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Analysis and Design of Current Control Schemes for
LCL-Type Grid-Connected Inverter Based on a
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Abstract—For the LCL-type grid-connected inverter, there
are basically three current control schemes, namely the grid
current control, the inverter-side inductor current control, and
the weighted average current control. This paper builds a general
mathematical model to describe the three current control schemes.
In this model, the grid current is an equivalent target control
variable, the capacitor current feedback serves as a damping
solution, and the computation and pulse-width modulation delays
are taken into account. Based on the general mathematical model,
a comparative analysis of different control schemes is carried
out in terms of the grid current stability. It reveals that when
the inverter-side inductor current is controlled, the grid current
shows the same stability as the inverter-side inductor current; but
when the weighted average current is controlled, both the grid
current and the inverter-side inductor current are critically stable
even though the weighted average current can be easily stabilized.
Moreover, the general mathematical model also provides a unified
perspective to design different control schemes, which makes the
controller parameter tuning more straightforward and effective.
In this way, a set of controller parameters which yields high robust-
ness against the grid-impedance variation can be selected for all the
three current control schemes. Finally, a 6-kW prototype is built,
and experiments are performed to verify the theoretical analysis.

Index Terms—Active damping, current control,
mathematical model, grid-connected inverter, LCL filter.
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NOMENCLATURE

Vi DC input voltage.

Viny Inverter bridge output voltage.
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Vo Filter capacitor voltage.

vy, Vg Grid voltage and its RMS value.

Vi Amplitude of the triangular carrier.

101,07 Inverter-side inductor current and its reference.
ic Filter capacitor current.

11,2,07 9 Grid current and its reference.

Twa,tys  Weighted average current and its reference.

I} Weight value of inverter-side inductor current.

1-3 Weight value of grid current.

Ly Inverter-side inductor of an LCL filter.

C LCL filter capacitor.

Ly Grid-side inductor of an LCL filter.

L, Grid inductance.

fo Fundamental frequency.

fr LCL-filter resonance frequency.

fs Sampling frequency.

fsw Switching frequency.

Wo Fundamental angular frequency, w, = 27 f,.

Wy LCL-filter resonance angular frequency, w, =
27 f,

T, Sampling period, Ts, = 1/f;.

1. INTRODUCTION

ITH the increase of energy demand, there is a grow-
Wing interest in distributed power generation systems
(DPGS). As an interface between DPGS and a power grid, a
grid-connected inverter plays an important role in injecting high-
quality power into the grid [1]. In the grid-connected inverter,
an output filter is needed to attenuate the switching harmonics.
Compared with an L filter, an LCL filter is considered to be a
preferred option for its higher attenuating ability. However, due
to the resonance hazard of the LCL filter, damping solutions
are required to stabilize the system [2]. To avoid the attendant
power loss with passive damping [3]-[5], active damping so-
lutions are proposed with specific control algorithms [6]—[8].
Among various active damping solutions, the capacitor-current-
feedback active damping has been widely used for its ease of
implementation [9]-[11].

In addition to the resonance damping, current control is an-
other important issue for the LCL-type grid-connected inverter.
Unlike the L filter where the inductor current is the only con-
trol variable, the LCL filter offers more alternatives. In the
LCL-type grid-connected inverter, any of the grid current, the

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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inverter-side inductor current, and their weighted average value
can be controlled. Grid current control has the advantage of
directly controlling the power injected into the grid, which is
convenient to set the power factor on the grid side [12]-[14].
Inverter-side inductor current control is beneficial to the in-
stantaneous overcurrent protection for the inverter [15]-[17].
Particularly, if the grid current and the inverter-side inductor
current are properly weighted, and the weighted average current
is fed back as the target control variable, then the control system
will be degraded from three-order to first-order. This helps to
simplify the design procedure of the current regulator [18]-[20].

Recent literatures have paid much attention to the analysis
and design of the aforementioned three current control schemes,
particularly when the computation and pulse-width modulation
(PWM) delays are taken into account. Owing to the digital
delays, the system stability will depend on the ratio of the LCL-
filter resonance frequency f, to the sampling frequency f;. With
a typical delay of one and half sampling periods, the critical res-
onance frequency is proved to be f;/6 [21]-[23].If f, < f,/6,
the inverter- side inductor current feedback alone can stabilize
the system without damping, while the grid current feedback
cannot, thus the inverter-side inductor current control is superior
to the grid current control; if f,. > f,/6, the stability situation
is just the opposite, and the grid current control is more advan-
tageous [24]-[26]. Apparently, the critical resonance frequency
can be intentionally arranged by optimizing the delay time. For
example, if the overall delay is reduced to one sampling period,
the critical resonance frequency will be raised to f,/4 [25],
[26]. Therefore, for a specific resonance frequency range, a sin-
gle current feedback is enough to guarantee a stable operation.
While, in practice, the LCL-filter resonance frequency will vary
in a wide range due to the variation of grid impedance [27],
and it might cross over the critical frequency. Under such cir-
cumstance, an additional damping is still required to achieve a
strong robustness. In [28], the inverter-side inductor current is
controlled, and a positive feedback of the capacitor current is
introduced to improve the system stability at a high resonance
frequency. However, the mechanism how the positive feedback
of capacitor current works is not well reported. In [29], the
grid current is controlled, and the capacitor-current-feedback
active damping is evaluated. It reveals that due to the compu-
tation and PWM delays, the damping performance behaves as
a negative resistor which can easily cause instability. To over-
come this drawback, the capacitor-current- feedback methods
with reduced or compensated computation delay are proposed
in [29]-[32]. Moreover, based on the work in [29], an optimized
controller design is presented in [33] to achieve high robustness
against the grid-impedance variation.

