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ABSTRACT The passivity-based control (PBC) with Euler-Lagrange (EL) model has been used for
LCL-filtered grid-connected converter. However, the impacts of the control delay and the interaction
resonances under capacitive grid impedance are rarely considered for PBC method. Nonlinear Lyapunov’s
stability theory is hard to estimate the stability of the system and accurately design the controller parameters
considering the control delay. This paper derived the impedance model of LCL-filtered grid-connected
inverter with grid current control based on PBC method. The passive theory and the zero-pole maps are
applied to reveal the influence of the digital delay and differential item of inverter current loop. A new
three-level cascaded control method is then proposed based on traditional PBC method to achieve stability
and high robustness in complex grid. Furthermore, controller parameters are designed accurately to maintain
passivity within switching frequency ranges and parameter variations of the LCL filter are investigated. Final
validation of the effectiveness and performance of the proposed control structure is performed by simulation

and experimentation.

INDEX TERMS Complex grid impedance, delay, LCL-filter, passivity, robust, stability analysis.

I. INTRODUCTION

Grid-connected voltage source inverters (VSI) are widely
used in distributed power generation system. Due to the
switching actions of the inverters, output filters are always
utilized to attenuate switching harmonics to fit grid connec-
tion requirements at the point of common coupling (PCC).
Comparing to L or LC type filters, LCL type filters perform
better switching harmonics attenuation ability with much
smaller total inductors [1]. However, LCL filters inherent
resonance issue may destroy the stability of the whole inverter
system. In addition, new energy power generations are widely
used in the power supply field in remote areas, where the
power supply lines are long and the grid impedance could be
capacitive [2], [3]. Hence, system destabilizing events may be
triggered by the external interactions between the inverter and
the weak grid as well as among the paralleled inverters with
increasing penetration of renewable energy resources [4], [5].
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Many scholars have proposed damping methods to solve
LCL filter resonance issues [6]-[10]. Passive damping is
the most straightforward approach to tackle resonance issue
by inserting a dissipative resistor in series or in parallel
with the LCL filter capacitor. It is extremely simple but
could cause unexpected extra power loss on damping resistor
and degradation of harmonic attenuation ability [11], [12].
A preferable way is to adopt active damping which design
more complicated control loops feedback variables to con-
struct virtual resistors. Despite better efficiency of conven-
tional active damping methods such as capacitor current or
capacitor voltage feedback, current weighted average, the
control effects are constrained by digital control delay and
grid impedance [13], [14].

Since the drawbacks of conventional linear control meth-
ods, some researchers switch their attention to a series of
nonlinear control approaches. Nonlinear control strategies
such as, model predictive control [15], slide mode control
(SMC) [16], passivity-based control (PBC) [17]-[20], etc.
perform better robustness, static and dynamic in comparison
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FIGURE 1. Topology of grid-connected inverter with LCL filter.

with linear control strategies due to inverters’ nonlinear
characteristics. However, it is hard exactly design control
parameters and analyze the system stability for nonlinear
control strategies, especially considering system delays and
grid impedance. A linearized model for three-phase LCL-
filtered grid-connected VSI with PWM-SMC control is pro-
posed in [21] and a three loop step-by-step design method
of the controller is also developed. The PBC method has
clear physical meaning since the fundamentals of mathe-
matics are based on Euler-Lagrange (EL) model to shape
energy and inject damping [22]-[24]. In [25], a step-by-step
parameters design method is proposed to select the damping
gains of PBC controller from inside to outside to limit the
steady-state error of grid-injected current for grid-connected
inverter. PWM-SMC and PBC methods for LCL-filtered grid-
connected VSI are similar to full state feedback controls
including the feedforward control of the PCC voltage, which
can provide stability and strong robustness against parameters
perturbations. The PBC method has also been applied suc-
cessfully to static synchronous compensator STATCOM [26]
the railway power systems [27]. According to the existing
literature, few scholars have examined the effects of delay and
grid impedance on an LCL-filtered grid connected inverter
with a PBC controller, especially in a capacitive grid or a
complicated system.

