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Output Impedance Modeling of Single-Phase
Grid-Tied Inverters With Capturing the
Frequency-Coupling Effect of PLL

Qiang Qian
Kunshan Xu

Abstract—The output impedance model for the precise stability
analysis on the single-phase grid-tied inverters considering the
frequency-coupling effect of the phase-locked loop (PLL) is studied.
A multifrequency admittance matrix (MAM) is developed to pre-
dict the inverter-grid system stability by applying the generalized
Nyquist criterion. Based on the MAM, a novel output impedance
model characterized by clear physical meaning is proposed, which
reveals that the inverter output impedance (Z,,|(zpce,1m)) varies
along with the grid impedance Z;.. and the current reference I,,,.
The resonance and the stability problems can be identified by apply-
ing the impedance-based stability criterion to the impedance ratio
Zop|(zpee, 1m) / Zpee- The proposed impedance model is further
extended to the n-parallel inverter system. Itis found that the output
impedances of two r-parallel homogeneous-inverter systems are
identical if the number n and the total injected current i;,; are
the same, and the system stability is indicated by the impedance
ratio % Zop|(n-zpee, 1ave) [ Zpees Where Zop | (n. zpee, 1ave) IS the out-
put impedance of one special inverter with the average current
itot/n injected to the grid with n - Z,.. Further on, the design
procedure of the PLL bandwidth f; is elaborated, which guides the
selection of f; with the anticipated phase margin. Compared to the
conventional impedance model, the developed output impedance is
more qualified to precisely identify the harmonic stability problem
in the weak grid. The selection of f;, and the correctness of the
proposed impedance model are experimentally verified by the
measured output impedance and the waveforms of the elaborated
cases.

Index Terms—Frequency-coupling effect, grid-tied inverters,
harmonic, output impedance, phase-locked loop (PLL).

1. INTRODUCTION

N THE distributed power generation system, grid-tied invert-
ers play a key role in bridging the renewable energy resource
and the grid [1]. The dynamic interactions between the inverters
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and the grid may arouse the harmonic stability problem, which
has drawn much attention in the last decade. It has been shown
that due to the presence of the grid impedance, harmonics may be
excited at the point of the common coupling (PCC) over a wide
frequency band, ranging from the grid synchronization loop (sub
and super synchronous frequencies) to the inner current control
loop (hundreds of Hz to kHz) [2].

To address the resonance challenges in inverter-grid systems,
modeling and control methods have been performed for charac-
terizing and damping the resonances. Although great efforts have
been made to improve the stability of the inner current control
with the digital control delay taken into account [3], [4], less
attention has been drawn to the low-frequency resonance issues
caused by the grid synchronization when the grid impedance is
nonnegligible [5]-[10].

In either single-phase or three-phase application, the syn-
chronous reference frame phase-locked loop (SRF-PLL) has
been widely adopted to keep the phase of the grid current
synchronized with that of the PCC voltage [6]-[15]. The phase-
locked loop (PLL) bandwidth is adaptively selected (typically
larger than 30Hz) to realize a trade-off design between the
fast PLL dynamic response and the stability in [6]. Moreover,
considering the low-voltage grid faults, the proper injection of
the reactive current is required to be activated within 20 ms [16],
which limits the settling time of the PLL loop to accomplish
the correct synchronization with the faulted grid [12]. In other
words, the high PLL bandwidth is expected to guarantee the
capability of the low-voltage ride through [13]-[15]. Hence,
the dynamic response of the inverter may be influenced by the
PLL over a wide frequency band [6]. Therefore, there is a need
to model the grid-tied inverter with the PLL effect taken into
account. However, after performing the coordinate transforma-
tion, the g-axis component of the PCC voltage is obtained and
regulated for the phase tracking. The nonlinear trigonometric
functions inside the SRF-PLL result in the frequency coupling
effect (FCE) [17]-[20], which complicates the frequency com-
ponents in the current reference and adds significant complexity
to the modeling of the inverter.

At present, most works are focused on the impedance mod-
eling of PLL in the three-phase inverter-grid system, which
can be categorized into two impedance equivalents. The first
impedance model is developed in the rotating dg-frame, which
relates the d and ¢ axis PCC voltage to the corresponding grid
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current [8], [9], [19]. Although the resulting 2 x 2 off-diagonal
impedance matrix is qualified for revealing the stability impact
of the SRF-PLL, it has the limitations in analyzing the dynamic
interactions between the inverter and the grid, especially in
perceiving the FCE [20]. The second approach applies the har-
monic linearization method in the stationary «5-frame through
symmetric components, yielding the sequence-domain or the
phase-domain impedance model [20]-[25]. Since the sequence-
domain model reduces the model to a diagonal impedance matrix
by neglecting the FCE, the system stability can be predicted
by directly applying the traditional impedance-based stability
criterion (ISC) [26]. Compared with the dg-frame model, the
analysis may be simpler, but more inaccurate and ambiguous.
The discrepancy between the two models on the stability esti-
mation can be found in [20] and [21]. In order to obtain the same
stability predictions as the dg-frame model implies, a modified
sequence-domain model is proposed in [23] to capture the FCE
by introducing the transformation matrix, which is similar to the
multifrequency impedance model built in [24]. The frequency
translations among the models in different domains are further
mathematically unveiled by the unified impedance model in
[25].

As the inverse Park transformation in the three-phase system
is replaced by only the cosine operator in single-phase system,
the abovementioned impedance models, including PLL, cannot
be applied to the single-phase application. Therefore, Chen et al.
[27] developed a linearized impedance model by perturbing
the orthogonal signals, which were the input of the SRF-PLL.
Zhang et al. [28] compared the characteristics of the single-phase
inverter output impedance with different PLL structures, such
as the T/4-delay-based PLL, and the second-order generalized
integrator (SOGI) PLL. Although the influences of the SRF-PLL
can be analyzed based on the impedance model in [27] and
[28] to some extent, these state-of-the-art impedance models for
single-phase inverters neglect the FCE, which is reported to be
quite different from that in the three-phase system. Specifically,
the harmonic at the frequency w is coupled with that at w £ 2w
in the single-phase inverter [29], [30]. However, the closed-loop
analysis of the system is missing, and the interactions between
the FCE and the grid impedance are overlooked.

To explicitly reveal the influence of the FCE on the single-
phase inverter-grid system stability, the impedance model con-
cerning the FCE of the PLL is established in this article. Salient
contributions are summarized as follows.

1) A3 x 3 MAM model with capturing the FCE is first pro-
posed based on the multifrequency principle. The system
stability can be exactly predicted by applying the gener-
alized Nyquist stability criterion (GNC) to the impedance
ratio.

2) Based on the MAM, a single-frequency inverter output
impedance, which can be measured by experiments is pro-
posed. It is illustrated that the inverter output impedance
depends not only on the inverter itself, but also on the grid
impedance. Although this phenomenon is counter intu-
itive, it is important for exactly identifying the low-order
harmonic couplings through the impedance ratio when the
weak grid is connected.
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Fig. 1. Illustration of the single-phase grid-tied inverter in weak grid.

Fig. 2.

Control diagram of the inverter-current control.

