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Interharmonic Analysis Model of Photovoltaic
Grid-connected System with Extended
Dynamic Phasors
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Abstract—The interactions between randomly fluctuating
power outputs from photovoltaic (PV) at the DC side and back-
ground voltage distortions at the AC side could generate inter-
harmonics in the PV grid-connected system (PVGS). There is
no universal method that can reveal the transmission mecha-
nism of interharmonics and realize accurate calculation in dif-
ferent scenarios where interharmonics exist in the PVGS. There-
fore, extended dynamic phasors (EDPs) and EDP sequence com-
ponents (EDPSCs) are employed in the interharmonic analysis
of the PVGS. First, the dynamic phasors (DPs) and dynamic
phasor sequence components (DPSCs) are extended into EDPs
and EDPSCs by selecting a suitable fundamental frequency oth-
er than the power frequency. Second, an interharmonic analysis
model of the PVGS is formulated as a set of state space equa-
tions. Third, with the decoupling characteristics of EDPSCs,
generation principles and interactions among the interharmon-
ics in the PVGS are presented by the sequence components,
and its correctness is verified by simulation and experiment.
The presented model can be used to accurately calculate the in-
terharmonics generated in the PVGS both at the AC and DC
sides. Because of the decoupling among the EDPSCs, the set of
state space equations can effectively describe the principle.

Index Terms—Dynamic phasor sequence component (DPSC),
harmonic, interharmonic, photovoltaic grid-connected system
(PVGS), power quality.

[. INTRODUCTION

N recent years, photovoltaic (PV) generation has been
gradually changing the morphology and structure of pow-
er systems by interconnecting with the concerned distribu-
tion network [1], [2]. However, PV generation could result
in power quality problems in the distribution system because
nonlinear power electronic converters are used as grid-con-
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nected interfaces. The interharmonic is one of the most sig-
nificant power quality problems in PV grid-connected sys-
tems (PVGSs), and has been attracting increasing attentions
[3]-[5]. When a large interharmonic current is injected into
the power system, some problems such as voltage fluctua-
tions and flicker, metering errors, relay malfunctions, and
motor vibration threaten the normal operation of the power
system [6], [7]. The interharmonics can also induce subsyn-
chronous oscillations in the power system, endangering the
security and stability of the power system [8]. With the in-
creasing penetration of PV generation in the power system
and the interactions among the inverters, the interharmonic
problem in the PVGS has become increasingly complicated.
Therefore, it is necessary to develop a generally applicable
analysis model for the PVGS as a theoretical analysis tool
for mitigating the interharmonics.

To date, some research works have been conducted on the
harmonics generated by distributed PV generation. A frequen-
cy domain model is presented to study the harmonic in a
large PV station in [9], which demonstrates that high-order
harmonics produced by the PV station are almost close to
the switch frequency. The output harmonic currents are sig-
nificantly affected by the light and temperature conditions.
The simulation results in [10] show that the total harmonic
distortion (THD) decreases significantly when the level num-
ber of the modular multi-level converter (MMC) in the
PVGS increases. A state-space model is established in [11]
to analyze the harmonic interactions between the AC and
DC sides as well as the harmonic inability of the PVGS.
The studies of integer harmonics in the PVGS are relatively
complete. However, the studies of interharmonics are rare.

Interharmonics whose frequency is non-integer multiples
of the power frequency are usually caused by mutual modu-
lation between different frequency systems. Many existing re-
search works address interharmonics in speed regulation sys-
tems, high-voltage direct current (HVDC) transmission sys-
tems, wind power plants, and induction motors [12]-[15].
The experimental results in [16] show that a PV inverter con-
nected to a weak power grid can generate more interharmon-
ic currents, especially when the parameters of the phase-
locked loop (PLL) are not properly specified. Interharmonic
analysis models are proposed in [17], [18] with the character-
istics of interharmonics caused by maximum power point
tracking (MPPT) modulation. The impact of the background
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voltage distortion on the interharmonics of the PV inverter is
investigated in [19], and is dependent on the PV inverter to-
pologies, control strategies, and the design of the PLL. The
literature on interharmonics has focused on qualitative analy-
sis rather than quantitative calculation. In [20], a qualitative
calculation method for the interharmonics of converters is
proposed. However, it only considers the influence of the
PLL instead of the switching functions. Random power fluc-
tuations of the PV at the DC side and background voltage
distortions at the AC side are the two main sources for gen-
erating interharmonics. However, it is very difficult to ex-
plain the interharmonic interactions between the PV and
power grid. A generic mathematical model is still not avail-
able for describing the interharmonics in the PVGS, especial-
ly when there are interharmonic sources at both the AC and
DC sides, which will be addressed in this paper.

