in Figure 7c, where the output impedance of the inverter
can be easily computed as

oi(s)  Ze(8)(Z5(5) + Gina(s)Ci(5))

Zo(S)|i;:0 == ig(s) - Ze(s) +Z¢(s) + Gino(s)Ci(s)” (19)

where Z.(s) = C%sf Z¢(s) = Ry + Lygs, Zg(s) = Rg + Lgs, and the inverter output current
generated by a function of the current reference is represented by
_ 1f(S) Ginvci(s)

58) " Z5(5) + GuneCi(®) 20

Gi(s) |vc(s):O =

As an important remark, the inverter output impedance in (19) and the Norton model
of Figure 7c is a structure highly dependent on the applied controller. Since each inverter
is controlled to inject current into the grid, this inverter is represented by a Norton model
with v, = v, i.e., a current source i, = i Ji and a parallel impedance Z, in Figure 7b.

3.3. LCL Filter Design

The design of a filter inverter is driven by the need to comply with some current
harmonic limits allowed by standards. To satisfy these levels under a distorted grid, the
control parameters are usually tuned empirically to minimize the harmonic components of
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grid currents, based on harmonic analysis of simulations or measurement results. Therefore,
to obtain acceptable current harmonic levels, this section introduces output impedance
constraints as a reference for the inverter control design. The output impedance limits are
computed by using two examples of PV systems standards, the IEEE Std. 929-2000 and the
EN 50160, which are used to fix the harmonic current and voltage harmonics injected into
the grid [43]. Thus, the lower magnitude limit of the inverter output impedance within the
frequency of interest is expressed as

7= 2V, @

Igl Iy

where [, and V} are the relative limit currents and voltages given by standards,
Vo1 = 311.126 V is the fundamental voltage where the inverter under study is connected,
and 1 = 987.5 A is the rated fundamental current obtained under STD conditions and
zero reactive power of a single inverter unit. Thus, Zj, is the minimum desirable value
for one inverter’s output impedance at the i-th harmonic order. Finally, to obtain a good
impedance design, the output impedance Z, must be lower than Z; under the h-th fre-
quency of interest.

The output impedance can be adjusted by increasing the gain and control bandwidth
for a specific harmonic frequency. Thus, the Norton impedance analysis is performed
by using the controller of (10). The parameters used in (10) were selected comparing the
output impedance of the inverter with the grid limit impedance, as is shown in Figure 8.
Note that the impedance of 5th, 7th, 11th, and 13th harmonics are increased according to
each aggregated resonant controller. Then, an impedance enhancement is allowed until the
22nd harmonic, where, unavoidably, the output impedance has an intersection with the
limit at rated and half output power.

Finally, the potential resonance of the LCL filter design is analyzed. The computation
of the overall transfer function of the equivalent filter current with respect to the converter
voltage is performed by using [44], thus

Gire(s) = ife(S)| _ a),-(Lngsz+1) 1— w;
YT Tu(s) 0T LeLp,Crs® + (Lg + Lpe)s | LgLgoCrs® + (Lg + Ly, )s”

(22)

where the first term is the relation between the equivalent filter inductor current iz, (s) and
the inverter voltage, while the second transfer function is the relation between the grid
current and the inverter voltage. Thus, the term wj is included to mitigate the potential
resonances of this LCL filter. This term is computed as

Lo

. 23
LT 23)

wi

where Ly, is the equivalent filter inductor. To evaluate the potential resonance of the LCL
filter, it is necessary to introduce the system direct transfer function defined as

li(s) = Ci(s)Gife(s), (24)

where the C;(s) is the PMR defined in (11). To complete a wide analysis, the term w;
was changed as depicted in Figure 9, where the resonant results show that with w; =0,
the natural system resonance frequency is obtained in 1.72 kHz. This value is computed
assuming a very large grid inductor and is between 1 to 2 kHz, as is suggested in [8]. The
second evaluated case is with w; =0.75, i.e.,, Lg = L f /12. The last case is evaluated by using
w; =04286,ie.,Le=L f /3, which is the case used along all the previous simulations. The
natural system resonance frequency obtained with Ly = L¢/3 is f, = 2.28 kHz. Note that
with this value the potential LCL filter resonances are fully avoided and the current control
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design can be fixed [40]. Finally, the equivalent filter current inductance L fe 1S computed as
the parallel of four Ly inductors.

