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Abstract—This paper presents a grid current control of a grid
connected Voltage Source Converter (VSC) with an LCL filter.
The control method enables to shape the input admittance of
the converter in addition to track a given current reference. By
specifying a low resistive admittance profile, a suitable controller
is obtained by using an H∞ synthesis, which will actively damp
the filter resonance and the harmonics/inter-harmonics from the
grid in a wide frequency range. Additionally, the proposed system
presents good robustness with respect to grid uncertainty.

I. INTRODUCTION

This work presents a new grid current controller structure
for a Voltage Source Converter (VSC) connected to the grid
through an LCL filter. The topology is very common in
renewable energy source based power plants, as it has superior
output performance. However, the resonant behaviour of the
LCL filter presents some drawbacks for its effective and stable
current control from the points of view of power quality and
system robustness:

From the former point of view, system resonances -in grid or
filter- may lead to system oscillations, and even to instabilities
of the controlled grid current [1], [2]. Many papers have
focused on design of the resonance dampers that improve
the overall current dynamics. They can be classified into
active [2]–[9] and passive [10]–[14] damping techniques. A
related issue is the effect of grid voltage harmonics and
inter-harmonics in the control loop. The most usual approach
is to design the current controllers with harmonic rejection
capabilities, mainly by using PR (proportional + resonant)
controllers tuned at the most common harmonics in order
to reject them [15]–[17]. However, the harmonic rejection
effectiveness depends on different factors, such as the model
uncertainties, the discretization process and the presence of
computational delays in the system, which may result in
ineffective harmonic damping [18]. Additionally, the use of
high feedback-gain controllers may lead to poor stability
margins [19], and its stable operation becomes more difficult
as the harmonics to be rejected approach to the filter resonance
[20].

From the robustness point of view, it is known that the
stability of the control loop of the LCL-filtered grid-connected

VSC may be compromised by the uncertainty in the grid
equivalent impedance, which may lead to the uncontrolled
displacement of resonances inside the control band. Several
approaches to obtain robust controllers have been explored in
the related literature [21], [22] being achieved at the cost of a
conservative performance -control bandwidth- reduction, as a
consequence of the need complying with Small Gain Theorem
[23].

This paper translates the aforementioned problems into the
frequency domain input admittance specifications, following
the design procedure presented in [24]. This recent method
allows to shape the input admittance transfer function of a
VSC, in both modulus and phase, while maintaining tracking
performance at selected harmonic frequencies.

This new capabilities open the door to face the robust-
ness problem from an alternative point of view: in stead
of the classical approach, based on the fulfilment of the
Small Gain Theorem, it allows to face the problem trying to
comply with certain input admittance conditions described in
Middlebrook’s criterion [12], [25], which may decrease the
closed-loop performance reduction induced by uncertainty. If
that admittance, additionally, is low out of the fundamental
frequency, the converter will present good inter-harmonic
behaviour. That condition also implies a good damping of
the LCL-filter resonance [26]. The proposed controller will,
in addition, track a given current reference in a band around
the fundamental frequency.

The rest of the paper structure is as follows: Section II
serves as a theoretical background to the rest of the paper,
modelling the considered system and analysing its stability
in both stand-alone and grid-connected conditions. Section III
explains the proposed method and its limitations, in addition to
give some guidelines for the design parameters tuning. Section
IV presents the achieved experimental results in both time and
frequency domain. It demonstrates the damping capabilities
of the proposed method of both LCL filter resonance and
grid voltage -inter-harmonics effect. Finally, it analyses its
robustness for different grid impedances. The paper concludes
with Section V.
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Fig. 1. Simplified single phase equivalent of the considered system.

II. THEORETICAL BACKGROUND AND OBJECTIVES
STATEMENT

A. System modelling
Fig. 1 shows a single-phase equivalent of the considered

system: grid current i control of a grid-connected VSC with
an LCL filter. This single-phase system is considered for both
modelling and controller design procedure. Obtained controller
can be easily translated and implemented in a three-phase
system using αβ stationary reference frame transformations
[27] for its input and output signals.