A well-established dynamic phasor (DP), which is widely
employed in analyzing harmonic interactions among convert-
ers, can be employed to analyze the interharmonic problem
in the PVGS [21]. However, most of the existing research
works on DP-based interharmonics only consider the har-
monic whose frequency is integer multiples of the power fre-
quency [22], [23]. In defining the unbalance for interharmon-
ics, the phase sequence of positive-order DPs is considered
[24]. However, the negative-order DPs are not included but
are essential when there are multiplicative terms in the math-
ematical model.

With the above background, an extended DP (EDP) and
EDP sequence components (EDPSCs) are employed to estab-
lish the analysis model of the PVGS. First, a method to ex-
tend the granularity of the DPs and DP sequence compo-
nents (DPSCs) is presented. The granularity can be properly
selected to satisfy the demand of interharmonic analysis. Sec-
ond, the EDPSCs of the current at the AC side and the
EDPs of the voltage at the DC side are selected as the state
variables. The EDPSCs of the PV output current at the DC
side and the EDPs of the source voltage at the AC side are
selected as the input/control variables. The interharmonic
analysis model of the PVSG is formulated as state space
equations. Third, the principles of generating the interactions
among interharmonics in the PVSG can be deduced from the
decoupling characteristics of the EDPSCs. Finally, simula-
tions and experiments are performed to verify the correct-
ness of the presented model.

The remainder of this paper is organized as follows. Sec-
tion II introduces the basics of the DPs and DPSCs. The
method of attaining the EDPs and EDPSCs as well as their
characteristics are presented with granularity extension. Sec-
tion III presents the analysis model of the PVSG as a set of
state-space equations, the principles of generation and inter-
actions among interharmonics in PVSG are analyzed. The
simulation model and experimental platform are presented in
Section IV, and the simulation and experimental results are
compared to demonstrate the correctness of the presented
analysis model. The paper is concluded in Section V.

II. EXTENSION OF DPs AND DPSCSs

The DP is proposed based on time-varying Fourier decom-

1541

position. The signal x(#) in the time domain can be ex-
pressed as a Fourier series in time interval (t—T Y,t], where

T, is the period of x(¢) and x(t— TS) =x(¢), as shown in (1).

x(0= 3 (0, (1)

where w, is the fundamental angular frequency, which is se-
lected as the power angular frequency, and w,7T,=2n; and
(X), is the k" DP of x(¢), as shown in (2).
1 ! —jko T
(X), = Efz—nx(r)e dr )
For a three-phase system, DPs can be transformed into
DPSCs by symmetrical transformation, as shown in (3).

(Keo), | [ (Xe),
<Xa<2>>k =T <Xb>k 3)
(Keo), | |(Xe),
1 e e
T=1|1 e g @)
1 1 1

where <X,,(])>k, <X“<2’>k’ and <X"‘°’>k are the positive-, nega-

tive-, and zero-sequence components of the A" DP, respec-
tively; and <X">k’ <Xb>k’ and <Xc>k are the k" DPs of phase a,

phase b, and phase c, respectively. The DPSCs has “deriva-
tive”, “convolution”, “conjugate” and other characteris-
tics [21].

Since the interharmonics’ frequency is non-integer multi-
ples of the power frequency, the traditional DP is not suit-
able for the analysis of interharmonincs. The granularity
must be extended. Therefore, by selecting @ as the fundamen-
tal angular frequency, the DP can be extended as:

(X)), = lT | :iTx(T) e rdr )

where (X)" is the k" EDP, which can also be treated as the

k

interharmonic of the system, and 7'=2n/w. To analyze both
the interharmonics and harmonics, the selected fundamental
angular frequency should meet the requirements for the fre-
quency resolution of measuring the interharmonics in stan-
dards. The power angular frequency has to be an integer
multiple of the selected fundamental angular frequency, as
w,=mam, where m is a positive integer. For example, the stan-
dards for interharmonics specify 5 Hz as the frequency resolu-
tion for measuring interharmonics [25]. Thus, the selected fun-
damental frequency for the EDP should be selected as 5 Hz.

