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Abstract: The limiter in grid-connected inverter control may cause sustained oscillation in the system.
The large-signal impedance model is provided since the traditional small-signal impedance model
cannot accurately describe the characteristics of the limiter. In this paper, there are three established
large-signal impedance models of grid-connected inverters that take into account the limiter in the
phase-locked loop (PLL), the limiter in the current control loop and the limiter in the pulse width
modulation (PWM). Based on the established models, the influences of these different limiters on
the output impedance characteristics of the grid-connected inverter are discussed. Furthermore, the
stability of the system considering the influence of different limiters is analyzed and the oscillation
frequency and amplitude of the system are predicted. The simulation verifies the accuracy of the
large-signal impedance model and the predicted oscillation frequency and amplitude.

Keywords: limiter; sustained oscillation; description function; large-signal impedance; oscillation
frequency; oscillation amplitude

1. Introduction

With the scarcity of fossil fuels and the worsening of environmental degradation,
renewable energy power production technology has advanced significantly [1]. However,
as the types and installed capacity of renewable energy generation expand, it is more
challenging to deal with a series of oscillation issues produced by the connection of a
large number of grid-connected inverters to a weak grid [2,3]. Actual engineering data
show that the wind power grid-connected system may have non-growing and persistent
constant amplitude oscillations if it reaches saturation or control limits [4]. When oper-
ational circumstances vary, oscillations continue to exist in the system, appearing and
disappearing. In some cases, this damages the equipment or eventually triggers certain
protective measures that trip the system. In order to design protection control and avoid
equipment damage and accurately estimate the amplitude and frequency of oscillation, the
influence of nonlinear limiters in the control circuit of the grid-connected inverter must be
considered when analyzing the system stability [5,6].

The impedance model-based stability analysis considers the grid and the grid-connected
inverter as two independent systems, and the structure or parameter changes in one part
will not affect the impedance model in the other part, reducing the difficulty of system
analysis. As a result, it is the preferred method for studying the interaction between the
grid-connected inverter and the grid [7]. At the moment, the majority of impedance model
research is concentrated on small-signal impedance models based on harmonic linearization.
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The small-signal impedance model mainly includes the DQ impedance model [8-10],
sequence impedance model [11-13] and phasor domain impedance model [14,15]. However,
the stability analysis based on the small-signal impedance model can only evaluate the
system dynamics under the small disturbance close to the static operating point. It is unable
to analyze the dynamic characteristics of the oscillation throughout the entire process or
to predict the amplitude of the oscillation [16]. Moreso, it ignores the nonlinear limiter
in practical systems and fails to analyze the constant amplitude oscillations induced by
the limiter. Transient stability analysis techniques are frequently utilized in large-signal
disturbance and limiter analysis [17-19].

In order to compensate for the defects of the small-signal impedance model and to
analyze the impedance characteristics of the grid-connected system with the participation
of the limiter, the large-signal impedance is defined in reference [20] as the impedance
response of the converter with different magnitudes of injected disturbance. Based on
the small-signal impedance and the PWM limiter’s description function, the large-signal
impedance model is created. This model contributes to the improvement of impedance
amplitude and phase characteristics in the process of nonlinear oscillation. Moreover, a
prediction approach of oscillation amplitude of a grid-connected system based on large-
signal impedance is proposed. Ref. [21] measures the large-signal impedance of a 1 MW
VSC inverter and a 4 MW medium voltage doubly fed induction generator. The experiments
show that the theoretical value of the large-signal impedance model is consistent with
the measured value, and it is confirmed that the injected disturbance amplitude has an
impact on the impedance response. Additionally, it is discovered that the trip protection
triggers as the injection disturbance rises, resulting in a narrowing of the impedance scan’s
frequency range. Ref. [16] suggests a novel approach to forecast the oscillation frequency
and amplitude of grid-connected converters based on a large-signal impedance model.
Ref. [22] establishes the large-signal impedance model of the grid-connected inverter, and
the effects of PLL bandwidth and current loop control bandwidth are investigated. The
accuracy of the large-signal impedance model decreases as PLL bandwidth increases,
making it impossible to disregard the nonlinearity generated by PLL. Ref. [23] analyzes
the impact of sampling delay on large-signal impedance, demonstrating how the sampling
delay contributes to the expansion of the phase’s negative resistance region. Ref. [24]
contrasts the large-signal impedance analysis approach with other large-signal analysis
methods, demonstrating how the large-signal impedance method simplifies the study
and assesses the converter impedance’s sensitivity to disturbance amplitude. Ref. [25]
establishes two occurrence criteria of equal-amplitude oscillation based on a large-signal
impedance model, using the criteria to assess the amplitude of the oscillation as well as the
effects of grid strength and load level.

