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Abstract—For the LCL-Filtered single-stage photovoltaic (PV)
generators, the low-frequency power oscillation (<50 Hz) occurs
frequently when they are connected to the weak grid, whose oscilla-
tion mechanism has been a hot topic recently. However, the existing
stability analysis methods rarely take the complete model of the PV
generators into consideration, thus the accuracy and completeness
of the corresponding conclusions are influenced. In this paper, a
novel stability analysis method is proposed to obtain the more ac-
curate and complete results for the LCL-Filtered single-stage PV
generators. First, the complete model of the PV generators is estab-
lished including the perturbation and observation (P&O) based PV
power loop and dc voltage loop, which are rarely considered by the
existing stability analysis methods. Especially, the P&O based PV
power loop is nonlinear and discontinuous, and the conventional
small-signal modeling is inapplicable. Hence, its influence is com-
pletely ignored in the existing stability analysis methods. Second,
considering the nonlinear discontinuous link, the describing func-
tion method is adopted to analyze the whole system stability based
on the established complete model. In this way, the accuracy and
completeness of the stability analysis are enhanced. Furthermore,
for the critically stable state, both the oscillation amplitude and
frequency can be calculated accurately. At the same time, different
influence factors are analyzed quantitatively including the opera-
tion points, grid strength, and the interaction of multiple control
loops. It is first revealed that the grid impedance has different in-
fluence on the system high-frequency and low-frequency stability.
Also, the proposed analysis method and the conventional method
are compared, which presents the advantages of the proposed anal-
ysis method. Finally, all the theoretical analyses are verified by the
real-time hardware-in-loop tests.

Index Terms—Describing function (DF) method, LCL filter, low-
frequency power oscillation, single-stage PV generators, stability
analysis.
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I. INTRODUCTION

O UTILIZE the solar energy effectively, the single-stage

photovoltaic (PV) generators are widely used in the distri-
bution network to provide flexible integration with better com-
pactness, lower cost, and higher efficiency [1]-[3]. Usually, the
LCL filters are adopted to attenuate the switching harmonics
generated by the single-stage PV generators, as the LCL filters
have better attenuating ability and allow the use of low induc-
tance compared to the pure L filters [4], [S]. However, there will
be some stability issues when the LCL-Filtered single-stage PV
generators are connected to the weak grid. According to the
recent reports [6]—[8], with the increasing application of power
electronic devices to convert renewable energy sources (RESs),
both the low-frequency and high-frequency instability accidents
have occurred in the field. These instability accidents greatly in-
fluence the normal operation of the power system and reduce
the utilization of RESs like PV generators and wind turbines;
hence, it becomes a hot topic to explore the mechanism of the
instability especially the power oscillation.

The LC resonance inherently exists in LCL filters, which may
cause high-frequency instability under the weak grid condition.
Hence, some literatures try to explain the instability mechanism
from the point of LC resonance [9]-[13], in which the dc side
of the PV generator is viewed as an ideal voltage source and
only the current loop is taken into consideration. In [9], it was
found that the equivalent function of the commonly used ca-
pacitor current feedback active damping is to connect a virtual
impedor rather than a pure resistor in parallel with the filtering
capacitor when the control delay is considered. Then, both the
grid impedance and the control delay can change the LCL-Filter
resonance frequency. If the resonance frequency is higher than
one-sixth of the sampling frequency (namely f, > f;/6), the
virtual impedance contains a negative resistor component and
the system stability is threatened. Finally, it is suggested that the
robustness of the LCL-Filtered grid-connected converters can be
enhanced through reducing the control delay. To further mini-
mize adverse effects of the grid impedance and control delay, the
virtual impedance technology is adopted to reshape the output
impedance of converters in [10]. The parallel virtual impedance
is used to maximize the magnitude of the output impedance,
while a series virtual inductor is used to boost its phase. For the
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grid current regulation without active damping, the stability and
robustness of grid-connected LCL-Filtered converters against
the grid impedance variation is studied in the discrete domain
(z-domain) [11]. The relationship between system stability and
the ratio of resonance frequency over sampling frequency is
revealed and the system control gain limit is calculated. At
the same time, it is shown that the grid-voltage feedforward
regulator would significantly alter the system stability in the
weak grid. In [12], it was presented that for the typical grid
current feedback active damping, a contradiction between the
high bandwidth and the high robustness exists. Therefore, the
grid current feedback active damping cannot work well for wide
grid impedance variation. Then, based on the impedance anal-
ysis, an impedance-phase shaping compensator is proposed to
assure the high robustness with a proper bandwidth. In [13], the
influence of control delay on the grid current feedback active
damping is carefully analyzed. It is found that the control delay
can greatly change the critical frequency of the system where
the equivalent virtual resistance of the active damping is positive
or not, thus the system stability is influenced. Then, a lead-grid-
current-feedback-resonance-suppression method is proposed to
reduce the control delay.

The above literatures are mainly about the high-frequency in-
stability. However, the low-frequency instability is also easy to
occur in the field and has more adverse effects for the intercon-
necting devices in the power system. Hence, some researchers
also paid attention to the possible reasons of the low-frequency
instability [14]-[17]. In these literatures, more control loops es-
pecially phase-locked loop (PLL) are taken into consideration
and the dc side of the PV generator is still viewed as an ideal
voltage source. In [14], the impedance-based stability criterion
is proposed for the grid-connected inverters when they are con-
nected to the weak grid. Through the impedance analysis, the
power oscillation frequency can be approximately predicted.
Chen et al. [15] build the output impedance model of LCL-
Filtered single-phase converters considering the control delay
and PLL. Then, based on the impedance analysis, an impedance-
phase compensation strategy was proposed to increase the phase
margin of the grid-connected converter and enhance the adapt-
ability against the variation of the grid impedance. In [16],
a power-voltage control strategy instead of the conventional
power-current strategy was proposed for the grid-connected
LCL-Filtered three-phase converters to improve the ability of
outputting power. Furthermore, a d—q frame based impedance
model was established with consideration of PLL to study the
influence of the grid strength, which proves the good robustness
of this power-voltage control strategy. Zhou et al. [17] thought
that the current control loop interacts with PLL via the voltage of
the point of common coupling when the LCL-Filtered convert-
ers are attached to weak grid. As a result, PLL dynamic might
deteriorate grid current control and even cause system instabil-
ity. Then, they suggested that through optimizing parameters,
the negative effect of PLL on current control can be reduced
effectively.