With the symmetrical transformation, the three-phase
EDPs can be transformed into sequence components as:

<Xa<1>>f <X>f
E

<Xa<2)>f =T|(X,), (6)

(Xo), | (X0,
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E
where <Xg(1)>k,
tive-, and zero-sequence components of the " EDPs, respec-
tively, which are referred to as EDPSCs; and <Xu>f, <Xb>f,
and <XC>kE are the A" EDPs of phase a, phase b, and phase c,

respectively. The EDPSCs have the same characteristics as
the DPSCs, which can realize the decoupling of the se-
quence components.

<X,,(2)>f, and < a(0)>E are the positive-, nega-

III. INTERHARMONIC ANALYSIS MODEL OF PVGS

A. Time Domain Model of PVGS

A single-stage grid-connected PV inverter is used as the
research object, as shown in Fig. 1, and U,,, U,, and U,, are
the source voltages; U, U,, and U,. are the output voltages
of phase a, phase b, and phase c at the AC side, respective-
ly; U, is the voltage at the DC side; [, I,, and I, are the
output currents of phase a, phase b, and phase ¢ at the AC
side, respectively; I, is the input current at the DC side; 1,
is the output current of the PV array; C is the capacitor at

the DC side; U, = (U +U,+U, )/3 is the voltage of the

neutral point; and R and L are the equivalent resistance and
inductance of the filter at the AC side, respectively.

Fig. 1.

Diagram of single-stage grid-connected PV inverter.

The model of the PV inverter in the time domain is given as:

((lilt_UdL(3Sa %Sb ;Sc) _(Um_UN)
s L st
dIC:U (%S—lS IS) R[—(U —U) )
de— Te\3 T 3T 3T e e

du,,
Cg =~ (2,S,+1,8,+1.5.)

where S, S,, and S, are the three-phase switching functions
representing the switch state of the power electronic devices,
which equals 1 if the switch is on, and equals 0 otherwise.

B. Interharmonic Analysis Model of PVGS

Similar to the harmonic analysis model of the VSC based
on the DPSCs in [21], the time domain model can be trans-
formed into the equations described by the EDPSCs. The dif-
ferential equations of the k™ EDPSCs of the currents at the
AC side and the EDPs of the voltage at the DC side are ex-
pressed as:
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d<1u<1)>f ) - . . i
dt =—(R+]kCUL)<[a(l)>k - < Us‘a(])>k + Z<S"(l)>,‘ <Udc>k-,
d(1, >E
L%z_(R-i-jka)Lx o)~ (Uno) +2 o < >k’_
d(Us),
de/
CTA:_3 2< "(Z>> < “0)> +Z< a<1>> < a(2)> T
<1pv>f—ja)C<Ud(,>:

(®)
where <Iﬂ(l)>E and ( a(2)>E are the positive- and negative-se-

quence components of the k" EDPSCs of I, respectively;

<UA,,(1)> and ( m(z)> are the positive- and negative-sequence
components of the k™ EDPSCs of U,,, respectively; <Sa<1)>iE
and <Sa(z)>iE are the positive- and negative-sequence compo-
nents of the /* EDPSCs of S,, respectively; (I ‘>k is the k™
EDPs of /,; and (U, C>k and <Ud0>f_,~ are the k" and (k—i)"

v
EDPs of U,, respectively.

Selecting the analysis scope of interharmonics, which is
from 0 to n—1 here, the EDPSCs of the current at the AC
side and the EDPs of the voltage at the DC side are defined
as the state variables X, and X,, respectively, which are ex-
pressed as:

X, = [<1a(l>>‘j,<1a@>f,<Ia(o>>j,<l,,<n>‘f,<L,(2)>f,
T
(o)t (Lo (L), (L) |

XZ:[(Udc>f,<ud€>f,...,<UdL,>fJT (10)

The EDPSCs of the source voltage at the AC side and the
EDPs of the PV output current at the DC side are defined as
the input variables U, and U,, respectively, which are given
as:

