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Principle and Robust Impedance-Based Design of
Grid-tied Inverter with LLCL-Filter under
Wide Variation of Grid-Reactance

Zhiheng Zhang, Weimin Wu
Xiongfei Wang

Abstract—Currently, how the inductive grid impedance varia-
tion affects the stability of digitally controlled grid-tied inverters
with a high-order (LCL or LLCL) filter has been numerously stud-
ied. Note that a distributed power system may contain the capaci-
tive load, the power factor correction (PFC) capacitor, and the long
cable. During the design of grid-tied inverters, we should address
the effects of the equivalent grid reactance, including both the in-
ductive and the capacitive impedances, on the stability of system.
Nevertheless, up to now, to the best knowledge of authors, the de-
tailed parameter design method of the LCL- or LLCL-filter-based
grid-tied inverter has not yet been introduced, when the capacitive
grid impedance is addressed. In this paper, by using the passivity-
based analysis, the detailed stability study on the LLCL-filter-based
grid-tied inverter is carried out, when the grid reactance varies in a
wide range. Based on the analysis, an exact and robust parameter
design of system is proposed. Simulations and experimental results
on a 220 V/2 kW prototype confirm that by using the proposed
parameter design method, a high-performance grid-tied inverter
system can be achieved under the rigid grid condition.

Index Terms—Distributed power system, grid reactance varia-
tion, impedance-based, passivity, stability, time delay.
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I. INTRODUCTION

UE to the shortage of fossil energy and environment pol-

lution, the research on power converters for the renewable
energy has received significant attention in recent years. In or-
der to improve the power quality, it is necessary to insert a filter
between the grid and the voltage source inverter. Compared with
a traditional L-based filter, high-order filters (LCL and LLCL)
have been widely applied [1]-[3], since they can attenuate the
switching harmonics with a less total inductance and smaller
size.

In a distributed power generation system, many grid-tied con-
verters may be connected at the same point of common coupling
(PCC) [4], [5], where the equivalent grid impedance and the
characteristic frequency of filter for a single inverter will vary
in a wide range, possibly resulting in instability. In order to en-
sure the control stability of grid-tied inverters, many damping
techniques were put forward [1], including the active damper
[6]-[9], the passive damper [10]-[12], the hybrid damper [13],
the inherent damper [14]-[16], etc. Recently, some new active
damping methods were also proposed, such as the PCC or ca-
pacitor voltage feed forward [17]-[20], the grid-injected current
active damping [21], [22], and the inverter-side current active
damping method [23].

In the methods mentioned earlier, an infinite source with a se-
ries inductor was generally employed to emulate the real power
grid. However, an actual distributed power grid may contain the
capacitive grid impedance, which is due to the existing single-
phase motor-driven load systems like the refrigerators or wash-
ing machines or the long cables, even or the LC-filter-based
converters [24], [25]. Therefore, while analyzing the stability
of grid-tied inverters in a distributed power system, we should
address the effect of the equivalent grid reactance, including
both the inductive and the capacitive impedances.

Recently, the stability analysis of a grid-tied inverter under
the capacitive grid conditions has caught significant attentions
[26]-[29]. Based on the passivity concept applied on the grid-
tied inverter with the L filter [30], Huang et al. [26] proposed
a passivity-based parameter design method for the LLCL-filter-
based grid-tied inverter, which can guarantee the stable and
robust grid-injected current control without any extra damping
measure. However, the proposed criterion may be invalid, when
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the capacitive grid impedance appears. Yoon et al. [27] assessed
the system stability by using the impedance-based stability cri-
terion, when a power factor correction (PFC) capacitor Cpgc
is considered. However, how the variation of a PFC capacitor
Cprc influences the stability of system need be further explored.
Song et al. [28] had analyzed the high-frequency resonance phe-
nomenon of a doubly fed induction generator (DFIG) system,
under the network impedance of series RL and shunt capacitors.
However, the detailed stability solution was not proposed. In
[29], Bai et al. had considered the existence of a PFC capac-
itor and proposed a method to cancel the nonpassive regions
by using voltage-source inverters with different power filters,
sampling frequencies, and control strategies. Nevertheless, this
method may also turn invalid in a distributed power system only
with identical grid-tied inverters.

Further on, it should be pointed out that the passivity-based
analysis was only considered within the Nyquist frequency in
[26]-[29]. However, according to [31], the instability of the grid-
tied inverter maybe appears in the frequency range between the
Nyquist frequency and the switching frequency. Meanwhile, to
the best knowledge of authors, the parameter design of LCL
or LLCL filter has not yet been introduced so far, when the
capacitive grid impedance is addressed.

