
JOURNAL OF LATEX CLASS FILES, VOL. 18, NO. 9, SEPTEMBER 2020 1

Auto-Tuning of Droop Controllers for Grid-Forming
Inverters

Xiangchen Zeng, Student Member, IEEE, Tommaso Caldognetto, Senior Member, IEEE, Diego Rigato, Student
Member, IEEE, Andrea Lauri, Student Member, IEEE, Davide Biadene, Senior Member, IEEE, and Qing Liu,

Member, IEEE

Abstract—This article proposes an auto-tuning control strategy
for the power loop of grid-forming inverters to compensate the
dynamic performance degradation caused by the variation of
unknown variables (e.g., grid impedance, inverter parameter
values) under grid-connected operating conditions. The auto-
tuning is achieved by online monitoring the crossover frequency
and phase margin of the power control loop, and adjusting
key parameters of the droop controller according to these
performance indices. It is shown that the crossover frequency
and phase margin can be maintained at desired values, thus
the expected dynamic control performance can be achieved and
maintained. Simulation and experimental results are presented
to demonstrate the effectiveness of the proposed approach.

Index Terms—Auto-tuning, droop control, grid-forming in-
verter, lead-lag filter.

I. INTRODUCTION

DRIVEN by the high penetration of distributed energy
resources in electrical grids, grid-forming (GFM) capa-

bilities are increasingly required in grid-connected inverters
to support frequency and voltage regulation while providing
virtual inertia [1]–[3]. Several GFM control schemes have
been reported in the literature [4]–[6], typically based on P -
f and Q-V relations that link the frequency and amplitude
of a voltage-controlled inverter’s reference with the generated
active and reactive powers, respectively.

Some GFM control schemes are often augmented with
inertia emulation to mitigate frequency deviations and high
rates of change of frequency [7], as done in the so-called
virtual synchronous generators (VSGs). Typically, a low-pass
filter (LPF) is added to the power control loops to filter the
instantaneous powers and estimate the active and reactive
powers corresponding to the fundamental components [8]. It
has been shown that the added LPF can also emulate virtual
inertia which is equivalent to VSG’s emulation [9]. It is worth
noting that, in addition to LPFs, lead-lag filters (LLFs) can
also be used for implementing the power controllers of GFMs.
For example, a configurable natural droop (CND) controller is
proposed in [10], which was proven to be an LLF-based power
controller [11]. The LLF-based power controller is also used
in [12], which presents an alternative implementation to [10].
Besides, the LLF can be directly added to the active-power
feedback path of VSGs to improve damping performance [13].
A specific implementation of a droop controller based on an
LLF is presented in [14], where the implementation is devised
to ease access to the filter parameters, thereby enabling LLF

adaptability and the auto-tuning of the power control loop. In
contrast to traditional LPF-based droop and VSG schemes, the
LLF-based droop controller introduces an additional degree of
freedom in its control parameters. By utilizing three distinct
parameters, it can independently emulate inertia, damping, and
droop characteristics. This enhanced flexibility is instrumental
in meeting the diverse functional requirements of GFM invert-
ers [10].

Considering frequency regulation capability and dynamic
performance optimization of the power loop, several adap-
tive control strategies of grid-forming inverters have been
proposed. An adaptive virtual inertia strategy is proposed in
[15], which can adjust online the virtual inertia based on the
observed frequency variations to improve dynamic frequency
regulation performance. Reference [16] proposes an adaptive
control strategy for VSG, which can automatically adjust
the virtual inertia and the damping coefficient to suppress
oscillations of frequency and power. Similarly, a self-adaptive
inertia-and-damping combination control is proposed in [17]
to improve frequency supporting capability. A dual-adaptivity
inertia control strategy is proposed to achieve the balance be-
tween power regulation and frequency regulation according to
different operating conditions in [18]. Reference [19] proposes
an intelligent variable droop coefficient estimation method
utilizing a novel neural network controller to dynamically
adjust parameters in islanded microgrids, effectively suppress-
ing power and frequency fluctuations and improving transient
performance under sudden load variations. In addition, [20]
proposes a grid-agnostic, adaptive droop control strategy for
low-voltage microgrids that dynamically adjusts the reactive
droop coefficient based on real-time damping estimations to
optimize reactive power sharing while maintaining system
stability.

