
Received 2 April 2020; revised 7 May 2020; accepted 10 May 2020. Date of publication 15 May 2020;
date of current version 4 April 2020. The review of this article was arranged by Associate Editor Xiong Du.

Digital Object Identifier 10.1109/OJPEL.2020.2995105

Analysis and Design of Grid-Tied Inverter
With LCL Filter

MICHAEL BIERHOFF 1 (Member, IEEE), RAMY SOLIMAN1, AND JOSÉ R.
ESPINOZA C 2 (Senior Member, IEEE)

1Stralsund University of Applied Sciences, Stralsund 18435, Germany
2Universidad de Concepcion, Concepcion 53-C, Chile

CORRESPONDING AUTHOR: MICHAEL BIERHOFF (e-mail: michael.bierhoff@hochschule-stralsund.de)

This work was supported in part by the European Social Fonds within the framework of the Excellence Research Program of the state of Mecklenburg-Vorpommern
under Project ESF/14 - BM - A55 - 0017/16 and in part by CONICYT / FONDEQUIP / EQM140148, CONICYT/FONDAP / 15110019, and

CONICYT / BASAL / FB0008.

ABSTRACT The LCL filter represents the state-of-the-art passive interface type for grid tied power con-
verters as a cost and space reducing alternative to single coil solutions for switching harmonic attenuation.
However, a simple PI controller can cause instabilities when applied to control the current of this filter.
Thus a general analytically closed approach is presented to determine the safe operating areas for both grid
current control mode (GCM) and inverter current control mode (ICM), both with and without additional
active damping feedback of the capacitor current. The proposed approach consequently applies the Nyquist
criterion in the continuous frequency domain, facilitating the determination of very simple expressions of
parameter stability limits. These design guidelines, which partially also confirm previous findings, are for the
first time summarized all together as the results of proposed approach to aid corresponding controller design.

INDEX TERMS PWM inverter, LCL filter, active damping, stability analysis.

I. INTRODUCTION
LCL filters are commonly applied for the attenuation of
switching harmonic content of the grid current of either single
or three phase inverters. A corresponding per phase equivalent
circuit is presented in Fig. 1. However, even adding just a
proportional controller to realize a closed loop current control
can cause instabilities, depending on the sample and carrier
frequency, the filter’s resonance frequency and the value of
the proportional gain of the current controller. Many solutions
have been proposed to overcome this problem. This includes
so-called active damping (AD). AD has been presented as
multiloop [1]–[9] or single loop solution. Multiloop AD can
be considered a reduced type of state space controller [10],
[11] where the capacitor voltage or current is usually fed
back in addition to either grid or inverter current. As a re-
duced number of sensors is preferable, single loop solutions
emerged that apply additional phase lifting measures like lead-
lag elements and notch filters [12]–[15] or state observers
[16]. The former approaches can all be summarized as at-
tempts to implement an additional differential component to

FIGURE 1. (Per phase) equivalent circuit of three phase converter with
grid side LCL filter.

the single loop controller [17] while at the same time avoiding
high frequency perturbation. Previous stability analyses con-
tributed qualitative conclusions from graphical analysis [18]
and they were dealing with particular phenomena [19], [20]
or certain operation modes such as single loop applications
without AD [21]. A full design guideline for the multiloop
gain parameter of a GCM with capacitor current feedback
is presented in [22]–[24]. However, [22] is a hybrid solution
partially referring to a different paper contribution [25]. The

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 1, 2020 161

https://orcid.org/0000-0002-4049-2105
https://orcid.org/0000-0001-6648-7518
mailto:michael.bierhoff@hochschule-stralsund.de


BIERHOFF ET AL.: ANALYSIS AND DESIGN OF GRID-TIED INVERTER WITH LCL FILTER

approach presented in [24] determines stability margins of
the controller parameters in the continuous frequency do-
main while accounting for the computational delay time by
a graphical solution. Curiously most contributions regarding
stability analysis either focus on single or multiloop solutions.
Moreover, multiloop stability analysis is usually carried out
for GCM only.

The presented contribution can be set apart from existing
literature with respect to the following features:

1) Generality: A consequently conducted stability analy-
sis approach in continuous frequency domain combined
with an a priori current controller design and justified
model simplification facilitate the development of sim-
ple expressions for either filter or active damping design
ensuring stable operation for any kind of control mode
(GCM or ICM) or sampling frequency range.

