IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 7, JULY 2024

8645
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Abstract—In LCL grid-connected inverter, low switching fre-
quency makes the control loop, filter resonant peak, and sideband
harmonics generated by modulation coupled in mid-frequency
band. When multiple inverters operate in parallel, the asyn-
chronous carrier phase (i.e., asynchronous carriers) will cause
additional mid-frequency resonance in each inverter. This will
coexist with the inherent mid-frequency harmonic coupling of
each inverter. Then, the mid-frequency harmonic characteristics
of parallel system will become more complex, which will increase
the difficulty of accurately modeling, and analyzing the harmonic
characteristics of the output current of each inverter and total
grid-connected current. Based on this, a complete harmonic state-
space (HSS) model of parallel system considering asynchronous
carriers and its frequency-domain analysis method are proposed
in this article, which realizes the accurate analysis of the impact of
asynchronous carriers on system harmonic characteristics. Mean-
while, an iterative calculation method of parallel-system HSS model
considering asynchronous carriers is proposed, which realizes the
efficient and accurate calculation of the output current harmonic
amplitude and phase of each inverter. Finally, the effectiveness
of the proposed model and analysis method are verified through
simulations and experiments.

Index Terms—Asynchronous carriers, harmonic characteristic
analysis, harmonic state-space (HSS), LCL grid-connected inverter
(LCL GCI), low switching frequency (LSF), parallel operation.

1. INTRODUCTION

N RECENT years, the new energy power generation system
I represented by photovoltaic and wind power is an important
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Fig. 1.  Schematic diagram of parallel operation of multiple inverters.

industry with rapid development in the world, and has gradually
become the research hotspot in the field of power electronics [1],
[2], [3]. Among them, the LCL grid-connected inverter (GCI) is
the core device in the new energy generation system and the
interface between the new energy generation device and the
utility grid. Its accurate modeling is an important prerequisite
for the analysis of system harmonic characteristics and harmonic
calculation [4].

When LCL GCls operate in parallel (as shown in Fig. 1),
it is a common phenomenon that the carrier phase of each
inverter is not synchronized (i.e., asynchronous carriers) [5].
Asynchronous carriers will cause the inconsistency of the
instantaneous switching sequence of the power devices in each
inverter, which will lead to the energy interaction between
each inverter [6], [7]. This will eventually lead to additional
resonance between inverters operating in parallel compared to
a single inverter operating independently [8]. In mid-frequency
band, due to the existence of the resonant peak of LCL filter, the
equivalent output impedance of GCI is smaller than that in low-
and high-frequency bands [9], [10]. Therefore, when multiple
GCls operate in parallel, the resonance phenomenon caused by
asynchronous carriers in each inverter mainly exists near the
resonant point of inverter, that is, the asynchronous carriers will
cause additional mid-frequency resonance in each inverter [11].
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According to the relevant research on low switching
frequency (LSF) LCL GCI, the control loop, filter resonant peak
and sideband harmonics generated by modulation have inherent
mid-frequency harmonic coupling [12], [13]. Therefore,
when inverters operate in parallel, the mid-frequency resonance
generated by asynchronous carriers will coexist with the inherent
mid-frequency harmonic coupling of each inverter. This makes
the harmonic characteristics of each inverter more complicated,
and further increases the difficulty of analyzing the harmonic
characteristics of the output current of each inverter and total
grid-connected current [8]. Here, the mid-frequency resonance
generated by asynchronous carriers is not only related to the
instantaneous switching state, modulation, filter parameters of
each inverter, but also to the control system parameters. Thus, in
order to accurately and comprehensively analyze the harmonic
characteristics and stability for parallel system of LSF LCL GCI,
it is necessary to construct an accurate mathematical model for
parallel system that can reflect its harmonic characteristics in
detail.

For the parallel system shown in Fig. 1, the most commonly
used modeling methods are single-frequency-based impedance
modeling method and state-space averaging (SSAV) modeling
method. The impedance modeling method regards the inverter
as a “black box™” and models the output voltage and current at its
ports [14], [15], [16], [17]. The impedance model is more com-
monly used to analyze the external characteristics of the system
and is difficult to reflect the internal harmonic characteristics
of the system [18], [19]. In the SSAV model of parallel system,
the state-space matrix of parallel system is formed by merging
the state-space matrices of multiple inverters [20], [21], [22].
This model can perform disturbance analysis on circulating,
harmonics, and power fluctuations [23], [24], and can roughly
reflect the internal and output characteristics of each inverter.
It is suitable for simple analysis of resonance phenomena in
the system [25]. However, in the LSF inverter parallel system,
each single inverter has both inherent mid-frequency harmonic
coupling and mid-frequency resonance caused by asynchronous
carriers, which makes the mid-frequency harmonic characteris-
tics of each inverter more complex, the single-frequency-based
impedance model and SSAV model are no longer applicable.
It is necessary to use the multifrequency model to analyze the
harmonic characteristics of the LSF parallel system in detail
[26], [27]. The work in [28] and [29] regarded the asynchronous
carriers as a disturbance, built a generalized averaging model
of the modulation unit, and analyzed the influence of the asyn-
chronous carriers on the sideband harmonics of a single inverter.
The premise of this research is that the frequency of the mid-
frequency resonance caused by asynchronous carriers is known.
However, it is difficult to obtain this resonance frequency, and
these articles do not explain its acquisition method. Another
multifrequency modeling method is the harmonic state-space
(HSS) modeling method. It can reflect the relationship between
each input harmonic component and each output harmonic
component in the system [30], [31], [32]. At present, there have
been some research results on the application of HSS to LCL
inverter [33], [34]. Thus, extending the HSS modeling method
of the single inverter to the parallel system is a feasible method
for detailed analysis of the output harmonic characteristics and
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stability of each inverter under asynchronous carriers [8]. Kwon
et al. [35] established the HSS model of inverter parallel system
including the cable model, and realized the stability analysis of
the parallel system with multiple operating points. This article
drew the Jacobian sparse matrix diagram of the parallel system
with five inverters, which intuitively reflected how the grid
voltage harmonics are coupled with the output current harmonics
through the harmonic impedance. However, this article fails
to consider the asynchronous carrier problem when multiple
inverters are connected in parallel, so the HSS model of the
parallel system established is still inaccurate and needs to be
improved. At present, there are few reports on the research on
HSS modeling and analysis of inverter parallel system, which is
still in the initial stage, and related theoretical research needs to
be developed and improved.

Based on the current research status and shortcomings, this
article takes the parallel system of two LSF LCL GCls as an
example, based on the research on single-inverter HSS modeling
and harmonic calculation method completed by our team [12],
[13], the extension methods of their application to inverter
parallel system with asynchronous carriers are studied.

The contributions and practical significance of this article are
as follows.

1) A complete HSS model and frequency-domain analysis
method for parallel system considering asynchronous car-
riers are proposed. They effectively improve the accuracy
of harmonic stability analysis for parallel system, and are
of great significance for evaluating system characteristics
and guiding system parameter optimization design.

2) An HSS-model iterative calculation method for parallel
system considering asynchronous carriers is proposed,
which realizes the efficient and accurate calculation of the
amplitude and phase of each-inverter output-current har-
monics and total grid-connected current harmonics. It can
replace the circuit simulation, and is fully implemented in
code form, with strong flexibility and portability.

The rest of this article is organized as follows. Section II
describes the structure of the LCL GCI parallel system. In
Section III, the construction method of the complete HSS model
suitable for frequency-domain analysis, and the iterative calcu-
lation method of the HSS model are extended to the parallel
system considering asynchronous carriers. In Section IV, based
on the complete HSS model of parallel system, the system
characteristics are comprehensively analyzed in frequency do-
main, and the impact of asynchronous carriers on harmonic
characteristics is studied. Section V verifies the accuracy of the
iterative calculation method for parallel-system HSS model. In
Section VI, the effectiveness and correctness of the established
model and harmonic analysis method are verified through ex-
periments. Section VII is the discussion on the extension of
proposed methods in parallel system of n inverters. Section VIII
concludes this article.