3) The impedance model is extended to the n-parallel in-
verter system. The output impedances of two n-parallel
homogeneous-inverter systems are identical if the num-
ber and the total grid current iio; are the same. The
parallel system stability relies on the impedance ratio
% Zop‘(ancc7 Tavg) /ZpCC’ where ZOp|(n-chc, Tavg) is the
output impedance of one special inverter with the average
current itot/n injected to the grid with n - Z ..

4) The design procedure of the PLL bandwidth is elaborated,
which ensures the inverter-grid system stability with the
anticipated phase margin (PM).

II. GENERAL IMPEDANCE MODEL CONCERNING THE PLL
A. System Description

Fig. 1 shows the general configuration of a single-phase
LCL-filtered grid-tied inverter, which is assumed to be decoupled
with the constant dc voltage source because of the bulky dc
capacitors. Therefore, the dc dynamics are quite slow and are
reasonably neglected [12], which is also practically reasonable
when the interested frequency band of the PLL is relatively
higher than the low bandwidth of the dc voltage regulation
loop in the inverter (typically lower than 20 Hz) [30], [31].
The inverter-side inductor L, the capacitor C, and the grid-side
inductor Ly constitute the LCL-filter. The weak grid with an
impedance Z, (i.e., sL4 + R,), which is experimentally mea-
sured as 5-0.62 mH + 0.4  is considered. The impedance seen
from the PCC (Zj.) is made up of the grid impedance Z,; and
the series inductor Lg,,, which is intensively inserted to simulate
different PCC impedance Zp..

Various current control methods are feasible for controlling
the grid current. The classical inverter-current control shown
in Fig. 2 is taken as the analytical example without loss of
the generality. In Fig. 2, G, is the proportional-integral (PI)
current regulator, G ¢ is the PCC voltage feedforward, and G4
is the digital control delay, including the computation and the
PWM delay. When the symmetrical regular sampling method is
adopted, the one-period delay G4 can be deduced as

Gd _ Ts_l . 6_0'5T“s . (1 _ e—Tcs) /S ~ e—Tcs (1)



QIAN et al.: OUTPUT IMPEDANCE MODELING OF SINGLE-PHASE GRID-TIED INVERTERS

Park traniformation
Uy, u
u > d —
208G (}ﬂ i o)
L Park | i
Up Ug | Ky p ki pui/s

T

current reference
generator

PCC impedance

<&

Upe S

ZpedS) [€

Iref(S)

)

5481

Fig. 3.

Control block of the SRF-PLL.

[TP=3]

where 7T, is the control period. (The Laplace operator “s” is
omitted for simplification in the following transfer function).

B. Conventional Single-Frequency Impedance Modeling

Fig. 3 draws the control block of the SRF-PLL. The or-
thogonal signal can be generated by the T/4-delay PLL, the
SOGI-PLL, or other methods. After applying the nonlinear Park
transformation to the orthogonal signal of the PCC voltage upcc,
the g-axis voltage u, is obtained and sent to the input of the
PI regulator Gp; for generating the phase reference . The
nonlinear trigonometric functions inside the Park transformation
and the current reference generator complicate the modeling of
the SRF-PLL. By perturbing the variables in the time-domain
equations, the linearized small-signal model of SRF-PLL can be
derived as

Ug = 79~Um — sinfy - U, + costy - ug
é: f(.:.}dt = f (kp_p]] + ki—pll f)ath )
fref = —1dm sin90 . é

where the superscript “~” denotes the perturbation, U, is the
magnitude of the PCC voltage in the o frame (i.e., uo and ug),
and I, is the magnitude of the current reference iy.f.

By applying the Laplace transform to (1), the small-signal
model of SRF-PLL in the s-domain can be described by (3)—(5).

Ug (s) = —0(5)Up 4 0.5 - [jile (5 — jwo) — Jie (5 + jwo)]

+ 0.5 - [tg (5 — jwo) + g (5 + jwo)] 3)
0(s) = Gpr(s)-iiq(s) /s )
fre () = 0.5] T [8(s = juw) = 0 (s + jwo) | 5)

By assuming that @, = jug and neglecting the FCE, the trans-
fer function from the PCC voltage .. to the current reference
tref (Tpn) can be readily established as

lpef = Tpllﬂpcc = Imellapcc = Imo-5Gp]](5 - jWO)Gosgaﬂpcc

(6)
where Gosgq () is defined as the transfer function from @y to
Ug, H, p11(3) is denoted as the transfer function from ipc. to gref
with 1-A current reference amplitude, and Gy (s) is described
by

Gpr (s — jwo)
s+ U,Gpr (S — ij)'

Therefore, to incorporate the effect of PLL into the impedance
model, the control diagram is modified as Fig. 4, where Gplant
is the transfer function from i,cf to 74 with only the iz, control,
and Yi,,_, is the output admittance without the PLL effect.

Gp(s — jwo) = 7

i inverter

Fig. 4. Modified control diagram including the PLL effect.
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Fig.5. Illustration of the FCE phenomenon when the PCC voltage is perturbed

at the frequency 127 Hz.

The equivalent admittance of the PLL is denoted as Y. The
expressions of Gplant, Yinv—o, and Yy are provided as

Gplant = GcGa/ (8°L1 LyC + GcGygs*LsC + sLy + sLy)
=G.Ga/A (®)
Yiv—o = (1+ $°L1C + sCG.Gq — G4Gq) /A 9)
You = TonGhpiant- (10)

The inverter output impedance with the PLL effect (Z,_con)
can be found by solving the transfer function from wupc. to 74 in
Fig. 4, and is given by (11). Itis worth noting that Z,,_,,, bridges
14 and up. at the same frequency, and it is thus referred to as the
conventional single-frequency output impedance in this article

Zofcon - 1/Yofcon = *]-/ (Tpll : Gplant - Y’invfo) . (11)

C. Limitations of Z,—_con in Harmonic Stability Analysis

Based on the ISC, the stability of the grid-tied inverter can
be predicted by applying the Nyquist criterion to the impedance
ratio Zpe. /Z—con- Although the conventional impedance model
Zo—con 18 simple and effective to some extent, it does have its
own limitations, especially when the weak grid is connected. For
example, the typical experimental waveform of the FCE under
the condition that the PCC voltage is perturbed at the frequency
127 Hz is shown in Fig. 5. It is observed that the grid current
is composed by the corresponding component (127 Hz) and the
coupling components (27 Hz, 227 Hz). Additional loops caused
by the FCE are closed through the grid impedance, which is
verified to worsen the three-phase system stability and is not
well studied in the single-phase system. The reasons why Z,_con
fails to exactly identify the harmonic stability in Fig. 5, are
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contributed by the two nonrigorous assumptions made in the
derivation of (11).
First, the FCE is overlooked. By combining (3) and (4), 0 (s)
can be extracted as
R A P
+1g (s — jwo) + Ug (s + jwo)
(12)
Shifting (12) in the s-domain and substituting it into (5), the
current reference :L:ref (s) can be derived as the sum of three parts
ref-11 (s), Eref,p(s), and Eref,n(s), which are provided as

= _ [ta (5) + Ftg (s)] Gpu (s — jwo)
tref-11 (8) = 0.251,, { (i (5) = jitg (S)]pGpH (s donn) }

(13)

iref—p (8) = 0.251, [~ (s + 2jwo) — jiig (s + 2jwo)]
x Gl (s + jwo) 14

iretn (8) = 0.251,,, [~iia (5 — 2jwo) — jiig (s — 2jwo)]
X G (s — jwo) (15)

where %rcf,ll(s), %mf,p(s), and Zyef_n (s) denote the current
reference corresponding to upcc in the a3 frame at the frequency
w, w + 2wy, and w — 2wy, respectively. It is found that Lef(s)
at a given frequency w is related to upe not only at the same
frequency w, but also at the two coupled frequencies w £ 2wy,
which complies with the FCE phenomenon screened in Fig. 5.
The neglect of the FCE described by (14) and (15) poses a
challenge to predict the resonances and the stability exactly.