)

Ul = |:< Um(l)>0E’< Um(2)>oE7< U“’(O)>§’< Um(l)> ’< Um(z)>f,
T
( Usa(0)>f7 o Usa(l)>f71’< UA‘”<2)>,111’< UA’“(°)>f—1J (1

U= (1)) )|

Equation (8) can then be rewritten as the state space equa-
tion, which is expressed as:

Xm
dr A, A, || X -U,/L
w L ekl loe] o
de
The coefficient matrices 4,,, A,,, A,,, and A,, are:
A,, =diag (- R/L,~ RIL,— R/L,~ R/IL—jow,— R/L—jcw,
~RIL-j@, ...~ R/IL-j(n-1)o) (13)
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(Sw), {Se), - (Sw),, (Sw),
(Sl (Sa) o (S (S
| 0 0 0 0
A=, : : :
(S, (S, (Sw),  (Sw),
<Sll(2)>:7l <Szl(2)>f72 <Sﬂ(2)>IE <S0(2)>5
L 0 0 0 0 1.,
T
qu:|:<Sn(l)>j <Sa(2)>p 0:| P-q€il.2, ...}
(14)
Hll HIZ Hln
3|\H,, H H
Az]__E S21 E22 E12
H, H, .. H, (15
E E T
H,=[(S.0)"  (So)l, 0] pgei2..n

A, =diag(0,—jo,~j20, ...~ j(n-3) 0.~ j(n-2) w,—j(n—1) o)

(16)
where * represents the conjugate operator. 4,, and A,, are
composed of the EDPSCs of the switching functions. Be-
cause of the three-phase three-wire connection of the invert-
er shown in Fig. 1, there are no zero-sequence components
in the currents at the AC side. The elements of correspond-
ing columns and rows are zero.

Among these coefficient matrices, 4,, and A4,, are diago-
nal matrices. Therefore, the EDPSCs of the current at the
AC side and the EDPs of voltage at the DC side are decou-
pled. 4,, and A,, represent the interactions between the cur-
rent interharmonics at the AC side and voltage interharmon-
ics at the DC side, which can describe the generation princi-
ples and interactions among interharmonics.

Equation (12) can be simplified as:

dx
= oAx
7 +U (17)

X, A, Alz] [—Ul/L}
% 4= U= .
where X [x} [Azl 4,) " lu,ic

Equation (17) is referred to as the interharmonic analysis
model of the PVGS.

C. Generation Principles and Interactions

The generation principles and interactions among interhar-
monics can be attained by solving the proposed interharmon-
ic analysis model, as shown in (17).

For example, the interharmonics near the power frequency
are analyzed using the model. The relationship between the
power angular frequency and the selected fundamental angu-
lar frequency is @, =mw. According to [25], if the standard
sinusoidal pulse width modulation (PWM) is applied, most
of the EDPSCs of the switching function are zero, whereas
the positive-sequence components of the power frequency
are the modulation ratio, which is <Su<1>>j =M and M is the
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modulation ratio. As a consequence, there are only three
equations for the k" voltage interharmonic at the DC side in
(12), as shown in (18). Interharmonic interactions can be de-
coupled with the EDPSCs.

d<1ﬂﬂ>>E —R—j(k+m)wL 1
Wn RO g 20
1
Z<Sa(1)>i<Udr>f
d<]a(2>>E_ —R-j(k—m)wL P 1 E
dt : - 1 L <Ia(2)>kfm B Z<Uva(2)>k—m * (18)
s (U
d<Udc>E 1 *
Tk:—36(<50m>5 <1u(1)>f,+m + <Su<1>>i<1a<2)>ffm)+
1 .
E<Ipv>f —jka (Uy )

By solving (18), the generation principles and interactions
among interharmonics can be described mathematically. For
steady-state analysis, the differential terms at the left side
are set to be 0, and the differential equations are simplified
as algebraic equations, as shown in (19).

e O,

Wl kem R+j(k+m)oL

(Lo); _ (S, ()~ (e, (19)
@l em R+j(k—m)wL
ol St )

(V) = ik C " keC

Equation (19) can be presented as an equivalent circuit as
shown in Fig. 2. Based on Fig. 2, the generation principles
and interactions among interharmonics are given as follows.