Despite the extensive literatures that have been published on
the subject, the connections and differences among the three
current control schemes remain not fully revealed, since these
control schemes are modeled and analyzed independently. In
the independent models, each control scheme focuses on the
stability of its own target control variable and uses it as a crite-
rion to evaluate its control performance. Thus, the three control
schemes are separately evaluated by three different criteria. This
can cover up the shortcomings of these control schemes and is
not proper for comparing their performances. A fair comparison
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should be made on the basis of a common evaluation criterion.
In fact, although various currents can be used as the target con-
trol variable, the final output of the LCL-type grid-connected
inverter is always the grid current. Therefore, the stability of
grid current should be a basic criterion to evaluate the per-
formance levels of the three control schemes. However, in the
inverter-side inductor current control and the weighted average
current control, it is inexplicit to tell the stability of grid current
since the grid current is indirectly controlled. In these indirect
current control schemes, their target control variables are the
intermediate outputs of the system. From a control perspective,
a stable intermediate variable can still lead to an unstable final
output [34]. As is claimed in [35], when the inverter-side in-
ductor current is controlled to be stable, undesirable oscillation
may arise in the grid current due to the resonance between the
grid-side inductor and the filter capacitor. In view of this, it is
necessary to reexamine the two indirect current control schemes
in terms of the grid current stability.

This paper is dedicated to addressing this issue. A general
mathematical model is firstly built in this paper to describe the
three current control schemes for the LCL-type grid-connected
inverter. In this model, the grid current is an equivalent tar-
get control variable, the capacitor current feedback serves as a
damping solution, and the computation and PWM delays are
taken into account. With the general mathematical model, the
three current control schemes can be depicted with a single
structure, which focuses on the stability of grid current and al-
lows these control schemes to be analyzed on a comparable
basis. Moreover, the general mathematical model also provides
a unified perspective to design different control schemes, which
makes the controller parameter tuning more straightforward and
effective. Based on this model, the stability analysis and con-
troller design drawn from the grid current control, which have
been discussed in [29]-[33], can be directly applied to the other
two current control schemes. In this way, the stability of grid
current can be explicitly judged, and the controller parameters
yielding strong robustness can be easily picked out, for all the
three current control schemes.

This paper is organized as follows. In Section II, the three cur-
rent control schemes of the LCL-type grid-connected inverter are
briefly reviewed at first, and then, through equivalent transfor-
mation of their control block diagrams, a general mathematical
model is constructed. Based on this model, a comparative anal-
ysis of different control schemes is carried out in terms of the
grid current stability in Section III. Meanwhile, a further ex-
planation from the circuit level is presented in this section to
help understand the theoretical analysis. In Section IV, a uni-
fied design procedure for the controller parameters, which takes
account of the grid-impedance variation, is proposed using the
general mathematical model. In Section V, a 6-kW prototype
of a single-phase LCL-type grid-connected inverter is built, and
experimental results are provided to confirm the theoretical ex-
pectations. Finally, Section VI concludes this paper.

II. GENERAL MATHEMATICAL MODEL OF THE LCL-TYPE
GRID-CONNECTED INVERTER

Fig. 1 shows the configuration of a single-phase voltage-
source inverter feeding into the grid through an LCL filter. L is
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Topology and current control architectures of an LCL-type grid-connected inverter. (a) Grid current control and inverter- side inductor current control.
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the inverter-side inductor, C is the filter capacitor, and L, is the
grid-side inductor. Generally, the grid impedance at the point-of-
common coupling (PCC) consists of inductance and resistance
[27]. Since the grid resistance offers some damping and helps
stabilize the system, a pure inductance L, is considered here to
draw the worst case.

In the LCL-type grid-connected inverter, the grid current ¢z9,
the inverter-side inductor current ¢7,1, or their weighted average
value iywa can be controlled. When 47, or i7- is controlled,

H, |« - iwals) é<_

A

1-8

©

Mathematical models of (a) grid current control, (b) inverter-side inductor current control, and (c) weighted average current control.

an additional feedback of the capacitor current i is needed
to actively damp the LCL-filter resonance [28], [29], as shown
in Fig. 1(a). Fig. 1(b) shows that of the weighted average cur-
rent control, in which both 771 and 75 are sampled and prop-
erly weighted, and the weighted average current iy, is fed to
the current controller [18]-[20]. From Fig. 1, it is clear to see
that all the three control schemes employ two current sensors,
and the current sensors in the weighted average current control
are relatively expensive since the measured currents are both
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of high values. Irrespective of the applied control variables, a
phase-locked loop (PLL) is used to extract the phase angle of
the voltage at the PCC, which is denoted by v;, so that iy5 can
be synchronized with v!’]. To help investigate the three current
control schemes, a discrete-time modeling that accounts for the
computation and PWM delays is deduced as follows.

A. Grid Current Control

Fig. 2(a) shows the mathematical model of the grid current
control with capacitor-current-feedback active damping. i7 , (z)
is the grid current reference, viny () is the inverter bridge output
voltage, and G;(z) is the current regulator. The computation and
PWM delays, with a total value of one and half sampling periods,
are incorporated in this model. Specifically, the computation
delay is one sampling period in the widely used synchronous
sampling scheme [36]-[38] and it is modeled as 2!, The PWM
delay is half sampling period, and it is caused by the zero-order
hold (ZOH) effect, which is expressed as

1—es7Ts

S

G (s) (H
where T is the sampling period. Kpwy is the transfer function
of the PWM inverter and expressed as

Vi

Vs @

Kpwwm =
where Vj, is the input voltage, and V4 is the amplitude of the
triangular carrier. H;, is the feedback coefficient of ic, and
H,5 is the sensor gain of i7,; and iz5.