In this paper, the passivity-based analysis is extended up to
the switching frequency, where two nonpassive regions will be
figured out. Once the inverter output admittance intersects with
the grid admittance within the two nonpassive regions, the whole
system may become unstable. Based on the analysis, an exact
and robust parameter design for the LLCL filter together with
the electromagnetic interference (EMI) capacitor is proposed
to ensure the stability of whole system, considering the wide
variation of grid reactance. Note that the design can be also
applied to the LCL-filter-based grid-tied inverter, where the trap
inductor of the LLCL filter is just set zero.

The rest of this paper is organized as follows. Section II
presents the modeling of the LLCL-filter-based grid-tied in-
verter. Section III is devoted to the stability analysis of the
LLCL-filter-based grid-tied inverter, under a wide-range varia-
tion of grid reactance. Section IV introduces the proposed mea-
sures and a step-by-step design procedure. A design example is
illustrated in Section V. Simulations and measured results are
presented to verify the proposed design method in Sections VI
and VII. Conclusions are finally drawn in Section VIIL

II. MODELING OF LLCL-TYPE GRID-TIED INVERTER
A. System Description

Fig. 1 shows a single LLCL-filter-based grid-tied inverter con-
nected to the ideal grid via the equivalent reactances of C; and
Ly. (Ly, Lo, Cy, Ly) and (L4, Cy) are the parameters of the
filter and the grid reactance, respectively.

The plant-equivalent block diagram is shown in Fig. 2, to-
gether with impedances of 71, Z1,¢, and Z; for Ly, Ly Cy trap,
and Lo, respectively. Meanwhile, G..(s) is a current controller,
G4(s) is the total delay time, and G,y = Ug./Uy; is the gain of
inverter, where Uy, is the dc voltage and Uy; is the amplitude
value of the triangle carrier.
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Fig. 1.  Single LLCL-filter-based grid-tied inverter connected to the ideal grid

via the equivalent reactances of C; and L, .

Fig.2. Block diagram of the grid-tied inverter with a single-loop grid-injected
current control.
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Fig. 3. Norton equivalent model of the LLCL-filter-based grid-tied inverter
with the grid-injected current feedback control.

The proportional resonant (PR) and harmonic compensator
(HC) controller is adopted as the current controller in this paper,
while the transfer function of G, (s) is

>

h=1.3,5,7,9,...

KihS

Go(s) = K, + R -
(S) p 82 + (W()h,)Q

ey

where w, (=27f,) is the fundamental angular frequency
and K, and Kj, are the proportional and resonant gains,
respectively.

The total delay time G 4(s), including the computational delay
and the modulation delay, is commonly expressed as
sin “Ls

25 -\ s
or ¢ 2

Ga(s) =
where T = 1/f; is the sampling period and A is the delay time
normalized with 7. The normal value of A is selected as 1 or
1.5 in a real operation [32].

B. Norton Equivalent Model

Fig. 3 shows the Norton equivalent model of the LLCL-filter-
based grid-tied inverter with the grid-injected current feedback
control, where the inverter output admittance can be obtained
as (3) shown at the bottom of the next page.
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Besides, the grid admittance and its resonance frequency can
be respectively expressed as

s*L,C, +1
Yyls) = —F— @)
9
1

2my/Cy Ly

III. STABILITY ANALYSIS CONSIDERING THE
GRID-REACTANCE VARIATION

fg - ©)

A. Nonpassive Regions of the Inverter Output Admittance

To be passive, a linear continuous system G(s) must satisfy
the following two requirements at frequency w [31]:
1) G(s) has no right-half-plane (RHP) poles.
2) Re [G (jw)] = 0 <> arg [G (jw)] € [—90°,90°] V w > 0.
Then, the passivity violation can be identified by inspecting
the negative real part of inverter output admittance. The real
part of (3) is calculated as (6) shown at the bottom of this page,
where A and B are defined as follows:
s wT
A= K, Gy (1 - CrLyw?) 222
2

cos (A Tsw)

B= (L + Ly)w—Cy(L1Ly + Ly Ly + Ly Ly)w?

9 sin “Ls
—KpGinv(l —C’fow ) T
N

sin (ATsw).

Within the switching frequency of w;, the term of (1 —
CyLsw?) will be always positive. Meanwhile, the denomi-
nator of (6) is also always positive. Note that K,, Gj,, and
sin(wTy/2)/(wTy/2) are also always positive; therefore, the
polarity of Re [Y;(jw)] depends on the term of [1 — Cy(Ly +
L¢)]w? and the cosine term.

When [1 — Cy(L; + Ly)Jw? = 0, the resonant frequency f,
can be calculated as

1
fp B 27T\/Cf(L1 +Lf)

For the cosine term, f;; and fyo are both critical frequencies,
which are defined in (8), respectively

(N

=t
35, (®)
fd? = 4; .