Open-loop grid current can be expressed in Laplace domain
as follows:

I(s) = G(s)U(s) +Gd(s)Vs(s), (1)

where I(s), U(s) and Vs(s) are the grid current, controller
output voltage and point of common coupling (PCC) voltage,
respectively, and G(s) and Gd(s) are the open-loop command-
to-output and admittance transfer functions;

G(s) = − 1

sC(R1 + sL1)(R2 + sL2) +Rf + sLf
(2)

Gd(s) =
sC(R1 + sL1) + 1

sC(R1 + sL1)(R2 + sL2) +Rf + sLf
(3)

where C, L1 and L2 are the filter capacitor and the
converter-side and grid-side filter inductance values, respec-
tively, and R1 and R2 are their respective resistive inductance
losses.

The controller K1 has three inputs; the PCC voltage vs,
the grid current i and the reference current i∗. The only
measurements necessary for the controller implementation are,
then, the grid currents and voltages, which means a reduced
costs in sensors. Note, in addition, that the grid PCC voltage is
usually available at no extra sensor cost as grid synchronisation
algorithms use it. Dividing the controller matrix in rows
K(s) = [Ks(s) Kref (s) Ki(s)]

T results in the closed-
loop current dynamic shown below;

I|Zg(s)=0 =
GKref

1−GKi︸ ︷︷ ︸
T (s)

I∗ +
Gd +GKs

1−GKi︸ ︷︷ ︸
Y (s)

Vs, (4)

1For notation compactness, the Laplace variable ’s’ is omitted when its
presence results obvious attending to the context

Fig. 2. Block diagram representation of the interconnection of a current-
controlled VSC to a non-ideal grid with equivalent serial impedance Zg(s).

where T (s) and Y (s) are the closed-loop tracking and admit-
tance transfer functions for an ideal grid (i.e., grid impedance
Zg(s) = 0).

B. Stability robustness of the Grid-VSC interaction

When a current-controlled VSC is connected to an ideal
grid, whose PCC voltage vs = vg is independent of the grid
current, system stability depends on the closed-loop system
formed by the converter and the current controller, as defined
(4). Assuming linearity, that amounts to place the roots of
1 − GKi in the left hand side of the complex plane, or to
comply with one of the multiple equivalent formulations.

When this controlled-system is connected to a grid with
non-negligible equivalent series grid impedance, the system
behaves following the block diagram of Fig. 2, described by
the following equations:

I|Zg(s)6=0 =
T

1 + ZgY︸ ︷︷ ︸
T ′(s)

I∗ +
Y

1 + ZgY︸ ︷︷ ︸
Y ′(s)

Vg, (5)

where Vg is the ideal grid voltage and Y ′(s) and T ′(s)
are the modified closed-loop admittance and tracking transfer
functions, respectively. From (5), it can be seen that the system
stability no longer depends only on the stand-alone conditions,
but also on the new impedances loop function L′(s) = ZgY .

Provided that the system is stand-alone stable, the connec-
tion stability relies on the relationship between Zg and Y .
Several criteria have been proposed in the literature [12], [28].
One particularly interesting approach is to take advantage of
the Strictly Positive Realness of function Zg(s) [29]: if the
rendered Y is positive real, the product ZgY will not get
negative values, ensuring stability regardless of the functions
respective modules.

A system that behaves like a low resistive admittance in
a wide range will damp both grid voltage harmonic/inter-
harmonics and the LCL filter resonance, in addition to the
improved stability robustness in weak grids. Designing a
current controller with good stand-alone stability margins that
fulfils this condition is the main objective of this work.

III. DESIGN PROCEDURE AND LIMITATIONS

A. Model-reference approach for controller design

The desired controller is obtained following a model refer-
ence H∞ design approach [23]. Readers can refer to previous
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Fig. 3. H∞ model-reference approach for admittance shaping control. In red
the generalized plant P(s). Inside of it, the open loop command-to-output G
and admittance Gd(s) transfer function, in orange. In purple, a set of elements
added for the H∞ controller synthesis. They serve as the design parameters.
Finally, the obtained controller is represented in green.

work presented by the authors for a more detailed explanation
of the underlying theory [24].