B. Inverter-Side Inductor Current Control

For the inverter-side inductor current control with capacitor-
current-feedback active damping, its mathematical model is
shown in Fig. 2(b), where i}, (2) is the inverter-side inductor
current reference. To differ from Fig. 2(a), the feedback coeffi-
cient of ¢¢ is denoted by H;1; here. By discretizing Fig. 2(b), the
system discrete loop gain 711 (2) can be obtained. The rigorous
derivation of this loop gain is presented in Appendix. Here, its
expression is given as (3) as shown at the bottom of the page.

Since i1 is the target control variable in Fig. 2(b), its stability
can be easily judged by applying the Nyquist stability criterion
to T;11(z). For convenience of illustration, T;7(z) is called
the loop gain of 7; here. In (3), w, is the resonance angular
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frequency of the LCL filter and expressed as

b | It Lt L
' Ly (Ly + Ly) C

and the resonance frequency is f, = w, / (27).

“)

C. Weighted Average Current Control

The mathematical model of the weighted average current
control is shown in Fig. 2(c), where i3, (2) is the weighted
average current reference, and 3 and 1— 3 are the weight values
of iy and iy, respectively. By discretizing Fig. 2(c), the system
discrete loop gain Ty (2), which is derived in the Appendix,
can be obtained as (5) as shown at the bottom of the page.

Similarly, Tiwa (2) is the loop gain of iwa. From (5), it can
be found that if 3 is equal to

Ly

B:L1+L2+Lg

(6)
then there will be a pair of pole-zero cancellations in Tyya (2).
Thus, T;wa (z) can be simplified as

His Kpwna TG (2)
Z(Z — 1) (Ll —|—L2 —|—Lg).

From (7), it is obvious that Tjwa (z) is the same as the
loop gain of the L-type grid-connected inverter with L =
Ly + Ly + L, [24]. That means by adopting the weighted
average current control with 3 = L;/(Ly + L, + L), the
control system is degraded from three-order to first-order, thus
its target control variable iwa can be easily stabilized [18]-[20].

Tiwa (z) =

(N

D. General Mathematical Model

From the above analysis, it is worth noting that in the inverter-
side inductor current control and the weighted average current
control, the grid current is indirectly controlled. Therefore, the
mathematical models depicted in Fig. 2(b) and (c), and their
corresponding loop gains Tjz1(z) and Tywa (z) can only be,
respectively, used to judge the stability of 771 and iwa, rather
than that of i75. In order to assess the grid current stability,
an equivalent model with 79 being the target control variable
would be desirable.

Referring to Fig. 2(b), considering that i,y = iz + ¢, the
feedback of 771 can be divided into two parts, namely the feed-
back of 7o and the feedback of ic. By moving the feedback

His KpwniGi (2)

wy LT, (22 —2zcosw, Ty + 1) +(z — 1)2 (Ly + Ly) sinw, T

Tiri (2) = : : : 3)
weln (L4 Lo+ Ly) ( — 1) [z (2% = 2zcosw, T, + 1) + Hoefpwar (o — 1)sianTs]
T (Z) _ HTjQKP\)\vI\IGTj (Z) ) wTL1T5 (22 — 2z COSLUTTS + 1) + (Z — 1)2 [/6 (L1 + LQ + Lg) — Ll] SinTTS (5)
A wrLy (L1 + Ly + Ly) z(z — 1) (22 = 2zcosw, Ty + 1)
His Kpwu G w,Ts (22 —2zcosw, Ty +1) — (2 — 1 QSiners
Tirs (z) - 28 pWM (Z) ) ( ) ( ) (8)

wp (Ly + Lo + Ly) (z = 1) [z (22 —2zcosw, Ts + 1) +

]\,PWM sinw,»Ts (Z _ 1) Iq21 (Z):|

w, L1
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node of i to the output of G;(z), an equivalent block di-
agram is obtained, as shown in Fig. 3(a). It is clear to see
that controlling i;; can be regarded as controlling i7, with
a capacitor-current-feedback active damping, and its feedback

Equivalent transformations of the mathematical models for (a) inverter-side inductor current control and (b) weighted average current control.
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TABLE I
EQUIVALENCE OF DIFFERENT CURRENT CONTROL SCHEMES
Current control schemes iet(2)  Hii(z) Simplified H
Grid current control i1, (@ Hila Hii,

function is H;>G;(z). Since this part of damping comes along
with the feedback of 771, it is called the inherent damping.
Combining this inherent damping with the additional capacitor-
current-feedback path, the overall damping term is obtained
as Hj1, + H;2G,(2). The inherent damping feature for the
inverter-side inductor current control has been found in [39],
but its damping performance is evaluated in the continuous do-
main where the delay effect is not considered. As is proved
in [29]-[33], the digital delays have substantial impacts on
the capacitor-current-feedback active damping and the over-
all system stability and they cannot be ignored. Therefore, it is
necessary to reexamine the inherent damping performance in
the discrete domain to find some new features for the digitally
controlled system.

Similarly, recalling Fig. 2(c), by dividing the feedback of 77,1
into the feedback of i;» and the feedback of ic, and moving
the feedback node of i to the output of G;(2), an equivalent
block diagram is also obtained, as shown in Fig. 3(b). It can be
seen that the inherent capacitor-current-feedback function in the
weighted average current control is SH;2G;(z).

Previous analysis shows that whether ¢75 is directly or indi-
rectly controlled, the control systems can all be described in a
general form, as shown in Fig. 4, in which iy 5 is the equivalent
target control variable, i.(z) is the current reference, and the
capacitor current feedback serves as a damping solution with
H;(z) being the feedback function. The expressions of i.(2)
and H;; (z) for the specific control schemes are listed in Table 1.