Bode Diagram

30 i 5tk T
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20 th 22 i
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1oL < Zn(Ig1)|

Magnitude (dB)
o
T

=30t " PR R " S S | " P
10 10° Frequency (Hz) 10° 10*

Figure 8. Magnitude of the output impedance with MPR current controllers and the output harmonic
impedance limit at rated and half power.
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Figure 9. Resonance analysis of proposed LCL filter design.

Note that, in accordance with the literature review, the consideration of the implemen-
tation delay effect increases the effective range of the capacitive current feedback active
damping method, increases the range of the active damping coefficient, and increases
the phase at the open-loop cutoff frequency [45]. Another option to improve the active
damping range is to design the LCL filter by considering the virtual resistor R; in the
control structure, where a different inductance ratio of L¢ = L ~ 2/3 is considered [46]. In
this work, we preferred to reduce the value of grid inductance with respect to the inverter
inductance and concentrate the LCL filter design by using the lower magnitude limit of the
inverter output impedance Zj,.

4. Multiple Inverter Harmonics Model

A simplified model with multiple inverters is presented in this section, where each
connected inverter system is represented by impedance models, as presented in Figure 10.

Figure 10. Norton model of whole converter.
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4.1. Bus Admittance Matrix Model

To compute the output and input impedances in each converter, the model of Figure 10
for each converter can be represented as an admittance network, as is depicted in Figure 11.
The bus bar or voltage feeder of Figure 11a is composed of a capacitive component Cy 4;,
which emulates the line distribution capacitances of each inverter circuit introduced by the
bus bar, while the impedance Z4; emulates the line distribution losses of the converter.
Both impedances are represented by

1
Z14i(s) = Coors’ (25)
Z4i(s) = Rpai + Lyais, (26)

where i =1, ..., 4. In accordance with [26], the value of C;; is between 0.5 to 10 pF for
low-voltage PV grid-connected systems. However, this value is used to emulate linear loads
connected to the distributed system. In this case, this capacitance is used to emulate the line
distribution capacitances of each inverter circuit introduced by the bus bar only, which is a
small value and assumed to be fixed as C ;4 ~ 1 nE Furthermore, for simplification, feeder
impedances between each pair of adjoining buses are set to Ryy; =~ 0.5 mQ and Lgy; =~ 1
pH. These feeder parameters are considered as preliminary estimations for harmonic
interaction.

To compute the output and input impedances in each node of the feeder, the network
of Figure 11a can be represented as a single-line admittance model, which is depicted in
Figure 11b, where each node of the feeder bus bar (node) is numerated from 1 to 5. As a
result, the transformation between Figure 11a,b is performed by computing each current
source connected to the bus, thus

_ %(s)
Il (S) = Zg(S) ’ (27)
Liy1(s) = Li(s), (28)

where V, and Z, represent the grid voltage and impedance of the grid line, and I,; repre-
sents the output current model of each inverter by using the Norton model representation
according to Figure 7b. By following the same procedure, the parallel admittances of
Figure 11b can be computed as

y10(s) = Zgl(s)' >
o 1  Zoi(s) + Zyails)
Yiols) = Zoi(s)/ /1 Z14i(s)  Zoi(s)Zpai(s) ~ »
1
Yir1i(s) = Zsai(s)’ o

wherei=2,...,4. Z,; represents the output impedance of the inverter, as was previously
computed in (19). Finally, series admittances of the feeder are computed in (31). Now,
applying Kirchhoff current law (KCL) to each bus in Figure 11b, it is possible to write the
following system:

I = (y1,0 +¥21)Vi — 21 V2,

(
L =—y21Vi+ (Y20 +y21 +¥32)V2 — y32V3, (33)
Iz = —y32Va+ (Y30 + Y32 + Ya3) V3 — ya3Va, (34)
Iy = —Y43V3 + (Y40 + Y43 + Y54) Vi — Y54V5, (35)
Is = —y54Va+ (Y50 + ¥54) V5, (36)
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where V; are the node voltages from bus 1 to 5. The above system (32)-(36) can be written in
a matrix form, and the output or input impedances at any node can be derived. However, as
the interactions between the converter and the grid are required, the bus 2 is considered as
the main admittance model to be studied, where Z,;1> and Zj, ¢1> represented in Figure 11c
must be computed to know the resonance interactions between the converters and the grid.
Then, by dividing the network of Figure 11b into two admittance matrix subsystems,

I Y10+ Y21 —Y21 H Vi ]
= | T2 ' ) 37
[ L ] [ —Y21 Y21 1%} (37)
I Yo 0t Y32 —Y32 0 0 %)
I | _ —Y32 Y30+ Ys2t+yas —Y43 0 V3 (38)
Iy 0 —Y43 Y40+t Y43+ Y54 —Y54 Vy
Is 0 0 —Y54 Y50+ Y54 Vs

which in matrix notation are represented as

L2 = Y2/ V2 (39)
Iias) = Y25/ Vi2 5 (40)