Also, many scholars think that some nonlinear links in the
LCL-Filtered single-stage PV generators may cause the insta-
bility [18]-[22], where the dc side of the PV generator is still
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viewed as an ideal voltage source and the whole PV genera-
tor system is simplified into a voltage-source converter (VSC).
Paquette and Divan [18] pointed out that the current limitation
used to avoid overloads will result in the synchronous insta-
bility between the VSC and the synchronous generator. That
is, the frequency of the VSC diverges from the frequency of
the synchronous generator, then dg-axis voltages of the VSC
begin to “wind up” and form persistent oscillation. However,
the corresponding unstable mechanism is not well explored. To
understand the theory behind this synchronous instability better,
the quasistatic transient stability analysis is conducted in [19]
and [20]. Through the analysis, the evolution process is clearly
presented and the instability can be well explained. However, the
proposed stability analysis method is based on the quasistatic
model where the dynamics of voltage loop, current loop, LCL
filters, and so on are completely omitted; hence, the accuracy of
the result is influenced and the other possible induction factors
are buried. In [21] and [22], the input saturation due to the hard
limitation on the duty cycle which belongs to [0, 1] is investi-
gated based on the Lyapunov function. It is found that the input
saturation has significant influence on the stability of converters
and causes some nonlinear phenomena. But the Lyapunov func-
tion cannot provide some more physical insights, so the unstable
mechanism is not reflected directly or clearly.

From the above narration, it can be seen that the existing
stability analysis methods do not take the complete model of
the PV generators into consideration like the dynamics of PV
panels, dc voltage loop, and the outmost perturbation and ob-
servation (P&O) based PV power control loop. Hence, the ac-
curacy and completeness of the corresponding conclusions are
influenced. In particular, the explanation for the low-frequency
(<50 Hz) oscillation is not so satisfactory. To fill in this gap,
this paper adopts the describing function (DF) method to ana-
lyze the stability of the LCL-Filtered single-stage PV generator
with consideration of the complete control loops when it is
connected to the weak grid. First, the complete model of the
PV generator is established including PLL, dynamics of PV
panels, and P&O-based PV power control simultaneously. Be-
ing different from the existing stability analysis methods, the
nonlinear discontinuous P&O-based PV power control, which
cannot be modeled by the conventional small-signal method,
is taken into consideration in the proposed analysis method.
Hence, its influence, which is completely ignored in the ex-
isting stability analysis methods, can be carefully studied. In
addition, the high-order LCL filter is not simplified and it is
considered together with other control loops, which can im-
prove the accuracy of the results effectively. Second, based on
the established complete model of the LCL-Filtered single-stage
PV generator, the DF method is adopted to analyze the system
stability. Compared to the commonly used small-signal model-
ing, which is the time-domain approximation, the DF method
is the frequency-domain approximation and the nonlinear dis-
continuous elements can be taken into consideration in the fre-
quency domain. In this way, the accuracy and completeness
of the stability analysis are enhanced. Especially for the criti-
cally stable state, both the oscillation amplitude and frequency
can be calculated accurately. At the same time, different influ-
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TABLE I
COMPARISON WITH EXISTING STABILITY ANALYSIS METHODS

Type Modelling Effects
Analysi —
18 yS'S Small-  Large- Nonlinear PV Power & PLL or Current . Time Stable/ Critically
Methods signal  signal Link De Voltage - Droop =y = Filter )0 Unstable Stable
& & Loop Loop P Y (Oscillation)
Refs.[9]-[13] N N LCL N Accurate No mention
Ref.[14] N N N L Accurate Not Accurate
Ref[15] N N N LCL N Accurate No mention
Refs.[16]-[17] N N N LCL Accurate No mention
Qualitative Qualitative
Ret.[18] v v ! v Le Description Description
Refs.[19]-[20] N N N L Accurate No mention
Refs.[21]-[22] N N v LC Conservative No mention
This Paper v v N N v LCL Accurate Accurate
ence factors are analyzed quantitatively and it is found that the Nonli Li
e il 5 - -

operation points, grid strength, and the interaction of multiple
control loops influence the system stability greatly. Furthermore,
it is first revealed that the grid impedance has different influence
on the system high-frequency and low-frequency stability, and
this contradiction can be alleviated through decreasing the PLL
bandwidth. Also, the comparison with the conventional analy-
sis method is conducted, which further shows the advantages
of the proposed analysis method. Based on these conclusions,
some measures are put forward to enhance the stable margin
of the PV generators and suppress the low-frequency power os-
cillation. Finally, all the theoretical analyses are verified by the
real-time hardware-in-loop (HIL) tests mainly composed of the
RTLAB and TMS320F28335 DSPs.

The brief comparison with the conventional methods is shown
in Table I and the main contributions of this paper are summa-
rized as follows.

1) The nonlinear discontinuous P&O-based PV power loop
is taken into consideration. Then, some assumptions can
be further relaxed, for example, the dc side of the PV
generator can be modeled accurately and there is no need
to simplify it into an ideal voltage source anymore. Hence,
more accurate results especially for the low-frequency
oscillation can be obtained.

The completeness of the results is improved, and the sta-
ble state, unstable state, and critically stable state can be
judged accurately. Especially for the critically stable state,
the conventional analysis methods are not suitable to ana-
lyze it. But the proposed analysis method can explore this
critically stable state well, both the oscillation amplitude
and frequency can be calculated accurately, which is very
beneficial to the relevant quantitative analyses.

It is found that the grid impedance (or grid strength) has
different influence on the system high-frequency and low-
frequency stability. The conventional analysis methods
show that the grid impedance is adverse to the stability
of the PV generator [9]-[17], where the frequency range
is relatively high. However, according to the analysis of
this paper, the grid impedance is beneficial to the low-
frequency stability.

2)

3)

VLR

Fig. 1.  Schematic of the DF method. (a) Signal flow diagram. (b) Equivalent
control block diagram in the frequency domain.

(b

The remainder of this paper is organized as follows. In
Section II, the basic principles of the DF method is introduced.
In Section III, the complete mathematic model of the LCL-
Filtered single-stage PV generators connected to weak grid is
derived. Then, in Section IV, the detailed stability analysis is
conducted and the comparison with the conventional stabil-
ity analysis method is also made. Subsequently, the validity of
the theoretical analyses is demonstrated through HIL tests in
Section V. At last, the conclusions are drawn in Section VI.

II. BRIEF INTRODUCTION OF DF METHOD

In this section, the basic principles of the DF method are in-
troduced. DF method was first proposed by Prof. P. J. Daniel in
1940, and it is widely used in the nonlinear analysis field espe-
cially for the discontinuous links to analyze the system stability
[23], [24]. Being different from the conventional small-signal
analysis which is a kind of time-domain approximation meth-
ods, the DF method is a kind of frequency-domain approxima-
tion methods. The time-domain response of these links is usually
discontinuous; hence, they are very difficult to be dealt with in
the time domain. However, their frequency-domain response is
usually continuous through a reasonable approximation, thus it
is possible to deal with them in the frequency domain, which is
the basic point of the DF method.