(La )),im [Rtj(ktm)oL |

——
+ o . + < Um(])),im ;
(Sa),, (Vi) C) 4@* (L), o
- £ N *‘_% 3<Szr(1)>m<1a(z)>kw
<I@MJ ——<PD—13(5,0)). (L),
N E E £ | ] ik C(U, >E
(Su), (Uae), C) e JwC{Uge)

- ~(Usa)

Fig. 2. Equivalent circuit of generation and interaction characteristics of in-
terharmonics in PVGS.

k=m

1) If the fluctuating outputs of the PV have a low frequen-
cy f, a voltage interharmonic with f will be generated at the
DC side, and two current interharmonics with frequency
/. £f will be generated further at the AC side, where f is the
power frequency. The lower the interharmonic frequency, the
lower the impendence at the AC side and the larger the am-
plitude of the current interharmonics.

2) If the AC system source contains a positive-sequence
voltage interharmonic with f, a current interharmonic with
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the same frequency will be generated at the AC side. With
the interactions, a voltage interharmonic with frequency

fs—f‘ is generated at the DC side. The current interharmonic

with the frequency ‘ 2f —f ‘ will be generated at the AC side.
3) If the AC system source contains a negative-sequence
voltage interharmonic with f, a current interharmonic with
the same frequency will be generated at the AC side. With
the interactions, a voltage interharmonic with frequency f, + /1
is generated at the DC side. A current interharmonic with fre-
quency 2f, +f will further be generated at the AC side.

IV. SIMULATION AND EXPERIMENTAL TEST

A. Simulation Test

A simulation model of the PVGS is established using
MATLAB/Simulink, as shown in Fig. 3. In the simulation
model, the nominal source voltage of AC system is 380 V.
The resistance and reactance at the AC side are 0.02 Q and
5 mH, respectively. The capacitor at the DC side is 3400 pF.
The rated power of the PV array is 56 kW. The PWM is nat-
urally the sampling modulation. The modulation signal fre-
quency is 50 Hz, and the carrier signal frequency is 7.5 kHz.

The interharmonics around the power frequency are ad-
dressed. The fundamental frequency of the EDPs and EDP-
SCs is selected as 5 Hz.

To verify the generation principles and interactions among
interharmonics obtained in Section III, three scenarios are
considered. Scenario 1 is the PV output with fluctuation; sce-
nario 2 is the the source voltage of AC system with positive-
sequence voltage distortion; and scenario 3 is the the source
voltage of AC system with negative-sequence voltage distor-
tion. In scenario 1, it is supposed that the PV exhibits fluctu-
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ating outputs with the two different frequency components,
which are 5 Hz and 25 Hz, by changing the illumination in-
tensity in the simulation model. The source voltage of AC
system is ideal. The PV output current contains 5 Hz and 25
Hz fluctuations. The amplitude of the fluctuations is 2%-
10% of the nominal voltage.

| -
R
auh
PV

system

2

>

S
~

Control system

Fig. 3. Simulation model of PVGS.

The comparisons of the calculation and simulation results
of the voltage at the DC side and the current of phase a are
presented in Table 1. The calculation results are very close to
the simulation results. Because of the fluctuation of the PV
output current, voltage interharmonics with frequencies of 5
Hz and 25 Hz are observed at the DC side. Simultaneously,
the corresponding interharmonic currents with frequencies of
50+5 Hz and 50425 Hz are generated at the AC side be-
cause of the interactions between the AC and DC sides. The
amplitude of the current interharmonics with a frequency of
50425 Hz is smaller than that with a frequency of 50+5
Hz, which verifies the first principle.

TABLE I
COMPARISON OF SIMULATION AND CALCULATION RESULTS (SCENARIO 1)

U, I
I::trir:(zt’l/ig Simulation Calculation Simulation Calculation

OHz S5Hz 25Hz OHz SHz 25Hz 25Hz 45Hz 50Hz 55Hz 75Hz 25Hz 45Hz 50Hz 55Hz 75Hz
2 740 0228 0.861 740.101 0228 0.861 1.284 1.194 118.193 1.194 1.289 1.285 1.194 118219 1.194 1.289
4 740 0456 1.722  740.096 0.457 1.722 2.569 23838 118.197 2388 2.578 2.570 2388 118.221 2388 2.579
6 740  0.685 2.586 740.106 0.686 2.586 3.853 3.581 118.201 3.582 3.870 3.854 3.581 118227 3.583 3.871
8 740 0914 3.452 740.147 0916 3451 5136 4773 118209 4.777 5.163 5138 4.774 118241 4778 5.164
10 740  1.144 4319 740.080 1.146 4319 6418 5966 118218 5972 6.457 6420 5966 118240 5973 6.458