II. SYSTEM STRUCTURE

Fig. 2 shows the parallel operation system of two neutral-
point-clamped three-level LCL GCIs. Among them, Cq.41 and
Cacq2 (g=1,2) are the two dc-side capacitors of the gth inverter,
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Fig. 2. Parallel operation system of two LCL GCls.

respectively; L1, Lo, and C, (¢ = 1, 2) are the inverter-side
filter inductor, grid-side filter inductor, and filter capacitor of the
gth inverter, respectively; L, is the grid impedance. In addition,
Uqgcq (g =1, 2) represents the dc-side voltage of the gth inverter;
lizg lgwg» aNd icgq (X = a, b, ¢, ¢ = 1, 2) represent the three-phase
inverter-side current, grid-side current and capacitor current of
the gth inverter, respectively; uy,, and i, (x = a, b, c) represent
the three-phase point of common coupling (PCC) voltage and
the three-phase total grid-connected current, respectively; S,
(x = a, b, c, g = 1, 2) represents the three-phase switching
signal of the gth inverter; i,* is the current reference. Phase
disposition pulsewidth modulation (PD-PWM) is adopted, and
A represents the carrier phase difference between two invert-
ers. Both LCL GCIs adopt grid-side-current feedback (GCF)
PI + capacitor-current-feedback (CCF) active damping (AD)
control.

III. HSS MODELING AND HARMONIC CALCULATION FOR
PARALLEL SYSTEM CONSIDERING ASYNCHRONOUS CARRIERS

First, based on [12], Section III-A explores the construction
method of the complete HSS model for parallel system suitable
for frequency-domain analysis and considering asynchronous
carriers. Second, based on [13], Section III-B explores the itera-
tive calculation method for the HSS model of parallel system
considering asynchronous carriers. Since both [12] and [13]
have detailed the HSS modeling principles, this article will

not repeat them. In addition, the frequency-domain analysis
method and modeling method of the HSS model for the single
inverter, as well as the iterative calculation method and modeling
method of the HSS model, have been detailed in [12] and [13].
Therefore, this section will study and illustrate the main differ-
ences between the modeling analysis of parallel system under
asynchronous carriers and the modeling analysis of the single
inverter.

A. Complete HSS Model for Parallel System Considering
Asynchronous Carriers

To conduct the detailed and accurate analysis of system har-
monic characteristics through frequency-domain analysis meth-
ods such as pole map, it is necessary to obtain the system har-
monic transfer function. Meanwhile, building the complete HSS
model of the system is the only means to obtain the harmonic
transfer function of the system. Therefore, the construction of
the complete HSS model for parallel system is an indispensable
step, and it is the prerequisite of the frequency-domain analysis
of parallel system. It can be seen from Fig. 2, the model of
the parallel system of two LCL GClIs consists of three parts,
namely the first and second GCI models with closed-loop control
and the PCC model. The following will briefly describe the
construction process of the above-mentioned three-part models
and the complete HSS model of the parallel system.
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1) State-Space Model of LCL GCI Considering Closed-Loop
Control and Digitization Impact: The state-space modeling pro-
cess of the single LCL GCI based on GCF PI + CCF AD and
considering digitization impact has been detailed in [12], and
will not be repeated here. Thus, according to [12], the state-space
models of two LCL GCls considering digitization impact can be
directly obtained.

. {Aipl( ) Apl(t>A$pl(t)+Bp1 (t)Aupl (t)
1st inverter:
Ay () =Cpi(t) Azpa (1)
: Ao (t) =Apa(t) Azpa(t) + B2 (t) Aups(t)
2nd inverter: {Aypg (1) :Cpg(t)Awpg(t)
()
where
Amml (t)
A.’,Bpl = A.’Bcl(t) s
Awdl(t)
Awn‘ll =

[Adia1(t) A1 (t) Adier(t) Adgar(t)  Aigni(t)

Nige1(t) Atear(t) Auepi(t) Auca(t) Auger(t)],

Awe (t) =[Aear(t) Aeq ()],
Azqi (t) =[Aziqa1(t) Aziaq (t)]T,
Aupl(t)

:[Aigal*(t) AZ‘g;bl*(t) Aigcl*(t)
Aupa(t) Aups(t) Aupe(t)] "
Ay (1) = [Nigar(t) Nigna(t) Aiger ()],

Asl(t) + le(t) [Ksl (t) + le(t)Gsl (t)]

Api(t) = I (t) + Ja1(t)Gs1 (2) ;
E. (1)
B (t) L1 (1) H1 (1)
Bpi(t) = Jsl()Hsl(t) » Cpi(t) = Cal(t).

Fq(t)

The specific expressions of matrices A (t), Bs1(?), Cs1(2),
Eq (), Fs1(1), Gs1(), H1 (1), L1 (1), Js1(0), Ks1 (1), Lg1(7) can
be referred to (A4)-(A6) in [12]. Specifically, by replacing the
corresponding parameter symbols in (A4)—(A6) of [12] with the
parameter symbols of the first inverter in Fig. 2, and replacing
Lototal With Ly, then the specific expressions for Agi(¢), Bg1(7),
Ca1(0), Eq1 (1), F1 (D), G (1), Ha1 (1), 51 (1), Js1(0), K1 (1), L1 (1)
can be obtained. The expression and acquisition method of the
state variable Axpo(f), input Aupo(f), output Ay,o(f), and ma-
trices Ago(1), Bsa(1), Csa(1), Esa(1), Fea(1), Goa(1), Heo(0), Is2(0),
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Fig. 3. Introducing a large-resistance virtual load Ry at PCC (only for the
modeling process).

Jso(1), Kso(1), Lso(t) in the second inverter are the same as those
in the first inverter.

Then, (1) can be expressed as a state-space equation as fol-
lows:

{Aﬂ'fm(t) =Ap () Az (t) + Bpi(t) Aup(t) @)
Ay (t) = Cp(t) Az (1)
where
AU 1(t) -~
A P (ll l3)
Awpy(t) = [Azp;gﬂ’ Auy(t) = AuPQ(t)(HNlB) )
? Aupa(t) (1416

Aypl( )
Aypt( )= |:Ayp2( )} )

Here, the subscripts (/1-/3) and (/4-16) represent the 1st—3rd
rows and the 4th—6th rows of the matrix, respectively. The
specific expressions for A, (t), By (1), and Cp(¢) are detailed
in (A1) in Appendix A of this article.

2) State-Space Model of PCC: Due to the presence of in-
ductive grid impedance behind the PCC, an additional state
variable needs to be added to the parallel system, namely the total
grid-connected current is,(?) (x = a, b, ¢). Then, the relationship
between PCC voltage, voltage drop on grid impedance, and grid
voltage can be obtained as follows:

g (1)
dt

In the process of converting (3) into the state-space equation,
it can be found that Au,.(7) is neither a state variable nor an
input variable. Thus, in order to complete the above-mentioned
transformation, corresponding measures need to be taken. Here,
it should be noted, the state-space models of PCC and two
LCL GClIs ultimately need to be integrated into a whole, which
is inevitably more complex and of higher order. In order to
maximize the computational efficiency of the complete model,
the total number of state variables in the parallel system should
be minimized. Therefore, during the modeling process, a virtual
load Ry with large resistance is introduced to PCC, as shown in
Fig. 3.

In this way, Aup,(f) can be characterized by existing state
variables, as shown in the following equation:

Ry (Digar () +Nigaa (1) — Aigy (1)), ©=a, b, c.
4)

Aupg(t) — Lg = Aug,(t), z=a,b,c.