In summary, the advantages of the large-signal impedance model over the small-
signal impedance model are shown in Table 1. At present, the limiter in PWM is taken
into account by the majority of large-signal impedance models of grid-connected inverters.
However, the actual system may include a limiter in different control loops, which might
cause sustained oscillation in various frequency bands. In this paper, based on the existing
large-signal impedance model considering the PWM limiter, the large-signal impedance
models considering the limiter in the current control loop and the limiter in the PLL of
the grid-connected inverter are developed for the first time. Three large-signal impedance
models” impedance properties are compared and analyzed, along with the similarities
and distinctions between large-signal and small-signal impedance, as well as the effects of
various limiters on the grid-connected inverters” output impedance properties. When the
limiter in the current control loop is taken into account, Bode and Nyquist plots are utilized
to forecast the oscillation frequency and amplitude.
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Table 1. Comparison of the small-signal impedance model with the large-signal impedance model.

Comparison The Small-Signal Impedance The Large-Signal Impedance
analyzing the stability of the system v 4
predicting oscillation frequency 4 v
considering limiter X v
describing the impedance change as V}, changes X 4
analyzing the dynamic properties of oscillations X v
predicting oscillation amplitude X 4

This paper is organized as follows: Section 2 introduces the topology of the grid-
connected inverter system, Section 3 establishes three large-signal impedance models, and
Section 4 verifies the accuracy of these models. The oscillation frequency and amplitude
are predicted in Section 5, and Section 6 concludes the paper.

2. Structure and Control of Grid-Connected Inverter System

Figure 1 shows the structure and control diagram of the grid-connected inverter
system, which mainly includes the grid impedance, filter circuit, grid-connected inverter,
and grid-connected inverter control circuit. V4. is the DC side voltage of the inverter,
51~S¢ are the control switch tubes of the inverter, L¢, C; and R; are the filter inductor, filter
capacitor and damping resistance, respectively, Lg is the equivalent inductance of the grid,
Va, Up and v, are the three-phase voltage of the inverter union point and i, 7, and i. are the
three-phase current of the inverter union point. Zg and Z;, are the grid impedance and the
grid-connected inverter positive sequence impedance, respectively.
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Figure 1. Structure and control diagram of the inverter grid-connected system.

The control circuit of the grid-connected inverter mainly includes three parts: phase-
locked loop control, current control and PWM modulation. Hpyy,(s) is the PLL’s PI controller,
and its value is (K,,_pLL + Ki_pLL/s), Kp_pLL and K;_pr are the proportional and integral
coefficients of the PLL’s PI controller, respectively. Ky is the current loop decoupling
coefficient; K¢ is the voltage feedforward coefficient; Hi(s) is the PI controller of the current
loop, and its value is (Kp 1 + Kj_1/s). Kp 1 and K | are the proportional and integral
coefficients of the current loop’s PI controller, respectively. limiter;, limiter, and limiters in
the yellow box are the limiters in the PLL, the limiter in the current control loop and the
limiter in the PWM, respectively. In this paper, when the large-signal impedance model
considering the limiter in different control steps is established and the system stability is
analyzed, only one of the corresponding limiters is selected. imax and imin are the upper
and lower limits of the current loop limiter, PLLyax and PLLy,;, are the upper and lower
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limits of the PLL limiter, and PWMmax and PWMui,, are the upper and lower limits of the
PWM limiter.

3. Large-Signal Impedance Modeling of Grid-Connected Inverter Considering the
Influence of Limiter in Different Control Links

To study sustained oscillation, Shahil Shah proposed the large-signal impedance
model (LSIM) in 2017. The large-signal impedance is a representation of the converter
impedance for various injections of disturbance along the nominal operating trajectory. The
large-signal impedance response has changed as a result of the addition of limiters to the
converter’s many control loops.

3.1. Limiter Description Function

The approximate equivalent frequency characteristic of the nonlinear link in the
control system under the action of a sinusoidal signal is called the describing function of
the nonlinear link. When the input of the nonlinear link is a single sinusoidal signal, the
describing function can be expressed as the complex ratio of the first harmonic component
of the steady-state output of the nonlinear link to the input sinusoidal signal:

Zle]q’l (1)

N(A) =
where, A is the amplitude of the input sinusoidal signal, Y is the amplitude of the out-
put primary harmonic component, and ¢ is the phase of the output primary harmonic
component.

The limiter shown in Figure 2 is a typical nonlinear link. When the input is a single
sinusoidal signal, its description function can be expressed as follows:

a2

2K a a
A) = — 4+ —1/1-
N(A) = —[arcsin (

A
a-Kp— ,

v

—a a
Figure 2. Static characteristics of limiter.