2) Performance: The initial PI controller design can also
fully be maintained in case of fixed parameter settings
(LCL filter, sampling frequency) if proposed dual loop
active damping is employed. Thus, no compromise is to
be made in terms of system slow pole dynamics.

3) Implementation: Thanks to proposed PI controller de-
sign unambiguous expressions concerning filter and ac-
tive damping parameter design were derived adding
significant practical relevance to this contribution, see
also quick design manual in the appendix. Clearly, no
additional parameter tuning is required unless parameter
variations are concerned.

Moreover, the proposed analysis results lead to the conclu-
sion that a statically high phase/gain margin does not automat-
ically guarantee immunity against parameter drifts. However,
the presented analysis also facilitates an effective modification
of the suggested design guide lines to enhance robustness
against parameter variation as can easily be seen from a dedi-
cated stability map.

This article is structured as follows. Section II deals with
the generic continuous model approach. Essential simplifica-
tions are mentioned which make the proposed method appli-
cable not only to single phase but also to three phase applica-
tions. In Section III the impact of PWM frequency and method
is explained with respect to crucial model parameters. Then
the proposed stability analysis is discussed as applied to single
current control loops without AD in Section IV. Section V
describes the parameter design for dual loop AD as derived
from the proposed stability analysis. The proposed analysis
approach is also presented in discrete frequency domain for a
single design example in Section VI, as comparison to the pro-
posed continuous frequency domain approach. Corresponding
measurement results are presented in Section VII, which is
followed by a conclusion.

II. SIMPLIFIED CONTINUOUS MODEL
In three phase applications the LCL filter plant would usu-
ally be controlled by a proportional resonant controller in
the αβ reference frame or by a PI controller in the dq ref-
erence frame. The fundamental approximation is to neglect

FIGURE 2. Simplified block diagram for different current control modes
with GCM (red line), ICM (blue line) and AD (green line).

FIGURE 3. Retarded discretized modulation waveform (solid red line) with
continuous simplification (dashed line) in case of double edge modulation.

the resonant/integral part of the PR/PI controller, which is a
reasonable approach [19]–[22] for conventional current con-
troller design. As soon as the controller can be simplified
as a pure proportional controller a decoupled representation
within the αβ-domain is possible because the controller’s
transfer function no longer contains any energy storage or
state variable that would imply reference domain dependent
cross couplings. Furthermore, with the fundamental grid fre-
quency being well below the resonance frequency of the filter,
even the cross couplings of the LCL filter model inside the
dq-plane can be neglected. The resulting generic simplified
continuous model (representing just one current component
each, regardless of the reference frame) is shown in Fig. 2,
where either the red (GCM) or the blue (ICM) signal path is
to be considered as dependent on the current control mode.
The green signal traces apply for dual loop active damping,
with additional capacitor current feedback.

III. DEAD TIME COMPOSITION AND CONTROLLER GAIN
A. ZERO ORDER HOLD APPROXIMATED BY A DEAD TIME
The PWM converter is usually modeled as a sampler with zero
order hold element and a corresponding output waveform, as
can be seen in Fig. 3. Note, this is an approximation where the
corresponding error is discussed in [26] for example. How-
ever, the corresponding transfer function Gconv(s) of the zero
order hold element can be simplified to a dead time Td1 fa-
cilitating the analysis of high frequency effects. Furthermore,
it is common practice to generate the next reference value
for the PWM on the basis of a data acquisition that takes
place directly after refreshing the PWM registers with the old
reference. This retarded data acquisition can be accounted for
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by an additional dead time element Td2. The resulting transfer
function of the converter can be approximated by an overall
dead time component summarizing all delays (1).

Gconv (s) = 1 − e− js2Td1

s2Td1
e− jsTd2 ≈ e− js(Td1+Td2) = e− jsTD

(1)
The determination of TD is substantially dependent on the

acquisition time of the new PWM set value, as can be seen
from Fig. 3. From the figure, it is obvious that, regardless of
the carrier frequency, a fast acquisition and control algorithm
execution can drastically reduce the overall delay time TD.
Here the typical outlines for the triangular carrier waveforms
and the correspondingly retarded discretized modulation func-
tion (red) of a double edge modulation is shown. The blue
curve represents an ideal modulation waveform without any
time delay. It follows that the overall delay time becomes TD

= 3/2TS = 3/(4fC) for the presented double edge modulation
with fC denoting the carrier frequency and TS = Td2 being the
sampling time.