In fact, the nonlinear PBC controller relies on the exact
mathematic model when inject the damping to ensure the
global asymptotic stability. The delay is normally not mod-
eled in the PBC control design and stability analysis. In some
cases, a rate limiter link or low pass filter is also added to
the feedforward paths [28], [29]. The passivity theory has
been also adopted by linear controllers by analyzing the
admittance model in frequency-domain [3], [30]. Frequency
domain passivity theory was introduced to guide dissipative
damping selection and assess external stability of the inverter
with the utilization of impedance-based model. Although this
method is different from the PBC approach, it also can be
used to improve the performance of PBC controller for grid-
connected VSI system. Note that the passivity theory is a
sufficient but not necessary stability condition. As mentioned
in previous studies, the instability would arise in the case of
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weak grid due to the interaction between the grid impedance
and the output impedance of the current-controlled inverter.
The impedance-based stability analysis method has been
widely utilized in recent years [30]-[33]. A number of con-
trol schemes are devoted to expand passive region, many
control algorithms can realize totally passive within Nyquist
frequency. However, some literature indicated that sometimes
it is not enough to eliminate the risk for destabilization of
poorly damped grid resonances within the Nyquist frequency,
but also above, the Nyquist frequency [33].

Based on the traditional PBC control theory and the pas-
sivity theory, this paper proposed a new three-level cascaded
control system for grid-connected VSC with LCL filter to
solve the oscillation problem. In order to guarantee the exter-
nal stability, a suitable impedance model of the proposed con-
trol is deduced by employing reasonable modeling methods.
Then, the controller parameters are accurately designed for
realizing passivity within switching frequency. Finally, simu-
lation and experimental results demonstrate the effectiveness
of the proposed three-level cascaded control structure and the
design method of controller parameters.

Il. CIRCUIT MODELING AND TRADITIONAL PBC FOR
LCL-FILTERED GRID-CONNECTED INVERTER

A. CIRCUIT MODEL

The structure of a three-phase voltage-source inverter (VSI)
cascades an LCL-type filter is shown in Fig. 1. L;, L,, and
C are the inverter-side inductor, grid-side inductor, and filter
capacitor. Ry and R; represent the line resistances of L
and L, respectively, and the resistive components tend to
make the system more stable. Also, L, and C, represents
the grid inductance and grid capacitor, respectively. The grid
impedance may vary over a wide range and hence a robust
controller should be designed.

Moreover, the inverter-side current, grid-side current,
capacitor voltage, PCC voltage and DC bus voltage are
expressed by i1, i2, uc, tpee, Uqe, respectively. For objectives
of output current regulation, grid synchronization and active
damping, the iy, i2, uc, and uy.. are sensed and fed back to
the controller.

Based on the symbols defined in Fig.1, the three-phase VSI
with an LCL-type filter can be expressed as follows in alpha-
beta coordinate:

diyy .
Ly —— + Ry, + ucr = u

dt
du
c dfk+izk—i1k=o k=a.p) (1)
dipy .
ng + Roipp — uck = —Upeck

where uy is the voltage of the inverter side. For three-phase
inverter, the controller design for w-axis and the B-axis com-
ponents are same and independent to each other. The fol-
lowing part will focus on the o-axis and omit the subscripts
“or, 7 in order to simplify the description.
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From the (1), the EL model of the three-phase VSI with
LCL-type filter can be expressed as

Mx+Jx+Rx=U )
where M, J, R, x are described as
L, 0 0 0 1 0
M=|0 C 0], J=|-1 0 1 3)
| 0 0 L 0 -1
R, O 0 i1 u
R=|10 0 0|, x=|u|, U= 0
| 0 0 R in Upcc
)
M is the positive definite inertial matrix and M = MT:
J is the antisymmetric interconnection matrix and J = —J7 ;

R is the positive definite symmetric matrix which denote the
dissipation characteristic of the system, and U is the external
input matrix which represents the energy exchange between
surroundings and the system.