When the input of the limiter is a double sinusoidal signal, its describing function can
be expressed as follows:

Nay (A1, A2) = = [* {558 fo(Aaw) Ay ©

Nay(Ar, A2) = 2 [ (58 fo(Av) Ay @

where ]y and J; are Bessel functions of the first kind. To simplify the operation, the
Equation (4) can be simplified as follows [26]:

1 Ay ¢ n-l
NAz(AerZ)”1_;(4’8"‘;251“%_nTsn(é’O‘f'gn‘f‘Zi;gi)) 5)

1— A2 — A3
-1 sat( 1 2

$s = cos oA A, )

(6)
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As for the characteristics of the limiter’s description function, when K = 1, the value
of N(A) is shown in Figure 3, and the characteristics of N41(A1,A7) and N42(A1,A;) are
similar to Figure 3. According to it, when A < g, the gain of the limiter is 1, the limiter
can be regarded as a linear link, but when A > a, the describing function of the limiter is
nonlinear. Also, when the system does not trigger the limiter, the description function of
the limiter is 1, and the large-signal impedance response is the same as the small-signal
impedance response. When the system triggers the limiter to generate constant amplitude
oscillation, the description function of the limiter becomes a nonlinear function. In this
case, the impedance response of the system can only be described by the large-signal
impedance model.
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Figure 3. The value of N(A) when K = 1.

3.2. Small-Signal Impedance Model of Grid-Connected Inverter

When a positive sequence small disturbance voltage is injected into the connection
point of the grid-connected system of the inverter shown in Figure 1, and the amplitude of
the disturbance voltage does not exceed 5% of the amplitude of the grid phase voltage, the
expression of the voltage and current of phase A in the time domain is as follows:

va(t) = Vi cos(2mfit) + Vp cos(27 fpt + @up) (10)

ia(t) = Iy cos(27fit 4 @) + Ip cos(27 fpt + goip) (11)

where V7 and I; are the amplitudes of the fundamental voltage and current of the grid,
f1 and f,, are the fundamental frequency and positive sequence disturbance frequency,
¢vp, i1 and @jp are the initial phase angles of the positive sequence disturbance voltage,
fundamental current and positive sequence disturbance current, respectively.

The voltage and current of phase A are converted to the frequency domain as follows:

viifl = { WA 2 = { A2 (12)

where, Vi = V1/2, Vp = (Vp/2)e19P, Iy = (I; /2)eH9L, I, = (I, /2)e /7P,

The positive sequence small-signal impedance of the grid-connected inverter is defined
as the ratio of the positive sequence small disturbance voltage to the positive sequence
small disturbance current:

Zp0(5> = -7 (13)
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Applying Kirchhoft’s voltage law in Figure 1, the following can be obtained:

ia ma Ua
SLf ib = my, Kdec — Up (14)
iC mc UC

By deriving the value of m, and substituting it into Equation (14). The positive
sequence small-signal impedance model of the grid-connected inverter can be obtained as
follows [20]:

sL¢ 4+ K Vo [Hi(s — jwq) — iKgle—5Td
Zp()(S) _ f III1 dc[ 1( ] 1) ] d} : T~ (15)
1 — KmVie[Ke + 3 Tpr (s — jewr) - Hi(s — jeor ) g JesTd

where TprL(s) = [V1HpLL(s)/s]-[1 + V1HprL(s)/s] L.

3.3. Large-Signal Impedance Model of Grid-Connected Inverter Considering the Influence of
Limiter in PLL

When only the limiter in the PLL is considered, the limiters in both the current control
loop and the PWM modulation are not added, that is, only limiter; is retained in the limiters
in Figure 1. According to the PLL control part in Figure 1, the input value Ug_PI of the
limiter in the PLL is as follows:

Uq_pP1 = Vg - HprL(S) (16)

[ 0,dc
‘a7 { (£ TeLL1(s) FjIVp, f = £(fp — f1) 17)

where:

in which:

Vi HP%L(S)NPLL(S)

1+ VlHLL(S)NPLL(S)

S

TprLi(s) = (18)

NppL(s) is the description function of the limiter in PLL. According to Equation (17), the
input value vg p of the limiter in the PLL is a single sinusoidal signal, so the Nprp(s)
satisfies Equation (2).

Combining Equations (2) and (16)—(18), the value of Np 1 (s) can be solved iteratively
in MATLAB, and then the value of Tpy11(s) can be solved.