As outlined by the reported literature, most of the adaptive
control strategies for grid-forming inverters focus on virtual
inertia and the damping properties to improve frequency reg-
ulation capability and suppress power oscillations. However,
the performance of grid-forming inverters is determined by
power controller settings, which are rarely addressed in a
systematic manner. Further, existing adaptive control strategies
are designed based on a fixed power transfer model, neglecting
system parameter variations that degrade performance. To
overcome these limitations, an auto-tuning technique for power
control of grid-forming inverters is proposed in this article
capable of adapting to uncertainty factors (e.g., variation of
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grid impedance and inverter parameters) while maintaining
desired control performance.

The proposed auto-tuning strategy comprises two stages.
First, two control performance indexes, namely, the crossover
frequency and the phase margin, of the droop control loop are
monitored online to assess the actual performance and capture
performance degradations caused by parameter variations in
the power loop. Second, the droop controller parameters
are adaptively adjusted based on the monitored performance
indexes. Eventually, the two performance indexes can be
maintained at the targeted values, ensuring the desired control
performance of the droop controller.

This paper is based on the preliminary results presented in
[14], where the auto-tuning concept with an adaptive imple-
mentation of the LLF was first introduced. These contributions
are extended herein with additional developments that can be
summarized as:

1) presenting the implementation and parameters design of
LLF-based droop controllers;

2) redesigning the performance monitor to enhance moni-
toring capability under severe power variations;

3) presenting the incorporation of decoupled control in the
auto-tuner, enabling consistent controller design and im-
proved effectiveness;

4) discussing the practical interpretation of crossover fre-
quency and phase margin in terms of inertia and damping
ratio.

In the following, Sect. II recalls fundamental ac power
flow relations between two voltage sources and presents the
implementation and parameter design of an LLF-based droop
controller; Sect. III describes the principles of the proposed
auto-tuning strategy together with the design of the perfor-
mance monitor and the auto-tuner; Sect. IV presents a practical
interpretation of the parameters crossover frequency and phase
margin in lead-lag droop control. Sect. V shows simulation
and experimental results for validation. Sect. VI concludes the
paper.

II. DROOP CONTROLLER WITH LEAD-LAG FILTER

A. Preliminary AC Power Transfer Modeling

This subsection recalls the notation and relations for ac
power transfer modeling used hereinafter. Fig. 1 schematizes
the connection of a three-phase inverter to a grid via an
impedance Zg , where Vi∠δ and Vg∠0 are the inverter and
the grid voltage phasors, respectively, and δ is the phase
difference between the two voltage sources. The typical case
of mainly inductive interconnection impedance is assumed,
with Zg equal to jXg=jωgLg . If necessary, this assumption
is commonly satisfied by control provisions, like the use of
virtual inductors added at the inverter output [21], [22].

The power flow-equation can be written as:

S = 3
ViVg sin δ

Xg
+ 3j

Vi

Xg
(Vi − Vg cos δ) = P + jQ (1)

Commonly, δ and ∆Vi ≜ Vi − Vg are small due to the small
voltage drops along the distribution lines with respect to the
nominal grid voltage. As done in other studies focusing on

Fig. 1. Simplified diagram of a three-phase grid-tied voltage-controlled
inverter.