B. TRADITIONAL PASSIVITY-BASED CONTROL
DESIGN PROCEDURE
Step 1: Define error dynamic

The error dynamics are the key to design globally asymp-
totically stable and zero steady-state error controller. The
error system of VSI system can be defined as:

Xe=x"—x ()

where x* is the desired stable equilibrium point of the VSI
system and x, is dynamic error.

Step 2: Inject damping to accelerate dissipation

In order to accelerate the speed of the x, convergence to
zero, a damping matrix R, can be added to the error system.

Riew =R+ Ry (6)

where R; = diaglry, r2, r3],and r; > 0, > 0, r3 > 0.
Step 3: Deduce control law
Substitution (5) into (2), the new error equation can be
obtained in (7). Jx, is used to eliminate the coupling terms
of system.

Mx, +Jx, + Ruowxe = Mx* + Jx* + Rx* +Ryx, — U
= Jxe @)
In analog control system, time delay is assumed as zero.

When error dynamic x, converges to 0, the final control law
will be written as,

U =Mx*+Jx +Rx* + Ryx. )

Step 4: Analyze stability
According to the Lyapunov’s stability criterion, the posi-
tive definite of the energy function of the error H, and the
negative definite of its derivative H . can be found, which
satisfies the asymptotic stability.
H, = leMx >0
‘ e — ) e e (9)
H,=xIMx, = —xI Ryenx.) <0
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FIGURE 2. Diagram of inverter side control loop.

C. PASSIVITY-BASED CONTROL CONSIDERING

DIGITAL IMPLEMENTION

Compared to analog control system, digital control method
normally incorporates time delay of 1.5 7', which is caused
by the pulse width modulator and controller, while T repre-
sents the sampling period [33]. However, a pure delay model
is imprecise for the study of the above-Nyquist-frequency
properties. In this paper, pulse width modulator is presented
by a zero-order-hold (ZOH) model rather than a pure delay
model, as shown in (10). The ZOH model in s-domain is
expressed as

_ sin(wT /2)
Gron(s) = ™1 ——0= /2/ (10)
Then, total delay is written as follows:
_ 2 sin(wT /2)
Gu(s)=e ‘-STS—wT (1)

It should be noted that the complex frequency domain
“s” is neglected in the following analysis to simplify the
expressions. For example, Gy4(s) is written as Gg. The
delay is varying with frequency of trigonometric func-
tion. The updated control law can be deduced in the

following
u=Gq.u* (12)

where u* represents the ideal control law signal and u is the
real control drive signal.

For the inner loop, as shown in Fig.2, u is not equal to
u* under the condition of time delay, therefore, Lyapunov’s
stability criterion is hard to assess the stability of traditional
passivity-based control considering the control delay. The
time-delay is directly added to the inverter side current inner
loop but indirectly to the capacitor voltage loop and the grid
side current loop, which has the most greatest and direct
impact on the inverter side current loop. In Ref. [28], ampli-
tude limiting output has been carried out for all differential
terms with good results, but the amplitude limiting output
is difficult to accurately build model. However, there is no
reference mention the reason that amplitude limiting output
or low pass filter should be added in the PBC structure.
In the next part, equivalent inverter output admittance and
closed-loop zero-poles of the system are derived to analyze
the influence of the time delay and verify the proposed
controller.
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FIGURE 4. Equivalent output admittance with grid impedance.
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FIGURE 5. Impact of differential terms on closed-loop pole distribution.

lll. STABILITY ANALYSIS AND MODIFIED CONTROLLER
A. IMPEDANCE MODELLING

The LCL-filtered grid-connected inverter system can be
described in Laplace domain equations, as follows