Different from the models depicted in Fig. 2(b) and (c), the
general mathematical model takes 77 as the equivalent target
control variable; thus, it can be used to judge the stability of

Inverter-side inductor current control i}, (z) Hy1p + Hi2Gi(2) Hip + Hin K
Weighted average current control iwa @ BHi2Gi(z) BHis K,

11,9 for different current control schemes. By discretizing Fig. 4,
the system discrete loop gain 7T;5(z), which is derived in the
Appendix, can be obtained as equation (8) as shown at the
bottom of the previous page.

Accordingly, T;1,9(z) is the loop gain of i7,5. Substituting (8)
into the characteristic equation 1 + T;72(z) = 0 and manip-
ulating, the characteristic polynomial of iys, i.e., Pir2(2), is
obtained as

Pips(2) = w, Ly (2* = 2zcosw, Ty + 1)[2(2 — 1)
X (Ly + Ly + Ly) + His Kpwn T Gi (2)]
+ Kpwwsinw, T(z — 1)*[(L1 + Lo + Ly)
x Hi1(z) — L1 Hj2 G, (2)]. ®

The closed-loop poles of i1, can be determined by solving
Pi12(z) = 0. Note that P;2(z) is general to all the three con-
trol schemes, it will be used to analyze the grid current stability
in the following section.

III. INDIRECT CURRENT CONTROL SCHEMES REANALYZED IN
TERMS OF GRID CURRENT STABILITY

Based on the general mathematical model depicted in
Section II, the two indirect current control schemes, i.e., the
inverter-side inductor current control and the weighted average
current control are reanalyzed in terms of the grid current stabil-
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Fig. 5. Simplified circuit of the LCL-type grid-connected inverter.

ity in this section. Afterward, a comparison of the three current
control schemes is drawn to help understand the connections
and differences among them.

A. Inverter-Side Inductor Current Control

Recalling the analysis in Section II-B, substituting the loop
gain T;71(z), which is given in (3), into the characteristic
equation1 + T;71(z) = 0and manipulating, the characteristic
polynomial of i1, i.e., P;;1(2), is obtained as

Pir1(2) =w L1 (2% — 2zcosw, Ty + 1)[2(z — 1)
X (L1 + Lo+ Ly) + Hin Kpwun TG (2)]
+ Kpwy sinw, T (2 — 1)*[(L1 + Ly + L)
X Hinp + (Lo + Ly)Hi2 G (2)). (10)

As shown in Table I, for the inverter-side inductor current
control, H;1(z) = H;1, + H;2G;(z). Substituting it into (9),
and considering (10), it can be found that P,;5(2) = Pip1(2).
That means, when ¢, ; is controlled, the closed-loop poles of 71,5
are the same as those of i7;. Hence, the stabilities of iy, and
i1 are the same. In other words, 75 is definitely stable once
ir1 has been stabilized and vice versa. This finding corrects
the assumption in [35] that 772 may be unstable when i is
stabilized. To make a more intuitive sense, a further explanation
from the circuit level is presented as follows.

Fig. 5 shows the simplified circuit of the LCL-type grid-
connected inverter, where the inverter bridge output voltage
vy 18 represented by a voltage source. If 77 is controlled to
be stable, there will be fundamental component and switching
harmonics in both vi,, and 771. The switching harmonics in
ir1 are bypassed by the filter capacitor branch, which leaves
the fundamental current to be injected into the grid. It is worth

General mathematical model of the digitally controlled LCL-type grid-connected inverter.

noting that no resonance arises between (L, + L,) and C in
this case. This is because that if there is a resonance, the resonant
voltage of C will be applied on L, which surely gives rise to the
current oscillation in ¢7; and results in instability. Likewise, if
11,9 18 controlled to be stable, there is also no resonance between
Ly and C. From this point of view, L, or (L, + L,) alone
cannot resonate with C, and the resonance will definitely take
place among all the three components of the LCL filter.

B. Weighted Average Current Control

In the weighted average current control, there are two situ-
ations depending on the value of 5. If 8 # L,/(Ly + L, +
L,), substituting the loop gain T;wa (z), which is given in (5),
into the characteristic equation 1 + Tiwa (z) = 0 and manip-
ulating, the characteristic polynomial of iwa, i.e., Piwa (2), is
obtained as

Pwa(2) = w, Ly (22 — 2zcosw, Ty + 1)[2(z — 1)
X (L1 + Lo + Ly) + Hio Kpwu T: G (2)]
+ Kpwu sinw, Ty(z — 1)?[B(Ly + Ly + L)
— L1]H;2Gi(2). (11)

As shown in Table I, for the weighted average current control,
H;1(z) = BH;2G;(z). Substituting it into (9) and considering
(11), it can be found that P;zo(z) = Pswa(z). That means,
when iwa is controlled with 5 # L/(L; + L, + L), the
closed-loop poles of 71,» are the same as those of wa . Therefore,
the stabilities of 77,9 and iwa are the same in this case.

If B =Li/(Li + L, + L,), substituting the loop gain
Tiwa (2), which is given in (7), into the characteristic equation
1 + T;wa(2) = 0 and manipulating, the characteristic poly-
nomial Pywa (2) is obtained as

Piwa (Z) = Z(Z — 1)(L1 + Lo + Lg) + Hing\\'l\ITgGi(Z).