3)

Aupe(t) =
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3) Complete State-Space Model of Parallel System: In order
to derive the harmonic transfer function of the parallel system, it
is necessary to use a complete state-space equation to describe
the entire parallel system. Therefore, (2)—(4) need to be recon-
structed.

First, reconstruct the state-space (2) of the two GClIs consid-
ering digitization impact. We can obtain

{Ad:p[(t) = Aep(t)Azey(t) + Bp(t) Aup(t) 5)
Aypt(ﬂ = Ccp(t)Amcp(t)

where the specific expressions of A, (7) and C(7) are detailed
in (A2) of Appendix A, and

Second, reconstruct the state-space model (3) of PCC
Aup(t) = Mep(t)Azep(t) + Nep(t)Aucp(t)  (6)
where the specific expressions of M, () and N, () are detailed

in (A3) of Appendix A, and

Aup(t) 1116)
Augy(t)
A’U,gb (t)
Atg (1)
Finally, reconstruct the state-space model (4) of PCC

Ay (t) = Ocp(t) Azep(t) + Pop(t) Aucy(t) (7

Aug(t) =

where the specific expressions of O, (¢) and Py (f) are detailed
in (A4) of Appendix A, and

Azgy(t) = [Aia(t) Aig(t) Aig(t) ]

Substituting (6) into (5) and combining (7), the complete
state-space model of the inverter parallel system considering
digitization impact can be obtained as follows:

{Aa‘:par(t) :Qcp(t)Ampal'(t) + ch(t)Au’Pﬂl‘(t) (8)
Aypar(t) :SCP(t)AwPaY(t)

where

Azpur(t) = ﬁ;fgzm At (£) = Auigy(1),
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4) Complete HSS Model of Parallel System Considering
Asynchronous Carriers: Combining the HSS modeling steps
[12], [13] and the complete state-space model (8) of parallel
system considering digitization impact, the complete HSS model
of parallel system considering digitization impact can finally be
obtained.

{Xparh (Qparh - Nparh)Xparh + 7-\J'parh Uparh

9
Yparh = Spathpa.rh ©)

The state variables, inputs, and outputs in (9) are all in the
form of harmonic components of the state variables, inputs, and
outputs in (8), and these harmonic components are all expressed
in frequency domain. Assuming the truncation number is r, the
form of the output ¥y, is

Yparh =F [Aiga177r~r AigbLerr Aig01777’~r

AigaQ?—rwr Aigb27—7'~7' Aigc?f—rwr Aisaf—rwr A'L'sb7—7-~r

Aisc_—rwr}T )

where taking Aiga1'—;— as an example, its form is as follows:
IF (Aiga1_77‘~r)

=F [Aigal_—r Aigalff(rfl) Aigal_o e

. . T
A7'gau17(7~71) Algal_r}

Here, F means to convert the time-domain expression of the
sinusoidal signal into the frequency-domain expression, and its
conversion method can refer to (12) and (13) in [12]. The forms
of other state variables, inputs and outputs are similar to the
abovementioned. The form of the frequency modulation matrix
Nparn is similar to (11) in [12], and the dimension is consistent
with the matrix Qparn. Since the matrices Qparn and Ryarn in
(8) contain switching functions and Park transformations, after
converting them into the HSS model (9), the corresponding ma-
trices will contain periodic variables such as switching functions
and trigonometric functions. According to the HSS modeling
principle in [12], these matrices [namely Qparn and Ry, in
(8)] need to be expressed in the form of Toeplitz matrices. Their
specific forms can refer to the (10) in [12], and will not be
repeated here. While, the matrix S,,,,1, does not contain periodic
variables, so the form of Sp,,1, is similar to the matrix form of
(22)in [12].

Finally, the harmonic transfer function of the parallel system
with two GCls can be obtained from (9), namely

GparthTF = Sparh [SI - (Qparh - Nparh)]_lRparh-

In the following, it will be briefly explained how the complete
HSS model of the inverter parallel system reflects the carrier
phase difference. Based on Appendix A of [12] and Appendix A
of this article, it can be seen, the matrix Qpar1 in (9) contains
the amplitude and phase information of the switching function
at each harmonic frequency. At the same time, it can be known
from the double Fourier series decomposition theory, the carrier
phase will affect the spectrum analysis results of the switching
function. Thus, the carrier asynchrony is ultimately reflected by
the matrix Qpayn in the complete HSS model (9) of parallel

(10)
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system. Specifically, carrier asynchrony is reflected by the dif-
ference in the amplitude and phase of the switching functions of
the two inverters in matrix Qparh.

So far, the complete HSS model of parallel system considering
asynchronous carriers has been constructed, and the frequency-
domain analysis based on this model will be described in detail
in Section IV.

B. [Iterative Calculation Method of Parallel-System HSS
Model Considering Asynchronous Carriers

As mentioned in Section IV-B of [12] and Section III-C-3 of
[13], the iterative calculation process of the HSS model does not
need to obtain the complete HSS model of the system. Instead,
the state-space models of each part in the GCI system need to be
constructed independently and transformed into corresponding
HSS models. Then, by assigning corresponding initial values
to each state variable and input, and solving the HSS models
of each part in the sequence of signal flow, the iterative cal-
culation of the HSS model of grid-connected system can be
completed. In the iterative calculation method of HSS models,
since the HSS models of each part in the inverter system are
independently constructed, these HSS models have fewer state
variables and lower orders. Meanwhile, the iterative calculation
process of the HSS model does not involve the operation of
symbolic expressions, it only needs to solve the differential
equation repeatedly, so its calculation efficiency is relatively
high. The iterative calculation method of the HSS model can
be used to replace circuit simulation and accurately calculate
harmonic components of state variables of inverter, and can more
intuitively reflect the dynamic characteristic of the system.

Cai et al. [13] have already studied the iterative calculation
method of the single-inverter HSS model considering digitiza-
tion impact and switching frequency. Therefore, this subsection
will focus on the additional aspects that need to be considered
in the iterative process of the parallel-system HSS model.

1) Independent Construction of HSS Models for the Main
Circuit and Control System of Two LCL GClIs: In the parallel
operation system of two LCL GCls, the HSS models for the main
circuit and control system of each inverter are consistent with
those in single inverter (namely (19) and (20) in [13]). Therefore,
according to (19) in [13], the main-circuit HSS models of two
LCL GCIs can be directly obtained.

Ximn1= (Ain1 — N 1) Ximn1 +Bint Uit

1st inverter:
{Yimhl = Cin1 Ximn1

an

Ximn2= (Ain2— Nm2) X imn2 HBinaUimnra

2nd inverter:
imh2 — Cih2Xith

12)

Meanwhile, according to (20) in [13], the control-system HSS
models of two LCL GClIs can be directly obtained.

Xicni= (Eini — Net) Xient + FintUient

1st inverter:
{Yichl = Gin1 Xicht + Hin1Uient

13)
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, Xich2= (Bin2 — Ne2) Xich2 + Fin2Ulcn2
2nd inverter:
{YichQ = Gin2aXich2 + Hin2Uicn2
(14)

The state variables, inputs, and outputs in (11)—(14) are all
in the form of harmonic components. Meanwhile, the specific
expressions of state variables, inputs, outputs, and matrices can
refer to the relevant content of Section III-C in [13].

However, there is a difference between the HSS models (11)
and (12) of the two inverter main circuits in this article and the
HSS model (19) of the single inverter main circuit in [13]. In
[13], the input Ujy,y in the HSS model of the main circuit of
the single inverter is composed of the grid voltage u,, and the
control system output s, under frequency domain; while, in this
article, the inputs Uiy and Uiphyeo in HSS models of the main
circuit of the two GClIs are composed of the PCC voltage u,;
and the actual switching function s, after PWM under frequency
domain.