Fig. 1(a) shows the signal flow diagram of the whole sys-
tem, which contains the nonlinear and linear parts. Through the
figure, it can be concluded that if the nonlinear system meets
following two requirements.

1) The nonlinear part is odd-symmetric.

2) The linear part is low-pass.
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Fig. 2. Modified Nyquist criterion. (a) Stable. (b) Unstable. (c) Critically

stable.

Then, only the first harmonic component in the system needs
to be considered, because the dc component and higher har-
monics are filtered out. The critical step of the DF method is
to obtain the first harmonic component of the output when the
nonlinear part is excited with sinusoidal signal input. Assuming
that the input is x = Asin(w?) and the output is y, which is also
a periodic signal. The output y can be expanded according to
Fourier series as

Ay, sin (kwt + 0y) . (1

-3

Based on (1), the approximate transfer function of the non-
linear part can be obtained by the ratio of the first harmonic
component and the input sinusoidal signal. That is

Ay el

N(4) =25

2

where N (A) is called the DF of the nonlinear part and it usually
changes with different amplitude A.

Combining the linear part, the whole nonlinear system can be
approximately transformed into a linear system in the frequency
domain as shown in Fig. 1(b) where G/(s) is the transfer function
of the linear part. In the obtained linear system, N(A) can
be viewed as a variable gain amplifier. For the linear system
in Fig. 1(b), the modified Nyquist criterion can be adopted to
judge stability of the system according to the relative position
of —1/N(A) and G(s) in the s plane. For the minimum phase
system G(s), the modified Nyquist criterion can be expressed
as follows.

1) If —1/N(A) is not surround by G(s), the system is stable

as shown in Fig. 2(a).

2) If —1/N(A) is surround by G(s), the system is unstable
as shown in Fig. 2(b).

3) If —1/N(A) intersects with G(s), the system is criti-
cally stable as shown in Fig. 2(c). For the intersection
with amplitude A,, if the system is unstable in the re-
gion [A, — AA, A,) and is stable in the region (A4,,
A, + AA] where AA < A,, the intersection is the sta-
ble oscillation point (persistent oscillation) like the point
a. Or else, the intersection is unstable like the point b.

For the non-minimum phase system G(s), the corresponding
modified Nyquist criterion can be derived in the similar way.
Furthermore, for the stable oscillation point, the oscillation am-
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Fig. 3. (a) Typical topology and control strategy for the LCL-Filtered single-
stage PV generator. (b) Flowchart of P&O based power control.

plitude A, and frequency w, can be calculated as

{G]m (wo):0 (3)
N (A,) = —1/GRe (w,)
where G(jw) = Gre(w) + jGrm (w).

III. MODELING OF LCL-FILTERED SINGLE-STAGE
PV GENERATORS

In this section, the complete mathematic model of the LCL-
Filtered single-stage PV generator is derived in detail. As shown
in Fig. 3, the output current and voltage of the PV panel are i,
and v, respectively, the output of the PV panel is smoothed by
the capacitor Cl,,. On the ac side, the LCL filter is used to filter
the output of the PV generator, the inductance and capacitance
of the LCL filter are Ly, Lo, and C, respectively. The three-
phase inductive currents of Ljand Ly are 4145, and iy, 5., the
three-phase capacitive currents and voltages of C' are ic, 5, and
VCa,b,c- The weak grid is simulated through a grid inductor L,
an ideal three-phase ac voltage source vy, p . is connected in
the series form, and the terminal voltages of the weak grid are
Vga,b,c-

The typical P&O-based control strategy is adopted for the
LCL-Filtered single-stage PV generator. The outermost loop is
PV power loop, the middle loop is dc voltage loop, and the inner
loop is current loop. The first two loops are unrelated to the PLL,
but the last current loop is strongly coupled with the PLL.
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Fig. 4. (a) Phase of s frame and c frame. (b) Control block diagram of PLL.

For the PV power loop, iy, and vy, are sampled to realize the
power regulation, the widely used P&O-based power control
is adopted to overcome the intermittency of the solar energy.
According to the new grid code regulations, the PV generators
must inject the constant power into the grid to provide reserve
service and avoid adverse effects like overloading the grid when
the penetration of PV generators is high [25]-[26]. The flow
chart of P&O-based power control with function of constant
power injection is shown in Fig. 3(b), where Tp is the power
control cycle and ¢ is the perturbation size. Through the figure,
it can be seen that if P! is greater than the maximum power of
the PV generator, the PV generator outputs the maximum power.
If P is less than the maximum power of the PV generator, the
PV generator outputs the power P’

For the dc voltage loop, the proportional-integral (PI) con-
troller is adopted to make v, track vr6f accurately through
regulating the active current.

For the current loop, the conventional grid currents feed-
back control plus capacitor currents feedback active damp-
ing is adopted based on the rotating d—g frame, whose d-axis
is orientated to the weak grid voltage vector. vy, ;. are
the inputs of the PLL for the synchronization and the out-
put of PLL is the observed angular 6,1 of v, ., Which
is used for the a-b-c¢ to d—q transformation and its inverse
transformation as shown in Fig. 3(a). In addition, to real-
ize the unity power factor, the reference current erf is set
as zero with consideration of the direction of the rotating
frame.

When the PLL is taken into consideration, the system has two
d—q frames, namely, the system d—q frame and the controller d—
q frame [27]. The system d—g frame is defined by the weak grid
voltages vy, 1., Which is identified by superscript ““s”, while the
controller d—q frame is defined by the PLL, which is identified
by superscript “c”. In the steady state, the controller d—g frame
is aligned with the system d—q frame. However, when the system
is disturbed, the position of the two d—q frames is changed as
shown in Fig. 4(a). The disturbances of the weak grid voltages
Vga,b,c Propagate to the PLL output angle, and further to the
current and duty-ratio vector in the controller d—q frame. Hence,
the current loop is strongly coupled with the PLL.