The keystone of the H∞ control paradigm is the definition
of the inner structure (i.e., its input and output vectors) of the
generalized plant P [23]. Fig. 3 shows, in red, the structure
of the plant for the presented method. It is formed by the
open-loop current dynamic in (1), shown in orange, and the
addition of some design parameters shown in purple. P has
the next inputs and outputs; input vector www, formed by the
perturbation signals of the closed-loop system vs and i∗ (see
equation (4)), input uuu and output vector vvv, which are equal to
the inputs and outputs of the controller K output and inputs,
respectively, and the output vector zzz, which is formed by the
signals to be minimized in the design. Once the plant P is
defined, an H∞ synthesis process will be used to compute the
controller that minimises the energy (norm-2) of the output
vector zzz with respect to the exogenous input vector www (i.e.,
the one that minimize ‖N‖∞).

In Fig. 3, Yref (jω) represents the desired behaviour, in the
frequency domain, of the closed-loop admittance Y (jω), as
so does Tref (jω) for the desired tracking transfer function
T (jω). Obtained controller should fulfil either T (jω) ≈
Tref (jω) or Y (jω) ≈ Yref (jω) at a given frequency, resulting
in the minimization of the tracking shaping et or admittance
shaping ey error signals. Which one is fulfilled depends on
the magnitude of the tracking Wt(jω) and admittance Wy(jω)
frequency weights. If the magnitude of Wy(jω) is higher than
Wt(jω) at a given frequency ωx the synthesized controller
K(jω) will fulfil Y (jωx) ≈ Yref (jωx); tracking shaping
works analogously. A third weight Wu(jω) is added to limit
the controller output (i.e., control effort) u. Similarly, high
Wu(jω) values will result in higher actuation limitation and
vice-versa.

Fig. 4 summarizes the design process. First, the desired
behaviour of the closed-loop tracking Tref and admittance
transfer functions Yref are chosen. Next, controller objectives
are divided in different frequency zones by means of the
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Fig. 4. Simplified scheme of the controller design process.

frequency shaped weights, as depicted in the weight selection
of Fig. 4. In this work, controller K should result in a low
resistive closed-loop admittance profile Y (s), with good stand-
alone stability margins and good tracking of the current refer-
ence at the grid fundamental frequency ω1 (i.e., T (jω1) ≈ 1).

B. Design procedure

Tref (s) is defined constant and equal to one, which will
result in a good current tracking (i.e., i ≈ i∗) at the desired
frequencies. Yref (s) is defined constant (i.e., resistive) and
with the lowest possible value. This value is usually, as will be
justified later on, the open-loop admittance Gd(jω) magnitude
at the end of the control bandwidth.

For this design, a good admittance shaping (i.e., Y (jω) ≈
Yref (jω)) is desired at both sub- and super-synchronous
frequencies and good tracking (i.e., T (jω) ≈ Tref (jω))
is desired around the grid synchronous (i.e., fundamental)
frequency ω1. Additionally, the controller effort u, and then
the controller bandwidth, must be limited at high frequencies.
The next weighting functions are hence proposed below:

Wt(s) = Kt
s2 + 2ζnω1s+ ω2

1

s2 + 2ζdω1s+ ω2
1

(6)

Wy(s) = Ky
s2 + 2ζdω1s+ ω2

1

s2 + 2ζnω1s+ ω2
1

· 1

(1/ωy)s+ 1
(7)

Wu(s) = Ku
(1/ωu1)s+ 1

(1/ωu2)s+ 1
(8)

A frequency domain magnitude representation of them is
shown in Fig. 4. Tracking weight is formed by an initial low
gain Kt and a resonant-like gain centred at fundamental fre-
quency ω1. Admittance weight is a low pass function with an
initial gain Ky > Kt and a pole at ωy to limit the admittance
shaping band. A notch is added at ω1, complementary to Wt

resonance, to improve the reference tracking shaping inside its
frequency range. Finally, control effort weight Wu is a high-
pass function with a small initial gain Ku, increasing at high
frequencies by means of a zero in ωu1. A pole at ωu2 is added
at high frequencies to make Wu proper.