Second, (13) is simplified as (6) under the condition that
o = jug, which is not always satisfied in the single-phase
grid-tied inverter except at certain odd frequencies. Therefore,
the impedance Z,_ ., is not rigorously derived. It is also worth
noting that the PCC voltage on the §-axis ug is always lag-
ging i, 90° in the three-phase symmetric system. The current
iref—n(s) shown in (15) is thus omitted, which leads to the FCE
that iye¢ (s) is coupled with . at the frequency s and s + 2jwo
in the three-phase system. Therefore, the FCE works quite
differently between the single-phase system and the three-phase
system.

III. MULTIFREQUENCY MODEL OF THE GRID-TIED INVERTER

Since the existed single-frequency impedance model in (11)
only reflects the one-to-one frequency mapping from e t0 7,
it fails to identify the harmonic stability problem exemplified in
Fig. 5. This section introduces the multifrequency principle to
model the PLL of the single-phase inverter, and a 3 x 3 MAM
is proposed to avoid the ambiguous estimation of the inverter
output impedance.

A. Proposed MAM Model

The multifrequency principle is commonly used to account
for the coupled harmonics caused by the nonlinear pulsewidth
modulator [32], [33]. Applications of the multifrequency princi-
ple in the impedance modeling can be found in the model of the
three-phase inverter [24] and the modular multilevel converter
[34]. As the PLL is also characterized by the nonlinearity inside
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Fig. 6.  Signal flow diagram of a single-phase inverter under the weak grid.
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Fig. 7. Multifrequency control diagram of the single-phase inverter.

the Park transformation and the current reference generator,
the admittance model of the single-phase inverter can also be
developed by migrating the multifrequency principle when the
FCE needs to be captured.

Fig. 6 shows the signal flow of a single-phase inverter when
the FCE is taken into consideration. Specifically, in terms of the
grid current i, at the analyzed frequency w, it will flow through
the PCC impedance Zp.(s), and thus generate the voltage at the
frequency w (i.e., upcc(s)), which forms the conventional closed
loop for deriving Z,_con(s) (the dashed box in Fig. 6). The
PCC voltage upc.(s) is coupled with the current reference iyt at
the frequency w £ 2wq [i.e., iref(s + 2jwp) and ioe(s — 2jwo)]
due to the FCE described by (14) and (15). As the grid current
ig tracks the current reference i.o¢ at the coupled frequency
w £ 2wg by the current regulator, the induced grid current
[i.e., ig(s + 2jwp) and i4(s — 2jwp)] together with the PCC
impedance will generate the corresponding PCC voltage [i.e.,
Upee($ + 2jwo) and upec (s — 2jwo)], which will couple into the
current reference i,.¢(s) at the frequency w. Thus, an additional
closed loop is formed in Fig. 6, which may challenge the system
stability under the weak grid.

Based on Figs. 4 and 6, the multifrequency control diagram
of a single-phase inverter with the additional closed loops is
constructed as Fig. 7, wherein the Laplace operator “s” with the
superscripts “p” and “n” denote the positively coupled frequency
s + 2jwo and the negatively coupled frequency s — 2jwo,
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respectively. It is noted that the two symbols “p” and “n” just
denote the coupled frequencies other than the positive sequence
and the negative sequence used in three-phase system.
Before deriving the transfer functions in Fig. 7, Gys¢4(s) is
defined as the transfer function from wup. to ug, and is given by
ug(s) = Gosgp(s)upee(s)- (16)
Starting with part-II in Fig. 7, the current reference at the
frequency w is generated by the PCC voltage at the frequency
w, w + 2wp, and w — 2wp based on (13)—(15). Tpi-11(s),
Toi—p(s), and Tpy—p (s) denote the transfer functions from .
at w, w + 2wp, and w — 2wg 10 iref at w [i.e., Upec(s) —
1g(5), Upec(s + 2jwo) = ig(s), Upcc(s — 2jwo) — i4(s)], re-
spectively, and their mathematical expressions are deduced as

Ton-11(s) = L Hpu-11(s)
= O.25Im (Gosga(s) + jGUsgﬁ(S)) Gp]] (8 — jUJO)

+0.251,, Gosga(8) = §Goses (5) Gpin (5+jwo)
(17)

Ton-p(s) = ImHpn—p(s)
= —0.251,, Gosga(s+2jwo) +7Gosgp(s+2jwo)]

X Gpu (SJrij) (18)

Tpllfn(s) - Imellfn(S)
= 0.251,[—Gosga (s —2jwo) +JGosgp(s—2jwo)]

X Gpu (S — jwo) (19)
where Hyj—11(s), Hpi—p(s), and Hpy—p () are the correspond-
ing transfer functions of Thu_11(s), Tpu—p(s), and Tpy_n(s)
with the current reference I, extracted. The subscripts “p” and
“n” mean that, compared with the frequency of the coupled
reference, the frequency of the input voltage wup. is shifted
positively and negatively, respectively.

With respect to part-I and part-III in Fig. 7, Tpy—11(s?) and
Tpu-11(s™) are the one-to-one frequency mapping in the coupled
loops, which can be readily obtained by substituting s” and s™
into (17). Ton—p (s?) and Tpy—p, (s™) denote the transfer functions
from wpee at w to iref at w + 2w, and w — 2wy [i.e., Upee(s) —
ig(s + 2jwo), Upee(8) = ig(s — 2jwo)], respectively.

According to Fig. 7, the single-phase inverter-grid system can
be seen as a multi-input multi-output system where the input 3 x
1 vector uy(s) is composed of wpec (7)), Upee(s), and Upec (5™),
and the output 3 x 1 vector ig(s) is made up of iy (s”), 44(s), and
ig (s™). Therefore, the current reference i, at the three coupled

frequencies corresponding to uy.(s) can be derived as

iref(sp)
Z.ref(s)
Z.ref(sn)
Tpn(s)
Ton-11(s7) Tpin—n(s?) 0 Upee (SP)
= | Tonp(s) Ton-11(s) Tpu-n(s Upee (5)
0 Ton-p(s™) Tpn-11(s") | [ Upec (s™)
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Fig. 8. Compact form of the multifrequency control diagram.
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Upce (57)
X | Upee () (20)
Upee (™)

where Hpp 1, (s) is the transfer function matrix with I,,, extracted
from TprL(s).