B. PI CONTROLLER DESIGN
The proposed methodology starts with a current controller
synthesis to determine the system’s slow pole placements.
In a second step the overall system stability is investigated,
which provides a safe operating area for the system delay
time in single loop mode. Based on the given control plant
a PI controller is suggested for the dq-reference frame as
designed according to the Technical Optimum neglecting the
filter capacitor. With the controller transfer function (2) and
the filter capacitor being neglected, there follows the design
approach (3) and (4) for the PI controller gain and its time
constant TN, respectively. With the resistive part of the filter
inductors converging to zero, eventually neglecting the inte-
gral part obviously seems justified (TN →�).

GR(s) = KR

(
1 + 1

TN s

)
(2)

KR = L1 + L2

2TD
(3)

TN = L1 + L2

R1 + R2
(4)

IV. STABILITY ANALYSIS FOR SINGLE LOOP
CONTROLLERS WITHOUT ACTIVE DAMPING
A. SAFE OPERATING RANGE FOR THE DELAY TIME
Given the simplified continuous model shown in Fig. 2, the
open loop transfer functions for GCM and ICM are given by
(5) and (6), respectively. The AD option (green signal lines in
Fig. 2) is not activated yet.

Gopen,GCM ( jω) = KR

jω (L1 + L2) + ( jω)3L1L2C
e− jωTD (5)

Gopen,ICM ( jω) =
(
( jω)2L1C + 1

)
KR

jω (L1 + L2) + ( jω)3L1L2C
e− jωTD (6)

The Nyquist criterion can reasonably be applied by creating
conditions (7) and (8) with the exponential term turning to
imaginary number j if ω assumes (9) with n = 0 for the first
real axis crossing of the frequency loci. It can be seen that
the numerator as well as the denominator of (7) and (8) will
assume real values. The argument of the exponential function
that governs the locus orientation is negative, resulting in a
clockwise rotational sense. Thus, the frequency response loci
for the open loop should cross the real axis in a positive direc-
tion (coming from negative to positive imaginary) at values
above −1 according to Nyquist. Identifying the very first real
axis crossing in the positive sense at n = 0 the first conditions
(10), (11) can be established to determine minimum values
for the delay time TD, each. Furthermore, if a controller gain
is assumed in accordance with (3), a maximum delay time can
be determined as a function of the filter’s resonance frequency
(12). Proceeding with n = 1 in (9) also yields the minimum
delay time for GCM. As ICM is inherently stable for low delay
times, (13) and (14) already define the safe operating area for
the delay time TD in both cases.

KR

jωcrit (L1 + L2) + ( jωcrit )3L1L2C
e− jωcrit TD ≥ −1 (7)

(
( jωcrit )2L1C + 1

)
KR

jωcrit (L1 + L2) + ( jωcrit )3L1L2C
e− jωcrit TD ≥ −1 (8)

ωcrit = (1 + 2n)
π

2TD
where n = 0, 1, 2 . . . (9)

KR(
π

2TD

)3
L1L2C − π

2TD
(L1 + L2)

≥ −1 (10)

(
1 −

(
π

2TD

)2
L1C

)
KR

(
π

2TD

)3
L1L2C − π

2TD
(L1 + L2)

≥ −1 (11)

ωr =
√

L1 + L2

L1L2C
(12)

π

2

√
π

π − 1

1

ωr
≤ TD,GCM ≤ 3π

2

√
3π

1 + 3π

1

ωr
(13)

TD,ICM ≤ π

2

√
1

π − 1

(
π − L1 + L2

L2

)
1

ωr
(14)

In Figs. 4 and 5 the frequency response loci of the open loop
transfer function of a typical system with filter parameters
corresponding to the lab set-up (see Table I) are presented
both for GCM in Fig. 4 and ICM in Fig. 5, each for the
case of boundary stability operation and a proportional con-
troller with its gain determined according to (3). Note that the
dashed lines indicate the infinite arch at singularity case ω =
ωr, where the loci experience a 180° phase reversal with its
clockwise orientation still being determined by the exponen-
tial functions of (5) and (6). From these images it becomes
obvious that as soon as the delay time exceeds the stability
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FIGURE 4. Frequency response locus for GCM at stability boundary TD =
TDmin (black) and TD = TDmax (red).