A=1/(sLs + R2)
B=1/(50) (13)
D =1/(sLi +Ry)

ir = Auc — Aupcc’

uc = Biy — Biy,

i1 = Du — Duc,
The standard traditional passivity-based control approach

for LCLfiltered grid-connected inverter in Laplace domain
equations can be written as

u* = Eif — iy +uc, E =ri +sLie +Rie
F =ry+sC, (14)

G =5l + R+ 13

l'T = FM*C — ruc + i,
u)(k: = Gi; — 132 + Upces

ek

where superscript stands for the desired equilibrium.
Combining (13) and (14), the block diagram of the grid-
side current control based on traditional PBC can be drawn
in Fig.3. It can be seen as a three-level cascaded control with
inverter side current loop, capacitor voltage loop and grid side
current loop, including three feedforward differential terms.
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FIGURE 6. Impact of differential terms on equivalent inverter output
admittance within Nyquist frequency considering time delay.

Then, inverter side closed-loop expressions can be
described as follows
i1 = Xloi< — Yuc (15)
_ DEGq D1 —Gy)
T U+nDGy)’ T (U +nDGy "€
Similarly, capacitor voltage closed-loop can be derived as

(1 — DEG4 4+ r3DGy) iy

(16)

DEG,
= DEGdFuzw — <}’2DEGd —D(Gg — 1)+ 3 d) uc
17)

And the admittance model for grid side current control loop
is expressed as follows:

XBFG .
[(1 — BY + BryX)A~! + (XBFr3 + B — XB)] 2
1 — BY 4+ BrX — XBF
[(1 = BY + BryX)A~! + (XBFr3 + B — XB)|
X Upcce (18)

The admittance model consists of closed-loop transfer
function of grid side current control and inverter equivalent
output admittance, which are expressed as G, and Y,, respec-
tively. The corresponding schematic diagram of admittance
model is shown in Fig.4, where L, and Cy are grid impedance.
Based on the passive theory [32], the interaction stability with
power grid can be analyzed by inverter output admittance
in frequency domain. The internal stability of LCL-filtered
inverter can be assessed by closed-loop transfer function.

Ih =
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FIGURE 7. Traditional passivity-based control with modified damping
gains.

FIGURE 8. Real part of closed-loop equivalent output admittance when
ry =15.

FIGURE 9. Real part of closed-loop equivalent output admittance when
r, = 0.1.

B. INFLUENCE OF TIME DELAY ON DIFFERENTIAL TERMS
OF PASSIVITY-BASED CONTROL

It is vital to check how the differential terms of passivity-
based control impact stability of close-loop system and pas-
sivity of output admittance for LCL-filtered inverter with
PBC. The circuit parameters are listed in Table 1. Fig.5
shows the closed-loop poles maps with selected controller

VOLUME 10, 2022

FIGURE 10. Real part of closed-loop equivalent output admittance, when
ry =25.

TABLE 1. Circuit parameters.

parameters value

DC source voltage U,=350V
Switch frequency f=10000Hz
Sampling frequency f=10000Hz

LCL filter parameter Li=12mH, R;=0.1Q, L,=1.2mH

Ry=0.1Q, C=6yF

AC source RMS voltage u~110V
AC source frequency 50Hz
parameters, r; = 2, r; = 0.2, r3 = 25, considering time

delay. It indicates that system is not stable with traditional
PBC. When the differential term of the inverter side current
loop of E is deleted, the closed-loop poles move inside the
unit circle. The differential term of capacitor loop minimally
influence the system stability.

From the inverter equivalent output admittance of Fig.6,
it shows that the traditional PBC has non-passive regions and
output admittance phase angle is out of the [—90°, 90°] and
greater than 180°. It also implied that the differential item of
inverter side current loop will cause instability. In fact, the
zero-pole distribution and inverter output admittance for the
case without sL{., sC, are almost consistent with the case
when all differential terms are deleted.