For the convenience of small-signal modeling, the state vari-
able x is expressed as the following form uniformly in this

paper:
r=X"+Ax %)

where X* is the corresponding equilibrium point, and Az is the
small disturbance.
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According to Fig. 3(a), the ac-side model of the LCL-Filtered
single-stage PV generator can be derived as
Ly dfll;d
dig,
dt
Cogt = WOy, + 5y — i3

=wlyij, + djv,y — vy

Ly

= —wlyij; + dyvpy — 7,

o , (5)
C—t = —wCv, +1if, — i3,
(L2 + Ly) df;; = w (Ly + Ly) i3, +v3y — 3y
(Ly + L, ) )[/ = —w (L2 + Lg) i + Uiq - U,f‘q
{”qd L, diﬁ’ wLyis, +v5, ©)
Vgq = Ly d;th +wlyis, +vg,

where w is the rated angular frequency.
Then, the small-signal model of the ac side can be obtained
as

AZ -5 S* *
Ly d —t = leAz‘lq + Di*Avyy + Ad; 7 Vov
dAZ lgq ;S Sk S *
Ly —7* = —wl Aij; + Dy Avyy + AqupV
CBL — GOA, + Al — Adj,

dAvE / (7)

C L = —wCAvVS, + Ai‘fq — Aigq
(Ly + Ly) dAde =w (L2 + Ly) Ai3, + Avg,
(Ly + Ly) ““" = —w(Ly + Ly) Aig, + Avg,
{ Avsy = Ly — wL A, )
Avy, = dm” + wLy A,

The state variables x* in the system d—¢g frame should be
transformed into the state variables x¢ in the controller d—g
frame when they are fed back for control. As shown in Fig. 4(a),
the relationship between z* and x“ can be expressed as

26 = eI A0 s — ej(efepll)xs — ¢ JAbGu 8

= [cosAbpn — jsinAbyy] 2 )

where 6 is the actual angle of the system d—q frame, and 6,,); is
the output angel of PLL. In the steady state, 6,1 = 6 and A,y is
the corresponding small disturbance during the transient state.
Considering the small disturbance, cosAf, ~ 1, sinAf, ~
Afyy, the transformation from Az® to Az® and its inverse
transformation can be obtained as

{ Az = Az + Ay X; (10
Azy = Azy — Afpn Xj*
{ Az = Az§ — Ay XS* an
Az‘j = Az‘g + AOu X5
where X;* = X/ and X" = X7" in the steady state.
Furthermore, from Fig. 4(b), it can be deduced that
Abpn = Mg, Py /s = Ao, PS5 T Ronr =g,

S
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Combining (10), (12) and Fig. 4(b), Af,1 can be expressed
as

Pl A1 Ay

Ay =
P S VP Tpus+ 10 9

(13)
where 1/(T,1s+ 1) is used to filter out the high-frequency
harmonics of vy, .

At this point, the model of the ac side is established com-
pletely. Hereafter, the model of the dc side will be established.
As shown in Fig. 3(a), for the dc side, the following equation
can be derived:

dvpy
dt

Then, the small-signal model of the dc side can be obtained
as

dAv
C Py
dt

C

=iy — L5 (it + d3i3,) - (14)

= gpvAvpy, — 1.5

(Ad3 I3 + Dy Aisy + AdS T+ DA,
(15)

where Ay, = g,y Avp,. Taking the model of the PV panel into
consideration [28], the following equations can be obtained:

ipe = Np (Iye + K;AT)

G exp (vpy/NgVia) — 1
Gy exp((Voo + Kv AT) /Via) — 1

where Np and Ng are the numbers of series and parallel mod-
ules. I, and V. are the open-circuit voltage and short-circuit
current of a PV model. V; is the thermal voltage and a is
the ideality constant of the equivalent diode. G and Gy are
the actual irradiance and the nominal irradiance, respectively.
AT =T — Ty, T and Ty are the actual temperature and the
nominal temperature, respectively. K; and Ky are the current
and voltage coefficients, respectively. Then, it can be derived
that

(16)

“Np (I + K, AT) Aexp( V. /NsVia)
exp((Voe + Ky AT)/Via)—1 NsVia

AP =V}, Nipy + Avpo Iy = Kpy Avy,

Gpv =
(17)

Koo = g Visy + P V5,

where AP is the small disturbance of the output power of the
PV panel.

For controllers related to the dc side, the dc voltage loop is
linear and relatively easier. But the outmost P&O-based power
loop is nonlinear and discontinuous; it is the critical link and
should be modeled properly. Based on Fig. 3(b), the actual
output of the P&O-based power controller is shown as the black
line in Fig. 5(a); it can be seen that the actual value of v}ﬁi is
stair-stepping. Considering that T is very small, the output can
be expressed approximately as

pv

oref = Ti [sgn (Pref — P,)sgn(AP)sgn(Av)dt  (18)
P

where sgn(z) is the sign function. If # > 0,sgn(z) = 1.If z <
0, sgn(z) = —1. The approximate value of v}r)f,f based on (18)
is shown as the red line in Fig. 5(a).

8729
A left side i i
ref“ — actual value P P R
va — approximate value max 17 Ny
T P I | I
L 1
|t I [
I | | |
I I I
_____ I I I
______ £ I o \Vp
| | | >
> t v!”’vl va 2
(a) (b)
Fig. 5. (a) Output of P&O based power control. (b) Power-voltage curve of
the PV panel.
controller d-g frame
AL, . [ * A6,
e[ ] Eq.(10)
Plady e 1 A% Eq.(13
Y . A 4
Ad; 3 Ad; N A T AV
ctlxor:)egt : Eq.(1 ])_, : :,’ 27
7 FId Eq.(8)
ALy £ a4, v lAAqv Ea.(7) :
volatge - power Eq(14) v )
loop |Aav)7| loop LR
A AP ll‘q

system d-g frame

Fig. 6.
generator.

Signal flow diagram of the whole LCL-Filtered single-stage PV

Furthermore, through the power-voltage curve of the PV panel
shown in Fig. 5(b), the following equations can be obtained if
sampling errors are ignored:

sgn (AP)sgn (Av) =1,  left side (19)
sgn (AP)sgn (Av) = —1, rigth side.
Therefore, (18) can be simplified as
v;‘i,f = ﬁ [sgn (P’ef — P,,,) dt, left side 20)
vlr)f,f = % [ sgn (P“f — P,,,) dt, rigth side.

Through (14) and (20), the dc-side dynamics and the P&O-
based power control are modeled properly. Their influence on
the system stability can be taken into consideration based on
the DF method, which will be illustrated in detail in the next
section.

Based on (5), (14), and (17), choosing V; and P*
(namely P**') as known variables, the other related equilib-
rium points can be calculated as

Vi =0

Vir = \/((1.51/)2 + \/(1.51/)4 — (3P*ng)2> /4.5

Is; = 0,155 = P/ (15V;7)
I;r = WOV, I = I3 — w? CLy I3

gd>

Sk __ TS¥ JS¥ __ TSk __ Js*
ICq _Ilq7]C’d _Ild I2d

Ver—wLy Iy}

Ds* — who I3 +wli I, Ds* — g g
q ?

Vi 6

2n
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Fig. 7. Complete model of the LCL-Filtered single-stage PV generator.

where V' is the amplitude of the ideal ac voltage sources vy 1. ¢
in Fig. 3(a).