Some heuristic rules that have been found to be useful
for the weights parameters tuning are presented below. A
graphical interpretation of them is summarised in Fig. 5:

1) Admittance shaping range: It is recommended to first
tune the admittance weight Wy parameters Ky and ωy . These
parameters will define the maximum frequency where tight
admittance control is desired. It is important to respect the
maximum bandwidth limits that will be described in the next
subsection.

2) Actuation limitation range: The next step is to consider
the controller effort weight Wu. The controller bandwidth is
defined by the relative relation between Wy and Wu. It is
modified, then, by means of the zero at ωu1, along with the
previously fixed Wy pole at ωy . The controller bandwidth
must be kept inside certain limits to obtain good system
stability margins. Additionally, the amount of controller effort
u within this bandwidth is controlled by the initial gain Ku

relative to Ky . This is adjusted to get a controller effort near
the saturation limit under nominal transients and disturbances
(e.g., voltage dips). That constitutes the first trade-off to be
solved, between admittance error minimization and allowed
controller actuation / stability robustness.

3) Tracking shaping range: The last step is the tuning of the
reference tracking band. The tracking weight Wt is included
along with the complementary notch-like part in Wy . The
minimization of the tracking shaping error et at ω1 depends on
the Wt resonance height, which is the ratio nh = ζn/ζd. The
higher this ratio is, the smaller the error (i.e., perfect current
tracking i ≈ iref can be obtained for very high nh values).
The reference tracking bandwidth is mainly determine by the
range where Wt > Wy . It can be modified by increasing
the initial value Kt in Wt relative to the previously fixed
initial value Ky in Wy , or by increasing ζn value in both Wt

and Wy to increase the resonance/notch width2. The wider
this band is, the faster the current reference tracking will
be, to the detriment of a reduced admittance shaping range
around fundamental frequency. Moreover, as current reference
tracking strongly relies on feedback action, an increase of the
tracking bandwidth will also result in poorer stability margins.
A compromise is hence needed in the tuning of these controller
parameters.

C. Method and controller limitations
Elements in P must be LTI and proper. This implies that

designed weights can not have infinite gain states (i.e., pure
integrators/resonators); however, they can be placed arbitrarily
close to the jω axis.

The obtained controller K has the same order of P, so
an increase of the design parameters (i.e., weights or model
references) order will provoke an equal increase of K order.
Order reduction techniques can be used, if necessary, to reduce
the computation burden of the implemented controller. Alg. 1
in [24] summarizes the modulator modelling process, gener-
alized plant P generation, controller synthesis process and its
discretization for its implementation in a digital controller.

2In order to preserve the ratio nh, ζd must increase equally to ζn.

1) Admittance shaping range

3) Tracking shaping range

2) Actuation limitation range

Fig. 5. Step-by-step weights design graphic guideline.

Fig. 6. Minimum obtainable resistive admittance reference Yrefmin
as

a function of the open-loop admittance Gd and the maximum admittance
shaping bandwidth fc.

The control of the system by PWM signals generated by a
digital control platform induces bandwidth limitations. A high
bound in controller bandwidth limitation is fc = 1/(2πTs)
Hz [23]. It is important to note that this limitation affects
both feedforward and feedback terms because both are affected
by the modulator and the delay. This means that admittance
shaping can not be obtained above this frequency, making im-
possible to reduce the closed-loop admittance Y (s) below its
open-loop value Gd(s) at fc. From an application design point
of view, this implies that the minimum obtainable resistive
admittance reference Yref is equal to Gd(s) magnitude at fc,
and, to reduce it, either the sampling time Ts must be reduced
or the filter inductances must be increased, as both will result
in a smaller magnitude of Gd(s) at fc (see Fig. 6).