Finally, replacing Tpr(s) in the positive sequence small-signal impedance value Zy(s)
with Tprr1(s), the large-signal impedance value of the inverter considering the influence of
the limiter in the PLL can be obtained as follows:

sL¢+ Kdec[Hi (S — ](Ul) — ]‘Kd}eisTd

- ‘ , (19)
1 — Km Vae[Ke + 3 Tpria (s — jewr) - Hi(s — ]wl)\%]fﬂd

Zpl (S)

3.4. Large-Signal Impedance Model of Grid-Connected Inverter Considering the Influence of
Limiter in the Current Loop

When only the limiter in the current loop is considered, the limiter in Figure 1 only
keeps limiter,. Since the D-axis control of the current inner loop is symmetric to the Q-axis
control, the description function of the current loop limiter can be obtained through the
Q-axis control. The input of the limiter in the Q-axis current loop is:

iq_pI = (Iqr — iq)Hi(S) = (Iqr — iq) (Kp_l + Ki_I/S) (20)

in which: il
iq = 1;11 cos @it TpLL(s) Vp F lp, f = £(fp — f1) 21)
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By defining Nj(s) as the describing function of the limiter in the current loop and
replacing Hj(s) in the positive sequence small-signal impedance Z,o(s) with H;(s)N;(s), the
large-signal impedance value of the inverter considering the influence of the limiter in the
current loop can be obtained as follows:

Ve _ sL¢ + K Ve [Hi(s — jew1) Ni(s — jewn) — jKgle 5™
I 1 — K Vae[Ke + 3 Tore(s — jeor) - Hi(s — jwr) Ni(s — jewr ) g Je T

ZpZ (S> = (22)

Through Equation (22), the expression of disturbance current I;, with respect to distur-
bance voltage V, can be obtained as follows:

. v 1= Kin Ve [Ke + 3 TpL (s — jewr) - Hi(s — jeor)Ni(s — jeor) e~ Ta
PP sL¢ + Km Ve [Hi(s — jw1)Ni(s — jwr) — jKglesTa

(23)

Combining Equations (2), (20), (21) and (23), Ni(s — jw1) is solved iteratively in MAT-
LAB, and this value is substituted into Equation (22) to obtain the large-signal impedance
value Z; considering the limiter in the current loop.

3.5. Large-Signal Impedance Model of Grid-Connected Inverter Considering the Effect of Limiter
in PWM

When considering the influence of the limiter in PWM, the limiter in Figure 1 only
retains limiters. According to the principle of the PWM modulation link in Figure 1, the
input of the PWM limiter can be obtained as ma.etSTD  where m, contains two main
frequency components f1 and f},, and its expression is:

1 2 2
Nyt (M My KV V Vi +<“’1[Lf11) f=h
[Ki+3 TpLi (s—jw1) Hi (s—jw1) g JsLe+Hi (s—jwr) —jKq Fof
P Lt Kin Vae: [Hi (s—jewr ) —jKale™*Td-Nyip (M1, Mp) 77— /P

My = (24)

where, Ny (M1,Mp) is the f1 component of the limiter description function in PWM, and
Nmp(My,Mp) is the f,, component of the limiter description function in PWM.

By combining Equations (5)-(9) and (24) and solving them iteratively in MATLAB, the
values of Ny (My,Mp) and Nyp(M;,Mp) can be obtained.

Finally, Km in the positive sequence small-signal impedance value Zp(s) is replaced
by KmNwmp(M1,Mp) to obtain the large-signal impedance value of the inverter considering
the influence of the limiter in the PWM:

B sL + K Ve [Hi(s — jwr) — jKale™*Td - Nyip (M1, Mp)
1 — K Vg [Kf + 0.5Tpr L (S — jw1)Hi(s — jwl)Il/Vl] -e—5Tq NMp(le Mp)

Zp3 (S) (25)

4. Simulation Verification

The inverter grid-connected system shown in Figure 1 is built in Simulink, and the
parameter settings are shown in Table 2. Among them, the control bandwidth of the PLL is
7.3 Hz, the control bandwidth of the current inner loop is 1190 Hz, and the active power is
taken as 3818.25 W.

4.1. Large-Signal Impedance Response of Grid-Connected Inverter Considering the Influence of
Limiter in PLL

Only limiter; in the PLL is retained in the simulation, and large-signal disturbances
with amplitude of 40%V1 and 50%V; are injected into the parallel points of the inverter
grid-connected system, respectively.
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Table 2. System parameters.

Parameters and Units Value Parameters and Units Value
Vi/V 169.7 Ko 0.07
f1/Hz 60 K 142.97
Lg/mH 0 Ky 0.006
R/ Q) 3 f/Hz 10,000
C¢/uF 5 K¢ 1/250

Ly /mH 4 Iqr/ A 15
Vac/V 500 Ige/ A 0
Km 0.5 imax and —imin 0.2
Kp_pLL 0.13 PLLax and —PLL i 10
KLPLL 411 PWMmaX and *PWMmin 1

The amplitude-frequency characteristic curves of the small-signal impedance Z, of
the grid-connected inverter and the large-signal impedance Z,; considering the limiter
in the PLL under different disturbance amplitudes are shown in Figure 4 together with
their measurement results. It can be seen from the figure that the theoretical values of
Zp0 and Z,,1 agree with the measured values, which verifies the correctness of the large-
signal impedance model considering the limiter in the PLL in this paper. Additionally,
the grid-connected inverter’s large-signal impedance amplitude increases along with the
amplitude of the disturbance in the sub/super-synchronous frequency band. The phase
of the impedance gradually decreases when the frequency is below 60 Hz and gradually
increases when the frequency is above 60 Hz.