It can be seen from Fig.5 and Fig.6 that the differential
term of inverter side current loop will bring instability for the
system. In order to exclude the particularity of parameters,
as shown in Fig.7, we try to modify r{, rp, r3 to make poles
in unit circle. At beginning, ri = 2, = 0.2, r3 = 25,
then, the poles all move toward center of a circle when
reducing r1, r» and r3, but the poles are still outside the unit
circle. If all damping parameters go to zero, the controller
will fail. Hence, this paper proposed a new control struc-
ture with removed differential term of inverter side current
loop to improve the stability and also removed differential
term of capacitor voltage loop to improve low frequency
response.
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FIGURE 11. Equivalent inverter output admittance when parameter L,
drifted.
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FIGURE 12. Equivalent inverter output admittance when parameter L,
drifted.

C. CONTROLLER PARAMETERS DESIGN PROCEDURE

To design the damping gains of 71, r» and r3 of the proposed
controller, the inner loop should be designed first. The time
delay is approximated as first order inertial link to simplify
the design process when designing the inner loop parameters,
so the inner loop transfer function can be regarded as a
second-order system.

In order to achieve the fastest response, the inner loop
parameters are designed according to the critical damping
ratio. The time required for the system to reach equilibrium
from motion is the shortest under critical damping condition.

Then the inverter side current can be expressed as,

Rie + 11 .

1
(1.5Ts+ D)(sLi + R)) +r1 |
ri+Rie
1.57L; P
2 1.5TR|+L Ri+r1 1
s+ =51, St T

i1 =

(19)

When the critical damping ratio & is set as 1, r; can be
calculated
_ (1.5TRy + Ly)?

= Ry ~2 20
r 6227, 1 (20)
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FIGURE 13. Equivalent inverter output admittance when parameter C
drifted.

According to passive theory [3], the parameters rq and
will be designed based on the inverter output admittance to
eliminate the possibility of interactive resonance with grid.
In addition, if its output admittance is passive in the whole fre-
quency band, its resonance can be suppressed, which means
that its interior is also stable. In fact, this can be verified by
the closed-loop transfer function.

The passivity of Y,(s) in complex frequency domain can
be judged by whether the real part in frequency domain
Re[Y (jw)] is greater than zero. If Re[Y (jw)] > 0, it represents
the inverter system is passive. The delay G; in Y,(s) is
expanded by Euler formula and transformed into Y, (jw).

In this process, Wolfram Mathematics is used to calculate
Re [Y,(jw)]. In the calculation process, r; has been selected
according to the critical damping ratio. r, and r3 are two
variables, designed by the value of the real part. This is a mul-
tivariable optimization problem and some iterative algorithms
can be used, but the process is too cumbersome. So, this paper
manually selects and iterates several groups of parameters.

Step 1: assume a value of ry.

Step 2: calculate the feasible range of r, according to the
selected value of .

Step 3: select value of rp from the calculated range, then
find the feasible range of r3, and select the appropriate value
of r3, generally, the midpoint;

Step4: repeat step 2 and step 3.

After several times of cross selection, the values of r3 and
ro can finally be selected.

Fig.8 shows the relationship between the frequency, the
range of r, and real part of equivalent output admittance
with 3 = 15. When the value of r; is within [0, 0.2],
and the value of the real part is greater than zero within
the switching frequency, which meets the requirements of
passivity. Therefore, the middle value, r» = 0.1, can be
chosen. In Fig.9, when r; is 0.1, r3 should be greater than
zero in [0, 60] to meet the requirements of passivity. Fig.10
shows the selected range of r,, When 3 = 25, r; can be
selected from [0, 0.2]. For the closed-loop system, the inner
loop is usually required to have faster bandwidth and reach
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FIGURE 14. System closed-loop poles when parameter L; drifted.
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FIGURE 16. System closed-loop poles when parameter C drifted.

faster dynamic response, so r, = 0.2 is the maximum value
that can be selected. Here, r; = 2, rp = 0.2 and r3 = 25 are
selected for the following analysis and verifications.