(12)

Again, substituting H;;(z) = fH;2Gi(z) and [ =

Ly/(Ly + Ly + L,) into (9) and considering (12), P;z2(2)
can be rewritten as

Pir2(2) = w, Ly (22 — 2zcosw, T, + 1)[2(2 — 1)
X (Ll + L2 + Lg) + HjQKPVVI\ITng (Z)]
=w.L1(2* = 2zcosw, Ty + 1)Piwa (2).  (13)

From (13), it is clear to see that for 5 = L;/(L + L, +
L,), Pir2(%) is the multiplication of Pywa (2) and a second-
order polynomial w, L (22 — 2zcosw, Ts + 1). That means the
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(0B = Li/(Ly + L2 + Ly).

closed-loop poles of i;» have one more pair added to those of
iwa. Solving the equation z2—2zcosw, T;+1 = 0, the additional
closed-loop poles are obtained as

+jw, T (14)

Zip=¢ s =cosw,Ts &+ 7sinw, Tj.

From (14), it is obvious that |z; 5| = 1, which means 2, is a
pair of resonant poles located at the unit circle, and its resonance
frequency is exactly the LCL-filter resonance frequency f,. Due
to this pair of resonant poles, i1 can only be critically stable
even though iwa has been stabilized. Recalling the analysis in
Section III-A, 47, is also critically stable in this case since the
stabilities of i;; and iyo are the same. Similarly, this stability
feature can be explained with the system simplified circuit.

Fig. 6 shows the simplified circuit of the LCL-type grid-
connected inverter with weighted average current control. Ac-
cording to the definition of the weighted average current, the
following equation can be obtained:

iwa = Bir1 + (1 — B)ire = B(ire +ic)

+ (1= B)ige = irs + Bic. (15)

From (15), it is clear to see that iwa is the summation of
ir2 and a part of the capacitor current 3i-, where Jic can be
obtained by splitting the filter capacitor. If C is split into C; and
Cz by

O =(1-0)C, Cy =pC (16)
then ic; = (1 — B)ic and icy = Bic, where icy and ico
are the currents of C'; and C), respectively. Thus, iwa can be
rewritten as

iwa = iro + Bic =irs +ico. (17)

Observing (17) and Fig. 6, it can be found that iy, is exactly
the current flowing between C and C,.

Referring to Fig. 6, it can be seen that there are two resonant
loops, which are composed of L; — C} and (L, + L,) — C»
separately. According to (16), their resonance frequencies are
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calculated as

1 1
fri= 2rvL Gy 21y/(1 = B) L, C’

1 1
fro = (18)

9 /(Ls + L) Cs 27\/B(La + L) O

From (18), it is obvious that for 3 # L/(Li+Ly+L,), fr1 *
fr25 and for B = Li/(L1+Ly+L,), the following equation can
be obtained:

_ - 1 [ Li+Ly+ L, A
frl_f7‘2—2ﬂ_ Ll (LQ"‘Lg)C_fT

Recalling Fig. 6(a), if iwa is controlled to be stable for
B # Li/(Li + L, + L), then there will be no resonances
in both L; — C and (Ly + L;) — Co. This is because
that if there is a resonance, the resonances of L; — (4 and
(L, + L,) — C, cannot take place separately since f,1 #
fro, and a part of resonant current will definitely transfer be-
tween the two resonant loops, which surely gives rise to the
current oscillation in ¢y and results in instability. However, for
B = Li/(Li + L, + L), separate resonances will arise in
Ly — C)and (L, + L;) — C, even though iwa is stabilized,
as shown in Fig. 6(b). This is because that the two resonant
loops formed by L, — C and (L, + L,) — C5 are indepen-
dent since f,.; = f,2, and the resonant current will only circu-
late inside each resonant loop instead of transferring between
them. Accordingly, the resonant components will be added to
i1, %C1, tc2, and 179, rather than 2wa (iwa contains the funda-
mental component and a part of switching harmonics), and the
resonant currents in iz, and iy9 are out of phase. From this point
of view, when adopting the weighted average current control
with 8 = Ly/(Ly + L, + L), the resonance will disappear
in 2w but still existin 77,7 and 775.

(19)

C. Comparison of the Three Current Control Schemes

In the previous sections, the three current control schemes
are described in a general mathematical model, with the grid
current being the equivalent target control variable and the ca-
pacitor current feedback being the damping solution. Based on
this model, the two indirect current control schemes have been
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reanalyzed in terms of the grid current stability. From the above
analysis, the connections and differences among the three cur-
rent control schemes can be summarized as follows.

1) From the perspective of grid current, the differences
among the three current control schemes lie in two aspects,
i.e., the current reference (or the target control variable)
and the capacitor-current-feedback function, as shown in
Table I. It is the different damping terms that lead to the
different stabilities of the grid current.

2) The inherent damping exists in both the inverter-side in-
ductor current control and the weighted average current
control. The inherent damping in the inverter-side in-
ductor current control helps to stabilize the grid current
for f, < fs/6, but it destabilizes the grid current for
fr > [s/6 (see Section IV); the inherent damping in the
weighted average current control makes the grid current
critically stable for 5 = Li/(Li + L, + Ly).

3) The control system is of three-order in both the grid cur-
rent control and the inverter-side inductor current con-
trol, whereas the control system is degraded to first-
order in the weighted average current control with § =
Li/(Li + L, + L,). Essentially, the reduction of con-
trol order does not show any real advantage since it has
an implicit resonance hazard, as shown in Fig. 6(b).

From the general mathematical model, it can be foreseen that

if different control schemes are designed with identical cur-
rent regulator G;(z) and capacitor-current-feedback function
Hj; (2), i.e., matched-loop gain 7;;2(z), the same control per-
formance and stability will be resulted. This property will be
verified by a design example given in the following section.

IV. UNIFIED CONTROLLER DESIGN WITH THE GENERAL
MATHEMATICAL MODEL

The general mathematical model is not only an effective
method to analyze the different current control schemes, but
also a promising way to design them. Since all the three current
control schemes are described in a single model, there is no need
to perform a separate design for each control scheme. Based on
the general mathematical model, the controller parameters of
the three control schemes are designed in a unified way in this
section. The grid impedance is considered in this design. To deal
with the wide-range variation of grid impedance, an optimized
controller design has been proposed in [33] for the grid cur-
rent control. Fortunately, the general mathematical model also
takes the grid current as the equivalent target control variable.
Therefore, the design procedure in [33] can be directly applied
to different control schemes based on the general mathematical
model.