FIGURE 5. Frequency response locus for ICM at stability boundary TD =
TDmax.

TABLE I. System Parameters

range the critical point will be encircled and instability is
inevitable.

V. STABILITY ANALYSIS FOR DUAL LOOP CONTROLLERS
WITH ACTIVE DAMPING
A. GCM WITH CAPACITOR CURRENT FEEDBACK AD
The presented analysis method can conveniently be applied to
facilitate the design of AD with proportional feedback if the
PI controller’s integral part is neglected again. For the GCM
with capacitor current AD the open loop transfer function is
given by (15) where KD is the additional capacitor current
feedback gain, which is still to be determined in terms of safe
operating range. One fundamental limit value for KD could be
determined applying the Routh-Hurwitz criterion if the dead
time element was approximated by a first order delay [24],

[25]. However, following a completely consistent analytical
approach maintaining the same model, throughout this presen-
tation the Nyquist criterion will consequently also be applied
to solve this problem. In this case, the system frequency is
to be assigned the filter’s resonance frequency ω = ωr to set
up the first stability condition (16). Because with resonance
singularity the frequency response locus undertakes a sudden
180° phase shift, it would always cross the real axis unless
residing directly on the real axis itself. The corresponding
transition from negative to real imaginary must take place
above the real part of the Nyquist point (−1). Developing the
sufficient condition (16) with (12) a very simple expression
(17) is derived that agrees well with previous publications
[24], [25]. The limit value (17) represents a special result
because it apparently is generally valid regardless of the actual
delay time value.

Gopen,CC ( jω) = ( jω)2L1CKD + KR

jω (L1 + L2) + ( jω)3L1L2C
e− jωTD (15)

Re

{
( jωr )2L1CKD + KR

jωr (L1 + L2) + ( jωr )3L1L2C
e− jωrTD

}
≥ −1 (16)

KD,lim 1 = KR
L2

L1 + L2
(17)

Now KD varies between (17) and a second limit. Again
referring to (9) with n = 0 applied to (15) via condition (18) a
second limit value can be found for the damping coefficient
KD (19); this represents a maximum value for KD for low
delay time values. If (3) was applied to substitute KR then
along with (17) being set equal to (19) a time delay limit with
respect to the filter’s resonance frequency can be determined
(20). This delay time represents an operation point were both
limit expressions (17) and (19) would converge. For delay
time values above that point the corresponding limit values are
changing senses, that is the top becomes the bottom limit and
vice versa. This operation range will be referred to as ‘mode
2’ from now on. Examination of the frequency response loci
shows that, from a certain delay time on, the second real axis
crossing in positive sense also has to be accounted for by using
(9) with n = 1 in condition (18). A third limit value results
for KD (21) which is the prevailing minimum if ‘mode 3’ is
reached by delay time TD exceeding expression (22) as current
controller gain design (3) was applied.

( jωcrit )2L1CKD + KR

jωcrit (L1 + L2) + ( jωcrit )3L1L2C
e− jωcrit TD ≥ −1 (18)

KD,lim 2 = L2

(
π

2TD
− 2TDωr

2

π

)
+ KR

L1C

(
2TD

π

)2

(19)

TD,lim 1 = π

2 ωr
(20)

KD,lim 3 = L2

(
2TDωr

2

3π
− 3π

2TD

)
+ KR

L1C

(
2TD

3π

)2

(21)

TD,lim 2 = 3

2 ωr

√
π3

3π − 2
(22)
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FIGURE 6. Frequency response loci (GCM with AD, TD = π/(4ωr) (mode 1)
with capacitor current feedback, KD = KDlim1 (red) and KD = KDlim2 (black).

FIGURE 7. Frequency response loci (GCM with AD, TD = 2π/(3ωr) (mode 2)
with capacitor current feedback, KD = KDlim1 (red), and KD = KDlim2 (black).

FIGURE 8. Frequency response loci (GCM with AD, TD = π/ωr (mode 3)
with capacitor current feedback, KD = KDlim1 (red), and KD = KDlim3 (black).