GP (s)
δ

Fig. 2. Small-signal model of the droop active power control loop.

small signals [23] but also transient behaviors [1], [24], by
linearizing about δ ≃ 0 and ∆Vi ≃ 0, from (1), it yields:

P ≈ 3
V 2
g

Xg
δ , Q ≈ 3

Vg

Xg
∆Vi , (2)

namely, the linearized power-exchange model for Fig. 1. These
relations with the transfer function of the active-power droop
controller GP , as in [25], model the active power loop
in Fig. 2. GP may consist in a static term or a dynamic
relation, while ω0 is the nominal angular grid frequency. It
is worth noting that this study focuses on the fundamental
single-inverter infinite-bus scenario to clearly demonstrate the
proposed auto-tuning technique and implementation under
operation connected to an electricity grid. Dynamics associated
with multi-converter interactions or transient behaviors during
severe system faults under islanded operation are addressed in
the literature (see, e.g., [24], [26]) and fall beyond the scope
of this work.

B. Droop Controller with Lead-Lag filter

The LLF-based droop controller proposed in [14] is adopted
in this article and the implementation is presented in Fig. 3.
As shown in Fig. 3, the LPF is constructed by a unity-gain
negative-feedback of an integrator with gain ωp. This LPF is
then multiplied by a coefficient K1 and another branch with
gain K2 is summed with it. At the end, the resulting transfer
function of the LLF-based droop controller is:

GLLF (s) =
ωp

s+ ωp
K1+K2 = (K1 +K2)

s/ωz + 1

s/ωp + 1
(3)

Fig. 3. Lead-lag filter (LLF) implementing GP of Fig. 2. The displayed
structure allows adaptation as described in Sect. III.
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Fig. 4. Bode diagram of the LLF-based droop controller GLLF .

where ωz and ωp are the zero and pole frequencies of the LLF.
The frequency ωz can be expressed relative to ωp as:

ωz = ωp

(
K1

K2
+ 1

)
(4)

From Fig. 2, the active-power loop-gain is GP (s) ·P (s)/ω(s),
that is, using the LLF-based droop controller:

TLLF (s) = GLLF (s) ·
1

s
·
3V 2

g

Xg
(5)

which includes the parameters K1, K2, ωp, to be designed.
Fig. 4 displays a typical qualitative Bode diagram of the

droop controller in (3), with highlighted the frequencies as-
sociated to the pole and the zero of the LLF. From the
phase-frequency curve, the minimum phase value ϕm (i.e.,
the maximum phase-lag) occurs at ωm, which is the geometric
mean of the pole frequency and the zero frequency:

ωm =
√
ωpωz = ωp

√
K1

K2
+ 1 (6)

in addition, ϕm and K1, K2 are related as follows [27]:

sinϕm =
−K1

2K2 +K1
(7)

From a design point of view, the droop coefficient is
typically imposed by the expected grid-frequency range and
the nominal power of the inverter [8]:

Kp =
∆ωmax

∆Pmax
(8)

The corresponding static gain of the droop controller (3) is:

K1 +K2 = Kp =
∆ωmax

∆Pmax
(9)

By combining (7) and (9), K1 and K2 can be obtained:

K1 = Kp
−2 sinϕm

1− sinϕm
and K2 = Kp

1 + sinϕm

1− sinϕm
(10)

The parameter ωp can be designed based on the virtual inertia
J and droop coefficient Kp, as shown in [9], [16]:

ωp =
1

J Kpω0
(11)

Fig. 5. Schematic overview of the proposed auto-tuning strategy.

Fig. 6. Estimation of the crossover frequency of a generic loop gain T .

III. PROPOSED AUTO-TUNING STRATEGY

Fig. 5 displays the proposed auto-tuning strategy. It is
composed of two functional blocks (i.e., stages) performed
concurrently and online. The first step is monitoring the droop
control behavior by a performance monitor. The second step
is the automatic adjustment (i.e., auto-tuning) of key droop
control loop parameters, which is performed by the auto-tuner.