— Theory Z,: V,<0.05V, o Measurement Z: V,<0.05V
— Theory Z,: V,=0.4V, > Measurement Z,;: V;,=0.4V,
— Theory Z,;: V,,=0.5V, > Measurement Z,;: V,=0.5V,
50 f ' '
)
c
T 40
!
=
= :
2 30
=
20
200

Phase(Degree)
(e

-200 : :
100 1000
Frequency(Hz)

Figure 4. Large-signal impedance response of the inverter considering the limiter in the PLL for

different disturbance amplitudes.

Figure 5 shows the large-signal impedance Z,; considering the limiter in the PLL
for different PLL bandwidths when the disturbance amplitude is fixed at 50%V;. The
amplitude of Z,; is reduced and the phase also changes significantly below 300 Hz.
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— Theory Z,;: band=6.12Hz  ° Measurement Z,;: band=6.12Hz
— Theory Z,: band=7.31Hz - Measurement Z,: band=7.31Hz
— Theory Z,;: band=10.8Hz  » Measurement Z,;: band=10.8Hz

60
50

40

Magnitude(dB)

ol

Phase(Degree)

| ! —
¥ 5 o 9 S
g 8 SIS

100 1000

Frequency(Hz)
Figure 5. Large-signal impedance response of the inverter considering the limiter in the PLL for
different PLL bandwidths.

4.2. Large-Signal Impedance Response of Grid-Connected Inverter Considering the Influence of
Limiter in the Current Loop

The theoretical amplitude—frequency characteristic curves of the small-signal impedance
Zyo of the grid-connected inverter and the large-signal impedance Z, of the inverter
considering the limiter in the inner loop of the DQ-axis current are shown in Figure 6,
together with their measurement results. Only limiter; in the current loop is retained in
the simulation, and disturbances with amplitude of 40%V; and 50%V; are injected into
the union points of the inverter grid-connected system, respectively. It can be seen from
Figure 6 that the theoretical values of Zy and Z,; agree with the measured values. The
large-signal impedance phase and amplitude considerably fluctuate with the disturbance
magnitude in the 500 Hz-2000 Hz frequency range.

— Theory Zy: V,<0.05V, o Measurement Zy: V,<0.05V,
— Theory Zy;: V,=0.4V, e Measurement Z: V,=0.4V;
— Theory Zy,: V,=0.5V; > Measurement Zy: V;,=0.5V;
50 j ]

o

c

_‘ag’ 40

2

=

& 30 vf‘ -------- -‘"I'D

s L

20 r |
200

8100 ./ 1

Eﬂ _,..a"""'“..ﬂ

20 D

= .

3

£ 100} N

=200 L

100 1000
Frequency(Hz)

Figure 6. The large-signal impedance response of the inverter considering the limiter in the current
loop for different disturbance amplitudes.

Figure 7 shows the large-signal impedance of the inverter considering the limiter in
the current loop for different current-loop bandwidths when the disturbance amplitude is
fixed at 50% V. It is shown that the amplitude and phase of the large-signal impedance
Zy considering the limiter in the current loop change significantly in the range of 100 Hz
to 3000 Hz with the increase in the bandwidth of the current loop.
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— Theory Z,,: band=800Hz e Measurement Z,: band=800Hz
— Theory Z,,: band=1190Hz > Measurement Zy,: band=1190Hz
— Theory Z,: band=1500Hz ~ ° Measurement Z,,: band=1500Hz

50

S
=)

Magnitude(dB)

-

S
(=3
(=]

,_.
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—
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fe}

=200

160 lObO

Frequency(Hz)
Figure 7. Large-signal impedance response of the inverter considering the limiter in the current loop
for different current loop bandwidths.

4.3. Large-Signal Impedance Response of Grid-Connected Inverter Considering the Influence of
Limiter in PWM

Figure 8 shows the theoretical and measured results of the small-signal impedance
Zpo and the large-signal impedance Zp3 considering the limiter in the PWM.

— Theory Zy: V,<0.05V; o Measurement Z: V;,<0.05V,
— Theory Z;: V,=0.4V, ° Measurement Z3: V,=0.4V,
— Theory Z;: V,=0.5V, ° Measurement Zy3: V,=0.5V)
50

)

S

T 40 \\

=

2 30 (¥ d

=

20

200 J
ALY Il O — -—
& .
2o
[5]
£
T 100 r W

-200

100 1000
Frequency(Hz)

Figure 8. The large-signal impedance response of the inverter considering the limiter in PWM for
different disturbance amplitudes.