Since the signals of the whole LCL-Filtered single-stage PV
generator is numerous and complexly linked, Fig. 6 shows the
signal flow diagram of the whole system based on Fig. 3(a) to
help clarify the cause and effect.

Based on Fig. 6 and combining (7), (8), (10), (11), (13),
(14), and (17), the complete and detailed model of the LCL-
Filtered single-stage PV generator is presented in Fig. 7 when
the operation point is located on the left-hand side, where the
d—q coupling terms are not presented for the compactness. The
model when the operation point is located on the right-hand side
can be derived in the similar way. From the figure, it can be seen
that when the P&O-based power control is taken into consider-
ation, the whole system can be divided into two parts namely
the nonlinear part and the linear part. For the nonlinear part,
it is discontinuous and the conventional small-signal modeling
cannot be applied anymore. However, this structure is the same
as Fig. 2(a); hence, it is suitable to be analyzed through the DF
method as introduced in Section II. Furthermore, it should be
noted that the complete model of the LCL-Filtered single-stage
PV generator meets the two requirements of DF method.

1) The nonlinear part namely the sign function is odd-

symmetric.

2) The linear part is low-pass because of the control loops

and the LCL filter.

IV. DETAILED STABILITY ANALYSIS

In this section, the stability analysis is conducted in detail
and the corresponding influence factors are carefully studied.
Based on the obtained results, some measures to enhance the
system stability are summed up. Before the detailed stability
analysis, the DF N (A) of the sign function should be calculated.
According to definition of DF as shown in (2), the DF N(A) of
the sign function can be easily calculated as

(22)

Also, the comparison with the conventional stability analysis
method is made. The conventional stability analysis method is
based on the linear system theory, whose maximum research
scope is from Avf)cvf to Avy, as shown in Fig. 8. The whole
analysis procedures are similar to the procedures presented in
[9]-[17], namely obtaining corresponding results through open-
loop (or close-loop) Bode diagrams. Compared to Fig. 7, it can
be found that the whole PV power loop is out of consideration
in the conventional stability analysis method.

The used PV module in this paper is KC200GT, whose de-
tailed parameters are introduced in [28]. The whole PV panel
consists of 15 parallel and 60 series KC200GT PV modules,
then the maximum power of the PV panel can reach about
190 kW and the corresponding voltage vy, is about 1680 V
under the nominal irradiance Gy = 1000 W/m? and the nomi-
nal temperature T = 298.16 K. The other rated electrical and
control parameters of the LCL-Filtered single-stage PV genera-
tor are shown in Table II, where the operation point is indicated
by (V%,, P*) and the other equilibrium points can be derived

pv>

through (21).

A. Operation Points

In this part, the operation points of the PV panel are studied,
where the other parameters are kept the same as Table II except
for the operation points and their dependent parameters gy,
K, . Fig. 9 shows the influence of operation points on the system
stability analyzed by the proposed analysis method. Fig. 9(a)
shows the system Nyquist diagrams when the operation points
are on the left-hand side of the power-voltage curve of the PV
panel shown in Fig. 5(b), while Fig. 9(b) shows system Nyquist
diagrams when operation points are on the right-hand side.

According to the modified Nyquist criterion of the DF
method, it can be concluded that the system is critically sta-
ble when the operation points are on the left-hand side. While
under the same output power, the system is stable when the
operationpoints are on the right-hand side. Furthermore, from
Fig. 9(a), it can be seen that with the operation points further
moving toward the left-hand side, the oscillation amplitude is
obviously increased. According to (3), the specific oscillation
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Fig. 9. System dynamics with changes of operation points analyzed by the
proposed analysis method. (a) Left-Side operation points. (b) Right-Side oper-

ation points.

amplitude and frequency can be calculated as

A, =105 kW
L (1390 V, 170 kW)
£, =23 Hz
A, = 124 kW
(1220 V, 150 kW)
fo =23.8Hz

(1055 'V, 130 kW) (23)

A, = 13.8 kW
f,=251Hz °

Fig. 10.  System dynamics with changes of operation points analyzed by the
conventional analysis method. (a) Left-Side operation points. (b) Right-Side
operation points.

where the angular frequency w, has been transformed into fre-
quency f, for convenient comparison.

Through (23), it can be found that the changes of operation
points on the left-hand side will greatly influence the oscillation
amplitude, but have little influence on the oscillation frequency.
It should be noted that the changes of the oscillation ampli-
tude under different left-side operation points are not caused
by the coefficient K, (AP = K, Av,, ) since the coefficient
K,y under these operation points is almost the same. Instead,
the changes of the oscillation amplitude are mainly caused by
the system stability.

In conclusion, the right-side operation points can greatly en-
hance the system stability compared with the left-side operation
points.

Fig. 10 shows the influence of operation points on the system
stability analyzed by the conventional analysis method. Accord-
ing to Fig. 8, the open-loop Bode diagrams of the system when
the operation points are on the left side is presented Fig. 10(a)
and the open-loop Bode diagrams of the system when the oper-
ation points are on the right side is presented Fig. 10(b).

It should be noted that when the operation points are on the
left side, the open-loop transfer function in Fig. 10 is the non-
minimum phase system and it contains the one right-half-plane
pole. Hence, the conventional stable margin cannot be applied
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Fig. 11.  System dynamics with changes of control parameters analyzed by the
proposed analysis method. (a) PV power loop changes where ¢ = 0.1, 1,2V,
respectively. (b) DC voltage loop changes where k,p = 0.4, 0.2, 0.04 A/V
and k, ; = 200, 100, 20 A /Vs, respectively.

here too. Based on this fact, through Fig. 10(a), we can only
conclude that the system is stable when the operation points are
on the left side. This conclusion is not consistent with the con-
clusion of our proposed analysis method. However, according
to the experimental results, it is found that the conclusion of our
proposed analysis method is more accurate.

Through Fig. 10(b), it can be seen that the LCL-Filtered
single-stage PV generator is stable when the operation points
are on the right side, which is consistent with the conclusion of
our proposed analysis method.

B. Control Loops

The interaction of different control loops will influence the
system stability, which will be studied in detail in this part.
Except for the studied control parameters which would be
changed intentionally, the other parameters are kept the same as
Table II. Compared to the PV power loop and the dc voltage loop,
the current loop has higher bandwidth and is very fast. There-
fore, the current loop has little influence on the low-frequency
instability of the LCL-Filtered single-stage PV generator. Then,
the PV power loop and the dc voltage loop are the main research
objects, whose influence on the system stability analyzed by the
proposed analysis method is shown in Fig. 11. On the other
hand, the PLL is strongly related to the grid strength and they
will be studied together in the next part.