A. Performance Monitoring

The monitoring technique is based on the Middlebrook’s
loop gain measurement [28]. As visible in Fig. 5, a small-
signal perturbation xp at frequency f̃c generated by the per-
formance monitor is injected into the droop control loop. The
frequency response signals before (xin) and after (xout) the
injection point are extracted and feed back to the monitor.
According to the Middlebrook’s loop gain measurement tech-
nique, the loop gain TLLF at the frequency f̃c can then be
estimated by evaluating the ratio of the phasors representing
the signals xout and xin, that is:

TLLF (j2πf̃c) = −xout(j2πf̃c)

xin(j2πf̃c)
(12)

Notably, when the injected perturbation frequency is equal
to the actual crossover frequency of the loop under test (i.e.,
when f̃c = fc), the unity gain condition is achieved, namely:

∣∣∣TLLF (j2πf̃c)
∣∣∣ =

∣∣∣xout(j2πf̃c)
∣∣∣∣∣∣xin(j2πf̃c)
∣∣∣ = 1, when f̃c = fc (13)

Therefore, the crossover frequency of the droop control loop
fc can be estimated by adjusting the perturbation signal’s
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Fig. 7. Structure of the performance monitor.

frequency f̃c until (13) is satisfied [29]. Fig. 6 illustrates
the principle of estimating the crossover frequency. When
|xout(j2πf̃c)|
|xin(j2πf̃c)| > 1 [i.e., |xout(j2πf̃c)| > |xin(j2πf̃c)|], the

perturbation frequency f̃c is decreased to approach the actual

crossover frequency fc. On the contrary, when |xout(j2πf̃c)|
|xin(j2πf̃c)| <

1, f̃c is increased to search fc.
At the estimated unity-gain frequency, the phase margin of

the droop control loop φ̃M can be estimated too, as follows:

φ̃M = π + ∠TLLF (j2πf̃c)

= ∠xout(j2πf̃c)− ∠xin(j2πf̃c)
(14)

In fact, the estimated phase margin φ̃M is equal to the actual
phase margin φM when f̃c = fc.

Fig. 7 illustrates the implementation of the approach. T (s)
is the active power loop gain under test. Two band-pass filters
(BPF) are adopted to extract the frequency response signals
(i.e., xin and xout) from the power control loop and attenuate
frequency components that are not relevant. The function
block amplitude and angle calculation (AAC) is designed
to calculate those parameters for the signals xin and xout;
additional details on the AAC can be found in [29]. The
amplitude ratio between xout and xin (i.e., |xout|/|xin|) is
used to steer the adjustment of the injected frequency f̃ ,
with control objective (13). A PI regulator Gf̃ is adopted
to regulate the adjustment of the perturbation frequency f̃
based on the error 1 − |xout|/|xin|. Then, the small-signal
perturbation xp = Ap sin(2πf̃t), of amplitude |xp| = Ap, can
be generated and injected into the power loop.

Notably, in contrast to other implementations like [29] that
use the amplitude difference (i.e., |xout| − |xin|) to steer the
adjustment process, the amplitude ratio |xout|/|xin| is adopted
here to improve the monitor’s transient performance under
severe variations (e.g., the step change of active power). For
example, when a step change is applied on the reference of ac-
tive power, the signals of extraction points, namely, Perror,out

and Perror,in in Fig. 7, will also present severe fluctuations.
Even with the BPF, these fluctuations will inevitably affect
the signals xout and xin, eventually leading to inaccurate
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Fig. 8. Monitor’s waveforms under power step change considering alternative
techniques for the identification of condition (13).

amplitude estimations of |xout| and |xin|. Furthermore, the
perturbation frequency adjustment process may experience
undesired transients and even risk instability of the monitoring
loop.

Compared with amplitude difference, the amplitude ratio
is decoupled from the amplitude of the perturbation, which
allows better accuracy across transients. Fig. 8 compares the
responses of |xout|/|xin| and |xout| − |xin| to a power
step change. A fixed crossover frequency is injected into
the loop for the simplicity of testing. To ensure fairness
of comparison, normalized quantities |xout|/|xin| − 1 and
(|xout| − |xin|) /|xp| are displayed, which should ideally be
zero under this configuration. The obtained results in Fig. 8
show that the ratio-based index remains close to zero across
the step, while the difference-based index exhibits additional
undesired fluctuations. Hence, adopting |xout|/|xin| provides
better ride-through capability during transients for the pro-
posed monitor.