According to (20), the grid current i, at the three coupled
frequencies can be deduced as

l‘g, (S) = Y3><3 (S) : u;cc (S)

where Y3.3(s) is the proposed 3 x 3 MAM model, and is
expressed by

21

Yinv-pPLL(5)
Y3><3<5> = Gplant (S) . TPLL(S> ""Yinvfo(s)
Hinv pLL(S)

=1 - Gplant (S) : HPLL(S) “!‘Yinvfo(s)

where Gplant (s) is the 3 x 3 diagonal matrix [Gpjan(s?) 00; 0
Gplant () 0500 Gplane(s™)1, and Yiny_o(s) is the 3 x 3 diagonal
matrix [Yinv—o(s?) 00; 0 Yiny—0(s) 0; 00 Yiny—o(s™)1.

It can be found that the FCE of PLL is included in
TprL(s) (off-diagonal matrix), which adds another admittance
Yinv_pLL(s) in parallel with the original admittance matrix
Yinv_o(s), and consequently shapes the output admittance.

According to (22) and Fig. 7, the multifrequency control
diagram is further shown in Fig. 8 with a more compact form,
where the transfer functions and the signals are replaced by
the corresponding 3 x 3 matrix and 3 X 1 vector, respectively.
Different from the existed impedance model of the single-phase
grid-connected inverter, the off-diagonal 3 x 3 matrix Tprr,(s)
is used to capture the FCE of the PLL. It is also worth noting
that the dimension of Ysy3(s) is different from that of the
three-phase inverter, wherein the current of the three-phase
inverter is controlled in a3 frame or dq frame, resulting in 2 x
2 impedance matrix. However, in single-phase grid-connected
inverter, the current is controlled on only one «-axis whereas
the frequency components of the current are decomposed based
on the multifrequency principle, resulting in 3 x 3 matrix.

(22)

B. Stability Prediction Based on the GNC

As the admittance matrix Y g g is characterized by the asym-
metric behavior, the GNC should be used to evaluate the inverter-
grid system stability [35], [36].
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When the inverter is connected to the grid with the PCC
impedance Zj., the voltage at the PCC satisfies

Upee(8) = Zpee(s) - ig(s) + ug(s)

where Z.(s) is the 3 x 3 diagonal matrix of the grid impedance,
i, [Zpee(sP)00; 0Zpec(s) 05 00Zpec(s™)]. Substituting (23)
into (21), the characteristic equation is derived as

= Yaus(5) - Zpoo(s)] 14(s) = Yana(s) - ul(s)

where I is a 3 x 3 unit matrix, the impedance ratio R is given
by

(23)

(24)

R(s) = Ysxs(s) - Zpee(s).

The inverter-grid system stability can be predicted by check-
ing the Nyquist plot of the determinant I — Y3,3(s) - Zpcc(s)
in terms of the critical point (0, jO) [36], or by checking the
frequency responses of the eigenvalues of the impedance ratio
R(s) in terms of (—1, jO). The latter conventional method is
adopted in this article, and the eigenvalues are calculated with
the aid of the computational software, which are given by

(25)

det [AT — Yi,3(s) - Zpee(s)] = 0. (26)

IV. DEVELOPED SINGLE-FREQUENCY IMPEDANCE MODEL

Although the MAM model is effective in evaluating the
influence of the PLL on the inverter-grid system stability, it
is not intuitive to identify where the harmonic resonances are
possibly triggered, and it is also hard to experimentally measure
the couplings. To facilitate the resonant frequency analysis as
the conventional output impedance model does, it is required to
have knowledge of the single-frequency output impedance with
the embedded multifrequency principle. Therefore, a developed
single-frequency output impedance model is elaborated in this
section.

A. Derivation of the Developed Inverter Output Impedance

Since the single-frequency impedance model is derived from
a single-input single-output system, the relationships among the
elements of the input vector uy.(s) in Fig. 8 need to be figured
out. By substituting (21) into (23), it is derived that

[I—Zpee(s) - Yaxs(s)] - u;cc(s) - u;(s) =0.

The closed-loop transfer functions from the PCC voltage
Upee at the analyzed frequency w to up. at the two cou-
pled frequencies (i.e., tpec (5) = Upee(s + 2jwo) and upec(s) —
Upee($ — 2jwp)) can be derived from (27) and defined as G (s)
and G,,(s), respectively, which are provided as

G — Imchc(5p>Gplant(3p)lelfn<sp)
P 1- chc(sp) [ImGplant(Sp)lelfll(sp) + Yvinvfo(sp)]
(28)

27

Ly Zpee (8™) Gptand (") - Hpn—p(s™)
1= Zpee(s™) [Im Gptand (8™ ) Hpi-11 (™) + Yiny—o(s™)]
(29)

G, =
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\0< G,(s) |:—'| Toir-a(s) inverter-s

Fig. 9. Control diagram with the embedded multifrequency principle.

Therefore, the single-frequency control diagram at the ana-
lyzed frequency w is constructed as Fig. 9. The transfer function
from wupc(s) to the current i4(s) can be easily deduced as (30),
and it is defined as Yo, |(zpcc, 1m)

Yo-con

= Imell—llelant + Yo
—_————

‘ ZipeeyIm
()[)( pecs ) - Z
CF|(chc Im)
Y11

+ Im Gplelprplant + ImGanllfn Gplant

YP‘(chanl) Ynl(chanL)

(30)

where Zop|(zpce, rm) is the developed single-frequency output
impedance with the embedded multifrequency principle at a
certain PCC impedance Zyec. Yy |(zpce, rm) and Yol (zpee, 1m)
are the positively coupled and the negatively coupled equivalent
admittance at a certain (Zye, I, ), respectively. Y, con is the
conventional admittance, which is composed of the equivalent
admittance of the one-to-one frequency mapping Y7; and the
output admittance without the PLL effect Y.

It is emphasized that the impedance seen from the PCC Z .
appears in the proposed impedance Z,, |(zpcc, 1m)» Which means
that the inverter output impedance depends not only on the
parameters of the inverter itself, but also on the PCC impedance.
This phenomenon appears when the analyzed system is charac-
terized by the FCE or the mirror frequency effect. Although it is
counter intuitive, it will be further experimentally validated to
have a nonnegligible impact on the inverter-grid system stability.

B. Stability Analysis Based on the Nyquist Criterion

The ISCis widely used to analyze the behavior of the intercon-
nected load-source system [25], which is commonly conducted
by applying the Nyquist stability criterion to the impedance
ratio of the inverter output impedance to the PCC impedance.
Based on (30) and the conventional impedance model in [27] and
[28], the developed single-frequency impedance model of the
inverter-grid system can be readily established as Fig. 10, which
intuitively illustrates how the FCE affects the system stability.