D. ROBUTNESS ANALYSIS

In the actual operation, the inductor and capacitor of the
LCL-filter could get aging over time. Hence, the values of
LCL-filter will drift in a range. Fig.11, Fig.12 and Fig.13
show equivalent inverter output admittance passivity within

VOLUME 10, 2022

AC source

FIGURE 17. Experimental setup.

Nyquist frequency when Li, L, and C vary from 50% to
150%, respectively. In Fig.11, L; varies from 0.6mH to
1.8mH increased by 0.2mH and the inverter output admit-
tance is passive except the case that L; is 0.6mH; In Fig.12,
when L, varies from 0.6mH to 1.8mH increased by 0.2mH,
the inverter output admittance always keep passive. In Fig.13,
when C varies from 3uF to 9uF increased by 1uF, the
inverter output admittance can also keep passive.

Similarly, the impact of circuit parameter variations on
system closed-loop stability are explored by pole-zero maps
when L, Ly and C vary from 50% to 150%, as shown in
Fig.14, Fig.15 and Fig.16.

Fig.14 shows L; varies from 0.6mH to 1.8mH increased
by 0.2mH and the closed-loop system keep stable except the
case L1 = 0.6mH; In Fig.15, L, varies from 0.6mH to 1.8mH
increased by 0.2mH and the closed-loop system always keep
stable; In Fig.16, C varies from 3uF to 9uF increased by 1 uF
and the closed-loop system still keep stable.

Based on the analysis of the output admittance and closed-
loop zero-pole map, the passivity and stability have consistent
performance for circuit parameters variations. The inverter
side inductor, L1, is the main factor for system stability and
passivity. The system will turn unstable if L; is reduced more
than 33%. When C and L, vary from 50% to 150%, the
system is still robust to the mismatched parameters. It can
be explained from another aspect that the time delay directly
influence inverter current loop.

IV. SIMULATION AND EXPERIMENTAL RESULTS

In this section, a modified three-level cascaded controller
based on traditional PBC for VSI with LCL filter was verified
through Matlab/Simulink. To further verify the controller
design and passivity analysis, in this section, an exper-
imental prototype of VSI with LCL filter is also built,
as shown in Fig. 17. The Danfoss-FC320 is powered by a DC
power supply (Chroma 62150H-600S). The programmable
three-phase ac source (Chroma 61830) is used to simulate
the grid. The control system is implemented with a dSPACE
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FIGURE 19. Simulation results with proposed method when grid
impedance changes from Lg = 3.6mH, Cg = 0 to Lg = 3.6mH, Cg = 4 uF.
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FIGURE 20. Stability verification with different controllers when
l.g = 3.6mH, Cg = 4uF.

DS1202 system. The grid side damping parameter r; is
replaced by proportional resonant controller, K, = ry,
K, = 1000 to achieve zero steady error. The system parame-
ters of simulation and experiments are given in Table 1.

A. SIMULATION RESULTS

Fig.18 shows the simulation results of grid current and grid
voltage when L, = 0 and C, = 0 during 0-0.04s. At 0.04s,
L is changed to 3.6mH and the result shows that the modified
three-level cascaded control can keep system stable in induc-
tive impedance grid. In Fig.19, grid impedance L, = 3.6mH
and C;, = 0 at beginning, then C, is changed to 4uF at
0.04s. It can be seen that even in a complex grid impedance
condition the proposed method can still work well.

Fig.20 shows the simulation results of different control
structures when L, = 3.6mH, C, = 4uF. At Os, the system
is operated under proposed controller (without sLi. and sC,),
then the sC, item is added to the capacitor voltage loop.
It can be seen that the system can keep stable in both cases.
At 0.04s, the system turns to instable when the traditional
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FIGURE 21. Experimental results under (a) steady state, (b) reference
current steps, and (c) different control strategies when the grid
Lg=0and Cg =0.

passivity-based control is enabled (sLj, is added). It verified
that the differential term of the inverter side current loop in
the traditional PBC will bring instability to the system.