According to the proposed analysis method, Fig. 11(a) shows
the system Nyquist diagrams when the perturbation size ¢ of
the PV power loop changes from 0.1 to 2 V. When ¢ increases
which means the equivalent bandwidth of the PV power loop
increases, the oscillation is more and more obvious. When ¢ =
0.1V, the oscillation is very small and can be omitted. But when
€ = 2V, the oscillation is much stronger compared toe =1V,
the specific oscillation amplitude and frequency are

,e=2V.

A, =24.8kW
{ 24

fo =24 Hz
Compared to the results when € = 1 V shown in (23), the

oscillation amplitude is obviously increased but the oscillation
frequency changes slightly.
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Fig. 12.  System dynamics with changes of control parameters analyzed by the
conventional analysis method, where k,p = 0.4, 0.2, 0.04 A/V and k,; =
200, 100, 20 A /Vs, respectively.

Fig. 11(b) shows the system Nyquist diagrams when the band-
width of the dc voltage loop varies. The bandwidth of the dc
voltage loop is changed through simply scaling the proportional
coefficient k,p and the integral coefficient k,; at the same
time, that is, the overall gain of the dc voltage controller is
changed. As shown in Fig. 11(b), when the gain of the dc volt-
age controller is expended to 2 times namely k,p = 0.4 A/V
and k,; = 200 A/Vs, the system is stable as the green Nyquist
curve shows. But when the gain of the dc voltage controller is
reduced to 1/5 namely k,p = 0.04 A/V and k,; =20 A/Vs,
the system becomes unstable as the pink Nyquist curve shows,
where although G(s) does not surround —1/N(A), but G(s)
has poles on the right-half plane.

Therefore, it can be concluded that the system is more stable if
the bandwidth of the PV power loop is lower and the bandwidth
of the dc voltage loop is higher.

Fig. 12 shows the influence of control parameters on the
system stability analyzed by the conventional analysis method.
Since the conventional analysis method cannot take the nonlin-
ear discontinuous PV power loop into consideration, the influ-
ence of the whole PV power loop is out of consideration, and
only the influence of the dc voltage loop is studied. From this
point, it can be seen that the proposed stability analysis method
has obvious advantages than the conventional stability analysis
method. More loops and more influence factors can be taken
into consideration, hence more accurate results especially for
the low-frequency oscillation can be obtained.

Being similar to Fig. 10, the open-loop transfer function
in Fig. 12 is the non-minimum phase system and it contains
one right-half-plane pole when the operation points are on the
left side. Combining this fact, through Fig. 12, it can be con-
cluded that when the gain of the dc voltage controller is re-
duced to 1/5 namely k,p = 0.04 A/V and k,; =20 A/Vs,
the system is unstable, which is consistent with the conclu-
sion of our proposed analysis method. However, when the PI
coefficients are that k,p = 0.2 A/V, k,; = 100 A/Vs (rated)
and k,p =04 A/V, k,; =200 A/Vs (2 times), it can be only
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Fig. 13.  Phasor diagram in the terminal of the weak grid.
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Fig. 14. System dynamics with changes of PLL bandwidth and
grid strength analyzed by the proposed analysis method. (a) L, =
0.2, 0.7, 1.2 mH when k,jp = 0.45 rad/Vs, k,nr =8 rad/VsZ. (b) L, =
0.2, 0.7, 1.2 mH when k,p = 2.25 rad/Vs, kpny = 40 rad/Vs?.

obtained that the system is stable. The critically stable state
when k,p = 0.2 A/V and k,; = 100 A/Vs (rated) cannot be
reflected obviously, which shows that the accuracy of the con-
ventional stability analysis method is limited compared to our
proposed analysis method.

C. Grid Strength and PLL

In this part, the influence of grid strength and PLL is
studied, where the other parameters are kept the same as
Table II except for the chosen parameters. Due to the existence
of L, which represents the grid strength, the terminal voltages
Vga,b,c Of the weak grid which are the inputs of the PLL for the
synchronization will contain a lot of high-frequency harmonics
(L, %) as shown in (6) and (8). Therefore, the performance of
the PLL will be distorted and the system stability is degraded.
In addition, the output power of the PV generator is limited. As
shown in Fig. 13, because of the limitation of unity power factor,
I—; and 17; are in the opposite direction. The terminal voltage \7:,
the inductive voltage ijgI_g and the ideal ac voltage sources

17; constitute a triangle. Thus, the following constraint equation
can be obtained
2
PL, < 0.75°— 25)
w
where V' is the amplitude of vy, ; .. The above constraint (25)
can be also obtained from (21).

Under the constraint (25), the allowable maximum L, is
1.54 mH when the output power is 150 kW, otherwise the sys-
tem does not have equilibrium points. Within this variation range
of L,, Fig. 14 shows the influence of the PLL bandwidth and
grid strength on the system stability analyzed by the proposed
analysis method. Fig. 14(a) and (b) show the system Nyquist
diagrams with changes of L, when the PLL bandwidth is dif-
ferent. The PLL bandwidth is changed through simply scaling
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Fig. 15. System dynamics with changes of PLL bandwidth and grid strength
analyzed by the conventional analysis method. (a) L, = 0.2, 0.7, 1.2 mH when
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the proportional coefficient kyip and the integral coefficient
kpnr at the same time, that is, the overall gain of the PLL
controller is changed. The gain of the PLL controller in
Fig. 14(a) is the rated value, while the gain of the PLL controller
in Fig. 14(b) is increased to 5 times, where kpjp = 2.25 rad/Vs,
k‘pH] =40 rad/VsQ.

As shown in Fig. 14(a), under the condition of low PLL
bandwidth, the increase of L, is beneficial to suppress the low-
frequency oscillation. The oscillation amplitude is reduced obvi-
ously when L is increased to 0.7 mH, furthermore, the system
becomes stable and the oscillation is completely suppressed
when L, is increased to 1.2 mH.

However, if the PLL bandwidth is high, the increase of L, is
adverse to the system stability. As shown in Fig. 14(b) where
the gain of the PLL controller is increased to 5 times, when L,
is increased to 1.2 mH, the system is unstable. Although G(s)
does not surround —1/N(A), G(s) has poles on the right-half
plane when L, equals to 1.2 mH. This is because when the PLL
bandwidth is high, the high-frequency stability is dominated.
And the high-frequency stability is reduced with the increase of
L, which has been well explored in [9]-[17]. However, even
for the high-frequency stability, the low PLL bandwidth can also
increase the maximum acceptable ability for the grid inductor
L.