Only limiters in PWM is retained in the simulation, and disturbances with amplitude
of 40%V and 50%V are injected into the union points of the inverter grid-connected
system, respectively. It can be seen from the figure that the theoretical values of Z,o and Z3
agree with the measured values, which verifies the accuracy of the large-signal impedance
model of the inverter established in this paper considering the limiter in PWM. The phase
of the large-signal impedance clearly increases as the disturbance amplitude does among
500 Hz-2000 Hz, and the amplitude also varies somewhat.

4.4. Large-Signal Impedance Comparison of Grid-Connected Inverter Considering the Influence of
Limiter in Different Control Links

Table 3 compares the large-signal impedance considering the limiter in the PLL, the
limiter in the current loop, and the limiter in the PWM. Since there is only one primary
frequency component (f, — f1) in the limiter input signal when the limiter in PLL or current
loop is taken into account, the limiter description function may be directly described by the
single-input limiter description function. When considering the limiter in PWM, the main



Energies 2023, 16, 6227

11 of 17

frequency components of the limiter input signal are f and f},, which need to be expressed
by the dual-input limiter description function. Considering the limiters in different control
links, the large-signal impedance Z1, Zp, or Zp3 of the grid-connected inverter differ from
the small-signal impedance only by one term, which is Hpy (s)NprL(s), Hi(s)Nj(s) and
K Nnvp(M1,Mp), respectively. Figure 9 supplies a Bode plot of the small-signal impedance
model and the large-signal impedance model that takes into account different limiters. As
can be seen from the figure, the large-signal impedance Z, differs from the small-signal
impedance Zy,, around the sub/super-synchronous frequency band, and the large-signal
impedances Zp; and Z,3 differ from the small-signal impedance Z,y around the middle
and high frequency band.

Table 3. Large-signal impedance comparison of grid-connected inverter considering the influence of
limiter in different control links.

Large-Signal Impedance Zy Zy Zpy3
The frequency component of the
limiter input fo—h fo—h frandfp
Limiter description function N(A) N(A) Na1(A1,47) and Ny (A1,4))
Terms that are different from Zo Hp.(S)NpLL(s) H;(s)N;(s) K Npyp(Mq,Mp)
The range of impedance Around sub/super- Around middle and high Around middle and high
characteristics affected synchronous frequency band frequency band frequency band
— Theory Zy: V;,<0.05V, ° Measurement Z: V,<0.05V,
— Theory Z,: V,=0.5V, e Measurement Z,,;: V,=0.5V,
Theory Z,,: V,=0.5V, Measurement Z,: V,=0.5V;

— Theory Z,3: V,;=0.5V) > Measurement Z,3: V,=0.5V)

Magnitude(dB)
(o8]
S

..............................................

gree)

—100F

Phase(De

=200 . v

100 1000
Frequency(Hz)

Figure 9. The small-signal impedance model and the large-signal impedance model considering

different limiters.

5. System Stability Analysis Based on the Large-Signal Impedance Model

The system’s stability may be assessed based on the phase difference at the intersection
of the grid impedance and the small-signal impedance of the grid-connected inverter, but
it is not possible to forecast the oscillation’s magnitude. However, the system oscillation
frequency and oscillation amplitude can all be predicted by analyzing the intersection of
the grid impedance and the grid-connected inverter’s large-signal impedance at different
disturbance amplitudes. The grid impedance value Zy(s) in Figure 1 is calculated as follows:

1
B SLg~(Rf+@)

Zo(s) = 26
A P 20

In this paper, the large-signal impedance model considering the limiter in the current
loop is taken as an example to analyze the stability of the grid-connected system and predict
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the oscillation frequency and amplitude of the grid-connected system. The prediction
results of two groups of parameters are given and compared with the actual system
oscillation amplitude and frequency.

e Cusel

For the first set of parameters, the grid impedance is taken to be 5.7 mH and the current
loop control bandwidth is 1190 Hz. Figure 10 is used to predict the constant amplitude
oscillation frequency and amplitude of the system considering the limiter in the current
inner loop.

60 T
o —  Zy(s) A
T 40 — Z(s,0.5V7) \\ : 1
.—‘% \/ Z(s,0.54771) ; Ik:-;_—-—-—"/
& 20 —Zpn(s,0.67) |
= —  Zy(s)
0 1
200
8 100 / i — ]
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e Frequency(Hz)
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3% 1k \
=
2
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Figure 10. Schematic diagram of the interaction between the inverter impedance and the grid
impedance when the grid impedance is 5.7 mH and the current loop control bandwidth is 1190 Hz.