The plots of cos (ATyw) and [1 — Cy(L; + Ly)]w?, together
with their combined polarities, are shown in Fig. 4, where the
term of [1 — Cy(L; + Ly)Jw? is drawn for three frequency
cases of f,. It can be seen that the region [fq2, fs] is always
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Nonpassive regions of the inverter output admittance.

Fig. 5. Summarized nonpassive regions.

nonpassive. When f,, is smaller than f4;, the nonpassive region
[fp, fa1] appears. And the nonpassive region [fq1, f,] also
appears when f, is larger than f4;. Note that, within fz,, as
long as fq1 is equal to f),, the first nonpassive region disappears.

According to the aforementioned analysis, the nonpassive
regions with two different cases (Case A: f, < fq1, Case B:
fp» > fa1) are summarized in Fig. 5. The nonpassive region of
[fp, fa1] in Case A or [fg1, f,] in Case B is defined as the
Nonpassive Region I (NPR_I), while [ f;2, fs] is defined as the
Nonpassive Region IT (NPR_II).

B. Possible Instability Under the Wide Variation
of Grid Reactance

In fact, the real distributed grid inductance and capacitance
are unknown and may vary in a wide range, which causes the
wide variation of f,. Therefore, the intersection of the grid
admittance and the inverter output admittance, which may also
vary in a wide range and locate in NPR_I or NPR_II. Once
the absolute value of the phase difference at the intersection is
beyond 180°, the system will become unstable according to the
impedance-based stability criterion [33]-[35]. Take Case A as
an example; Fig. 6 shows the Bode plots of the inverter output
admittance and the grid admittance with two different f, values,
where the system appears unstable.

Based on the earlier analysis, it can be deduced that in order
to stabilize the grid-tied inverter under the wide variation of grid
reactance, the following are the two basic strategies:

s2CyLy + 1
YO (S) = E fqinf“"L sin¢Ls (3)
$3Cy(LiLy + L1 Ly + LyLy) + > K, GinyCy Ly —r—e 18 + s(Ly + La) + K, Gipy —r—e 1538
2 2
KpGiny[l — Cy(L1 + Ly)w?)(1 — Cf Lyw?) * 72— cos (A Tyw)
Re[Yo (jw)] = : (6)

A? + B?
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Fig. 6. Bode plots of the inverter output admittance and the grid admittance
with two different f, values.

1) Minimize the nonpassive regions as much as possible,
which is preferentially recommended.

2) Avoid the intersection of the inverter output admittance
and grid admittance falling in the nonpassive regions of
the grid-tied inverter.

IV. PROPOSED MEASURES AND DESIGN PROCEDURE
UNDER GRID-REACTANCE VARIATION

A. Proposed Measures Against Grid-Reactance Variation

As shown in Fig. 5, if f, = f;1, NPR_I can be eliminated.
However, it cannot be always guaranteed, because f,, is depen-
dent on the parameters (L1, Cy, Ly) of the filter, which may
shift in the actual application.

Also, as shown in Fig. 6, when f,, is high enough, the inter-
section of the grid admittance and the inverter output admittance
will possible fall in NPR_II. In order to avoid the intersection
falling into NPR_II, the minimum value of L,C), should be set.
In fact, to improve the EMI noise suppressing performance of
the high-order-filter-based grid-tied inverter, a parallel capaci-
tance Cgyy is generally needed [36]—[38], which can guarantee
the lower limit value of grid capacitance Cj,.

Therefore, the measures to enhance the stability of the pre-
sented grid-tied inverter system against grid-reactance variation
are proposed as follows:

1) According to regulating the resonant parameters based on

(7), set f, = fq1 to eliminate NPR_L.

2) Select the minimum capacitance Cy_yi, to limit the in-
tersection of grid reactance and the inverter output admit-
tance under the stiffest grid condition, so that the intersec-
tion will never fall in NPR_II.
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Fig. 7. Proposed filter structure for the grid-tied inverter.
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Step 7 % No
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Fig. 8. Proposed design flowchart.

3) Add an RC damper to reshape grid admittance and ensure
the system stability, when the original intersection locates
in NPR_I due to the parameter drifting of the filter.

According to the aforementioned measures, Fig. 7 shows the

proposed filter structure for the grid-tied inverter, where Cgii,
R4, and C; are the EMI capacitor of Cgy1, the damping resistor,
and the capacitor, respectively.

B. Design Procedure

The single-loop current control design contains the following
seven steps, where the design flowchart is shown in Fig. 8.

Step 1: Calculate the Minimum Grid Inductance L _pin.

In actual, the real grid inductance consists of the transformer
leakage inductance L.,k and the power line inductance Lyipe.
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Considering x as the short-circuit inductance, L, can be cal-
culated as

U2
Licax = 1—% 9
leak wo P ( )
where x is generally between 4% and 7%, U, is the grid fun-
damental root-mean-square voltage, wy is the fundamental fre-
quency in radians per second, and P is the rated capacity of
transformer.
Considering the minimum grid inductance, Ly, is neglected
and Lg,min = Lleak'

Step 2: Design Ly, Cioa, and Lo.