2) Construction of PCC Harmonic Model: In the iterative
calculation process of the parallel-system HSS model, there is
no need to integrate the mathematical models of each part in
the parallel system into a whole, so there is no need to unify the
state variables of each part, and thus there is no need to introduce
the virtual load at PCC. Here, it is enough to write the circuit
equation according to the relationship between the PCC voltage
and the total grid-connected current, as shown in (3). Then, the
harmonic form of (3) can be obtained as shown in the following
equation:

d(Iglh - Ig2h)

Upcch = Lg dt

+Ugh (15)

where

Upcch = A Upa_—r~r A Upb_—r~or A upc_—rwr] )

F[
glh — F [A iga1_7r~7’ A igbl_frwr A igcl_frfvr] y
F

I
Ig2h = A iga277r~'r A igb2777"~r A igc277r~r] .

Ugh =F [A Uga_—rrr D Ugy —peyr A 'ulgcffr~r] .

3) Iterative Calculation Process of Parallel-System HSS
Model Considering Asynchronous Carriers, Switching Fre-
quency, and Digitization Impact: The iterative calculation pro-
cess of the parallel-system HSS model considering asyn-
chronous carriers, switching frequency, and digitization impact
is shown in Fig. 4. Wherein, the methods of considering the
switching frequency and digitization impact have been detailed
in Section III-C-3 of [13], so it will not be repeated here. The
following will focus on explaining the difference between the
iterative calculation process of the parallel-system HSS model
shown in Fig. 4 and that of the single-inverter HSS model shown
in Fig. 4 of [13].

1) The iterative calculation of the parallel-system HSS model

shown in Fig. 4 considers the PD-PWM process, namely
Step s5. In this way, the carrier phase difference be-
tween the two inverters can be directly set. It should be
noted, the PWM process is completed in time domain,
while the other processes in Fig. 4 are completed in
frequency domain. Therefore, before s5 and after s5, the
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Set inputs (Uien1» Uicos Unint and Uyypyo) of HSS models for two

inverter control systems and main circuits, and set reasonable

initial values to relevant inputs.

Set initial values of state variables (Xicn10, Xich20» Ximh1o and Xinnoo)
g1 | of HSS models for two inverter control systems and main circuits.

Set initial values of the frequency-domain outputs ¥ and ¥igpy

of the PWM modulation process.

Set initial values of switching function Sy; and Sy, in -4, and 4. :

Set initial values of inverter-side current fiy; and Iy, in &, and &, .

Set the carrier phase difference /A pand set count=0.

Calculate complete response of (13) and (14) within 7. (Their
s2 inputs are Uiy and Uyp) Update X,y and X, and obtain Yy,
and Yichz-

s3 count=fs/ fou? No

Yes

” Perform frequency domain to time domain conversion on ¥ig
and Y, to reproduce the modulation waves.
- Reproduce the PD-PWM process and obtain the real
S - . o .
switching function s,1'(#) and (7).
Perform time domain to frequency domain conversion on the real
switching function s, (7) and s,(7) of the two inverters to obtain
Yien and ¥ieno'.

Let Uit =Unniet’” and Uppio=Upniey - Upd"“e S, and S,. and let

s7
conut=0.

Calculate complete response of (11) and (12) within 7. (Their
s8 inputs are l]m\lu’l and l]imlu’z)
Update Xy and Xy, and obtain ¥y and Y.
s9 Update the inputs in (13) and (14).

s10 Calculate U, according to (15).

Let Unnir’ =[Yienr” Upeen] and Uiz’ =[ Yiens” Upeen], update

sl the PCC voltage in Uipn and Upye and update /i,y and Iy
s12 count = count+1
s13 No
Does the system enter the steady state?
Yes
End
Fig. 4. TIterative calculation process of HSS model for inverter parallel system

considering asynchronous carriers.

conversion of frequency domain to time domain and time
domain to frequency domain needs to be performed, re-
spectively. The above-mentioned steps are reflected in blue
shaded area in Fig. 4. Among them, s, () and s49 (1) rep-
resent the actual switching function obtained after PWM;
Yien1 and Yia,o are frequency-domain representations of
sg1 (1) and s49 (1), respectively.

2) The iterative calculation process of the parallel-system
HSS model adds the calculation and update of PCC
voltage. This step is reflected in orange shaded area in
Fig. 4.
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TABLE I
PARALLEL SYSTEM PARAMETERS OF HIGH-POWER LCL GCIS (SYSTEM
PARAMETER 1)

Parameter Value Parameter Value
Power (Py, P») 100 kW DC-side voltage (Uyc) 700 V
Sw1tch1ng. frequency 2 Kz RMS. value of grid line- 315V
(fsw) to-line voltage (uy 1)
Sampling frequency Grid impedance
10 kHz 0.6 mH
() (Lo
Filter inductors Controller proportional
0.52 mH . 1
(L, La1) gain (ky1, ko)
Filter inductors Controller integral gain
0.26 mH 1000
(L2, L) (ki1 kiz)
Filter capacitors 158 uF Act1v§ damping 1
(Cy, () coefficient (kei, kc2)
TABLE II

PARALLEL SYSTEM PARAMETERS OF LOW-POWER LCL GCIS (SYSTEM
PARAMETER II)

Parameter Value Parameter Value
Power (Py, P) 250 W DC-side voltage (Usc) 100 V
Switching frequency 2 kHz RMS‘ value of grid line- 18V
(fsw) to-line voltage (uy 1)
Sampling frequency Grid impedance
10 kHz 1.75 mH
(3] (Lg)
Filter inductors Controller proportional
4 mH . 1.4
(L1, Lor) gain (ky1, kp2)
Filter inductors Controller integral gain
2 mH 1000
(L, L) (kir, ki2)
Filter capacitors Active damping
1.4
(C1, Cy) 15 uF coefficient (ke1, ko)

The accuracy verification of the proposed iterative-calculation
process will be described in detail in Section V.

IV. FREQUENCY-DOMAIN ANALYSIS AND VALIDATION OF THE
COMPLETE HSS MODEL FOR PARALLEL SYSTEM

This section will analyze frequency-domain characteristics of
the system in detail based on the complete HSS model of parallel
system derived in Section III-A. The impact of asynchronous
carriers on system characteristics is explained, and the effec-
tiveness and accuracy of the complete HSS model for parallel
system are verified. The parameters of the parallel system of
LSF high-power LCL GCls are shown in Table I.

At the same time, in order to intuitively compare the
frequency-domain analysis results and simulation results with
the subsequent experimental data, this section also sets a set of
low-power parallel system parameters according to the exper-
imental platform, as shown in Table II. Therefore, the system
characteristic analysis and related verification involved in this
section will be completed under two sets of system parameters.
Under different system parameters, this section will conduct a
detailed analysis of the characteristics of parallel system con-
sidering asynchronous carriers through the harmonic coupling
diagrams and gain diagrams of grid voltage to output current,
and pole maps of current reference to output current. In addition,
the truncation number of the HSS model in this article is selected
as 40; the asynchronous carrier takes the carrier phase difference
of 120° as an example.
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Fig. 5. Schematic diagrams of harmonic coupling between grid volt-

age and output current under synchronous carriers. (a) igal_no/Uga_hi-
(b) igaQ,ho/uga,h,L (c) isa,h,o/ugafh,r

A. Frequency-Domain Analysis and Verification Under
Parallel System Parameter |

1) Characteristic Analysis of Grid Voltage to Output Current:

a) Coupling analysis of grid voltage to output current:
First, when the carriers of two GClIs are completely synchro-
nized, taking phase a as an example, the harmonic coupling
diagrams of iga1_ho/Uga_his iga2_holUlga_hi aNd isa_pnolliga_pi are
shown in Fig. 5, where h,€[0, 40], h;€[0, 40]. It can be
seen that their off-diagonal terms all have nonzero gains un-
der synchronous carriers. However, further observation shows
that the gains of these off-diagonal terms (i.e., coupling gains)
are all less than 0.001, which can be ignored. The situation
is similar for phases b and c. Therefore, when the carriers
are synchronized, the harmonics in the grid basically only af-
fect the output current components of inverter with the same
frequency. Furthermore, by carefully observing Fig. 5, the
harmonic coupling diagrams corresponding t0 igai_no/Uga_his
iga2_holllga_ni» and isa nolllga_pi under synchronous carriers
are completely consistent. This indicates that the antidistur-
bance characteristics of the output current of each inverter to
the grid voltage are completely consistent under synchronous
carriers.