Table II gives the parameters of a 6-kW single-phase LCL-
type grid-connected inverter, where the unipolar sine-triangle,
asymmetrical regular sampled PWM is implemented. The LCL
filter is designed with the well-known constraints, i.e., the
inverter-side current ripple is less than 30% (peak-to-peak) of
the rated fundamental current, the capacitive reactive power is
less than 5% of the rated load, and the grid-side switching har-
monic is less than 0.3% of the rated fundamental current [40]—
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TABLE II
PARAMETERS OF THE PROTOTYPE

Parameter Symbol Value Parameter Symbol Value
Input voltage Vin 360 V Inverter-side inductor L; 600 pH
Grid voltage (RMS) V, 220V Grid-side inductor L, 150 pH
Output power P, 6kW Filter capacitor C 10uF
Fundamental frequency fo  50Hz Resonance frequency f, 4.6 kHz
Switching frequency fsw 10 kHz Sampling frequency fs 20kHz
Amplitude of the triangular carrier Vi 4.58 V Current sensor gain H;o 0.15

[42]. The consequent resonance frequency is f, = 4.6 kHz. The
controller parameters are designed for this filter setting, and the
system stability is examined with L, varying up to 10% per
unit, which corresponds to 2.6 mH in the test system.

Referring to Fig. 4, a unified design of the current regulator
Gi(z) and the capacitor-current-feedback function H;;(z) is
deduced as follows. A proportional-resonant (PR) regulator is
employed as the current regulator, and it is intentionally kept
the same for different current control schemes. In the s-domain,
PR regulator is expressed as

2K, w;s

Gi(s)=K,+ ——————
() vt §2 4 2w; s + w?

(20)
where w, = 27 f, is the fundamental angular frequency, and
w; is the resonant cut off frequency. In view of a typical £1%
variation of the grid fundamental frequency [27], w; = 1%.
2w f, = mrad/ s is set. The proportional gain K, and resonant
gain K, are tuned considering the overall system dynamics
which are evaluated by the crossover frequency f. and the phase
margin (PM). Specifically, K, is related to f, by [10]

K = 27ch (Ll + L2)
! HisKpwy
To minimize the phase contribution of the PR regulator at the
crossover frequency, its corner frequency (i.e., 2K, w; /(21 K},))
is usually set a decade below f. [36]. Thus, the resonant gain
K, is calculated as

21

2rfe K,
10 . Zwi '
From (21) and (22), itis clear that K, and K, can be solely de-
termined once f, is specified. Generally, the maximum achiev-
able value for f. is limited by the requirement of PM [36]. As
reported in [43], f. =< 4% (i.e., 0.8 kHz in the test system)
with a PM over 60° is expected to achieve a small percentage
overshoot (PO). Substituting f.= 0.8 kHz into (21) and then
(22), K,,= 0.32 and K, = 25 are yielded. In practice, the PR
regulator is decomposed into two simple integrators, where the
direct integrator is discretized by forward difference and the
feedback one is discretized by backward difference [44], [45].

Thus, the discrete representation of Gj(s) is obtained as
2K, w;Ts (z — 1)

22 4 2 (W2T2 + 2w;Ts — 2) — 2w Ts +1°
(23)
The capacitor-current-feedback function H;;(z) comes in
two forms, which are either additionally introduced or inher-
ently existent. As shown in Table I, in the two indirect current

K, = (22)

Gi (Z) - Kp +
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control schemes, G;(z) is incorporated in H;;(z). Note that
the resonant gain of the PR regulator mainly works nearby f,
and makes no contribution to the resonance damping. Hence,
when tuning the damping term, the resonant gain of the PR
regulator can be ignored, and G;(z) can be approximated as
K, [10], [24]. Accordingly, H;;(z) can be simplified as a
constant coefficient H;, as shown in Table I. As reported in
[29] and [33], H;; should be designed to meet the gain margin
requirements. To ensure system stability, the gain margins at f,
and f,/ 6, which are, respectively, denoted by GM; and GM,,
need to be concerned. Moreover, the requirements on GM; and
GM, vary with the relation between f, and f,/ 6. Specifically,
if f, < fs/6, GM;> 0dB and GM; < 0dB are required; in
contrast, if f,. > fs/ 6, GM; < 0dB and GM, > 0dB are re-
quired. Substituting G;(z)= K, and H;;(z)= H;; into (8), the
expressions of GM; and GMj; in decibels can be obtained as

Hiy (Ly + Ly + Ly)

— 9201
& HaK, Ly

GM; = -20 lg |T;;L2 (6jw"T")

(24a)
GMQ =-20 lg ‘T;;LQ <€jﬂ/3) ’
Ly +Ly+ L,
His Kpwn K, Ly
Hv',lKPW'M Sinere + erl (1 - 2COSU—)7>T~;) '

sinw, Ts + w, Ts (1 — 2cosw, Ty) |
(24b)

=201g

For the test system shown in Table II, f,. = 4.6kHz and
fs/ 6= 3.3kHz, thus f, is higher than f,/6. However, with
the increase of L,, f. will fall and cross over f,/6. Un-
der such a circumstance, the optimal H;; is the one which
yields GM; = GM, = 0dB for f. = f,/ 6 [33]. From (4), let-
ting f. = fs/6, the critical L, is calculated as L, = 220 pH.
Substituting L, = 220 uH and K, = 0.32 into (24a) and letting
GM, = 0dB, the optimal H;; is calculated as H;; = 0.03.