From Fig. 10, it is observed that two additional admittance
Yyl (zpee, tm) and Yy |(zpce, rm) related with Z.. are formed
in parallel with the conventional admittance Y, con, Which
means that the inverter output impedance is reshaped when the
FCE of PLL is taken into consideration. Similar to [26], the
stability can be identified by checking whether the impedance
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Inverter Y| zpce im

Grid

Fig. 10. Developed single-frequency impedance model of the single-phase
inverter-grid system.

ito(s)

upec(s)

Upec(S)

Fig. 11. Multifrequency control diagram of n-parallel inverter system.

ratio Zpee/ Zopl(zpee, rm) satisfies the Nyquist stability crite-
rion. The harmonic performance can be predicted by finding
the PM corresponding to the intersected frequency of the two
magnitude-frequency curves Z,p|(zpcc, 1m) and Zpe. If the PM
is not large enough, e.g., smaller than 45°, the harmonics at the
intersected frequency of Zop|(zpce, rm) and Zpee are possibly
excited. If the PM is sufficient, the system stability is ensured
with the outcome of a better current quality. The only difference
from [26] is that Z,|(zpce, 1m) should be repeatedly calculated
under different Z,, since the output impedance varies along
with Zpc..

V. IMPEDANCE MODEL OF N-PARALLEL INVERTER SYSTEM

The proposed impedance modeling method is extended into
the n-parallel inverter system to illustrate how the FCE affects
the output impedance characteristic of the n-parallel system.

A. Impedance Modeling

According to Fig. 8, the multifrequency control diagram for
the n-parallel inverter system is constructed as Fig. 11, wherein
the subscripts 1,2,...,n denote the numeric identifier of the
inverter, and the 3 x 1 vector iy ,(s) (i.e., ot (SP), itot(s), and
itot(s™)) means the total grid current of the n-parallel system.
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Fig. 12.  Single-frequency control diagram of n-parallel inverter system.

Based on (21), if (s) is easily deduced as

n

i‘g’i(s) = Z Y3><37i(s) : u;cc(s)

oe(s) = > 31)
i=1,2... i=1,2...
wherein the subscript i symbolizes the #i inverter.
The PCC voltage uy.(s) shown in (23) is modified as
Upee(S) = Zpec(s) - ot (8) + ug(s). (32)

By substituting (31) into (32), the relationships among the

elements of the input vector uy, (s) is derived as

I—Zpee(s): Y Yaxs i(s)| - ufec(s) — uy(s) = 0.
i=1,2...
(33)
Based on (33), the closed-loop transfer functions from the
PCC voltage upc at the analyzed frequency w to up at the
two coupled frequencies [i.e., Upec(5) = Upee(s + 2jwp) and
Upee(8) = Upec(s — 2jwp)] can be derived and defined as the
coupled transfer functions G,y and G, v, respectively, which
are provided as

Gon =
chc(sp) Z InLiGplant—i(Sp) : lel—n—i(sp)
i=1,...
1_chc(3p) Z [ImiGplant—i(Sp)le]—ll—i(5p)+l/inv—o—1i(5p)}
i=1,2,..
(34)
GnN =
chc(sn) ) Z ImiGplantfi(Sn)'lelfpfi(sn)
1=1,... (35)

1—Zpee(s™) >° [ImiGpran—i (s™) Hpn—11-i(s™)

i=1,2,...
+Yvinv707i (Sn)]

where it is found G,y and G,y are related to the PCC
impedance and the parameters of every inverter in the parallel
system.

According to (34), (35), and Fig. 11, the single-frequency con-
trol diagram of the n-parallel system at the analyzed frequency
w is established as Fig. 12, which describes the one-to-one
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frequency mapping from . to the total current i¢. The output
impedance of the parallel system is defined as Z, x| zpcc, Which
is obtained by solving the the transfer function from . (s) to
itot(s) in Fig. 12 and is shown as

n

= § ImiGpNlel—p—iGp]ant—i

i=1,2...

1

YoMV T T
o pec

Yp—i(8)] Zpec
Yo (s)lchc

n
+ D | TmiGrn Hon i Gplan i

i=1,2...

Yo—con—i (5)
+ L Hpii—11-i Gplani—i +Yinv—o—i

Yi1-i(s)

(36)

Therefore, the output impedance Z,y | Zpee Of the n-parallel
system depends not only on the parameters of all the invert-
ers, but also on the PCC impedance. The harmonic stabil-
ity of the parallel system is assessed by applying the ISC to
ZoN‘chc/chc-

B. Analysis of the n-Parallel Homogeneous-Inverter System

As often the case, the inverters installed at the PCC are
commonly manufactured by the same firm, and have the same
type, which means that it is reasonable to assume all inverters to
be equal. In this case, i.e., the n-parallel homogeneous-inverter
system, the output impedance of the parallel system is defined as
ZoHN |(Zpee, Imtot)» Which is simplified from (36) and provided
as

1

Youn|(Zyedpme) = 57—
peerfmiat ZOHN‘(chcvlm,tot)

= nYVinvfo + lelfllelantImtot

YoN-con

+ GpN lel—pGplamImtot

YPN‘(ZPCC»InLtot)

+ GnNlelfnGplantImtot (37)

Y"N ‘(Z])CCvatot)

where I,,t0t is the amplitude of the total grid current iy,
YoN—con 18 the conventional output admittance without the
influence of chc- YpN'(chc,Imtot)’ YnN|(chc,Imtot) are the
positively coupled and the negatively coupled equivalent admit-
tance at a certain (chc, Intot)- The coupled transfer functions
Gpn and G, v are derived from (34) and (35), and are expressed
by
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Gyn =

ancc(sp)Gplant(sp) : Hp]lfn(sp)% Z

n
i=1,2...

Imi

1—nZpec(sP)
i=1,2

Yinvw(sp)+Gplant(5p)lelfll(Sp)% Z Imi‘|
2.
(38)
GnN =

n

ancc(Sn)Gplanl(Sn) : lelfp(sn)% Z
i=1,2...

Imi

1—nZpec(s™)

i=1,2...

(39)

Y;nvw(sn)+Gplant(5n)Hp1F11(5n)% Z Im1‘|

Equivalent transforms are made in (37) for simplifying the
stability analysis through Z,nn|(zpcc, imtot)/Zpec- By substi-
tuting I,,0t With n-Iayg (Iavg 18 the average value), it is obtained
that

YOHN | (ch(:717mol)
= n(}/inv—o + lel—llelamIavg + GpNlel—pGplantIan
+ GnN lelfnGplantIavg) (40)

where it is found that the output impedance of the n-parallel sys-
tem is 1/n times of that of a special inverter with the current /..
However, it is stressed that the output impedance of this special
inverter should be calculated under n times PCC impedance, i.e.,
Zop|(n-Zpce, Tavg)» since the influence of Z,,. on the two transfer
functions G,y and G, is n times larger [see (38) and (39)].
Therefore, if the n-parallel homogeneous inverter is connected
to the grid with Z,.., the output impedance of the parallel system
satisfies

ZOHN|(chc;Im.tot) = (1/n)Z0P|(n»ZpCC,Im:Ian)' (41)

Based on (41), two applicable conclusions are made.

1) The stability can be identified by applying the ISC to
the impedance ratio L Zop|(nzpcc, 1ave)/Zpec: Which
is equivalent to Zop(n. zpce, Tavg) /1 - Zpee. This special
impedance ratio is defined as the equivalent system Geq.
In other words, the recognition that the PCC impedance
is n times amplified in the parallel system is satisfied only
for one special inverter with the current /.

2) The output impedances of two n-parallel homogeneous-
inverter systems are identical if the number n and the total
grid current iy, are the same.