Second, when the carriers of two GCls differ by 120°, taking
phase a as an example, the harmonic coupling diagrams of
igalfho/ugafhiv iga27ho/uga7hi7 and isaﬁholugafhi are shown in
Fig. 6. It is obvious that when the carriers are not synchro-
nized, there is harmonic coupling phenomenon between the grid
voltage and output current. Meanwhile, there are differences in
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Fig. 6. Schematic diagrams of harmonic coupling between grid voltage and

output current when the carrier phase difference is 120°. (a) iga1_ho/Uga_hi-
(b) iga27ho/uga7hi- (C) isaﬁho/ugaihi-

harmonic characteristic between iga1_no/Uga_hi> iga2_ho/Uga_hi,
and igy_po/Uga_pi. However, careful observation shows that the
harmonic coupling between the grid voltage and output current
can also be ignored. Therefore, it can be considered that when
the carriers are not synchronized, the grid harmonics also only
affect the output current components of inverter with the same
frequency.

b) Gain analysis of uncoupled terms for grid voltage to
output current: From the above-mentioned analysis, regard-
less of whether the carriers are synchronous or not, the grid
harmonics only affect the inverter output current components
with the same frequency. Therefore, the following will focus on
the detailed analysis of the uncoupled terms (i.e., iga1_n/Uga_h»
iga2_h/Uga_n» and iga_pn/Uga_p) between the grid voltage and the
output current.

First, the gain diagrams of uncoupled terms between the grid
voltage and the output current under synchronous carriers are
shown in Fig. 7(a). iga1_n/Uga_p of the first inverter is exactly
the same as the igan n/Uga_n Of the second inverter. This is
reasonable, because the system parameters of the two inverters
are completely consistent, so when the carriers are synchro-
nized, all characteristics of the two inverters should theoretically
be identical. In addition, as shown in Fig. 7(a), the gain of
isa_n/Uga_p 1s always twice that of iga1_n/Uga 1 and igan n/Ulga_h-

Second, when the carrier phase difference between the two
inverters is 120°, the gain diagrams of uncoupled terms between
the grid voltage and output current are shown in Fig. 7(b). Com-
paring Fig. 7(b) with Fig. 7(a), it can be found, the low-frequency
gain (<10th) of the uncoupled terms between the grid voltage
and the output current is basically the same; there is a slight
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Fig. 7. Gain diagrams of uncoupled terms between grid voltage and output
current. (a) Carrier synchronization. (b) Carrier phase difference of 120°.

difference in high-frequency gain (>27th), and there is a signif-
icant difference in mid-frequency gain (11th—26th). In addition,
comparing iga1_p/Uga_p and igan p/Ug,_p in Fig. 7(b), it can be
seen, there are also some slight differences in mid-frequency
characteristics (11th—26th) between the grid voltage and the out-
put current of each inverter. Next, the reasons why asynchronous
carriers have the impact on the mid-frequency characteristics
between grid voltage and output current will be briefly analyzed.
First of all, asynchronous carrier phase will lead to inconsistency
of the instantaneous switching sequence of the power switching
devices in each inverter, so the two inverters will generate energy
interaction through the PCC. Due to the existence of the control
system and the LCL filter, the low-frequency and high-frequency
equivalent output impedances of each inverter are relatively
large; in contrast, due to the existence of the resonant peak
of the LCL filter, the mid-frequency output impedance of each
inverter is relatively small, so the energy interaction between the
two inverters is mainly dominated by mid-frequency harmonics.
Meanwhile, the LSF LCL GCI itself has mid-frequency har-
monic coupling when the inverter operates alone. Therefore, the
mid-frequency resonance generated by asynchronous carriers
interacts with the inherent mid-frequency harmonic coupling of
the inverter, changing the original mid-frequency characteristics
of each inverter. In addition, a brief explanation is provided on
the mechanism of the difference in mid-frequency character-
istics between the two inverters under asynchronous carriers.
According to the theory of double Fourier series decomposition,
when the carrier phase of two inverters is inconsistent, the phase
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of sideband harmonics generated by modulation in the two in-
verters will also be different, but the change in carrier phase will
not affect the amplitude of the sideband harmonics. However,
due to the existence of mid-frequency harmonic coupling in LSF
LCL GCI, the phase of the output-voltage sideband harmonics of
the inverter located in mid-frequency region will indirectly affect
the amplitude of the mid-frequency harmonics of the output
current, thereby affecting the mid-frequency harmonic coupling
characteristics of the output current. Thus, the carrier phase will
affect the mid-frequency harmonic coupling characteristics of
LSF LCL GCI. In other words, when the carriers are not synchro-
nized, there will be slight differences in mid-frequency harmonic
coupling characteristics of the two inverters themselves, that is,
there will be differences in the mid-frequency characteristics of
the two inverters.

The accuracy of the proposed model needs to be further
verified by comparison with the circuit simulation results, which
will be illustrated in Section IV-A-3).

2) Characteristic Analysis of Current Reference to Output
Current: When the carriers are synchronized, the pole maps
between the current reference and the output current of the two
inverters are shown in Fig. 8. Among them, the central poles are
marked in black, which are the poles corresponding to the trans-
fer function between the current reference and its output current
component at the same frequency, that is, the poles obtained
based on SSAV model. The remaining poles are symmetrical
about the central poles, and they are the corresponding poles
of the transfer function between the current reference and other
harmonic components of the output current. It is obvious that all
poles are on the left side of the complex plane, indicating that
the system is stable. Wherein, the 11th and 12th groups of poles
are the dominant poles of the system, and these two groups
of poles are conjugate. So, here, we will only use the 0—-40th
poles in the 11th group of poles as an example to locally enlarge
them. In locally enlarged figure, the pole maps of iga1_n/iga1”
and iga2 p/iga2”™ completely overlap. This is because under the
premise that the system parameters and carrier phase of the two
inverters are identical, the characteristics of the two inverters are
theoretically identical.

When the carrier phase difference between two inverters is
120°, the pole maps between the current reference and the
output current of the two inverters are shown in Fig. 9. Through
data comparison, it can be found, the positions of all central
poles in Figs. 8 and 9 are completely consistent, but there are
differences in the positions of all poles except for the central
poles. Similarly, enlarge the dominant poles (0—40th poles in
the 11th group) that can reflect the characteristic of the system.
Through careful observation, the mid-frequency pole position
near the 20th, namely the part marked by a black circle, is
significantly different from that under synchronous carriers;
while the low-frequency and high-frequency pole positions are
similar to that under synchronous carriers. The above-mentioned
phenomenon shows that compared with the condition when the
carriers are synchronous, the asynchronous carrier condition
causes the change in mid-frequency harmonic stability of each
inverter in parallel system. Specifically, under the system param-
eters shown in Table I, when the carrier of the second inverter
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lags by 120°, the stability of the mid-frequency harmonics
near the 20th in each inverter deteriorates slightly. The mecha-
nism of the above-mentioned phenomenon is similar to that of
Section IV-A-1-b.