The loop function L(s) relative degree complies with the
conditions for appliance of the Bode sensitivity integral theo-
rem (first waterbed formula) [23]. It states that an increase in
the feedback action of the controller inside a given frequency



TABLE I. EXPERIMENTAL SETUP PARAMETERS

VgN 120 V ω1 2π60 rad/s

Sn 2.6 kVA CDC 600 µF

V ∗DC 650 V C 15 µF

L1 5.2 mH L2 4 mH

R1 28.8 mΩ R2 18.6 mΩ

Ts 100 µs Tsw 100 µs

Fig. 7. Obtained input admittance by the proposed method.

band (i.e., frequencies where |S(s)| < 1) comes at the cost of a
higher ‖S(s)‖∞ value and, then, in a reduction of the stability
margins. Design parameters must take into account this trade-
off between close-loop performance and system robustness.

IV. RESULTS

Table I shows the main parameters considered for the exper-
imental set up. Sn, VgN and ω1 are the nominal power, grid
voltage and grid frequency, respectively. V ∗DC and CDC are
the DC-bus reference voltage and capacitor value, respectively.
Finally, Ts is the sampling period of the digital controller
and Tsw is the switching period of the Danfoss VSC. The
controller is implemented in a DS1007 dSPACE system. An
AC programmable power supply Chroma 61845 is used to
emulate the grid in order to generate different harmonics and
inter-harmonics in the PCC.

A. Frequency domain results

Fig. 7 shows the obtained closed-loop admittance Y , its
open-loop value Gd and the given admittance reference Yref in
purple, black and blue lines respectively. Obtained admittance
Y follows given reference Yref = 0.06 Ω−1 in the desired
frequencies (i.e., sub and super synchronous). Yident shows
experimental measurements of the controlled admittance3. The

3To obtain them, three phase small controlled voltage signals are added to
the nominal grid voltage at different frequencies by means of the AC power
supply. The steady-state current response is, then, measured. Yident marks
the magnitude/phase relation between the introduced voltage and measured
current at each frequency.

Fig. 8. Sensitivity function magnitude.

experimental admittance results show a well damped LCL
resonance seen in Gd. Additionally, it demonstrates that any
harmonic/inter-harmonics in the PCC will be damped to a
current oscillation of, at most, 6 % of the introduced voltage
perturbation.

B. Robustness results

Fig. 8 shows the magnitude of the sensitivity transfer
function S(s). Its maximum peak value fulfils the stand-alone
stability condition ‖S(s)‖∞ < 6 dB, marked in the figure by
a blue dashed line. As stated before, that will assure good
stand-alone stability margins, with a gain margin GM > 6
dB and a phase margin PM > 30o.

The presented application is next tested for two different
grid impedance topologies: a purely inductive grid Zg(s) =
Lgs and a resonant inductive-capacitive grid Zg(s) = Lgs +
1/(Cgs). Fig. 9 shows modified admittance Y ′(s) closed loop
poles (i.e., roots of 1 + ZgY ) for changes of Lg in the
inductive grid and Cg capacitance in the inductive-capacitive
grid: Lg is fixed to 0.11 pu4 in the latter. The system is
stable for all inductive grids considered 5. However, it has
some unstable zones for inductive-capacitive grids (red lines
in Fig. 9). These instabilities appear when the resonance of
Zg matches, in frequency, the two non-dissipative zones of the
obtained admittance Y in Fig. 7: the first in the fundamental
frequency ω1, that interacts with the grid for a Cg inside
the interval [9, 10] pu, and the second at high frequencies
outside the controller bandwidth fc, for a Cg inside the interval
[0.003, 0.025] pu.

Fig. 10 and Fig. 11 show Y ′(s) magnitude for some of the
previous inductive and inductive-capacitive grid changes, re-
spectively. As it can be seen, an inductive behaviour of the grid
decreases even more the obtained admittance and don’t affect
the LCL resonance damping. However, the interaction between
the LC grid and the high frequency non-dissipative zone of the
converter admittance generates a resonance in Y ′: the red box
in Fig. 11 represents the zone where this resonance is unstable.
The capacitive behaviour of Zg interacts in this case with

4Grid impedance parameters are expressed in per unit values of the
system nominal impedance ZN = VgN/SN (i.e., LN = ZN/ω1 and
CN = 1/(ZNω1))

5It is important to remark that some of these grid impedances are not
feasible in practice, as their high values will require huge controller actuation
for grid current tracking. This analysis only shows the stability robustness of
the method.