As typical of active parameter estimation methods, the
continuous injection of the perturbation xp ensures reliable
estimations but inevitably introduces oscillations in the plant
quantities. Still, the required perturbation amplitude Ap is
small: 1%–3% of rated power is shown and experimentally
demonstrated in this article, which gives negligible impact
under grid-connected operation. For sensitive systems, so-
lutions can be adopted to further limit the impact; these
include implementing an automatic amplitude controller to
finely minimize the perturbation amplitude, as done in [30]
for monitoring purposes, or activating the proposed auto-
tuning technique only when needed, as in case of detection
of significant parameter variations or system disturbances.

B. Auto-Tuning

Once the control performance indexes are monitored ac-
curately, the auto-tuning process can be implemented. As
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Fig. 9. Magnitude-frequency curve of active power loop gain under different
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Fig. 10. Phase-frequency curve of active power loop gain under different
values of ωp.

described in Fig. 5, an auto-tuner is designed to adjust the pa-
rameters of the droop controller based on the online monitored
crossover frequency and phase margin.

1) Tuning of crossover frequency: Fig. 9 presents the
magnitude-frequency curve of active power loop gain under
different values of K2. The variation of K2 obviously affects
the magnitude behaviour of the active-power loop gain, thus
changing the crossover frequency fc of the loop gain. Hence,
fc is chosen to steer the adjustment of K2.

2) Tuning of phase margin: the effect of ωp on the phase
behaviour of the active-power loop gain TLLF (s) is shown
in Fig. 10. The two variables are correlated, which allows
conditioning the phase margin φM by adjusting ωp.

3) Decoupling of control variables: despite the remarked
correlation, some coupling may exist between fc and ωp, and
between φM and K2, which can impair the effectiveness of
the auto-tuning. To optimize tuning performance, a decoupling
matrix is employed by analyzing the variations in the perfor-
mance indexes fc and φM with respect to variations in the
droop controller parameters K2, ωp of the linearized model
of the plant controlled by the auto-tuner. By denoting the
variables variations using a hat ·̂ , the following first-order

Fig. 11. Block diagram of auto-tuner with decoupling matrix

Fig. 12. Structure of the BPF in Fig. 7.

relation is obtained:[
f̂c
φ̂M

]
=

[
∂fc
∂K2

∂fc
∂ωp

∂φM

∂K2

∂φM

∂ωp

]∣∣∣∣∣
op

·
[
K̂2

ω̂p

]
= G|op ·

[
K̂2

ω̂p

]
(15)

which holds around the operating point op =
(
Kop

2 , ωop
p

)
. A

decoupling matrix D is derived as the inverse of G|op, namely,
D = G−1. The resulting equivalent block diagram is displayed
in Fig. 11, where DG = diag[1, 1]. Accordingly, fc is only
influenced by ∆fc, while φM is only influenced by ∆φM .
Kop

2 and ωop
p denote base values of K2 and ωp, respectively,

which are obtained from the analysis in Sect. II-B.
It is worth remarking that the decoupling matrix D is de-

rived from a linearized plant model G evaluated at the nominal
operating point and aims at optimizing the dynamics of the
auto-tuner. In case of changes in the operating point, it should
be adapted to ensure optimal performance; nonetheless, the
integrator regulator ensures convergence even in the presence
of operating point deviations.

C. Parameters Design

This subsection presents the parameter design of the BPF
and the regulator Gf̃ of the monitoring block in Fig. 7, as well
as the regulators of the auto-tuner in Fig. 11.