In conclusion, the influence of grid strength and PLL is
strongly coupled and it is not unidirectional. At the same time,
there is a contradiction between the high-frequency stability and
the low-frequency stability with the increase of L. If the PLL
bandwidth is low which means that the low-frequency stability
is dominated, the increase of L, (namely the weaker grid) is
beneficial to the system stability. No matter the high-frequency
stability or the low-frequency stability, the low PLL bandwidth
is always beneficial to the stability of the LCL-Filtered single-
stage PV generator when it is connected to the weak grid.

Fig. 15 shows the influence of the PLL bandwidth and grid
strength on the system stability analyzed by the conventional
analysis method. According to Fig. 8, the open-loop Bode di-
agrams of the system with low PLL bandwidth is presented in
Fig. 15(a) and the open-loop Bode diagrams of the system with
high PLL bandwidth is presented in Fig. 15(b).
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For Fig. 15(a), the open-loop transfer function is the non-
minimum phase system and it only contains one right-half-
plane pole. Based on this fact, it can be concluded that the
system is stable. But the critically stable state and its variation
trend cannot be reflected, while the critically stable state and
its variation trend can be well reflected through our proposed
stability analysis method as shown in Fig. 14(a). And from the
experimental results, it can be found that the conclusion of our
proposed analysis method is more accurate. Hence, our proposed
analysis method is more advanced than the conventional stability
analysis method.

For Fig. 15(b), when L, = 0.2, 0.7 mH, the open-loop trans-
fer function is the non-minimum phase system and it only con-
tains one right-half-plane pole. Therefore, it can be concluded
that the system is stable. Similarly, the conclusion about the crit-
ically stable state cannot be obtained directly, which shows the
limitation of the conventional stability analysis method. How-
ever, when L, = 1.2 mH, the open-loop transfer function is the
non-minimum phase system and it contains three right-half-
plane poles. Combining this fact, it can be concluded that the
system is unstable, which is consistent with the conclusion of
our proposed analysis method.

V. HIL TESTS

To verify the theoretical analyses, the corresponding HIL tests
are conducted, whose setup is shown in Fig. 16. The topology
and the control method of the LCL-Filtered single-stage PV
generator are shown in Fig. 3, the related parameters are kept
the same as Table I except for the studied parameters in different
cases.

Fig. 17 shows the responses of the LCL-Filtered single-
stage PV generator when the operation points are changed on
the left side of the power-voltage curve of the PV panel, in
which AP = P — 150 kW, Av,y = v,y — 1200 Vand Af =
f — 50 Hz. From Fig. 17(a) which shows the output power,
PV voltage and output frequency of PLL, it can be seen that
the persistent oscillation is existed when the operation points
are located on the left side. Furthermore, with the operation
points moving left from (1390 V, 170 kW) to (1055 V, 130 kW),
the oscillation amplitude becomes larger. These phenomena are
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Fig. 17. System responses with changes of left-side operation points.
(a) Output power, PV voltage and output frequency of PLL when operation
points are (1055 V, 130 kW), (1220 V, 150 kW) and (1390 V, 170 kW) re-
spectively. (b) Enlarged version when the operation point is (1055 V, 130 kW).
(c) Enlarged version when the operation point is (1220 V, 150 kW). (d) Enlarged
version when the operation point is (1390 V, 170 kW). (e) Output three-phase
currents when the operation point is (1220 V, 150 kW).
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consistent with the corresponding theoretical analysis of Part A
in Section I'V. In addition, due to the existence of the grid in-
ductor L, the input of PLL contains numerous high-frequency
components because of the inductive voltage L, % Hence, the
observed frequency has a lot of glitches shown in the figure.

Fig. 17(b) shows the enlarged version when the operation
point is (1055 V, 130 kW). As the figure shows, the measured
oscillation amplitude and frequency are 13.6 kW and 25 Hz.
Then, Fig. 17(c) shows the enlarged version when the operation
point is (1220 V, 150 kW) namely the rated operation point, in
which the measured oscillation amplitude and frequency are 12
kW and 23.2 Hz. Finally, Fig. 17(d) shows the enlarged version
when the operation point is (1390 V, 170 kW), in which the
measured oscillation amplitude and frequency are 10 kW and
22.7 Hz. These three results meet the theoretical calculation in
(23) well, which can well verify the accuracy and effectiveness
of the proposed stability analysis method. At the same time,
through the enlarged versions, it can be observed that the out-
put frequency of PLL has obvious low-frequency components
except for the high-frequency glitches. However, through the
conventional stability analysis method shown in Fig. 10, these
oscillation phenomena cannot be analyzed effectively. Hence,
it can be effectively proven that our proposed stability analysis
method is more accurate than the conventional stability analysis
method.

Fig. 17(e) presents the output three-phase currents of the LCL-
Filtered single-stage PV generator when the operation point is
(1220 V, 150 kW) namely the rated operation point. From the
figure, it can be seen that the output currents are fluctuated
obviously with the low frequency. The rated amplitude of the
currents is about 321.5 A under the output power 150 kW, due
to the oscillation, the actual amplitude of the currents can reach
about 405 A as shown in the figure. Therefore, the efficiency and
reliability of the power electronic devices are greatly influenced
because of the increased thermal loss and current stress.

Fig. 18 presents the responses of the LCL-Filtered single-
stage PV generator when the operation points are changed on
the right side of the power-voltage curve of the PV panel, in
which AP = P — 150 kW, Av,, = v,y — 1800 V and Af =
f — 50 Hz. Fig. 18(a) shows the output power, PV voltage and
output frequency of PLL when operation points are (1885 V,
130 kW), (1859 V, 150 kW) and (1820 V, 170 kW) respectively.
Compared to Fig. 17(a), it can be found that the system is com-
pletely stable and there is no obvious low-frequency oscillation
in the figure, which shows that the system stability is enhanced
when the operation points are located on the right side. This
conclusion is also obtained by the conventional stability analy-
sis method.

Fig. 18(b) shows output three-phase currents of the LCL-
Filtered single-stage PV generator when the operation point
is (1859 V, 150 kW). Under the same output power, the output
currents in Fig. 18(b) are much smoother than the output currents
in Fig. 17(e) and there is no obvious fluctuation.

Fig. 19 shows the responses of the LCL-Filtered single-stage
PV generator with changes of control loops, where AP =
P — 150 kW, Avpy, = v,y — 1200V and Af = f — 50 Hz.
Fig. 19(a) shows the output power, PV voltage and output fre-
quency of PLL when = 0.1, 1, 2 V. From the figure, it can
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Fig. 18. System responses with changes of right-side operation points.