In summary, first, the asynchronous carriers will affect the
mid-frequency harmonic stability of each inverter in parallel
system. Second, the complete HSS model of parallel system
proposed, in this article, can reflect the impact of asynchronous
carriers on the harmonic stability of the output current of each
inverter. Therefore, this model can also be used to analyze the
harmonic instability of critically stable or divergent system in
the case of asynchronous carriers in detail and accurately.

3) Circuit Simulation Verification: Based on the parallel sys-
tem structure of LCL GClIs shown in Fig. 2, Simulink circuit
simulation analysis is carried out under the system parameters
shown in Table I, to further verify the accuracy of the complete
HSS model of the parallel system proposed in Section III-A.

In the case of carrier synchronization between two inverters,
when the grid voltage is ideal, with 5% 7th harmonic and
5% 20th harmonic, the output waveforms of the two inverters
and the total grid-connected current are shown in Fig. 10, and
the corresponding FFT analysis is shown in Fig. 11. When
the carriers are synchronized, no matter what the grid envi-
ronment is, the FFT analysis results of the output current of
the two GCls and the total grid-connected current are always

Pole maps of iga1_p/iga1™ and igaz_p/iga2™ under asynchronous carriers.
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consistent. The above-mentioned circuit simulation results show
that the harmonic characteristics of the two inverters are com-
pletely consistent when the carriers are synchronized, which
indirectly illustrates the correctness of the analysis results in
Sections IV-A-1 and IV-A-2. In addition, by analyzing the data
in Fig. 11, when there is 5% 7th harmonic in the grid voltage
(Uga_7_peak = 12.85 V), the 7th harmonic in the output current
of each inverter will be significantly affected. The distortion rate
of 7th current harmonic of each inverter increases by 1.237%,
so the amplitudes of Aigai 7/Autg, 7 and ANigas 7/Aug, 7 are
both 0.2479, and the amplitude of Aig, 7/Aug, 7 is 0.4958.
Similarly, when there is 5% 20th harmonic in the grid voltage
(Uga_20_peak = 12.85 V), the 20th harmonic in the output current
of each inverter will be significantly affected. The distortion rate
of 20th current harmonic of each inverter increases by 0.468%,
so the amplitudes of Aiga1 20/Attgs 20 and Aigas 20/ Atga 20
are both 0.0946, and the amplitude of Aig,_20/Auga 2015 0.1892.
In the case of the carrier phase difference of 120° between
the two inverters, when the grid voltage is ideal, with 5% 7th
harmonic and 5% 20th harmonic, the output waveforms of the
two inverters and the total grid-connected current are shown in
Fig. 12, and the corresponding FFT analysis is shown in Fig. 13.
When there are 7th and 20th harmonics in the grid voltage, the
7th and 20th harmonics in the output current of each inverter
will be significantly affected. When the content of 7th harmonic
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Output waveforms of two inverters and total grid-connected current under synchronous carriers. (a) Ideal grid. (b) Inject 5% 7th harmonic into grid. (c)
Inject 5% 20th harmonic into grid.
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Fig. 13.  FFT analysis of inverter output current when the carrier phase difference is 120°. (a) iga1. (b) iga2. (¢) isa. (In each figure, left: ideal grid, medium:

inject 5% 7th harmonic into grid, right: inject 5% 20th harmonic into grid.)

in the grid is 5% (Uga_7_peax = 12.85 V), the distortion rate
of 7th harmonic in each inverter and in total grid-connected
current increases by 1.295%, 1.083%, and 1.269%, respectively.
So, the amplitudes of Aiga1 7/Augs 7, Nigas 7/AUgs 7, and
Nigo 7/ Autgs 7 are 0.2479, 0.2191, and 0.5134, respectively.
When the content of 20th harmonic in the grid is 5% (uga_20_peak
= 12.85 V), the distortion rate of 20th harmonic in each inverter
and in total grid-connected current increases by 0.7%, 0.531%,
and 0.504%, respectively. So, we can obtain the amplitudes of
Niga1 20/ Dtga_20, Nigaz 20/ Nlgs 20, and Nig, o0/ Autgy oo are
0.1416, 0.1074, and 0.2038, respectively. It can be seen, the
model analysis results shown in Fig. 7 are basically consistent
with the circuit simulation results mentioned earlier.

B. Frequency-Domain Analysis and Verification Under
Parallel System Parameter 11

The frequency domain analysis and validation process under
system parameter II is similar to that under system parameter
I. Therefore, this subsection will show and briefly explain the
relevant analysis results, and the relevant figures and charts are
detailed in Appendix B.

1) Characteristic Analysis of Grid Voltage to Output Current:

a) Coupling analysis of grid voltage to output current:
Under system parameter I, when the carriers of the two inverters
are synchronous and the carrier phase difference is 120°, taking
phase a as an example, the harmonic coupling diagrams of

igal_holllga_hi> iga2_holllga_hi> and isa no/Uga_ni are shown in
Figs. 22 and 23. It can be considered that regardless of whether
the carriers are synchronous or not, the harmonics in the grid
only affect the output current components of inverter with the
same frequency.

b) Gain analysis of uncoupled terms for grid voltage to
output current: The gain diagrams of uncoupled terms between
the grid voltage and the output current under synchronous car-
riers are shown in Fig. 24(a) of Appendix B. iga1_p/ttg, p and
iga2_nlllga_p are identical, and the uncoupled gain between the
grid voltage and the total grid-connected current is twice the
corresponding gain of the single inverter. When the carrier phase
difference between the two inverters is 120°, the gain diagrams of
uncoupled terms between the grid voltage and output current are
shown in Fig. 24(b). Comparing Fig. 24(b) with Fig. 24(a), there
are slight differences in mid- and low-frequency gains (7th—
24th) of the uncoupled terms between the grid voltage and output
current. In addition, comparing iga1_n/Uga_n, and igas_p/Ugs_p, in
Fig. 24(b), there are also differences in mid- and low-frequency
characteristics (6th—14th, 18th—26th) between the grid voltage
and output current of the two inverters under asynchronous
carriers. The mechanism that produces the above-mentioned
phenomenon has been detailed in Section IV-A-1)-b) and will
not be repeated here.

Relevant conclusions are similar to those in Sec-
tion IV-A-1)-b). Section IV-B-3) will illustrate the accuracy
of the HSS model constructed under system parameter II by
comparing with the circuit simulation results.
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2) Characteristic Analysis of Current Reference to Output
Current: When the carriers are synchronized, the pole maps
between the current reference and the output current of the two
inverters are shown in Fig. 25 of Appendix B. It is obvious,
the parallel system is stable under system parameter II, and the
harmonic stability of the two inverters is completely consistent
under synchronous carriers. When the carrier phase difference
between two inverters is 120°, the pole maps between the current
reference and the output current of the two inverters are shown
in Fig. 26. Through data comparison, the positions of all central
poles in Figs. 25 and 26 are completely consistent. However,
the mid-frequency pole position near the 20th, namely the part
marked by a black circle, is significantly different from that
under synchronous carriers; while the low- and high-frequency
pole positions are similar to that under synchronous carriers.
Relevant conclusions are similar to those in Section [V-A-2).

3) Circuit Simulation Verification: Simulink circuit simula-
tion analysis is carried out, to finish the accuracy verification
of the complete HSS model of the parallel system proposed in
Section III-A under system parameter II.