The structure of the BPF adopted in Fig. 7 is shown in
Fig. 12, and it is implemented using a second-order generalized
integrator (SOGI). The bandwidth and dynamics of the BPF
depend on ksogi. From the perspective of the magnitude
response, the SOGI-based BPF behaves as a first-order system
in magnitude for sinusoidal signals with center frequency ω.
Hence, its magnitude dynamics can be described by a low-pass
filter:

GMag BPF (s) =
ksogi ·ω

2s+ ksogi ·ω
(16)

Hence, ksogi can be determined by

ksogi =
8

ts ·ω
(17)

where ts is the settling time of the first-order system. Then
ksogi = 1.4 is selected in this article [31].

The block AAC includes an LPF for amplitude estimation
[29]. Its bandwidth is set to ωcf = 2π rad/s in this article.

For the design of the regulator Gf̃ , the transfer function
between f̃ and |xout|

|xin| is needed, which can be approximated
as:

Tmonitor(s) ≈ Kf̃ ·GMag BPF (s) ·GLPF (s) (18)
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where Kf̃ is the static gain of the monitor’s loop:

Kf̃ =
∂
[
|xout(j2πf)|
|xin(j2πf)| − 1

]
∂f

∣∣∣∣∣∣
f=f̃

=
∂|T (j2πf)|

∂f

∣∣∣∣
f=f̃

(19)

The dynamics of the monitoring loop are mostly determined
by GMag BPF and GLPF . Then Tmonitor can be modeled by
combining the static gain and the dynamic factors as shown
in (18). Hence, the PI regulator Gf̃ can be designed based on
this uncompensated loop gain Tmonitor.

Based on the analysis in Sect. III-B, the compensated loop
gain between fc and ∆fc, φM and ∆φM are exactly the
regulators Kfc

1
s , KφM

1
s , respectively, because of the adoption

of decoupling matrix D which leads to DG = diag[1,1]. The
parameters (Kfc , KφM

) can be directly calculated based on
the expected dynamics of the auto-tuner as:

Kfc = 2π · fc f ,KφM
= 2π · fc φ (20)

where fc f and fc φ are the crossover frequency of these
two auto-tuning loops, which affect the dynamics of the auto-
tuning.

Having cascaded control loops, sufficient bandwidth sepa-
ration is required to avoid undesired interactions [32]. From
the inner to the outer, the nested loops relevant herein are the
droop control loop, the monitoring loop, and the auto-tuning
loop. The crossover frequency of the droop control loop is
initially designed at 4.15Hz and it is regulated to the expected
value by the auto-tuner when active; then, the performance
monitoring loop can be designed with a crossover frequency
in the range of 0.5 ∼ 1Hz, and the auto-tuning loop can be
designed with a crossover frequency below 0.2Hz. The inner
voltage and current loops of the underlying GFM inverter
are extensively discussed in the literature [33] and typically
present much faster dynamics than the inner droop loop and
do not impact the technique proposed herein.

IV. PHYSICAL INTERPRETATION OF ωc AND φM

Grid-forming converter parameters are often described in
terms of key physical quantities relevant to traditional syn-
chronous machine dynamics, like the inertia time constant H
and the damping ratio ξ. This section establishes an analogy
between these quantities and the control parameters considered
in this paper.

The system’s inertia constant H is defined as the ratio of
the kinetic energy stored in the (virtual) rotor to the system’s
nominal apparent power Sn [34]:

H =
Jω2

g

2Sn
(21)

where J is the moment of inertia of the virtual rotor and ωg

is the nominal angular frequency. The resulting value of H
in seconds is the time the system can sustain its rated power
using the stored kinetic energy; it typically ranges from 2 s
to 7 s [34]. The inertia is implemented based on the swing
equation, where the moment of inertia J generating the inertia
dynamics can be electrically modeled by a low-pass filter in

ξ
da

m
pi

ng
 ra

tio

H(s)inertia constant

Fig. 13. Error (%) in ωc ≈ ωn approximation in (ξ,H) terms. The red
rectangle is the range of interest for the case study.