(a) Output power, PV voltage, and output frequency of PLL when operation
points are (1885 V, 130 kW), (1859 V, 150 kW), and (1820 V, 170 kW) re-
spectively. (b) Output three-phase currents when the operation point is (1859 V,
150 kW).

be seen that perturbation size ¢ has great influence on the
low-frequency oscillation. With the increase of €, which means
the equivalent bandwidth of the PV power loop is increased, the
oscillation is more and more obvious. When = 0.1 V, the oscil-
lation is very small and can be omitted. Then, when = 1V, the
oscillation is obvious. Finally, when = 2V, the oscillation am-
plitude is significantly increased. Fig. 19(b) shows the enlarged
version when = 2 V. From the figure, the measured oscillation
amplitude and frequency are 23.5 kW and 23 Hz. Compared to
Fig. 17(c) that shows the situation when = 1 V, the oscillation
amplitude is increased to 2 times but the oscillation frequency
changes slightly. These phenomena meet the theoretical analysis
of Part B in Section IV. Since the conventional stability analysis
method has no ability to consider the nonlinear discontinuous
PV power loop, the influence of perturbation size ¢ cannot be
studied. This comparison can further illustrate the advantages
of our proposed analysis method.

Fig. 19(c) presents the output currents when = 2 V. Since the
oscilloscope only has two channels, currents of phase a and b
are monitored and current of phase ¢ is not monitored. From
the figure, it can be seen that currents are fluctuated violently
and the actual amplitude of the currents can reach about 450 A,
which exceeds the rated value (321.5 A) about 128.5 A.

Fig. 19(d) shows the output power, PV voltage and out-
put frequency of PLL with different gains of the dc voltage
controller, that is, the equivalent bandwidth of the dc volt-
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Fig. 19. System responses with changes of control loops. (a) Output power,
PV voltage and output frequency of PLL when € = 0.1, 1, 2 V. (b) Enlarged
version when € = 2 V. (c¢) Output currents when ¢ = 2 V. (d) Output power,
PV voltage and output frequency of PLL when k, p = 0.4, 0.2, 0.04 A/V and
kyr = 200, 100, 20 A/Vs namely 2 x rated gain, rated gain, 0.2 x rated gain
of the dc voltage controller, respectively.

age loop is changed. When the gain of the dc voltage con-
troller is 2 times of the rated gain namely k,p = 0.4 A/V and
k,;r =200 A/Vs, the system is completely stable and the low-
frequency oscillation is suppressed effectively. But when the
gain of the dc voltage controller becomes 1/5 of the rated gain
namely k,p = 0.04 A/V and k,; = 20 A/Vs, the system be-
comes unstable. Except the critically stable state, these stable
and unstable states can be also predicted by the conventional
stability analysis method. These experimental results are in
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Fig. 20. System responses with changes of grid strength under the differ-
ent PLL bandwidths. (a) Output power, PV voltage and output frequency of
PLL with Lg = 0.2, 0.7, 1.2, 2.2 mH when kpnp = 0.45 rad/Vs, kpll[ =

8 rad/Vs?. (b) Output power, PV voltage and output frequency of PLL with
L, =0.2,0.7, 1.2 mH when kp,jjp = 2.25 rad/ Vs, kpj17 = 40 rad/Vs?.

accordance with the corresponding theoretical analysis of Part
B in Section IV.

From Fig. 19, it can be concluded that with the slower outer
loop (PV power loop) and the faster inner loop (dc voltage loop),
the LCL-Filtered single-stage PV generator is easier to be stable.

Fig. 20 shows the responses of the LCL-Filtered single-
stage PV generator with changes of the grid strength and
PLL, where AP = P — 150 kW, Av,, = v,y — 1200 V and
Af = f — 50 Hz. In Fig. 20(a), the bandwidth of PLL is rel-
atively lower where kyp = 0.45 rad/Vs, ki = 8 rad/Vs?.
Through the figure, it can be seen that under the condition of
low PLL bandwidth, the increase of L, can suppress the low fre-
quency oscillation. Especially when L, = 1.2 mH, the system
is completely stable and the oscillation has disappeared, which
agrees with the theoretical analysis of Part C in Section IV.
However, due to the limitation of the output power and the grid
inductor shown in (25), the maximum L, is 1.54 mH when the
output power is 150 kW. Therefore, when L, is greater than
1.54 mH, the system cannot be stable. As shown in the figure,
the system is unstable when L, = 2.2 mH. On the other hand,
it can be found that the glitches of the observed frequency of
PLL are more and more serious with the increase of L,. Hence,
the high-frequency stability is challenged.

In Fig. 20(b), the gain of the PLL controller is increased to 5
times where k,np = 2.25 rad/Vs, kpnr = 40 rad/Vs?. First,
it can be seen that the output frequency of PLL is distorted seri-
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ously and the amplitude of the glitches are increased obviously.
These mean that the high-frequency stable margin is further de-
creased. But the low-frequency oscillation can still be weakened
with the proper increase of grid inductor L, like L, = 0.7 mH
shown in the figure. These phenomena can sufficiently illustrate
the different influence of grid inductor L, on the system low-
frequency and high-frequency stability. However, in this situa-
tion, the LCL-Filtered single-stage PV generator is dominated
by the high-frequency stability and its maximum acceptable
ability for the grid inductor L, is decreased. Hence, the system
becomes unstable when L, becomes 1.2 mH as shown in the
figure, which also agrees with the theoretical analysis of Part C
in Section IV.

In conclusion, through Fig. 20, it can be found that the grid
inductor L, has different influence on the low-frequency and
high-frequency stability of the LCL-Filtered single-stage PV
generator. With the increase of L, the low-frequency oscillation
can be suppressed but the high-frequency stability is challenged.
However, through decreasing the PLL bandwidth, this contra-
diction can be alleviated and the LCL-Filtered single-stage PV
generator is easier to adapt the weak grid.

VI. CONCLUSION

In this paper, a stability analysis method based on the DF
method is proposed to analyze the power oscillation issues of
the LCL-Filtered single-stage PV generator when it is connected
to the weak grid. Being different from the conventional analy-
sis method, the complete model of the LCL-Filtered single-stage
PV generator is taken into consideration in the proposed analysis
method including dc voltage control and nonlinear discontinu-
ous P&O based power control, which effectively enhances the
accuracy and completeness of the results. Especially for the crit-
ically stable state, both the oscillation amplitude and frequency
can be calculated accurately based on the DF method. At the
same time, different influence factors are analyzed quantita-
tively and it is found that the operation points, grid strength and
the interaction of multiple control loops influence the system
stability greatly. Furthermore, it is first revealed that the grid in-
ductor has different influence on the system high-frequency and
low-frequency stability, and this contradiction can be alleviated
through decreasing the PLL bandwidth. Finally, the HIL tests
are conducted and the results can verify the theoretical analyses
well.
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