Then, the systems represented by (39) and (40) can be solved inverting the admittance
matrix, where the resultant impedance model is computed as

Zio = Ypg (41)
Zps = Y[z,s]il' (42)

Finally, the values of the impedances at bus 2 are now calculated as

Zrighty = Z12), 5 (43)
Ziefrr = L5y 1 (44)

This leads to the equivalent circuit model in Figure 11c, where the current I; represents
the contribution of all the inverters. Finally, for harmonic resonance analysis, only the
values of Z,¢pp and Zj,f1» and the sum of both (Zy,4412) are necessary to know, with

Ziotaz = ZrightZ + ZleftZ- (45)

4.2. Simplified Model

The analytical expression of (45) is a bit complex, due to that several parameters are
involved. However, if some considerations, such as Z; 41 = Z1p0 = Zrg3 = Z14s = Z14 and
Zrgn = Zsan = Zgas = Zgay = Zg4, are taken, the estimation of impedances at bus number
2 are expressed as follows:

Zyighta = Zg + Zsa, (46)

Zregin= V3 + 5130 +2 620021+ Y3, ., “7)
Y2,0(y20 +2y2,1) (V39 + 4y2,0921 + 2v3 1)

Ziotatz = Zightz + Ziefio- (48)

Finally, Figure 12 depicts an approximation of the impedance Z,¢p2 + Zj,f12, as was
computed in (48), where a good match is achieved in the low-frequency range. The com-
parison with the real value shows that this model serves as a very simple approximation to
know the overall impedance of bus 2 with a simple computation.
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The resonance analysis uses a small line distribution capacitance of each inverter
circuit introduced by the bus bar, which is assumed to be fixed as C;; = 1 nF. Furthermore,
for simplification, feeder impedances between each pair of adjoining buses are configured
to Rg; =0.5mQ and Lg; ~ 1 pH. The above parameters are considered as a preliminary
estimation of harmonic interactions illustrated in Figure 12, where the lowest magnitude of
Ziorarz is 0.283 () at 668.5 Hz, which is very close to the 13th harmonic. This frequency can
be potentially amplified, and then, as is expected, a resonant current controller tuned at this
frequency is highly recommended to avoid this phenomenon. Note that the impedances in
Figure 12 were plotted by using parameters of Table 1. Finally, with the presented method,
the input and output impedances at bus 2 are computed in order to observe potential
resonances in the system of Figure 11c, with different feeder impedances.

a)
I3
Lo Zyy TVna W | |
' Zigh2 Zier2) PCC
Loyt laed 1
5 s 4 Ju 3 a2 2 ! Y i
b) — — — T T
Yso I Yao I, Vs I3 Y2oi Igi Y1oi I
1 1 1
1 1 1
I I I I

)
Zgigh2 I || Zeep2 VgTé\)

Figure 11. Impedance model representation of a distributed system with multiple connected inverter

systems: (a) physical connection, (b) impedance, and (c) equivalent resonant models.

Bode Diagram
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Figure 12. Magnitude of the impedances of bus 2 and its model with C;; =1nF, R¢; = 0.5 m(), and
Lfd =1 ].1H
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Table 1. System parameters.

Symbol Parameter Value (SI) Value (Per Unit)
Grid Parameters
Ve RMS grid voltage 380 [V] 1
fs Grid frequency 50 [Hz] 1
Converter Parameters
Sg Rated apparent power 2.000 [MVA] 1
Py Rated active power 1.839 [MW] 0.917
I RMS rated current 698 [A] 0.230
Cie Dc-link capacitors 1300 [pF] 0.010
e Rated dc-link voltage 950 [V] 4.318
LCL Filter Parameters
Lg Grid-side inductance 63.33 [uH] 0.822
Ls Converter-side inductance 190 [uH] 2.467
Rf Converter-side resistance 7.5 [mQ] 0.310
f Filter capacitance 180 [pF] 0.001
Control Parameters
fer Carrier frequency 8000 [Hz] 160
T, Sample period 125 [ps] 160
Tsor Solver period 0.25 [ps] -
BWir Current control bandwidth 1000 [Hz] 20
BWoc Dc-link controller bandwidth 100 [Hz] 2
20 Balancing control bandwidth 10 [Hz] 0.2
MPPT Parameters
Tuppt P&O period 0.05 [s] 2.5
Vinppt P&O voltage step 10 [V] 0.045
PV String Parameters
- PV module model SW325 XL Mono -
Ng Series PV modules 25 -
N, Parallel PV modules 58 -
Pup Maximum power 325 [W] -
Unp Voltage at maximum power 37.0[V] -
Voc Open-circuit voltage 46.1[V] -
imp Current at maximum power 8.84 [A] -
isc Short-circuit current 9.48 [A] -