The LCL or LLCL filter designs have been introduced in [3],
and the design principle for the inductors L; and L, is not
changed.

1) Select the tolerable current ripple on the converter side —

design of the converter-side inductor L;

AL 12U,

5% < — = - ———
o Iref 8 Llfslref

< 40% (10)
where Al is the converter-side current ripple and [, is
the rated reference peak current.

2) Select the reactive power absorbed in the rated condition
— total capacitance Cio,. Considering y as the percentage

of the reactive power absorbed in rated condition

Ctotal = Cf + Cq,min < W[Zgj:fd (1 1)
where P,eq 1S the rated generated power.

3) Note that if Ly of LLCL filter is just set to zero, then
the traditional LCL filter will be obtained. For an LCL
filter, L, mainly depends on the objective to attenuate each
harmonic around the switching frequency down to 0.3%,
which is in accordance to the IEEE Standard 519-2014.

For an LLCL filter, owing to the L; — C'; trap, the current har-

monics around the switching frequency satisfy the requirements
of IEEE Standard 519-2014 with far more ease. Therefore, Lo
is designed to attenuate harmonics around the second integer
multiple of the switching frequency to be lesser than 0.3%.

Step 3: Design the Bypass Filtering Branch.

For an LCL filter, the capacitor C'y_rc can be calculated in
(12) according to f,, = fq1 (Ly = 0)

1622
Ly(2nfy)?

For an LLCL filter, the resonant capacitor C'y_r ¢ can be
calculated in (13) according to f, = fq1. As a result, the res-
onant inductor L, can be selected at the converter switching
frequency of f, according to (14). But the series trap is also
influenced by its quality factor Q expressed in (15), where Ry
represents the gapped equivalent resistance of the inductor L.
The value of Q should be considered between the usual range

Crrer = (12)
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of 10 < Q <50[3]

1612 — 1
Crrrcr = 7111(2771_))2 (13)
Lf:;2 (14)
Crrrer(2mfs)
1 [,
- — |2 15
Q "\ c (15)

Step 4: Design the Minimum Grid Capacitance Cg pin.

There may be very small value of C; in the actual power
grid, resulting in that the mentioned intersection falls in NPR_II,
as shown in Fig. 5. Therefore, the minimum grid capacitance
Cy_min should be chosen to guarantee the lower limit value of
grid capacitance so that the variation range of the grid reactance

is reduced. Then, C';_min can be selected as follows:
C{]Jnin = Ctotal - Cf (16)

Step 5: Design the Proportional Gain Kp of the PR 4+ HC
Regulator.

From Fig. 1, the open-loop transfer function of the proposed
system can be written as

GOZ(S) = GC(S)Gd(S)GinvGﬁlter(s)
_ 1 (32—&—@3)(32—&—@‘)?)
CyL,CrLy  s(as* + bs? +c¢)

G(: (S)Gd (S)Ginv
a7

where Gy (s) is the transfer function of the grid-injected cur-
rent o versus the output voltage u; of the inverter, and a, b, ¢
are defined as follows:

a=CyLy(CrLiLy +CyLyLy + CyLyLy)
b=CyLi(Ly + Ly+Ly)+CyLy(Lo+Ly)+CyLy(L1+Lo)
Cc = L1 + LQ + Lg.

The current controller G.(s) is usually simplified as Kp,
since the resonance terms have a negligible influence on system
stability, if the maximum control bandwidth is well set. Then,
the gain margin and the phase margin of the system can be
calculated as

GM = —-20 log |Kp Ginv Gﬁltcr (]w) (18)

Hw:?ﬂ'f(“

360
PM = 1800+ (ZGﬁlter(jW) — 2)\T5w> (19)
m

w=2m fe

where f. is the crossover frequency of the system.

The minimum crossover frequency of the system is generally
set higher than the highest harmonic compensator frequency
under the weakest grid condition of maximum equivalent grid
inductance and maximum real grid capacitance. Then, the min-
imum control gain can be calculated as

1

I S 20)
Ginv Glter (]w) W=27 feweak

KP,min =
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Fig.9. Bode plots of the system under the stiffest grid condition with C'y_in
and the weakest grid condition with the maximum grid capacitance.

where feyeak 18 the minimum crossover frequency.

At the same time, in order to ensure a sufficient stability
margin for the entire system, the maximum control gain should
be chosen using the following equation:

KPJnax - min(KPjt,ifflaKPjtiff2) (21)

where Kp g1, Kpsiige are the controller gains, which are
determined by GM = 3 dB and PM = 30° according to (18) and
(19), respectively, under the stiffest grid condition of real grid
inductance and minimum real capacitance Cj_min, as shown in
Fig. 9. If Kp _max is smaller than Kp_y,, it is necessary to cut
down the desired control bandwidth until there is a proper value
range.