In the case of carrier synchronization between two inverters,
when the grid voltage is ideal, with 5% 7th harmonic and 5%
20th harmonic, the output waveforms of the two inverters and
the total grid-connected current are shown in Fig. 27, and the
corresponding FFT analysis is shown in Fig. 28. When the
carriers are synchronized, the above-mentioned circuit sim-
ulation results show that the harmonic characteristics of the
two inverters are completely consistent, this is consistent with
the analysis results of Sections IV-B-1 and IV-B-2. In ad-
dition, when there is 5% 7th harmonic in the grid voltage
(Uga_7_peak = 0.707 V), the distortion rate of 7th current har-
monic of each inverter increases by 0.274%, so the amplitudes
of ANiga1_7/Autgs 7 and Aigas_7/Autg, 7 are both 0.0232, and the
amplitude of Aig, 7/Aug,_7 is 0.0464. Similarly, when there is
5% 20th harmonic in the grid voltage (uga_20_peak = 0.707 V),
the distortion rate of 20th current harmonic of each inverter
increases by 0.773%, so the amplitudes of Aigai 20/Attgs 20
and Aigas 20/Autgs 20 are both 0.0656, and the amplitude of
Aiga 20/ Atgs 20 is 0.1312. In the case of the carrier phase
difference of 120° between the two inverters, when the grid
voltage is ideal, with 5% 7th harmonic and 5% 20th harmonic,
the output waveforms of the two inverters and the total grid-
connected current are shown in Fig. 29, and the corresponding
FFT analysis is shown in Fig. 30. Comparing Figs. 28 and 30,
after the carriers are out of synchronization, the mid-frequency
harmonic characteristics of the output current of the two inverters
will change significantly. This phenomenon in circuit simulation
indirectly confirms the rationality of the model analysis results in
Sections IV-B-1) and IV-B-2). In addition, when there are 7th and
20th harmonics in the grid voltage, the 7th and 20th harmonics in
the output current of each inverter will be significantly affected.
‘When the content of 7th harmonic in the gridis 5% (uga_7_peak =
0.707 V), the distortion rate of 7th harmonic in each inverter and
in total grid-connected current increases by 0.304%, 0.122%,
and 0.205%, respectively. So, the amplitudes of Aigaq_7/Auga 7,
Aigas 7/ Altgs 7, and Aig, 7/Autg, 7 are 0.0258, 0.0104, and
0.0347, respectively. When the content of 20th harmonic in
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the grid is 5% (Uga_20_peax = 0.707 V), the distortion rate
of 20th harmonic in each inverter and in total grid-connected
current increases by 0.565%, 0.781%, and 0.747%, respectively.
So, the amplitudes of Aiga1 20/Atgs 20, Nigaz 20/ AUga 20, and
Aiga 20/ Atgy 20 are 0.0479, 0.0662, and 0.1267, respectively.
It can be seen, the model analysis results shown in Fig. 24 are
basically consistent with the circuit simulation results mentioned
earlier.

V. ACCURACY VERIFICATION OF ITERATIVE CALCULATION
METHOD FOR PARALLEL-SYSTEM HSS MODEL

Under two groups of system parameters, this section will
verify the accuracy of the iterative calculation method for the
parallel-system HSS model considering asynchronous carriers
proposed in Section III-B.

A. Accuracy Verification of Iterative Calculation Method
Under System Parameter I

When the carrier phase difference is 120°, taking the fun-
damental, 7th and 20th grid-side current components as exam-
ples, the dynamic waveforms of the output current amplitude
and phase obtained through the iterative calculation method
of the parallel-system HSS model proposed in this article are
shown in Fig. 14. Meanwhile, this subsection summarizes the
steady-state values of the amplitude and phase of the main
harmonic components in the output current calculated by the
model, and compares them with the circuit simulation results,
as shown in Table ITI. After analysis, the maximum deviation rate
between the model calculation results of the current amplitude
and the circuit simulation results is 10%, and the maximum
deviation of the phase is 16°. Although there are some dif-
ferences between the model calculation results and the circuit
simulation results, overall, the above-mentioned results indicate
that the parallel-system HSS model constructed in this article is
correct. Meanwhile, the proposed iterative calculation method
for parallel-system HSS model has high accuracy under system
parameter .

B. Accuracy Verification of Iterative Calculation Method
Under System Parameter 11

When the carrier phase difference is 120°, taking the funda-
mental, 7th and 24th grid-side current components as examples,
the dynamic waveforms of the current amplitude and phase are
shown in Fig. 31. The steady-state values of the amplitude and
phase of the main current components obtained through model
calculation and circuit simulation are shown in Table IV. Under
system parameter II, due to the low voltage and current levels,
the amplitude of some harmonics is too small, which leads
to the significant errors between individual model calculation
results and circuit simulation results. However, this situation is
understandable, and overall, the errors in most model calculation
results are within an acceptable range. Therefore, under system
parameter II, the proposed iterative calculation method also has
high accuracy.
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TABLE III
COMPARISON TABLE BETWEEN MODEL CALCULATION RESULTS AND CIRCUIT SIMULATION RESULTS UNDER SYSTEM PARAMETER |

Current First inverter output current ig, 5 Second inverter output current i
component Model calculation results Circuit simulation results Model calculation results Circuit simulation results
order Amplitude/A Phase/rad Amplitude/A Phase/rad Amplitude/A Phase/rad Amplitude/A Phase/rad

1 260.8 1.585 260 1.57 260.7 1.595 260 1.57

5 1.586 3.304 1.64 3.11 2.575 2.837 2.46 3.11

7 0.8402 -2.528 0.82 -2.65 0.6061 -1.339 0.56 -1.13

11 0.4991 0.2775 0.53 0.28 0.5006 0.1086 0.53 -0.03

13 0.5216 -2.908 0.57 -3.04 0.8552 -1.691 0.79 -1.87
20 2.713 2.639 2.86 2.72 2.941 -0.4214 2.96 -0.42
24 1.100 -2.883 1.17 -2.67 1.298 0.51 1.16 0.56
32 0.5921 2.063 0.61 1.97 0.7188 -1.182 0.62 -1.04
36 1.604 -2.111 1.67 -2.06 1.596 1.094 1.68 1.22
38 0.4471 -1.057 0.44 -0.84 0.4322 2.593 0.44 2.46

VI. EXPERIMENTAL VERIFICATION

A parallel experimental platform for two three-level LCL
GClIs based on the GCF PI+CCF AD control strategy is built,
to further verify the accuracy of the model proposed in this
article and the correctness of the frequency-domain analysis
results. The inverter parallel experimental platform is shown
in Fig. 15. In the experiment, two dc power supplies IT6525D
provided dc bus voltage to the two inverters, and the CSW5550
programmable ac power supply is used to simulate the grid.
Each inverter uses DSP+FPGA to complete the control func-
tions. Among them, the XC6SLX25 FPGA produced by Xil-
inx Company is used to realize the functions of PD-PWM
signal generation, signal sampling, and so on. The DSP with
the model TMS320C28346 produced by Texas Instruments is
used to realize coordinate transformation, current closed-loop
control, and so on. The experimental parameters are shown in
Table II. The accuracy of the proposed model and frequency-
domain analysis results will be verified through the following
experiments.

First, relevant experiments are conducted under the syn-
chronous carriers. The output current of phase a in two inverters,

Programmable ACsource: T

CSW5550

~ Two programmable DC sources:
IT6525D

Fig. 15.