Different frequency response loci of the open loop transfer
function of actively damped GCM with capacitor current feed-
back are presented in Figs. 6–8. The parameters are still the
same as for the laboratory set-up but now different delay times
are assumed representing an ideal operation point of modes
1–3 each. The red curve always indicates the frequency re-
sponse locus with KD = KDlim1 while the black always shows
the locus for the second valid limit value of KD. If the value
of KD exceeds the stable operation range at limit value KDlim1

the open loop frequency response locus drastically changes
appearance to an obviously unstable outline. Depending on
the respective operation mode, this can be either a positive
or a negative limit value excess. In order to demonstrate this
behavior the frequency response loci for a 10% deviation with
respect to KDlim1 are also included (light red) representing an
unstable example each.

B. ICM WITH CAPACITOR CURRENT FEEDBACK AD
The inverter current control mode can be extended to lower
frequencies with respect to the single loop control version

by introducing additional proportional feedback AD. Feeding
back the capacitor current does not have any effect in the high
carrier frequency range but it helps to extend the operating
range to lower carrier frequencies than for the single loop so-
lution. The corresponding open loop transfer function would
be given by (23) for ICM. For stability a generally valid limit
value for proportional gain KD can be determined in the same
fashion as before by stability condition (17) with a negative
result in this case (24). Once again applying (9) with n = 0 to
(23) the resulting stability condition (25) can be developed to
determine the top limit of the stability range of KD, see (26).
With (3) being substituted in (26) which in turn is set equal
to (24) a time delay limit is found that coincides with the
previously found value for GCM (20). From this time delay
limit value, the stability limits for KD are again switching
senses as (24) is now describing the maximum and (26) yields
the minimum for KD (transition from operation mode 1 to
mode 2). But the minimum has to be carefully examined as
a second turn around of the locus could still compromise sta-
bility. The same time delay limit that was determined before,
(22), also indicates the transition from operation mode 2 to
3 for ICM where the corresponding third stability condition
governs the actual bottom limit for KD (27). The open loop
frequency response loci of the ICM with capacitor current
feedback AD are actually looking the same as the ones for
GCM in Figs. 6–8, which is why no corresponding images are
shown here.

Gopen,CC ( jω) = ( jω)2L1C (KR + KD) + KR

jω (L1 + L2) + ( jω)3L1L2C
e− jωTD (23)

KD,lim 1 = −KR
L1

L1 + L2
(24)

(
jωcrit

)2
L1C (KR + KD) + KR

jωcrit (L1 + L2) + ( jωcrit )3L1L2C
e− jωcrit TD ≥ −1 (25)

KD,lim 2 = π L2

2TD
− 2TDL2ωr

2

π
+

(
1

L1C

(
2TD

π

)2

− 1

)
KR

(26)

KD,lim 3 = 2TDL2ωr
2

3π
− 3π L2

2TD
+

(
1

L1C

(
2TD

3π

)2

− 1

)
KR

(27)

C. SIMILARITIES BETWEEN GCM AND ICM WITH AD
For the application of the proposed active damping a uniform
transfer function of the open current control loop results (28),
if the active damping coefficient was designed according to
(17) for GCM and (24) for ICM. With these AD settings the
resulting zeros are obviously completely compensating for
the high frequency conjugate complex pole pair. Furthermore,
transfer function (28) delivers best reference step responses
with the dedicated PI controller being designed according to
the Technical Optimum which confirms initial approach (3).
Since the suggested controller gain yields a unique frequency
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FIGURE 9. Uniform frequency response loci (GCM and ICM with capacitor
current feedback AD, KD = KDlim1) with different controller gains.

response locus, regardless of the delay time, it follows a uni-
form expression for the phase and gain margins (29), (30), see
also Fig. 9.

Gopen,CC ( jω) = KRe− jωTD

jω (L1 + L2)
(28)

φM = π

2
− KRTD

L1 + L2
(29)

KM = 1 − KRTD

π (L1 + L2)
(30)

VI. COMPARISON WITH DISCRETE FREQUENCY
DOMAIN APPROACH
The presented approach of using the Nyquist criterion for
stability analysis can also be carried out in the discrete fre-
quency domain as proposed in [21]. But since the derivation of
correspondences to (13) and (14) would yield transcendental
equations for the sampling time TS only the determination of
discrete system correspondences for equations (17) and (19),
which are the limit values of KD for GCM with capacitor
current feedback AD, are presented. The corresponding open
loop transfer function can be given by (31).