B. EXPERIMENTAL RESULTS
To further demonstrate the validity of the proposed three-
level cascaded control method and stability analysis, exper-
imental results are carried out into ideal grid and complex
grid conditions, separately. Fig. 21 presents the results of
the system when the grid impedance L, = 0 and C; = 0.
It can be seen in Fig. 21(a) that grid voltage and grid current
waveforms are sinusoidal and smooth under steady state.
The THD of the injected current is 1.9%. Fig. 21(b) shows
the transient results when the reference value of the grid
current ip steps from 6.4A to 12.8A. It shows that the grid
current can respond quickly with the proposed three-level
cascaded control structure. Furthermore, the influence of the
differential item of inverter side current loop is also verified
in Fig. 21(c). When the controller is suddenly switched to
traditional PBC method, the system immediately turns out to
be unstable and protected.

To verify the effectivity of the designed control parameters
and robustness of proposed control method, Fig. 22-Fig.24
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FIGURE 22. Experimental results under (a) steady state, (b) grid Distortions, and (c) reference current steps when the grid impedance Lg = 6mH.
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FIGURE 23. Experimental results under (a) steady state, (b) grid Distortions, and (c) reference current steps when the grid impedance Lg = 3.6mH and

Cg =3uF.
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FIGURE 24. Experimental results under (a) steady state, (b) grid Distortions, and (c) reference current steps when the grid impedance Ly = 3.6mH and

Cg=1uF.

show detailed experimental results under different complex
grid. In Fig.22, the system is operated under inductive grid
with L, = 6mH. The grid current quality is good and the
THD is 3.1% under the steady state. Even the grid voltages are
distorted by 3% of third, fifth, seventh, and ninth harmonics,
the injected grid current is still sinusoidal with 4.2% of THD.
Fig.22(c) shows the transient waveforms of grid currents
when the grid reference current steps under the weak grid.
Compared the case under the ideal grid, the overshooting is
bigger and the regulation time is longer, but transient response
is still very good.

Fig. 23 and Fig.24 present the performance of the system
under complex grid impedance with L, = 3.6mH, C; = 3uF
and L, = 3.6mH, C, = 1uF, respectively. Different L,
and C, will result in different points of interaction between
inverter output impedance and grid impedance.

VOLUME 10, 2022

In both inductive and capacitive grid impedance cases, the
proposed control strategy can achieve high quality injected
current and fast dynamic response under steady state and
transient state. The THDs of grid currents are 2.2% and 2.1%
in Fig. 23(a) and Fig. 24(a). Even under the distortion grid,
the grid current can still satisfy the standard for injected
current, with THDs of 4.6% and 4.4%. Hence, with pro-
posed control structure and parameters design procedure, the
LCL-filtered grid-connected inverter system can reach fast
dynamic response, high stability and also robustness.

V. CONCLUSION

Traditional PBC for LCL-filtered grid-connected converter
based on EL model has made good success. If the influ-
ence of time-delay is considered, the traditional nonlinear
analysis approach is inaccurate. Some researchers agree that
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differential term could amplify noise, and then limiters and
low pass filters are used in differential terms output of PBC
block to obtain good results. In fact, by analyzing closed-
loop transfer function and inverter output admittance of the
system, it can be found that not all differential terms affect
stability. The differential term of the inverter side current
loop structure is directly influenced by time delay during
the discretization and the energy function is no longer accu-
rate. This paper proposed an improved three-level cascaded
structure based on traditional PBC method for LCL-filtered
grid-connected inverter. A new design procedure for con-
troller parameters is also proposed based on passivity theory
with output admittance. With selected control parameters,
the system can achieve passivity within switching frequency.
Hence, interactive resonances with grid impedance can be
avoided. The effectiveness and performance of the proposed
method are verified and compared based on simulation and
experimental results.
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