The green solid line is the grid impedance Zg(s), and the black solid line is the small-
signal impedance Zp(s) of the grid-connected inverter. The amplitude of Zp(s) intersects
with the grid impedance amplitude at about 582 Hz with a phase difference of 182.01°,
indicating that the system is unstable. The blue solid line is the Z;»(s) corresponding to the
injection disturbance amplitude of 50%V/;. Its amplitude intersects with the grid impedance
amplitude at about 580 Hz with a phase difference of 181.78°. The purple solid line is
the Z»(s) corresponding to the injection disturbance amplitude of 54%V;. Its amplitude
intersects with the grid impedance amplitude at about 565 Hz, and the phase difference
is 180.51°, indicating that the system is critically stable. The red solid line is the Z,(s)
corresponding to the injected disturbance amplitude of 60%V. Its amplitude intersects
with the grid impedance amplitude at about 524 Hz, and the phase difference is 167.17°,
indicating that the system is stable. In conclusion, when the grid impedance is 5.7 mH,
unstable oscillation will occur in the system considering a limiter in the current loop.
When limiter input does not trigger clipping, the oscillation amplitude will continue to
increase. When the oscillation amplitude reaches about 54%V7, the oscillation frequency is
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around 565 Hz, and the divergence oscillation will eventually become a constant amplitude
oscillation, indicating that the system is critically stable.

The oscillation amplitude is predicted by the Nyquist plot of the impedance ratio
Zg(8)/ Zp2(s, Vp) in Figure 11. The impedance ratio’s Nyquist curve progressively deviates
from the point (—1,j0) as the injection disturbance’s magnitude rises, making the system
more stable. When the amplitude of the injection disturbance is 54%V, the Nyquist curve
just crosses the point (—1,j0), and the system is critically stable. Therefore, it is predicted
that when the grid inductance is set to 5.7 mH, the grid-connected system will have a
constant amplitude oscillation with an amplitude of about 54%V.

20 005V oA
V,=0.5V,
15 | ¥,=0.547; \ \_— 02

V,=0.67,

0

-0.2

-0.4

—0.6
0
_5 .
-10 . . . .
-5 0 5 10 15 20

Re[Zy(s)/Z(s, V)]

Figure 11. Nyquist plot of the impedance ratio Zg(s)/Zpa(s, Vp) for a grid impedance of 5.7 mH and
a current loop control bandwidth of 1190 Hz.

The grid impedance is set to 5.7 mH, and the waveform and FFT analysis results of v,
are shown in Figure 12.

200

0
N
~200

1.88 1.9 192 194 196 198 2
Time(s)
200
S (60Hz,167.3V)

100 (571Hz,83.51V)

0 100 200 300 400 500 600 700 800
Frequency(Hz)

Figure 12. The waveform and FFT analysis results of v, when Lg is 5.7 mH.

As shown in Figure 12, v, has constant amplitude oscillation. The FFT analysis of v,
shows that an oscillation with an amplitude of 83.51 V appears at 571 Hz, which is basically
consistent with the oscillation amplitude and frequency predicted in Figures 10 and 11.

° Case 2

The second set of parameters takes the grid impedance as 6.7 mH and the current
loop control bandwidth as 1290 Hz. Figure 13 is used to predict the constant amplitude

oscillation frequency and amplitude of the system considering the limiter in the current
inner loop.



Energies 2023, 16, 6227

14 of 17

D
S

B
S

Magnitude(dB)
=
<
/

- Zp()(s)
— Zy(s,0.67)
Z,3(,0.6477)

j — Zp(s.0.77)

- Zg(S) — -/~

Phase(Degree)
1 1 — e
8 > o o oo
S 8 ISEERS

v

W
W

Magnitude(dB)
w
<)
535 {zf
555 —T /

1[498Hz

[N}
wn

100 Fi

W
(=]
>
>
>
>
N

159. 44
179.64°
183.5

|
W
(=}

Phase(Degree)
S

I
—_
(=3
(=]

500 510 520 530 540 550 560 570
Frequency(Hz)
Figure 13. Schematic diagram of the interaction between the inverter impedance and the grid
impedance when the grid impedance is 6.7 mH and the current loop control bandwidth is 1290 Hz.