Step 6: Select Cpnig, Cq, and Ry .

Although f, has been equal to f;;, NPR_I still appears when
the filter parameters drift. Once the intersection locates in NPR_I
and the absolute value of the phase difference is beyond 180°,
the whole system will become unstable. In order to guarantee
the stability of the whole system, a novel RC damper designed
to reshape grid admittance is first proposed, which is shown in
Fig. 7, aiming at that the phase difference of the inverter output
admittance Y, and the damped grid admittance Y}, . is limited
between (—180°, 180°).

The damping capacitor Cy can be split from C yin, and the
rest of Cy_min is used as Cgyr. To balance the damping effect
and the damping losses, an equal value of Cgy and Cy may be
a proper selection [11]. Then, Cgyy and Cy can be selected as
follows:

C’.(]Jnin
—5
No matter [ f,, fa1] or [f41, fp], the phase difference of the

inverter output admittance and the grid admittance is largest,
when f, is close to f,. The RC damper can enlarge the

Cem1 =Cy = (22)
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Fig. 10. Relationship between the Q-factor, the damper resistor, the grid
inductance, and the grid capacitance for the damped grid admittance.

intersection frequency and reduce the phase difference well.
Therefore, the damping resistor value is selected by the equiva-
lent Q-factor method [12], which can be represented as

1 [Lp
QE—RE Cr

where Qg is the equivalent Q-factor, and Rp, Lg, and Cg
are the equivalent resistance, inductance, and capacitance of the
equivalent series LCR circuit, respectively.

As shown in Fig. 7, the equivalent resistance R and capac-
itance Cp of the grid capacitance, Cgyy, and the RC parallel
damper can be calculated as

1 1
s(Cemr + Cy) // (SCd * Rd)

(23)

s=jw
B RqCys+1
RiCa(Crnr + Cy)s® + (Ca + Comr + Cg)s |,
1
—Rp+ —. 2
£+ O (24)

Then, at the dominant resonance frequency, the equivalent
resistance Rp, the inductance Lg, and capacitance Cp of the
equivalent LCR circuit can be calculated as

. e
5=
(CdJrCEMIJng)Z —(RaCyq(Crat + Cg)s)z S=27 fros
Lg =1L,
Cp= (RiCa(Crai+Cy)s)” — (Cy+Crut + Cy)?
Rfng (CEMI + Cg)82 — (Cd+CEMI + Cg) o=i2mfons
(25)

Substituting (25) into (23), the Q-factor at the dominant res-
onance frequency can be calculated. Therefore, Q-factor as a
function of the damping resistor and the grid inductance and
capacitance can be plotted in Fig. 10.

As shown in Fig. 10, the Q-factor will become large while
R; decreases and C, and L, increase. Therefore, R, is selected
to aim at the optimal Q-factor under the condition of f;, = f,.
Note that in the reasonable range, the larger value of R, the
more damping power loss.
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Fig. 11. Bode plots of the inverter output admittance and the damped grid

admittance under the stiffest grid condition with Cy_pjp.

The damped grid admittance is expressed as

S L,,C,,RdCd + s L,] (C,] + Cd) + sR;Cy + 1
2L RdCd + SL

Yyre(s) =

(26)

Finally, the Bode plots of the inverter output admittance and

the damped grid admittance are plotted to verify the phase dif-
ference whether to satisfy below 180° when f, = f,.

Step 7: Check f; < fao.

After the aforementioned six steps, it is necessary to verify
whether the maximum frequency f; of the intersection locates in
NPR_II under the stiffest grid condition with C_yin, as shown
in Fig. 11. It is not easy to directly solve the exact value of
fi. Therefore, a simple engineering method is developed here.
Under the condition of Ly = Ly min and Cy = Cy_min, if the
magnitude of the inverter output admittance is smaller than that
of the damped grid admittance at f;9, then f; is smaller than
fa2, and the system will be stable. The magnitude difference of
the inverter output admittance and the damped grid admittance
is defined as

Lg = Lg,min )

Y(faL,qva) C —YOu(f)_

g-min;

f=fae
27

where Yo, (f) and Yj,.q (f, Ly, C,) are the magnitudes of
Yo (s) and Yy, (s), respectively.
If

Y;N'w (fv Lgv Cq)

Lg = Lg,mina
Y(f’ L,(/’ Cg)

g — Ygmin,

f de

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 5, MAY 2019

is smaller than zero, f; is not in NPR_II. Then, the design
procedure ends. Otherwise, it needs to return Step 2 to reselect
parameters.