VI. CASE STUDY OF SINGLE-PHASE GRID-TIED INVERTERS

Since the experimental measurement of the inverter output
impedance is much smoother when the injected power is low
(to avoid the overload operation of the Venable instrument
power amplifier), and the output impedance keeps invariant for
the scaled-down system [27], all the theoretical analyses and
the experiments are performed on a scaled-down single-phase
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Fig. 13.

(b)

Nyquist diagrams of the eigenvalues of 3 under different Zp. (a) Case al: Zpee = s-1.95mH 4 0.4Q (SCR = 6.66). (b) Case a2: Zyec =

5-3.85mH + 0.4 €2 (SCR = 3.82). (c) Case a3: Zpec = 5-5.85mH + 0.4 (SCR = 2.61).

TABLE I
PARAMETERS OF THE SCALED-DOWN SINGLE-PHASE INVERTERS

Symbol Value Definition

Un 55V nominal grid voltage

I 11.3A nominal grid current

fs 15kHz control frequency

Li/R; 0.75 mH/0.4 Q inductance/parasitic resistance

L2/R> 0.45mH/0.25Q inductance/parasitic resistance

C 6.8 uF filter capacitor

& 0.707 damping ratio of the PLL loop

Zg 0.62 mH+0.4Q grid impedance

Zpee 1.95 mH+0.4 Q(6.66), PCC equivalent impedance (SCR)
3.85 mH+0.4 Q(3.82),
5.85 mH+0.4Q(2.61)

In 8 A(0.5), amplitude of the current reference
12 A(0.75), 16 A(1)

fo 100Hz, 220Hz, 380Hz  bandwidth of the PLL

Ge 9+15000/ s PI regulator

Gr 0 coefficient of feedforward

inverter, whose parameters are provided in Table I. Moreover,
to make a fair comparison with the existed impedance model in
[27] and [28], the T/4-delay based PLL is also adopted in this
article, which can be described by

GosG-a (5) =1, ~Tos/4,

GOSGfﬂ (S) =€ (42)

A. Influence of Zy.. on the Inverter-Grid System Stability

First, the stability of the single-phase grid-tied inverter under
various PCC impedance Z. is analyzed by applying the GNC
to the proposed 3 x 3 admittance matrix Y 3. 3. The inverter-grid
system parameters are listed in Table I, where 7,,, and f; are set
as 12 A (0.75 p.u.) and 220 Hz (based on the damping ratio
of the PLL loop [28]), respectively. Fig. 13(a)—(c) shows the
Nyquist diagrams of the three eigenvalues of the impedance ratio
R in (26) when Ly is configured as 1.95, 3.85, and 5.85 mH,
respectively. It can be found the scales of the axes are different
in Fig. 13(a)—(c), and the stability performance degrades with
the increasing Zy... Specifically, the inverter works stably with
the case al and the case a2, but more harmonics are produced
with the case a2, and finally it turns unstable with the case a3.
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Fig. 14. Bode of Zop|zpec and Zo_con With different Zpee. (fp, = 220 Hz,

I = 12 A). (a) Bode of Zop|(zpce, 1m) under different Zpec. (b) Bode of
Zo—con under different Zpc..

It is found that the harmonic frequencies are not intuitively to
be predicted according to the three Nyquist diagrams.

To identify where the harmonic frequencies are located, the
characteristics of the proposed output impedance Z,, | (Zpce, Im)
under different Z. are studied. Fig. 14(a) and (b) shows the
bode diagrams of Z,,,)| (Zpee, Im) corresponding to the three cases
in Fig. 13(a)—(c). The bode diagrams of the conventional output
impedance Z,_.on () are plotted in Fig. 14(b) to make a compar-
ison. Based on the ISC, the stability identified by Z,,|(zpcc, 1m)
is identical to those identified by Fig. 13(a)—(c). Specifically,
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TABLE II
PERFORMANCE COMPARISONS UNDER DIFFERENT Zpcc

p case al case a2 case a3
model 1tems Lipeei=1.95 mH Loo385mH  Lpees=5.85 mH
R stable yes yes no
line style Zopi Zop2 Zops
z stable yes yes no
o intersected . f2r1:256 Hz f31: 230 Hz
Fig. 14() frequency iz 333 Hz f22: 147 Hz f32: 123 Hz
phase margin PM,;: 61° PM,,: 14°
stable yes yes yes
Zyer - mtersected o gy y 0 £0305H, /203 Hz
Fig. 14()  frequency ’ 7 ’
phase margin  PM;: 63° PM,: 29° PM;: 3.5°

with respect to the case al, enough PM (PM;; = 61°) is
observed at the intersected frequency f11 (533 Hz) of the two
magnitude-frequency curves Z,,1 and Zp., which means that
the inverter-grid system stability is good and the grid current is
not prone to be excited at f1 . In terms of the case a2, limited PM
and GM are found around 256 and 147 Hz in Fig. 14(a), which
is different from the frequency 305 Hz predicted by Z,_con in
Fig. 14(b). Therefore, the harmonic frequency of the grid current
is predicted to be different by Z,,2 and Z,_con. In case a3,
conflicting stability conclusions are made. It is predicted to be
unstable by Z,,3 when L. is 5.85 mH (SCR = 2.61), whereas
it is deemed to be stable by Z,_.on. The harmonic and stability
identified by different models are summarized in Table II.

B. Influence of the Current Reference and the PLL Bandwidth

As the current reference I,,, appears in the transfer functions of
PLL, e.g., Tpu-11(s), the influence of I,, on the system stability
also needs to be identified. With the PCC inductor set as 3.85 mH
(SCR = 3.82) and the PLL bandwidth set as 220 Hz, Fig. 15(a)
and (b) shows the bode diagrams of the proposed impedance
Zop|(zpee, rm) and the conventional output impedance Z, con
with [,,, varying from 8 A (0.5 p.u.) to 16 A (1 p.u.), respectively.

From Fig. 15, both impedance models indicate that the
inverter-grid system stability degrades gradually with the in-
creasing I,,,. However, the output impedance profiles of the
same I,,, are quite different between Z,,|(zpce, 1m) and Zpec.
Specifically, in the case b3 (I, = 16 A, 1 p.u.), it is to note
that the PM is larger than O (PM3 = 15°) around the intersected
frequency 263 Hz of the magnitude-frequency curves Z,_cons
and Zp.. in Fig. 15(b), whereas the PM is negative at the
intersected frequency f3; and f35 of Z,,3 and Z,. in Fig. 15(a),
which means that conflicting stability predictions are made.

Fig. 16(a) and (b) shows the bode diagrams of Zop|( Zpce, Im)
and Z,_con with the PLL bandwidth f; increased from 100
to 380 Hz, which is used to reveal the influence of f; on
the inverter-grid system stability. From Fig. 16, it is observed
that both impedance models indicate that the system stability
degrades with the increasing fp. It is found that the stability
conclusions made by Z, con and Zop|(zpec, 1m) are similar
when f3 is low. However, inconsistent stability predictions are
made when fj, is 380 Hz (case c3), since the PM is larger than
0 (PM3 = 11°) around the intersected frequency 279 Hz of the
magnitude-frequency curves Z,_con3 and Zp in Fig. 16(b), and
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Fig. 15. Bode of Zop|Zpcc and Z,_con under different I,,,. (f, = 220 Hz,
SCR = 3.82). (a) Bode of Z,p|zpec under different I,,,. (b) Bode of Z,_con
under different I,,,.

the PM is negative at the intersected frequency f3; and f3o of the
magnitude-frequency curves Z,,3 and Zp in Fig. 16(a).