ξ
da

m
pi

ng
 ra

tio

H(s)inertia constant

Fig. 14. Error (%) in φM (deg) ≈ 100× ξ approximation in (ξ,H) terms.
The red rectangle is the range of interest for the case study.

the droop regulator GP with a dominant pole at frequency
1/ (Kp J ωg) [35], as adopted in the design choice (11).

Considering the input-output transfer function of the control
system in Fig. 3, it yields:

P (s)

Pref (s)
=

TLLF (s)

1 + TLLF (s)
=

=
(K1 +K2)ωp(s/ωz + 1)

3V 2
g

Xg

s2 + s(ωp +K2
3V 2

g

Xg
) + (K1 +K2)ωp

3V 2
g

Xg

.

(22)

The resulting natural frequency ωn and damping ratio ξ are:

ωn =

√
(K1 +K2)ωp

3V 2
g

Xg
(23)

ξ =
ωp +K2

3V 2
g

Xg

2
√
(K1 +K2)ωp

3V 2
g

Xg

. (24)

The parameters K1, K2, and ωp determine the static droop
gain (9), the system damping ratio (24), and can be set to
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provide the desired inertia time constant H . It is possible to
calculate the crossover frequency ωc and phase margin φM

to provide as a reference to the auto-tuner given the desired
values of H and ξ. While the relations are generally complex,
meaningful relations are obtained considering i) typical inertia
constants in the literature (e.g., 2 s < H < 7 s) [34], ii)
reasonably underdamped system (e.g., 0.6 < ξ < 0.9), iii)
sufficiently separated zero and pole in the used lead-lag filter,
and iv) sufficiently fast inner voltage and current loops.

Under these assumptions, ωc and φM can be approximated
as [36]:

ωc ≈ ωn =
√
(K1 +K2)ωp 3V 2

g /Xg , (25)

φM (deg) ≈ 100× ξ . (26)

Accordingly, the crossover frequency depends mainly on the
inertia time constant H , and the phase margin mainly on the
damping ratio ξ. The approximation errors are evaluated as
functions of H and ξ in Fig. 13 and Fig. 14 for the converter
used in the case study. The errors in the crossover frequency
and phase margin approximations remain below 25% and
10%, respectively, within the range of interest. It is crucial
to clarify that these approximations are only used offline by
the system designer to translate physical requirements (e.g.,
desired inertia time constant H and damping ratio ξ) into
actionable performance reference values (fref

c and φref
M ) for

the auto-tuner. Remarkably, neither the effectiveness nor the
accuracy of auto-tuning is affected by the approximation errors
discussed above.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation

The effectiveness of the proposed strategy is demonstrated
in the following. In particular, a three-phase grid-forming
inverter is considered in Matlab/Simulink, equipped with the
proposed droop controller with LLF and auto-tuning strategy.
The system and controller parameters are listed in Table I,
which also applies to the subsequent experimental sections.
Based on the analysis in Sect. IV, reference value of control
performance indexes are selected as fref

c = 5Hz, φref
M = 60◦.

1) Monitoring and auto-tuning processes: Fig. 15 presents
the results of the monitoring and auto-tuning processes. During
the interval 0 s to 5 s the monitoring is deactivated; in such a
condition, parameters φM and fc assume initialization values
30◦ and 2Hz, respectively. From 5 s, the monitor is enabled
providing fc = 4.15Hz and φM = 49◦, which match with the
results from the analytical relations presented in the previous
sections. From 10 s, the auto-tuner is also enabled to adjust the
parameters of the droop controller. The desired performance
indexes are set to fref

c = 5Hz and φref
M = 60◦. After a transient

adjustment lasting about 3 s, the crossover frequency fc and
phase margin φM are regulated to the targeted values, which
verifies the effectiveness of the proposed auto-tuning strategy.