V. DESIGN EXAMPLE

Assume that there is a 40-kW system, which consists of
20 sets of 2-kW, 220-V/50-Hz inverters. In order to illustrate
the proposed parameter design for the grid-tied inverter under
the wide variation of grid reactance, an example of a 2-kW,
220-V/50-Hz LLCL-filter-based system is designed step by step
according to the procedure introduced in Section IV, where the
parameters are shown as fy = 20 kHz, Uy, = 350 V, Uy, =
0.25 'V, and an 11th harmonic compensator is desired.

The systematic design procedure is shown as follows:

1) P =40 kW, x = 5.2%, Lje. is calculated as 0.2 mH

according to (9). Then, Ly _min is equal to 0.2 mH.

2) Adopting the 30% current ripple for the converter-side
inductor L, and L; is selected to be 1.2 mH. The total
capacitor value Ciyy is designed as 2.8 uF to limit the
reactive power to 2.36%. If some of the constraints cannot
be met, it should be increased until the limit of 5%. L, is
designed as 0.22 mH to attenuate harmonics around the
second integer multiple of the switching frequency to be
less than 0.3%.

3) For A = 1, the resonant capacitor Cy can be calculated as
0.8 pF by using (13). The resonant inductor L is selected
as 80 pH by using (14). Series resistor Ry = 0.2 ) and
quality factor Q is calculated to 50 by (15).

4) Cy_min is selected as 2 uF according to (16).

5) Considering the maximum real grid capacitance C, =
60 uF, the real grid inductance is 0.2 mH under the stiffest
grid condition, while the equivalent grid capacitance and
inductance, respectively, become 3 uF and 4 mH under
the weakest grid condition, if there are 20 inverters in par-
allel. If the minimum crossover frequency of the system
feweak 18 set to 550 Hz, Kp i, can be calculated as 0.016
using (20). Under the stiffest grid condition with C'y_nip, if
GM = 3 dB, Kp g1 can be calculated as 0.019 using
(19), and if PM = 30°, K p_tifr2 can be calculated as 0.022
using (18). Finally, the controller gain of Kp is selected
as 0.017, whereas Kj;, is then set to 18.2.

6) The Cgyr and Cy are both chosen as 1 uF according to
(22). When C drifts +5%, L, and L; drift +25%, the
value of f, becomes 4.34 kHz. In order to ensure the Q-
factor less than 12 when L, = 0.2 mH and C, = 4.5 puF,
R, selected as 25 €2 according to Fig. 10. Then, in order to
verify the phase difference whether to satisfy below 180°
nearby f,, the Bode plots of the inverter output admittance
and the damped grid admittance are shown in Fig. 12. It
can be seen that the damped grid admittance does not
interact with the inverter output admittance in NPR_I.

7) The value of

I C L = Lg,mina
(f? g ) C(] = Cv_q,minv
f de

And the magnitude difference of the inverter output admit-
tance and the damped grid admittance is negative. There-
fore, the design procedure ends.
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Fig. 12.  Bode plots of the inverter output admittance and the damped grid
admittance when L, = 0.2 mH and C; = 4.5 uF.

TABLE I
DESIGNED PARAMETERS OF CONVERTER
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TABLE II
GRID PARAMETERS
Condition  Normal operation Parameter drifting
Parameter  Case 1 Case 2 Case 3 Case 4
L, 03mH 0.3 mH 05lmH 051 mH
R, 0.06Q2 0.06Q2 0.1Q 0.1Q
C, 1 uF 1 pF 1 pF 1 uF
Ry 25Q
Cd 1 },LF
The intersection locates in NPR_II of Fig. 5.
ig [10 A l‘\‘\

™ [ o N | oL Y .. WY .. W
\‘ ,,,,,,,, “ ,,,,,,,, h‘ ,,,,,,,,,,,,,,,,, \ ,,,,,,,, ) U‘ ,,,,,,,, M‘ ,,,,,,,, ”‘ ,,,,,,,, | h‘ ,,,,,,,, ”‘ ,,,,,,,,
,,,,,,,,,,,,,,,,,,,,,,,,,, -y ! I S, I .
Case 1 Time:[10ms/div]