Three-level LCL GCI parallel experimental platform.

the total grid-connected current of phase a, and the correspond-
ing FFT analysis are shown in Fig. 16. From the FFT analysis, the
harmonic characteristics of the two inverters are almost identical.
Figs. 17 and 18 show the waveforms and FFT analysis results
after injecting 5% 7th harmonic and 5% 20th harmonic into grid
under the synchronous carriers. It can be seen, even if the grid
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conditions change, as long as the carriers are always synchro-
nized, the harmonic characteristics of the output current of the
two inverters are always basically the same. This is consistent
with the model analysis results in Section I'V-B. In addition, the
7th or 20th grid harmonics, will mainly have the significant im-
pact on the same frequency harmonic components in the output
current. After measurement, when injecting 5% 7th harmonic
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Output current waveforms and FFT analysis of parallel system when the carriers are synchronized and the grid contains 5% 20th harmonic. (a) iga1,

into grid (uga 7 _peak = 0.707 V), the distortion rate of 7th
harmonic in each inverter output current and total grid-connected
current basically increases by 0.22%. So, Aiga1_7/Aug, 7 and
Aigao 7/Aug, 7 are approximately 0.0190, and Aig, 7/Auga 7
can be calculated to be approximately 0.0366. When injecting
5% 20th harmonic into grid (#gs_20_peak = 0.707 V), the dis-
tortion rate of 20th harmonic in each inverter output current
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and total grid-connected current basically increases by 0.93%.
So, Niga1_20/ Nutgs_20 and Aigas 20/ Atgy, 20 are approximately
0.079, and Aig,, 20/ Autgs 20 can be calculated to be approxi-
mately 0.1484.

Second, relevant experiments are conducted with the carrier
phase difference of 120°. The output current of phase a in
two inverters, the total grid-connected current of phase a, and

(b)

the carrier phase difference is 120° and the grid contains 5% 20th harmonic.

FFT analysis are shown in Fig. 19. Compared with the case of
carrier synchronization, the mid- and high-frequency harmonic
contents of the output current of the two inverters change under
asynchronous carriers. This is consistent with the model calcu-
lation results and circuit simulation phenomena. Figs. 20 and
21show the waveforms and FFT analysis results after injecting
5% 7Tth harmonic and 5% 20th harmonic into grid under the
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asynchronous carriers. It can be seen, the grid harmonics will
also mainly affect the same frequency harmonic components
in the output current. When there is 5% 7th harmonic in the
grid voltage (iga 7 peak = 0.707 V), the distortion rate of 7th
harmonic in each inverter output current and total grid-connected
current increases by 0.233%, 0.153%, and 0.112%, respectively.
So, the amplitudes of Aiga1 7/Auga 7, Nigas_7/AUtgs 7, and
Aiga_7/Atgy 7 are 0.0198,0.013, and 0.019, respectively. When
there is 5% 20th harmonic in the grid voltage (#ga 20_peak =
0.707 V), the distortion rate of 20th harmonic in each inverter
output current and total grid-connected current increases by
0.695%, 1.08%, and 0.819%, respectively. So, the amplitudes
of Aiga1_20/Autga_20, Digaz 20/ Aliga 20, and Aiga 20/ Atgs 20
are 0.059, 0.092, and 0.139, respectively.

Although there are some errors between the experimental data
and the model analysis results in Fig. 24, if nonideal factors
in the experiment are ignored, it can be considered, the model
analysis results in Fig. 24 can basically reflect the harmonic
characteristics of the actual parallel system. This indicates that
the complete HSS model of the inverter parallel system proposed
in Section III-A is effective and accurate.

VII. DISCUSSION ON THE EXTENSION OF PROPOSED METHODS
IN PARALLEL SYSTEM OF N INVERTERS

The methods proposed in this article are applicable to the

parallel system of n inverters (n>2).

1) A general construction method for parallel-system com-
plete HSS model of n inverters considering asynchronous
carriers (refer to Section III-A):

a) Construct the LTP model of n GClIs considering digitiza-
tion impact;

b) Construct the PCC LTP model containing n inverters;

¢) Reconstruct and integrate the LTP models of the above-
mentioned parts into a whole;

d) Convert the parallel-system complete LTP model into the
parallel-system complete HSS model. It should be noted,
when the carrier phase of each inverter is different, the
Toeplitz matrix of the switching function of each inverter
is also different.

2) A general iterative-calculation method for parallel-system
HSS model of n inverters considering asynchronous car-
riers (refer to Section I1I-B):

a) Construct and calculate the HSS models of the respective
controllers and main circuits of n inverters in sequence;

b) Reproduce the PWM process of n inverters;

¢) Construct and calculate the PCC harmonic model contain-
ing n inverters. The implementation process is similar to
Fig. 4.

VIII. CONCLUSION

This article takes the parallel system of two LSF LCL GClIs
as an example, based on [12] and [13], conducts the research
on the extension in parallel system of HSS modeling, harmonic
calculation, and analysis methods for the single LCL GCI. The
main conclusions are as follows.
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1) The proposed complete-HSS-model for parallel system
considering asynchronous carriers is effective, and the
analysis results based on this model can accurately reflect
the impact of asynchronous carriers on system character-
istics.

2) The model analysis results indicate: asynchronous carriers
can affect the mid-frequency harmonic stability of the
output current of each inverter in parallel system; and also
affect the mid-frequency antidistarbance characteristic of
the output current of each inverter to the grid voltage.

3) The proposed iterative-calculation method of parallel-
system HSS model considering asynchronous carriers
is feasible, and achieves efficient and accurate calcula-
tion of the harmonic amplitude and phase of the out-
put current of each inverter and the total grid-connected
current.

The related research involved in this article fills the gap
in harmonic-domain modeling and analysis of parallel system
under asynchronous carriers, and provides certain theoretical
support for related research.

APPENDIX A
A (t
Apt(t) = |: pl() Apg(t) :| 3
_|Cat) Zsxa
CPl(t)_ [Z3><14 CSQ(t) (Al‘l)
By(t)= Bp1(t) (1) Z14x3 Byp1(t) (cace)
P Z14x3 Bpa(t) (c1nesy Bp2(t) (cance)
(A1-2)
Ayp(t) = [Apl(t) Z8x3 ], Co(t) = [ Cu(t) Zexs }
(A2)
MCP(t):
Zgx31
Z3w3 Rylz Zsz.yw Rylz Zs.g —Rylj
(A3-1)
I3  Z3.3 Zsuz
Ne(t) = |Zsxs I3 Zsus (A3-2)
Z3y3 Z3xz Z3x3
O(1)
:{ng?, ToIs Zsunn 7R3 Zskws —1013
(A4-1)
Po,(t) = [nga —+ 1] (A4-2)

Wherein, the subscripts (c1—c3) and (c4—c6) represent the 1st—
3rd columns and 4th—6th columns of the matrix, respectively.
Zmxn represents the zero matrix of (mxn), I, represents the
identity matrix of e dimension.
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TABLE IV
COMPARISON TABLE BETWEEN MODEL CALCULATION RESULTS AND CIRCUIT SIMULATION RESULTS UNDER SYSTEM PARAMETER II
Current First inverter output current iy, 5 Second inverter output current iy 4
component Model calculation results Circuit simulation results Model calculation results Circuit simulation results
order Amplitude/A Phase/rad Amplitude/A Phase/rad Amplitude/A Phase/rad Amplitude/A Phase/rad

1 6.052 1.617 6 1.57 6.05 1.610 6 1.57

5 0.01008 1.983 0.007 2.17 0.01369 2.076 0.010 2.35

7 0.01310 0.0662 0.007 -0.07 0.02022 0.3434 0.011 -0.09

11 0 / 0.001 237 0.001018 2.2735 0.002 2.37

13 0.002756 2.889 0.004 2.64 0.001295 2.262 0.004 2.09

20 0.01133 -0.3155 0.007 -0.35 0.01034 2.058 0.006 2.27

24 0.03915 -0.8458 0.021 -0.80 0.02806 2.476 0.020 243

32 0.009746 -0.3261 0.008 -0.28 0.005331 3.138 0.007 3.14

36 0.02088 -2.9887 0.021 -3.02 0.03719 0.0298 0.021 0.13

38 0.05273 1.5933 0.042 1.78 0.04993 0.04117 0.042 -1.03
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