After a PR regulator and a general H;; have been designed for
all the three control schemes, the specific parameters (i.e., H;1,,
H;13, and [3) in each control scheme can be obtained according
to the relationships listed in Table 1.

1) In the grid current control, H;; = H;y,, thus H;j, = 0.03 is
chosen.

2) In the inverter-side inductor current control,
H;y = H;;, + Hjp K, where H;yy, is the additional damping
and H;» K, is the inherent one. If no additional damping is
adopted (i.e., H;1;, = 0), then substituting H;; = H;2 K, into
(24a), GM; can be rewritten as

Li+ Ly + L,
1+ Lo + g
1

GMi |, _pr, i, = 2012 0dB. (25

From (25), it can be observed that GM; is always greater
than 0 dB. This is desirable for f,. < f,/ 6, but goes against the
requirement of GM; < 0dB for f, > fs/6. Therefore, when
ir1 is controlled, the inherent damping H; K, is helpful for

fr < fs/ 6; but for f,. > f,/ 6, the inherent damping H;s K, is
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too large, and an additional positive feedback of the capaci-
tor current (i.e., H;; < 0) is required to alleviate the overall
damping. This explains the mechanism of the positive feed-
back of capacitor current in [28], and shows a new feature of
the inherent damping in digital control. Substituting K, = 0.32
and H;; = 0.03 into H;y = H;1p + Hi2 K, the desired H;yy, is
calculated as H;, = - 0.018.

3) In the weighted average current control, H;; = 8H;9 K, and
substituting it into (24a), GM; can be rewritten as

. L+ Lo +Lg> (26)

GMI‘H”:,@H,ZK,) =201g (ﬁ I

From (26), it can be found that GM; is equal to O dB for
GB= L/ (Li+ Lo+ Lg), which proves that i75 is critically
stable once again. In order to stabilize the grid current, the
weight value 8 must be modified. Substituting K, = 0.32 and
H;; = 0.03 into H;; = fH;2K,, the desired (3 is calculated as
B= 0.625 (recalling Table II, L,/ (L; + L+ Lg)= 0.8 under
Ly = 0). In the following, the modified 3= 0.625 will be com-
pared to the conventional 5= 0.8 to show its improvement.
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Based on the designed controller parameters, the Bode dia-
gram of the loop gain 7} 2(#) under L, = 0 is shown in Fig. 7,
where f. = 0.8 kHz and PM = 65° can be readily identified, and
the transient response to a step input, which is the same as a step
change in the rotating reference frame, is shown in Fig. 8. It is
clear to see that the PO is 16% and the settling time t5¢, is 1.3
ms (with a tolerance band of 5%), which indicate a satisfactory
dynamic performance.

According to the closed-loop transfer function
Tiro(2) [ 1+ Tip2(2)], the closed-loop pole-zero maps
of i7,9 can be drawn using MATLAB. Fig. 9 shows those maps
under L, = 0. To achieve a detailed observation, the pairs of
closed-loop poles and zeros introduced by the PR regulator are
zoomed in at the lower-left corner. For the grid current control
with H;j, = 0.03 and the inverter-side inductor current control
with H;j, = -0.018, the pole-zero locations are almost the
same since they are designed with matched loop gain T;12(2),
as shown in Fig. 9(a) and (b). In the weighted average current
control, two different 3 are evaluated, as shown in Fig. 9(c).
For = 0.8, a pair of resonant poles exactly locates at the unit
circle, which verifies the analysis in Section III-B that iy is
critically stable. For 3= 0.625, the pole-zero location is the
same as Fig. 9(a) and (b) due to the matched loop gain Tjz ().

(b) (©)

Closed-loop pole-zero maps of i 7,5 under L, = 0. (a) Grid current control. (b) Inverter-side inductor current control. (c) Weighted average current control.
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Closed-loop pole-zero maps of i;,5 with weighted average current control under the grid-impedance variation. (a) 5= 0.8. (b) 5= 0.625.

Fig. 10 shows the closed-loop pole-zero maps of iz with L,
varying up to 2.6 mH (the pairs of closed-loop poles and zeros
introduced by the PR regulator are not shown here since they
vary a little). Note that the three current control schemes have a
similar pole-zero location with matched loop gain T} 1,9 (z). The
pole-zero map in the weighted average current control is taken
as an instance. For J= 0.8, as shown in Fig. 10(a), the reso-
nant poles first move outside the unit circle for L, < 300 pH,
and then track back inside with the further increase of L,. For
= 0.625, as shown in Fig. 10(b), the resonant poles are damped
into the unit circle except for L, = 220 uH (.e., f, = fi/6,
where the resonant poles exactly locate at the unit circle). Thus,
stable operations are retained for all L, except 220 p/H, and it is
critically stable for L, = 220 pH. In practice, due to the damp-
ing effect of the parasitic resistors, a stable operation will be
also preserved for L, = 220 uH.

V. EXPERIMENTAL VERIFICATION

A 6-kW prototype, as shown in Fig. 11, is built and tested
in the lab. The single-phase inverter bridge is implemented us-
ing two IGBT modules (CM100DY-24NF). These modules are
driven by M57962L. The PCC voltage v,’, which is used in the



PAN et al.: ANALYSIS AND DESIGN OF CURRENT CONTROL SCHEMES FOR LCL-TYPE GRID-CONNECTED INVERTER BASED

O Samplé Halls

S
IGBT

Driver

Fig. 11.  Photograph of the single-phase grid-connected inverter prototype.

PLL, is sensed by a voltage hall (LV25-P). The inverter-side in-
ductor current ¢7,; and the grid current 775 are separately sensed
by two current halls (LAS5-P), and the difference between them
is calculated as the capacitor current 7. The controller is im-
plemented in a TI TMS320F2812 DSP.