Fig. 13.  Simulated grid-injected current of the LLCL-filter-based system with
Parametor Svmbol Value parameters of Case 1, when the intersection locates in NPR_IT of Fig. 5.
y! u
Inverter-side inductor L, 1.2 mH
Parasitic rf351stance Ry, 0.1Q iy [5 A/div]
Resonant inductor Ly 80 pH P
Series resistance R¢ 020
Resonant capacitor Cr 0.8 uF
Grid-side inductor L, 0.22 mH The intersection loca/tes in NPR_II of Fig. 5.
Parasitic resistance Ri» 0.01 Q dawH 15 6‘k(Hz
Gain of inverter Giny 1400 / z /
Proportional gain Kp 0.017 Casel e Frequency:[5kHz/div]
Resonant gain K, 18.2
- : Fig. 14.  Simulated FFT waveform of the grid-injected current with parameters
]S)el.?yhtllmefjoefﬁcwnt //} ;0 o of Case 1, when the intersection locates in NPR_II of Fig. 5.
witching frequency fs z
Resonance frequency Jo 5 kHz ) . )
Minimum Grid capacitor C - 2 uF the calculated nonpassive region NPR_II is [15, 20] kHz. The
Critical frequency 7 i” 3 kHz four contradistinctive cases of grid parameters used for sim-
‘f&z 15 kHz ulation are also shown in Table II. Among them, Case 1 and
Minimum Crossover ‘f ) 350 Hz Case 2 are designed under the normal operation, while Case 3
Jcwea . .
Frequency and Case 4 are designed when filter parameters drift.
Capacitor for _suppressing G T uF For Case 1, the intersection frequency is calculated as
the EMI noise o 15.6 kHz, which locates in NPR_IL. The simulated waveform
— - and the FFT waveform of the grid-injected current are shown
Grid impedance shaping R 25Q - . Sy
resistor P pIng M in Figs. 13 and 14, where the excessive grid-injected current
Grid impedance shaping Cj T uF harmonics respectively appear around the frequencies of 15.6
Capacitor and 4.4 kHz.

Finally, the designed parameters of the converter are listed in
Table I.

VI. SIMULATION

In order to confirm the effectiveness of proposed measures,
simulations are carried out with the PSIM software. The de-
signed converter parameters have been shown in Table I, then

Based on Case 1, Case 2 uses an extra capacitor Cgyi to avoid
the intersection falling into NPR_II. The simulated grid-injected
current in Fig. 15 shows the system operates stably again.

However, f, = fq1 cannot always be guaranteed, because
the filter parameters may drift in the actual application. In our
case, Cy and Ly drift +25% and —20% respectively, and they
become 1 pF and 64 ;:H, then NPR_I appears. In this case, f,
is calculated as 4.477 kHz and NPR_I as [4.477, 5] kHz.

For Case 3, the intersection frequency becomes 4.7 kHz,
which locates in NPR_I. The simulated waveform and the FFT
waveform of the grid-injected current have been, respectively,
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Fig. 15.  Simulated grid-injected current of the LLCL-filter-based system with

the Cgap1, where the parameters of Case 2 are adopted.

The intersection locates in NPR_ I of Fig. 5.
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A AN AN
VAVAVAVAY

Case 3 Time:[10ms/div]

Fig. 16.  Simulated grid-injected current of the LLCL-filter-based system with
parameters of Case 3, when the intersection locates in NPR_I of Fig. 5.
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Case 3 Frequency:[5kHz/div]

Fig.17.  Simulated FFT waveform of the grid-injected current with parameters
of Case 3, when the intersection locates in NPR_I of Fig. 5.
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Fig. 18.  Simulated grid-injected current with parameters of Case 4, when the
intersection locates in NPR_I of Fig. 5 and the RC damper is adopted.

shown in Figs. 16 and 17, where the excessive grid-injected
current harmonics appear around the frequency of 4.7 kHz.

Based on Case 3, Case 4 adopts the RC damper to eliminate
the excessive grid-injected current harmonics, where the sim-
ulated grid-injected current in Fig. 18 shows that the system
becomes stable again.

These simulation results in Figs. 13—18 are in good agreement
with the previous theoretical analysis and the feasibility of the
proposed design methods is confirmed.
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Fig. 19. Measured grid voltage waveform, grid-injected current waveform,
and FFT waveform of grid-inject current with parameters of Case 1, when the
intersection locates in NPR_II of Fig. 5.

VII. EXPERIMENTS

In order to further verify the theoretical analysis, a 2-kW/
220-V prototype based on a DSP (TMS320LF2812) controller
is constructed, and the circuit parameters are basically the same
as those used in simulations. An inductor of L, and a capacitor
of Cy are used to emulate the equivalent grid inductance and
capacitance, respectively. All the experimental waveforms are
captured from a Yokogawa DL 1640 digital oscilloscope.

A. Experimental Results

Also, as shown in Table II, Case 1 and Case 2 are designed un-
der the normal operation, while Case 3 and Case 4 are designed
when filter parameters drift.

For Case 1, the measured grid-injected current waveform,
grid voltage waveform, and the FFT waveform of grid-injected
current have been shown in Fig. 19, which match well those of
the simulations in Figs. 13 and 14. As expected, the excessive
grid-injected current harmonics appear around 15.6 kHz, which
locates in NPR_II.

To avoid the intersection point of the inverter output admit-
tance and the damped grid admittance falling intro NPR_II, an
extra capacitor Cgyg is used in Case 2. The measured grid-
injected current waveform, grid voltage waveform, and the FFT
waveform of grid-injected current have been shown in Fig. 20,
indicating that the system operates stably again.