5. Conclusions

An impedance model of the converter 3L-TNPC was carried out. The control strategy
was based on an enhanced VOC, which was implemented by using PMR controllers. The
simulated scenario considers different values of feeder impedances under a conservative
distorted voltage grid. By considering all the harmonic constraints assumed during the
design stage, the obtained results show that Norton impedance model is an effective tool for
low-frequency harmonic modeling of the current harmonic injection, where the controller
design process is a relevant step to allow good performance. Furthermore, the results
show that the feeder inductance must be well designed to avoid transmission resonances.
Finally, the results show that the bus admittance matrix modeling is an effective tool for
low-frequency harmonic modeling of the current harmonic injection produced by multiple
utility-interactive converters.

6. Results

Simulation results were obtained in accordance with the impedance enhancement and
PMR current controllers. Simulation was carried out in PLECS due to its flexibility and
processing time. The simulation mainframe parameters are reported in Table 1. The control
system was programmed in C code by using the C Block provided by PLECS.

6.1. Dynamic Results under Clean Grid

The first result is obtained with an irradiance change from 0.6 to 1 kW /m? in order
to verify the proposed control operating under a clear voltage grid. Temperature and
irradiance variables are presented in Figure 13a, the dc-link voltage tracking and balanced
capacitor voltages are plotted in Figure 13b, and line-to-line five-level converter voltage is
included in Figure 13c. Finally, the grid current control tracking and its synchronization
with the grid phase voltage are presented in Figure 13d. Note that the input PV and total
active and reactive power are included in Figure 13e.
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Figure 13. Dynamic results during an irradiance step from 0.6 to 1.0 kW/m? under clean grid:
(a) Irradiance and temperature levels; (b) capacitor and dc-link voltages; (c) converter output voltage;
(d) voltage and current grid with its reference; (e) active and reactive with their references.

6.2. Steady-State Results under Distorted Grid

The second result is obtained at standard test conditions (STC), i.e., 1 kW/m? of irradi-
ance and 25 °C of temperature to verify the controller design. Both variables are presented
in Figure 14a. In Figure 14b the dc-link voltage tracking and both capacitor voltages are
illustrated, which are dynamically balanced. On the other hand, the line-to-line converter
voltage is depicted in Figure 14c, where the five-level voltage waveform is appreciable, as
expected. The grid current control tracking and its synchronization with the grid phase
voltage is shown in Figure 14d. Finally, the input PV of hirthe converter and total active
and reactive power are included in Figure 14e. Note that during 0 to 0.04 s, grid voltage
is clean, then at t = 0.04 s, a harmonic grid voltage profile detailed in Table 2 is activated.
To evaluate the reactive power control, its reference is set as zero (Q;; =0)at0.04 to 0.08 s,
while at t = 0.08 s, a reactive power reference of Qg = —0.5 MVAr is applied.

Table 2. Harmonic voltage profile under test.

Harmonic Component Value (%)
5th 6
7th 5
11th 3.5

13th 2
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Figure 14. Steady-state results operating at STC conditions under distorted grid: (a) Irradiance and
temperature levels; (b) capacitor and dc-link voltages; (c) converter output voltage; (d) voltage and
current grid with its reference; (e) active and reactive with their references.

6.3. Harmonic Injection Level under Distorted Grid

The third result is obtained by using the same harmonic profile of Table 2. Some
comprehensive simulations were carried out based on the Norton equivalent model of
Figure 10 and the EMT model, where the results under a clean to polluted grid voltage
transition at 0.04 s for rated power are illustrated on the left side of Figure 15, while the FFT
analysis is presented on the the right side of Figure 15. Finally, the harmonic analysis under
rated power shows that the current grid code is correctly satisfied, due to the 5th and the
rest of the harmonics being under the code limit, as was expected according to Figure 8.
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Figure 15. Output current of whole converter by using switching and Norton models under rated
power and distorted grid, time (left), and harmonic (right) responses: (a) grid voltage and its
harmonic response; (b) switching model and its harmonic response; (c¢) Norton model and its
harmonic response

6.4. Brief Harmonic Comparison Analysis

A summary table of injected current THD levels under distorted grid voltage is presented
in Table 3. The current harmonic injection level at PCC was computed for two power con-
ditions: summarized as Case 1, distorted grid voltage with rated and equal irradiance level
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of 1 kW/m? in each converter; and Case 2, distorted grid voltage with different irradiance
levels [Gy Ga G G4] =[1 0.5 0.33 0.25] kW /m? in Figure 1. Note that the Norton equivalent
harmonic model in comparison with the switched model is an accurate approximation and
can be used for estimation of current harmonic injection at PCC.