The green solid line represents the grid impedance Zg(s), and the black solid line
represents the small-signal impedance Z(s) of the grid-connected inverter. The amplitude
of Zpo(s) intersects with the grid impedance amplitude at about 568 Hz, and the phase dif-
ference is 184.65°, indicating that the grid-connected system is unstable. The blue solid line
is the Z»(s) corresponding to the injected disturbance amplitude of 60%V. Its amplitude
intersects with the grid impedance amplitude at about 555 Hz, and the phase difference
is 183.5°. The purple solid line is the Z(s) corresponding to the injection disturbance
amplitude of 64%V1. Its amplitude intersects with the grid impedance amplitude at about
535 Hz, and the phase difference is 179.64°, indicating that the grid-connected system is
critically stable. The red solid line is the Zp(s) corresponding to the injected disturbance
amplitude of 70%V1. Its amplitude intersects with the grid impedance amplitude at about
498 Hz, and the phase difference is 159.44°, indicating that the grid-connected system
is stable. In conclusion, when considering the limiter in the current loop and the grid
impedance is 5.7 mH, the grid-connected system will have unstable oscillation. When the
oscillation amplitude reaches about 64%V, the divergence oscillation becomes constant
amplitude oscillation, the system is critically stable, and the oscillation frequency is about
535 Hz.

Figure 14 uses the Nyquist plot of the impedance ratio Zg(s)/Zpa(s, Vp) to predict
the oscillation amplitude. As the amplitude of the injection disturbance increases, the
Nyquist curve of the impedance ratio gradually moves away from the point (—1,j0), and the
system becomes more stable. When the amplitude of the injection disturbance is 64%V, the
Nyquist curve just crosses the point (—1,j0), and the system is critically stable. Therefore, it
is predicted that when the grid inductance is set to 6.7 mH and the current loop control
bandwidth is 1290 Hz, the grid-connected system considering the limiter in the current
loop will have a constant amplitude oscillation with an amplitude of about 64% V1.



Energies 2023, 16, 6227

15 of 17

20 | y,<0.05¥, TS
Vp:0.6V1\
15 Vp0.6SVX :
V,=0.7V,
o} 7z
g /
s
N
£
_5 L
-10
-10 -5 0 5 10 15 20

Re[Zy(5)/Zy(s, V)]

Figure 14. Nyquist plot of the impedance ratio Zg(s)/Zpo(s, Vp) for a grid impedance of 6.7 mH and
a current loop control bandwidth of 1290 Hz.

To verify whether the oscillation frequency and amplitude predicted by Figures 13
and 14 are correct, the grid impedance is set to 6.7 mH, and the waveform when the grid
voltage v, is critically stable is observed. As shown in Figure 15, constant amplitude
oscillations appear. FFT analysis of v, shows an oscillation with an amplitude of 94.72 V at
550 Hz, which was basically consistent with the results predicted by Figures 13 and 14.
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Figure 15. The waveform and FFT analysis results of v, when Lg is 6.7 mH.
6. Conclusions

This study establishes three large-signal impedance models that take into account the
limiter in PLL, current loop, and PWM, respectively. The accuracy of each large-signal
impedance model is confirmed using MATLAB/Simulink. To examine the stability of
the system, the large-signal impedance model of the grid-connected inverter taking into
account the limiter in the current loop is used as an example. The system’s oscillation
frequency and amplitude are anticipated, and the accuracy of the analysis’s prediction
findings is confirmed. In this paper, the following conclusions are obtained:

(1) Based on the existing large-signal impedance model considering the limiter in PWM,
the large-signal impedance models considering the limiter in the current control loop
and the limiter in the PLL of the grid-connected inverter are developed for the first
time. Their theoretical large-signal impedance characteristics are all consistent with
the measured large-signal impedance characteristics;

(2) The impedance characteristics of three large-signal impedance models and the influ-
ence of different limiters on the output impedance characteristics of grid-connected
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inverters are compared and analyzed. The limiter in the PLL influences the large-
signal impedance characteristics of the grid-connected inverter around the sub/super-
synchronous frequency band, and the limiter in the current loop and the limiter in the
PWM influence those around the middle and high frequency band;

(3) Thelarge-signal impedance of the inverter taking into account the PLL limiter changes
dramatically around the sub-super synchronous frequency range when the PLL
bandwidth is increased. The amplitude and phase of the large-signal impedance
of the inverter taking into account the limiter in the current loop fluctuate dramatically
in the middle frequency band when the current loop’s bandwidth is increased. The PLL
bandwidth has a smaller impact on Z,; than the current-loop bandwidth has on Z,»;

(4) Due to the influence of the limiter in the current loop, with the increase in the system
disturbance amplitude, the phase difference at the intersection of the large-signal
impedance’s amplitude and the grid impedance’s amplitude decreases gradually, and
the system stability is enhanced. When the phase difference is 180°, the system is
critically stable, and the oscillation frequency and amplitude of the real system are
essentially compatible with the disturbance frequency and amplitude;

(5)  Asthe amplitude of the system disturbance increases, the Nyquist curve of Zg(s)/Zpa(s,
V) considering the limiter in the current loop gradually moves away from the point
(—1,j0), and the stability margin of the system increases. When the Nyquist curve just
crosses the point (—1,j0), the system is critically stable, and the disturbance amplitude
is basically consistent with the oscillation amplitude of the actual system.
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