The spectra of the voltage at the DC side and the current
of phase a are shown in Fig. 4. As the amplitude of the dis-
turbances increases, the amplitude of the interharmonics in-
creases, whose frequency is different from that of interhar-
monics as shown in the principles in Section III. These inter-
harmonics are introduced by the switching functions affected
by the interharmonics as shown in the principles. In fact,
when the amplitude of the disturbances is small, only the
fundamental components of the switching functions should
be considered in the interharmonic analysis (corresponding
to (19)). When the amplitude of disturbances is large, other
switching function components introduced by the interhar-
monics as shown in the principles should be considered (cor-

responding to (17)).

In scenario 2, a positive-sequence voltage distortion with
a 45 Hz interharmonic is overlaid in the source voltage of
AC system. The amplitude of the distortion voltage is within
2%-10% of the nominal voltage. The comparisons of the cal-
culation and simulation results are listed in Table II.

A current interharmonic is observed in phase a with a fre-
quency of 45 Hz because of the background voltage distor-
tion. Simultaneously, a voltage interharmonic with a frequen-
cy of 5 Hz appears in the voltage at the DC side because of
the interactions between the AC and DC sides. A current inter-
harmonic is observed in phase a with a frequency of 55 Hz be-
cause of the interactions, which verifies the second principle.
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Fig. 4. Simulation results of PV output fluctuates. (a) Spectrum of voltage at DC side. (b) Spectrum of current of phase a.
TABLE 1T
COMPARISON OF SIMULATION AND CALCULATION RESULTS (SCENARIO 2)
Ud(' Ia
Harmonic ratio (%) Simulation Calculation Simulation Calculation
0 Hz 5 Hz 0 Hz 5 Hz 45 Hz 50 Hz 55 Hz 45 Hz 50 Hz 55 Hz
2 740 0.210 740.675 0.209 0.187 118.189 2.497 0.184 118.306 2.499
4 740 0.419 740.639 0.417 0.372 118.181 4.994 0.367 118.292 4.998
6 740 0.627 740.636 0.625 0.557 118.167 7.489 0.548 118.277 7.495
8 740 0.835 740.657 0.832 0.740 118.147 9.983 0.729 118.261 9.991
10 740 1.044 740.589 1.039 0.923 118.122 12.475 0.911 118.225 12.484

In scenario 3, a negative-sequence voltage distortion with
5 Hz interharmonic is overlaid in the source voltage of AC
system. The amplitude of the distortion voltage is 2%-10%
of the nominal voltage. The comparisons of the calculation
and simulation results are given in Table III. There is also a
current interharmonic in phase a with a frequency of 5 Hz

since the background voltage distortion is also observed. Si-
multaneously, a voltage interharmonic with a frequency of
55 Hz appears in the voltage at the DC side owing to the in-
teractions between the AC and DC sides. There is a current
interharmonic in phase a with a frequency of 105 Hz, owing
to the interactions, which verifies the third principle.

TABLE III
COMPARISON OF SIMULATION AND CALCULATION RESULTS (SCENARIO 3)

U 1,
Harmonic ratio (%) Simulation Calculation Simulation Calculation

0 Hz 55 Hz 0 Hz 55 Hz S Hz 50 Hz 105 Hz 5 Hz 50 Hz 105 Hz
2 740 0.589 740.688 0.604 0.649 118.199 0.825 0.643 118.215 0.826
4 740 1.177 740.687 1.189 1.299 118.221 1.647 1.299 118.232 1.648
6 740 1.766 740.612 1.775 1.949 118.258 2.460 1.952 118.266 2.461
8 740 2.355 740.646 2.362 2.600 118.310 3.266 2.611 118.318 3.267
10 740 2.944 740.634 2.952 3.251 118.377 4.068 3.268 118.385 4.070

The simulation results of source voltage of AC system
with positive-sequence voltage distortion and negative-se-
quence voltage distortion are presented in Figs. 5 and 6, re-
spectively. As the amplitude of disturbances increases, the
amplitude of the interharmonics increases, whose frequency
is different from that shown in the principles in Section III.
This phenomenon is similar to the one in scenario 1, and the
same conclusions can be drawn.