Table 3. Current harmonic injection levels at PCC under Case 1 and Case 2.

Case 1 Case 2

Current Switching Norton Absolute Switching Norton Absolute
Harmonic Model Model Error Model Model Error

3rd (A) 55.38 55.51 0.13 49.36 54.38 5.02

5th (A) 91.03 87.73 3.30 90.53 82.62 791

7th (A) 55.48 54.10 1.39 51.55 50.52 1.03

11th (A) 51.08 48.85 2.24 55.81 50.48 5.32

13th (A) 21.77 27.83 6.06 21.04 25.18 413
THD (%) 5.09 4.84 0.24 7.78 7.56 0.23

The correct operation under grid voltage operation by using well-known proportional-
integral (PI) controllers is not straightforward. In fact, the industry is using stationary
controllers to improve the performance of PV inverters under distorted grid [28]. In order
to compare the derived models with proposed PMR controllers with respect to conventional
PI controllers, Table 4 is presented. This table presents the current harmonic injection levels
at PCC of derived models for 3L-TNPC Circuit 1.

Table 4. Current harmonic injection levels at PCC of derived models for 3L-TNPC Circuit 1 by using
PI and proposed PMR controllers.

Conventional PI Proposed PMR

Current Switching Norton Absolute Switching Norton Absolute
Harmonic Model Model Error Model Model Error

3rd (A) 61.48 59.72 1.76 8.47 8.81 0.34

5th (A) 65.33 78.23 12.90 25.82 24.18 1.64

11th (A) 2211 17.94 417 7.31 12.12 4.81

13th (A) 8.88 5.46 3.42 2.17 3.39 1.22
THD (%) 10.21 9.67 0.54 5.52 3.54 0.02

Finally, from time and frequency domains it is possible to conclude that the Norton
equivalent harmonic model, in comparison with the switched model, is an accurate and
simple approximation.

6.5. Brief Resonance Analysis

Based on the generated model, some results in the time and frequency domain are
shown in Figures 16 and 17. In Figure 16, the inductance feeder is considered as Ly = 1 uH,
as previously reported in Figure 12, showing that sinusoidal grid current waveforms are
retained when a distorted voltage is applied. The feeder parameters are included in
Table 5. Thus, in accordance with the obtained spectrum on the right side of Figure 16, the
analyzed resonance is correctly avoided by including an adequate current controller. On the
other hand, this good condition can be potentially changed if more than four converters are
connected to the ac feeder or if the impedance feeder is changed. This condition is evaluated
in Figure 17, where the inductance feeder is changed from L¢; =1 pH to L¢s = 8.5 nH. Note
that an amplified resonance at 1.30 kHz appears on the injected grid current as is plotted on
the right side of Figure 17. Finally, as a recommended parameter design to avoid local LCL
filter resonances, the nominal relation between the filter inductor and the grid inductor
must be L¢ = L f /3, while to avoid feeder resonances the feeder inductor must be below
8.5 uH with a very low feeder resistance to avoid transmission power losses.
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Figure 16. Simulation results of bus 2 with parameters of Feeder 1, time (left) and harmonic

(right) responses. (a) grid voltage and its harmonic response; (b) Norton model and its harmonic
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Figure 17. Simulation results of bus 2 with parameters of Feeder 2, time (left) and harmonic (right)
responses. (a) grid voltage and its harmonic response; (b) Norton model and its harmonic response.

Table 5. Feeder parameters under test.

Symbol Parameter Feeder1 Feeder 2
Lyg Feeder inductance 1 [uH] 8.5 [uH]
Ryg Feeder resistance 0.5 [mQ] 0.5 [mQ)]
Cra Feeder capacitance 1 [nF] 1 [nF]

Future work will validate the proposed model by using a low-power-scale system
under a laboratory-controlled scenario, where key challenges such as electromagnetic inter-
ference, leakage currents, common-mode voltage generation, grid impedance estimation,
and adaptive controllers would be potentially resolved.
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