According to Figs. 15 and 16, the conclusions about the
influence of PLL bandwidths and current references on the
single-phase inverter-grid system stability can be made, i.e.,
the higher the PLL bandwidth or the current reference, the worse
the system stability performance.

C. Influence of Number n on the Parallel System Stability

To figure out the influence of the number n on the paral-
lel system stability, the output impedance of a three-parallel
homogeneous-inverter system is studied. Two cases (case d:
I, =1,,0=1,3 =12Aandcasee: [,,1 = 16 A, I,,5 = 8A,
I3 =12 A) are designed and plotted as the dashed line and
the solid line in Fig. 17, respectively. The symbols Z,g 14,
ZoHN2d> ZoH N3d» denote the output impedances of the parallel
system of the case d when n is 1, 2, 3, respectively. The symbols
ZoHN1es LoHN2e> ZoHN3es denote the output impedances of
the parallel system of the case e when n is 1, 2, 3, respectively.

Two phenomena are found based on the output impedances
of the n-parallel system in Fig. 17 with n increased from 1 to 3.

1) The output impedances of the two cases (case d and case

e) are identical if the number n and the total grid current
1ot are the same, since the dashed line matches well with
the solid line when n is 2 or 3 (see Z,gn24 and Z, g n2e,
ZoHN3d> and Zopr N3e).
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2) The n-parallel system stability is challenged by the in-
creasing number, and the n-times amplification of the
PCC impedance in the parallel system is satisfied only for
one special inverter with the average grid current /. In
other words, the stability identified by Z, x| zpee/ Zpec 18
equivalent to that identified by Z,, | (n. zpce, rave) /™ * Zpec-
For example, when n = 2, the PM corresponding to the
intersected frequency 256 Hz of the magnitude-frequency
curves Zorn24 and Zpe is 14° in Fig. 17, which is
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‘ configure the parameters: Ly, 1, I, Rgpce ‘

stepl
nL,
YES
step2 ‘ calculate the equivalent system G.;=Z,|nzpe/MZpcc
calculate ¢ of G,, with f;, swept in a certain range
step3 [num,den,wrad]=bode( Geq,wrad)
[Gm ,Pm,W gm, W pm]=margi n(num den)
—4 increase L., ‘
step4 ‘ plot ¢ under the variation of f, and nL,.. }4—

stepS ‘ choose the appropriate f, with the anticipated ¢,

Fig. 18.  Flowchart of the proposed design procedure of the bandwidth fj.

identical to the PM at the intersected frequency of Z,2
and Z in Fig. 14(a).
The abovementioned two phenomena comply with the theo-
retical analyses in Section V-B.

VII. DESIGN GUIDELINE OF THE PLL. BANDWIDTH

It is illustrated in Section VI that the stability of the single-
phase grid-tied inverters is challenged by the PCC impedance
Zpece, the current reference I,,,, the number 7, and the PLL band-
width f3. Since Zp.. and n depends on the system configuration,
and the inverter is required to operate stably under the full-load
condition (i.e., I,,, is set as the peak value of I,,), a probable
way to guarantee the system stability under the weak grid is to
optimize the selection of the PLL bandwidth f;. Therefore, the
design guideline of f; with the anticipated PM ¢, is elaborated
in this section, which is illustrated as a flowchart in Fig. 18.

Step 1: Configure the system parameters, Zpcc = SLpec +
Rpee, n, I, and predefine the variation range of
the PCC inductance as (Lpcemins Lpeemax), Wherein
Lpcemin is used as the initialized value of Lypec. If
n - Ly belongs to the predefined impedance range,
go to step 2. If not, step 4 is carried out.

Derive the equivalent system G (the impedance ratio
of Zopl(n-zpee,im)/M * Zpec) in MATLAB.

Calculate the PM ¢ of Gq with f; swept in a prede-
fined frequency range. Increase Ly and go back to
step 1.

The graph of the PM ¢ versus to f, and n - Ly is
plotted as a 3-D figure.

Choose the appropriate f3 from the graph based on the
working condition of the inverter and the anticipated
PM .

According to the design procedure of f;, a design example
is provided in Fig. 19, which illustrates the relationships among
the inverter-grid system PM ¢, the bandwidth f3,, and n - Lycc.
The X, Y, Z axes are o, nLpc, fi, respectively. The contour line
that ¢ equals 40° is also plotted and projected on the X-Y plane to
give an intuitive illustration. In this case, three-parallel inverters
whose parameters are provided in Table I are connected to the

Step 2:

Step 3:

Step 4:

Step 5:
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grid with 1.95 mH + 0.4 €). By setting the anticipated PM ¢,
as 40° (n - Lpec = 5.85 mH), the PLL bandwidth fj, is thereby
chosen as 67 Hz based on the point A in Fig. 19. The output
impedances of the 3-parallel system with n increased from 1
to 3 are plotted in Fig. 20 for verification. It is found that the
PM is 40° when three inverters are paralleled to the grid, which
complies with the design procedure.

VIII. EXPERIMENTAL VERIFICATIONS
A. Illustration of the Experimental Setup

To verify the correctness of the theoretical analyses and the
proposed impedance model, experiments are conducted on a
scaled-down multiparallel inverter system, whose parameters
are listed in Table I. Fig. 21(a) shows the circuit configuration,
where each inverter is independently controlled by the digital
signal processor TMS320F28335. The input of the inverter is
decoupled from the dedicated three-phase rectified dc source by
the bulky electrolytic capacitors, and the output of the inverter
are paralleled and connected to the utility through a stepup
transformer 7. The PCC impedance Z, is lumped with the
inserted inductor Lg., (for impedance modification) and the
parasitic impedance of the transformer and the utility.

As shown in Fig. 21(a), the output impedance of the paralleled
inverters is measured by sweeping the frequency of the injected
small perturbance of the ac voltage source from 10 to 15 kHz,
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Fig. 21. Illustration of the experimental setup. (a) Circuit principle of the
experimental setup. (b) Photograph of the experiment setup of the inverter-grid
system.

which is generated by the Venable Linear Amplifier VLA1500
together with the isolation transformer 75. The sensed grid
current i, and the PCC voltage uy. are sent to the frequency
response analyzer Venable 3120. Therefore, the ratio of upcc1
to 44 is supposed to be the single-frequency output impedance,
and the ratio of upcco 10 —ig4 is deemed to be Zp..

Fig. 21(b) shows the photograph of the experimental setup
of 3-parallel single-phase grid-tied inverters. The experimen-
tal impedance results are recorded by the specialized Venable
software and exported to the workspace of the MATLAB for
comparing with the theoretical curves of Zop\( Zpee, Im)- The
experimental waveforms are screened by the oscilloscope
KeySight DSOX3024T.