2) Auto-tuning process under grid-impedance variation:
Fig. 16 presents the simulation results of auto-tuning under
grid impedance. During the interval 0 s to 5 s, auto-tuning
is already enabled to regulate the crossover frequency and

TABLE I
SYSTEM AND CONTROLLER PARAMETERS

Parameters Symbol Value

Inverter and Grid Parameters

dc-link voltage Vdc 400 V
dc-link capacitor Cdc 3 mF
Output filter inductor Lf 950 µH
Output filter capacitor Cf 12.9 µF
Nominal power rating SN 1 kVA
Grid frequency ωg 2π · 50 rad/s
Grid rms voltage Vg 110 V
Grid impedance Lg 2 mH

Controller Parameters

Droop coefficient K1 1.301 mrad/(W · s)
Droop coefficient K2 0.269 mrad/(W · s)
Pole frequency ωp 6.28 rad/s
Zero frequency ωz 36.62 rad/s

Fig. 15. Simulation results of monitoring and auto-tuning processes.

Fig. 16. Simulation results of auto-tuning under grid impedance variation.

phase margin as reference values:fref
c = 5Hz and φref

M =
60◦. From 10 s, the grid impedance is suddenly changed from
2 mH to 4.5 mH. After a transient adjustment lasting about
5 s, the auto-tuning restores to the desired values the crossover
frequency and phase margin, which verifies the adaptability of
the auto-tuning to the variation of grid impedance.

B. Experimental Results

To further verify the proposed auto-tuning strategy, experi-
ments are carried out on a three-phase grid-connected inverter
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Fig. 17. Experimental setup.

Fig. 18. Experimental results of monitoring and auto-tuning processes.

setup based on Imperix Ltd modules as shown in Fig. 17.
1) Monitoring and auto-tuning processes: Fig. 18 presents

the experimental results of monitoring and auto-tuning pro-
cesses which match well with the simulation results in Fig. 15.
After enabling the monitoring and auto-tuning, the crossover
frequency fc and phase margin φM are regulated to the ex-
pected values, which verifies the effectiveness of the proposed
auto-tuning strategy.

2) Auto-tuning process under grid-impedance variation:
Fig. 19 presents the experimental results of auto-tuning under
grid impedance variation, which present similar waveforms
with simulation results in Fig. 16. Even the grid impedance
is suddenly changed from 2 mH to 4.5 mH, the crossover
frequency fc and phase margin φM can be maintained at the
expected values, which confirms the adaptability of the auto-
tuning to the variation of grid impedance.

3) Power step response under different conditions: Fig. 20,
Fig. 21, and Fig. 22 present the step responses of the active
power loop under three different configurations. Fig. 20 shows
the response with Lg = 2 mH and enabled auto-tuning. The
related performance specifications (i.e., rise time, settling time,
and overshoot) are also indicated. Fig. 21 shows the response
with Lg = 4.5 mH and disabled auto-tuning, with controller

Fig. 19. Experimental results of auto-tuning under grid impedance variation.

parameters tuned for Lg = 2 mH. Compared with Fig. 20, the
increased grid impedance results in longer rise and settling
times and a slightly reduced overshoot, indicating degraded
dynamics of the active power loop. Fig. 22 shows the response
with Lg = 4.5 mH and enabled auto-tuning. Compared with
Fig. 21, auto-tuning improves the performance specifications:
the rise time decreases from 70 ms to 53 ms, the settling time
from 360 ms to 160 ms, and the overshoot from 18% to 11%.
Hence, the dynamics of the active power loop are enhanced
by the proposed auto-tuning strategy.

VI. CONCLUSION

This paper proposes an auto-tuning strategy for droop
controllers by adjusting the parameters of an adaptable lead-
lag filter. With the proposed control scheme, the crossover
frequency and phase margin of the droop control loop can
be maintained at desired values by adaptively adjusting the
parameters of the lead-lag filter used in the droop control
loop. Therefore, the expected control performance of the
active power loop can be achieved and maintained, even in
the presence of changes or uncertainties in grid impedance.
Simulation and experimental results confirm the effectiveness
of the proposed strategy.
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