Gopen,CC (z) = 1

(L1 + L2) z(
KRTS

z − 1
+ sin (ωrTS ) (z − 1)

z2 − 2z cos (ωrTS ) + 1

(
ωrKDL1C − KR

ωr

))

(31)

Note that the sampling time TS is equivalent to delay time
Td2 in (1). Condition (32) can be set up in correspondence
to (16) for the case of z = ejωTs with ω = ωr. The overall
denominator of expression (31) comes to zero for this case,
which is again drastically simplifying the problem down to
expression (33), again coinciding with (17). This is an im-
portant finding as it proves again the general validity of this
unique limit value.

Re
(
Gopen,CC

(
z = e jωrTS

)) ≥ −1 (32)

ωrKDL1C − KR

ωr
≥ 0 ⇔ KD ≥ KR

L1Cωr
2

(33)

The correspondence of the second limit value can be found
by substituting ω = π /(3TS) into z = ejωTs for expression (31)
because this characteristic value would yield the first positive
zero crossing of the imaginary part of the open loop frequency
response locus. According to Nyquist the remaining real part
should reside above the characteristic point of −1 which is ex-
pressed by condition (34). Solving (34) for KD yields (35) as
a discrete correspondence to (19). With the parameter settings
of Table I and (3) being applied at a carrier frequency of 5 kHz
the continuous approach would yield KDlim2,con = 10.96 V/A
while the discrete method results in KDlim2,dis = 10.83 V/A.

Gopen,CC

(
z = e j π

3

)
= 1

L1 + L2(
sin (ωrTS )

1 − 2 cos (ωrTS )

(
ωrKDL1C − KR

ωr

)
− KRTS

)
≥ −1

(34)

KD lim 2

= L2

L1 + L2

(
(KRTS − L1 − L2) ωr (1 − 2 cos (ωrTS ))

sin (ωrTS )
+ KR

)

(35)

From this section it can be concluded that continuous and
discrete approach can both be applied to determine certain
stability figures. However, there are typical benefits and draw-
backs for either method. The discrete approach offers the op-
portunity to also account for the stability impact of the integral
part of the PI controller as presented in [21] which is only
numerically possible for the continuous approach. But since
the integral part effect of the PI controller can be neglected
with the proposed design approach another important property
of the continuous frequency domain model counts: Analytical
determination of delay time limits is only possible with the
continuous frequency domain model. This applies especially
to single loop stability limits (13) and (14) as well as for
important operation mode boundary (20).

VII. EXPERIMENTAL RESULTS
A. STABILITY MAP
The experiment was carried out with a PI controller designed
according to (2) – (4). Limit values of the damping coefficients
KD of capacitor current feedback AD for GCM (black) and
ICM (red) are given in the stability map of Fig. 10 versus
normalized delay time as they apply for the actual test rig. The
adjacent black and red graphs (hatched areas) are representing
safe operation ranges for KD, each. Consequently, the zero
crossings of KDlim2 and KDlim3 (not visible in this diagram)
delimit the single loop stability ranges. In fig. 10 the location
of each measurement point is given inside the stability map,
also compare with Fig. 13. Transition between these operation
points was only realized by varying the carrier frequency and
the AD feedback coefficient KD. Neither passive LCL filter
nor the sampling mode was otherwise altered during the en-
tire experiment. However, as the carrier frequency varies the
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FIGURE 10. Stability map: AD gain limits (capacitor current feedback)
versus normalized delay time for GCM (black) and ICM (red).

FIGURE 11. Laboratory test set-up.

proportional gain of the PI controller is dynamically adjusted
according to (3), of course.

B. MEASUREMENT RESULTS
A two-level three phase IGBT converter was coupled to the
grid via an LCL filter and a succeeding transformer with
a reduced voltage, see also Figs. 11 and 12. The primary
side stray inductance is to be divided by the square of the
voltage ratio to determine its secondary side equivalent .It
results a total stray inductance (with respect to the secondary
side) of approximately 100µH. This value is actually to be
added to filter inductance L1 but was neglected for the theo-
retical analysis. The PLL bandwidth was well chosen below
the fundamental grid frequency to avoid any PLL instability
interference, see also [27] for further details. The capacitor
current was reconstructed by the difference of inverter and
line current. The PWM was operated in double edge sampling
mode, as shown in Fig. 3. All relevant parameter details can
be found in Table I.