B. Stability Verification with the PCC Impedance Variation

To reveal the influence of the PCC impedance on the stability
of the single-phase grid-connected inverter in Section VI-A,
Fig. 22(a)—(c) shows the waveforms of the inverter connected
to different PCC impedances. The control parameters and Zp.
are set to be consistent with the cases (case al-a3) in Fig.
14. It is worth noting that large harmonics around 150 and
250 Hz (other than 305 Hz predicted by Z, .on) are excited
in the case a2 in Fig. 22(b), which is in accordance with the
intersected frequency (f21, f22) of the gain curve of Z,p,» and
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Fig. 22.  Waveforms of the inverter with varied Zpec, (Im = 12A, f, =
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3.85mH + 0.4 €. (c) Case a3: Zpec = 5.85mH + 0.4 (2.

Zpee in Fig. 14(a). Fig. 22(c) shows that the inverter-grid system
turns unstable when Z. further increases. When the inverter
finishes the soft start at the instant ¢, the grid current starts
to resonate severely and triggers the protection at 7. The main
resonant frequencies (128 Hz, 228 Hz) again match well with
the intersected frequencies f3; and f32 in Fig. 14(a) and Table II.

Further on, to validate the developed outputimpedance model,
the experimental measurements of the inverter output impedance
in corresponding with case al and case a2 are recorded as
Zop—m (m means the measurement), and are marked with “0” in
Fig. 23(a) and (b), respectively. As the case a3 in Fig. 14(c) is
predicted to be unstable, it is hence impossible to measure the
output impedance of the inverter, and is thereby not provided.
From Fig. 23(a) and (b), itis found that Z,,,_,,, matches well with
theoretical curves Z,,, which validates the proposed impedance
model described by (30). More importantly, the phenomenon
that the output impedance depends not only on the inverter itself
but also on the PCC impedance is verified, which means that
attention should be paid to the impact of the FCE on the inverter
output impedance.

C. Stability Verification with Different I,,, and f,

Fig. 24 shows the waveforms of the inverter with different
current references in corresponding with the case b1 and case b3.
It can be found that the quality of the grid current ¢, in Fig. 24(a)
is better than that of the case b2 (case a2, b2, c2 are the identical)
in Fig. 22(b), since the amplitude of I,,, is much lower in Fig.
24(a). When [,,, is set as 1 p.u. in Fig. 24(b), the system diverges
gradually from the instant 75 (the soft start finishes), and finally
the protection is triggered at £3, which means that the case b3 in
Fig. 15(a) is unstable, other than the stable case predicted by the
impedance Z, oy in [27] and [28]. The resonant frequencies
are also well predicted by Z,,,3 in Fig. 15(a).
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Fig. 25 shows the waveforms of the inverter with different
PLL bandwidths in corresponding with the case c1 and case c3.
It can be found that the quality of the grid current ¢, in Fig. 25(a)
is better than that in Fig. 22(b), since the PLL bandwidth is
lower. When the bandwidth increases to 380 Hz in Fig. 25(b),
the system diverges gradually from the instant 7o (the soft start
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Fig. 26.  Experimental measurement of the inverter output impedance with a
lower current reference in Fig. 16(a) (case bl).

finishes), and finally the protection is triggered at 5. The unstable
case c3 is confirmed by the experimental waveform, and the
dominant harmonics (150 Hz, 250 Hz) are indicated by Z,,3 in
Fig. 16(a).

Similarly, the measurement of the inverter output impedance
in Figs. 24(a) and 25(a) are performed, and the results are marked
with “0” in Figs. 26 and 27, respectively. It is observed that
the theoretical curves match well with the experimental mea-
surements, which again verifies the correctness of the proposed
impedance model.

D. Stability Verification in 3-Parallel Systems

To verify the impedance model Z, x| zpee for the parallel
system, experiments on a 3-parallel system are conducted.

Fig. 28(a) and (b) provides the waveforms of the parallel
system of the case d and the case e in Fig. 17, respectively.
First, both of the 3-parallel systems are stable when n = 2 (i
=24 A), and unstable when n = 3 (i;o = 36 A). Therefore, the
conclusion that the characteristics of two systems are similar
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I3 = 12A.(b) Case e in Fig. 17, I,,1 = 16 A, I, = 8A, I3 = 12A.

if the number and the total grid current are the same is exper-
imentally verified. Second, the harmonic stability in Fig. 28 is
similar to that in Fig. 22(c), and the stability of the parallel
system with the increasing n is identical to the special inverter
connected to the grid with n - Z... Therefore, the conclusion in
Section VI-C that the parallel system stability can be identified
bY Zop|(n-Zpce, 1ave) /T + Zpee s verified.

Fig. 29(a) and (b) further shows the experimental measure-
ment of the output impedance for the two cases in Fig. 28(a)
and (b), respectively. It is found that the impedance measure-
ments match well with the theoretical curves of the proposed
impedance model Z,y n, which complies with the theoretical
analysis in Section VI-C. The curves Z,yn_,, With n = 2 are
similar in Fig. 29(a) and (b), which again verifies the conclusion
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(a) in Section VI-C that the output impedances of two systems
are identical if n and i, are the same.

To verify the correctness of the proposed design procedure of
the bandwidth f; in Section VII, the experimental waveforms
of a three parallel system are shown in Fig. 30. It is found
that the parallel system operates stably when the inverter is
connected to the PCC one by one, and the total injected current
ivot keeps sinusoidal with the increasing n, which means that
the selection of f; is reasonable in the parallel system under
the weak grid. Moreover, the output impedance of the 3-parallel
system is measured, and it is shown in Fig. 31. It is found that
the measurement result matches well with the theoretical curves
with the increasing n, which again verifies the correctness of the
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proposed impedance model for the parallel system. Since the
injected power is relatively high when n = 3, the perturbance
gain of the Venable power amplifier needs to be decreased
to avoid the overload operation at the frequencies lower than
100 Hz, which leads to slight difference between Z, 1, and
Zomn in the frequency range 10-100 Hz.

IX. CONCLUSION

The output impedance modeling of the single-phase grid-tied
inverters with capturing the FCE of the PLL is presented.
A 3 x 3 MAM and a developed single-frequency output
impedance are proposed to precisely assess the harmonic sta-
bility of the inverter-grid system. It is found that the FCE is
contributed by the interactions between the PLL and the grid
impedance, which may cause the inverter output impedance to
vary along with the grid impedance. Extension of the proposed
impedance model in the n-parallel inverter system reveals that
the output impedances of two n-parallel homogeneous-inverter
systems are identical if the number and the total injected current
are the same, and the system stability is indicated by the ratio %
Zop| (n-Zpce, Tave)/ Zpee- Further on, the design procedure of the
PLL bandwidth is elaborated, which guides the selection of the
bandwidth with the anticipated PM. Analyses of the influence
of different PCC impedances, PLL bandwidths, current refer-
ences, and n have been performed with the proposed impedance
model. The close correlations between the theoretical analyses
and the experimental results verify that the correctness of the
proposed impedance model and the design procedure of the PLL
bandwidth. Synthesis of the dc dynamics of the dc-link voltage
control to reveal the impedance behavior below the fundamental
frequency needs further study.
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