Figs. 12 and 13 show the experimental results with the grid
current control and the inverter-side inductor current control,
respectively. Both control schemes are evaluated under L, = 0.
H;, = 0.03 and H;, = - 0.018 are selected for these two con-
trol schemes. The experimental waveforms when the current ref-
erence steps between half and full loads are given in Figs. 12(a)
and 13(a). To achieve a detailed observation, the waveforms
when the current reference steps downward are zoomed in, as
shown in Figs. 12(b) and 13(b). The PO [0/ I in Figs. 12(b)
and 13(b)] and the settling time ¢sq of iyo are measured as
12% and 0.5 ms in both control schemes. Because of the effects
of the dead time and parasitic resistors, the measured transient
responses are better than the simulation results. As discussed
in Section IV, when iy, is controlled for f, > f/ 6, instability
will arise without an additional damping (i.e., H;1;, = 0). Re-
calling Table I, H;j, = O corresponds to H;; = H;j, = 0.048.
When H;,, is changed from 0.03 to 0.048 and H,,; is changed
from —0.018 to 0, severe oscillation arises and tends to in-
crease in both ¢7; and 779, as shown in Figs. 12(c) and 13(c).
This indicates instability and is consistent with the analysis in
Section IV. Figs. 12(d) and 13(d) give the zoomed-in waveforms
over a fundamental period, from which the oscillation frequency
is measured as 4.6 kHz, which is exactly the LCLfilter reso-
nance frequency. The experimental results show that if different
control schemes are designed with matched loop gain T2 (2),
their control performances and stabilities will be the same.

Fig. 14 shows the experimental results with the weighted aver-
age current control under L, = 0. For 3= 0.8, the experimental
waveform when the current reference steps from full to half
loads is given in Fig. 14(a). It can be observed that although 2wa
exhibits satisfactory steady-state and dynamic performances,
ir1 and 779 are both critically stable. When the current ref-
erence steps downward, both 7;; and 77, oscillate, and the
oscillation decays very slowly and lasts for a long time (more
than two fundamental periods). Fig. 14(b) gives the zoomed-in
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Fig. 12.  Experimental results with grid current control under L, = 0. (a)
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waveform over a fundamental period, from which the oscillation
frequency is measured as 4.6 kHz. For § = 0.625, the experi-
mental waveform when the current reference steps between half
and full loads is given in Fig. 14(c). It can be observed that the
current oscillation disappears, and the dynamic performance is
substantially improved for both 77,1 and 77 . Fig. 14(d) gives the
zoomed-in waveform when the current reference steps down-
ward. The PO [0/ I in Fig. 14(d)] and the settling time ¢5¢, of
ir2 are measured as 12% and 0.5 ms, respectively, which are
consistent with Figs. 12(b) and 13(b). The experimental results
show that when the weighted average current is controlled, the
weight value 3 should be modified according to the desired
damping to improve the grid current stability.

Fig. 15 shows the experimental results with different con-
trol schemes under the grid-impedance variation. Both L,
220 pH (the worst case) and L, = 2.6 mH are tested here. For
L, = 220pH, as shown in Fig. 15(a), a stable operation is re-
tained in any of the grid current control with H;;, = 0.03, the
inverter-side inductor current control with H;;, = - 0.018, and
the weighted average current control with 5 = 0.625. However,
when it is changed to the weighted average current control with
B = 0.8, disastrous oscillation is triggered. For L, = 2.6 mH, as
shown in Fig. 15(b), satisfactory stable operation is performed
in all the above four cases, which is consistent with the design
result in Section IV. The experimental results show that with
the optimal H;; = 0.03, strong robustness is ensured in differ-
ent control schemes.

VI. CONCLUSION

For the LCL-type grid-connected inverter, a general mathe-
matical model is built in this paper to describe the three current

Experimental results with different control schemes under the grid-impedance variation. (a) L, = 220 zH. (b) L, = 2.6 mH.

control schemes, which are the grid current control, the inverter-
side inductor current control, and the weighted average current
control. This model takes the grid current as the equivalent
target control variable, the capacitor current feedback as the
damping solution, and accounts for the computation and PWM
delays. Based on the general mathematical model, deep insights
into the relationships among different control schemes can be
drawn, and stability analysis from the perspective of grid current
is presented. It reveals that when the inverter-side inductor cur-
rent is controlled, the grid current shows the same stability as the
inverter-side inductor current; but when the weighted average
current is controlled, both the grid current and the inverter-side
inductor current are critically stable even though the weighted
average current can be easily stabilized. Moreover, a unified
controller design, which takes account of the grid-impedance
variation, is proposed using the general mathematical model. In
this way, the mechanism of the positive feedback of capacitor
current is well explained in the inverter-side inductor current
control, and a modified weight value is easily selected in the
weighted average current control to stabilize the grid current.
Experimental results from a 6-kW prototype confirm the theo-
retical expectations.

APPENDIX

In this appendix, the discrete loop gains T;11(2), Trwa (2),
and T;19(z) are derived. Referring to Fig. 2(a), the transfer
functions from the inverter bridge output voltage wvin(s) to
the capacitor current ic (s), the grid current iz (s), and the
inverter-side inductor current iy,1 (s) can be derived as

2

1 S

dols) _ L s
sLy  $*+w?
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Hy = Ignoring the grid voltage disturbance, the mathematical mod-
®) els in Fig. 2(b) and (c) and Fig. 4 are transformed into the
2 i) discrete ones, as shown in Fig. A1. From Fig. A1, the loop gains
R Kewn—1Giaz) 3> can be obtained as equation (A3)—(AS5) as shown at the top of
the page.
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