FIGURE 12. Equivalent circuit of laboratory test set-up.

Reference step responses were measured for one exemplary
grid (blue) and inverter (red) phase current, respectively. The
current controller (dq reference frame) was provided with
reference steps of either i1q∗ = 10 A (GCM) or i2q∗ = 10
A (ICM) depending on the control mode. Furthermore, the
AD feedback gain KD was suddenly assigned values deviat-
ing from the proposed optimum to demonstrate the resulting
suboptimal operation. The instantaneous value of KD/KR is
presented by a black trajectory for all cases where such tran-
sition was recorded.

Basically three different carrier and thus sampling frequen-
cies were tested. As a reference for each operating point a
current reference step response was recorded where the pro-
posed optimal feedback coefficient KDlim1 was applied in a
dual loop AD according to (17) for GCM and (24) for ICM.
As already explained in section V-C these damping coeffi-
cient values provide maximum gain margins to the system.
However, at the same time they are representing safe operating
area boundaries as can also be seen from Fig. 10. Thus, a
second measurement was conducted for each of these sam-
pling frequencies and control modes (GCM and ICM) starting
with KD to assume values of the opposite stability boundary
and even beyond with a sudden step back to optimal values
of KD = KDlim1. The measurement results support the claim
that maximal phase and gain margins can be expected as the
value of KD converges against the thick lines of the stability
map (oscillations are reduced). Secondly, they also indicate
that the stability map seems to represent a worst case scenario
as it neglects natural damping effects. All different operation
points for the measurement results presented in Fig. 13 are
also listed by Table II.

For operating points leaving the stable operating area at the
thick line edge (exceeding stable operating area at KDlim1)
a stability margin of up to ±0.5 KDlim1/KR was observed.
However, stability is rapidly lost beyond that limit and oper-
ation is usually interrupted by overcurrent faults. Hence, in
order to preserve robustness against parameter variations it
is recommended to move the AD feedback coefficient value
further into the safe operating area that is KD > KDlim1 for TD

< TDlim1 and KD < KDlim1 for TD > TDlim1 where TDlim1 =
π /(2ωr), see also (20).

VOLUME 1, 2020 167



BIERHOFF ET AL.: ANALYSIS AND DESIGN OF GRID-TIED INVERTER WITH LCL FILTER

FIGURE 13. Measurement results for phase current values of i1 (blue) and i2 (red) in case of fC = 1.5 kHz (GCM: a, b, ICM: c, d), fC = 2.4 kHz (GCM: e, f,
ICM: g, h) and fC = 8 kHz (GCM: i, j, ICM: k, l); in case of varying KD the black trajectory represents parameter KD /KR.

TABLE II. Measurement points (MP)

VIII. CONCLUSION
The presented stability analysis offers the opportunity to de-
sign a robust single loop current controller as applied to LCL
filters. Combined with proposed PI controller design for fast
dynamic response it also helps to overcome corresponding
single loop stability restrictions by associated dual loop AD
design procedure. Hence, the simple overall design guide
line provided by Table III (appendix) supports the current
controller design as it maintains constant phase margin at
consistent dynamical performance versus the entire carrier
frequency range for both GCM and ICM.

Moreover, the analysis results clearly suggest that AD coef-
ficient limit values (17) and (24) not only yield maximum gain

TABLE III. Parameter Design Overview

margins but also represent stability boundary values that are
not necessarily only minima as commonly assumed. Experi-
mental results confirm the theoretically derived safe operating
area as a global orientation in terms of stability. The fact that
parasitic natural damping is neglected in the original analysis
yields a worst case scenario with some stability margin.

APPENDIX
Table III is summarizing the most important results of pro-
posed analysis for a swift implementation. Apply 1) and 2) for
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PI controller design, then check stability for single loop mode
either with 3) and 4) for GCM or with 5) for ICM. In case of
no stability confirmed either modify LCL filter or apply AD
with 6) for GCM or 7) for ICM.
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