However, the filter parameters may drift in the actual applica-
tion. If C'y and L, respectively, drift +25% and —20%, NPR_I
appears, which is [4.477, 5] kHz.

For Case 3, the measured grid-injected current waveform,
grid voltage waveform, and the FFT waveform of the grid-
injected current have been shown in Fig. 21, which match well
those of the simulations in Figs. 15 and 16. It can be seen that
the excessive grid-injected current harmonics appear around
4.7 kHz, which locates in NPR_I.

To eliminate the excessive grid-injected current harmonics,
the RC damper is adopted as Case 4. The measured grid-
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Time:[10ms/div]

1 [100Ydiv]

Fig. 20.
grid-inject current with parameters of Case 2, when the intersection locates in
NPR_II of Fig. 5, and the Cgyr = 1 pF is added.

T;ime:[gl Oms/div]

Fig. 21. Measured grid voltage waveform, grid-injected current waveform,
and FFT waveform of grid-injected current with parameters of Case 3, when
the intersection locates in NPR_I of Fig. 5.

injected current waveform, grid voltage waveform, and the FFT
waveform of grid-injected current have been shown in Fig. 22,
where the system becomes stable again.

Fig. 23 shows the dynamic waveform of the grid-injected cur-
rent of Case 4 when it changes from 12.6 to 6.3 A under the
condition that C; = 3 uF and L, = 4 mH. The grid-injected cur-
rent rapidly follows the grid-injected current reference, which
verifies that the system has enough control bandwidth under the
weakest grid condition.

Fig. 24 shows the measured current /; of the R;—C,; branch of
the LLCL-filter-based system under the condition that Cy = 3 uF
and L, = 4 mH. The power loss rate of the RC parallel damper
can be calculated according to (I2R,/P,)%, where P, is the
power injected into the grid. The power loss rate can be limited
to 0.01% according to the measured current value.

Measured grid voltage, grid-injected current, and FFT waveform of
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Fig. 22.  Measured grid voltage waveform, grid-injected current waveform,
and FFT waveform of grid-injected current with parameters of Case 4, when
the intersection locates in NPR_I of Fig. 5, and the RC damper is adopted.

+10ns/diy

g [10

Time:[10ms/div]

Fig.23. Measured grid voltage grid-injected current of Case 4, when the grid-
injected current reference regulates under the condition that Cy; = 3 uF and
L, = 4 mH.

Thie curr;ent ojf the Rd-Cdgbran(E:h Rms (Id);: 0.092A

;Tirnegz [Smé/ div]

Fig. 24. Measured current waveform of the Cj — R; branch of the LLCL-
filter-based system under the condition that C; = 3 pF and Ly = 4 mH.
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B. Analysis and Discussion

From the experimental results, it can be seen that these are
identical to the previous theoretical analysis and the simulation
results. Moreover, the followings still need to be claimed.

1)

2)

3)

Due to the small values of the damping resistor and ca-
pacitor, the extra damping power losses can almost be
ignored.

Under the tolerance of the industrial power filter, C'y can
drift £5%, L, and Ly can drift within £25%. Substitut-
ing these tolerances to (7), the value of f, varies between
87.5% and 115.6% of its nominal value f, nom. The sys-
tem can still work well with the RC damper, showing the
characteristic of high robustness.

In fact, there is a tradeoff between the control bandwidth
and the maximum tolerated values of the equivalent C,
and L,. The bigger multiplication value of C'y L,, the nar-
rower control bandwidth of the system, where the highest
harmonic compensator frequency has to be suppressed
correspondingly.

VIII. CONCLUSION

This paper has first fully analyzed the characteristic of the
LLCLfilter-based grid-tied inverter output admittance under the
wide variation of grid reactance, where some conclusions can
be drawn as follows:

)

2)

3)

4)

Within the switching frequency, one or two nonpassive
regions can be identified, depending on the delay time
and the resonance frequency f,,.

When the grid reactance varies in a wide range, the in-
tersection of the inverter output admittance and the grid
admittance may fall in the nonpassive region.

In order to prevent the possible harmonic instability, there
are two basic solutions recommended, which are narrow-
ing the nonpassive region as much as possible and avoid-
ing the intersection locating in the nonpassive region.
When L; of LLCL filter is set to zero, the aforementioned
three points can be also applied on the traditional LCL-
filter-based system.

Second, based on the analysis, the exact and robust parameter
design of the LLCL filter, the EMI capacitor, and the RC passive
damper has been introduced in detail. The whole system can

oper.
Fi

ate stably under a wide variation of grid reactance.
nally, the simulations and experiments are developed on a

2-kW/220-V LLCLfilter-based single-phase grid-tied inverter
prototype, where results have well confirmed the theoretical
analysis and the feasibility of the proposed measures.
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