B. Experimental Test

An experimental platform has been established to verify
the presented model and the principles attained. The PV ar-
rays are simulated using a programmable DC power supply.

The controllers of the PV inverter and the programmable
DC power supply are designed based on a digital signal pro-
cessor (DSP) TMS320F28335. The inverter is applied with
the intelligent power module (IPM) PM150RL1A120. The re-
sistance and reactance at the AC side are 0.02 Q and 5 mH,
respectively. The capacitor at the DC side is 3400 pF.

An isolated transformer is set up between the inverter and
the power grid. The remaining parameters are consistent
with the simulation model. The voltage at the DC side and
the current of phase a are monitored by two digital oscillo-
scopes, DSO-X 3024A, whose sampling frequency is 40.96
kHz and the measurement accuracy reaches level A in
IEC61000-4-7 [25].
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Fig. 5. Simulation results of source voltage of AC system with positive-se-
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Fig. 6. Simulation results of source voltage of AC system with negative-se-
quence voltage distortion. (a) Spectrum of voltage at DC side. (b) Spectrum
of current of phase a.

The fluctuating currents with different frequencies and am-
plitudes are injected into the DC side by adjusting the out-
puts of the programmable DC power supply to simulate the
fluctuating outputs of the PV arrays. The frequency and am-
plitude of the injected currents are measured, and the results
are listed in Table IV. The waveforms and spectrums of the
current of phase a and the voltage at the DC side are record-
ed by digital oscilloscopes, which are shown in Supplement
A Figs. SAI and SA2. As shown in the experimental results,
when there are 5 Hz (or 75 Hz) DC current fluctuations in-
jected into the DC side, the voltage interharmonics with the
same frequency appear at the DC side. There are also 50+ 5
Hz (or 75+50 Hz) current interharmonics generated at the
AC side. Thus, the first principle is verified. Since the AC
system source voltage cannot be controlled in this experi-
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mental platform, the other two principles have not been test-
ed experimentally. By solving (12) with the given parame-
ters, the voltage interharmonics at the DC side and the cur-
rent interharmonics at the AC side can be calculated. The ex-
perimental results are compared with the calculation results
in Table V. The calculation results are very close to the ex-
perimental results, which verifies the correctness of the pre-
sented model.

TABLE IV
FREQUENCY AND AMPLITUDE OF DC DISTURBING CURRENT OF INVERTER

Frequency of disturbance f, (Hz) Amplitude of disturbance 7, (A)
5 0.307
75 0.776

TABLE V
COMPARISON OF EXPERIMENTAL AND CALCULATION RESULTS

Type Frequency Value (V)

(Hz) Experiment Calculation
Interharmonic voltage 5 3.890 3.872
at DC side 75 0.634 0.606
25 0.487 0.506
Interharmonic current 45 0.170 0.174
of phase a at AC side 55 0.115 0.116
125 0.451 0.481

V. CONCLUSION

In this paper, DPs and DPSCs are extended into the EDPs
and EDPSCs in granularity with consistent characteristics by
selecting one suitable fundamental frequency. With the de-
coupling characteristics of the EDPSCs, the interaction prin-
ciples are described clearly. The generation principles and in-
teractions among interharmonics in the PVGS are presented.
By comparing the calculation, simulation, and experimental
results, the presented model and principles are proven to be
useful for the analysis of the interharmonics in the PVGS.

By changing the fundamental frequency, the presented
model can be used to analyze the interharmonics with differ-
ent frequencies in detail. For the interharmonics with differ-
ent amplitudes, most of the EDPSCs of the switching func-
tion are zero when the fluctuating power outputs from PVs
at the DC side and background voltage distortions at the AC
side are small. Equation (19) is useful for analyzing the in-
terharmonics. Otherwise, (17) has to be applied, which in-
creases the space complexity but ensures the calculation ac-
curacy of the interharmonics.
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