Fig. 9. The admittance Y ′(s) poles for changes of inductive grid (left) and changes of capacitive grid (right). The red lines represents unstable cases.

Fig. 10. Admittance magnitude |Y ′(s)| for changes of an inductive grid.

the inductive and non-dissipative behaviour of the converter
at high frequencies. As this non-dissipative zone is beyond
the admittance control bandwidth, it can only be reduced by
a more complex admittance reference that increases system
admittance phase (and, then, magnitude) enough prior to the
end of controller bandwidth. Some previous works have study
this by including derivative terms in their current controllers
[17], [30]. However, this phase increase will provoke bigger
actuations and, if feedback is involved, smaller stand-alone
margins. In any case, the result in Fig. 11 shows the worst
case scenario, where the grid resonance is not damped by any
resistive element, which is rarely the real case. Additionally,
as shown in Fig. 7, experimental results Yexp presents a more
resistive behaviour at high frequencies than the theoretical
obtained admittance Y , which means that this non-dissipative
zone could even not exist in the real application.

C. Time domain results

This subsection presents some time domain experimental
results of the obtained grid current control for different grid

Fig. 11. Admittance magnitude |Y ′(s)| for changes of an inductive-
capacitive grid. The red box represents Cg interval where the complex system
becomes unstable.

conditions, grouped in Fig. 12. Fig. 12(a) shows the tracking
results for a sudden change of the grid current reference i∗

with ideal grid conditions (i.e., Zg = 0 and PCC voltage
vs equal to its nominal value). As it can be seen, the grid
current successfully follows its reference. Fig. Fig. 12(b)
shows a similar experiment, this time with an LC resonant
grid impedance connected between the LCL filter and the AC
power supply. Again, the current is stable and quickly track
the given reference. Note that the grid impedance resonance
is perfectly damped by the converter resistive admittance.
This behaviour is expected attending to admittance magnitude
|Y ′(s)| in Fig. 11 for the chosen grid impedance parameters
(i.e., Lg = 0.11 pu and Cg = 0.05 pu).

The grid voltage harmonic rejection capabilities of the
proposed method are tested below. Fig. 13 shows the total
harmonic distortion (THD) for four different simulated test
cases and different operational points: In test 1 (T1) a 5th

harmonic of 0.12 pu is introduced in the grid; in test 2 (T2)



Fig. 12. (a) Experimental time domain tracking results for an ideal grid
impedance Zg = 0. (b) Experimental time domain tracking results for a
resonant LC grid: Lg = 0.11 pu and Cg = 0.05 pu. (c) Experimental time
domain results to test 4 with an ideal grid impedance Zg = 0.

a 7th harmonic of 0.1 pu is added to T1; in test 3 (T3) two
more harmonics, 11th = 0.7 pu and 13th = 0.6 pu, are added;
finally test 4 (T4) is completed with many high frequency
harmonics 19th = 0.6 pu, 23th = 0.6 p.u, 25th = 0.6 pu,
29th = 0.5 pu, 31th = 0.3 pu, 35th = 0.3 pu and 37th = 0.3
pu. Fig. 12(c) shows the experimental time domain results to
test 4. The grid currents i still follows its (reactive) reference
i∗ after the introduction of grid voltage harmonics in vs, with
reduced current distortion thanks to its low admittance profile.

V. CONCLUSION

A grid current controller for a VSC connected to the grid
through an LCL filter using a shaped closed loop admittance
is presented. With the presented method, a low resistive
admittance can be obtained, which will simultaneously damp
the filter resonance and reduce the effect of grid voltage
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Fig. 13. Obtained THD for different harmonic test.

harmonics and inter-harmonics in a wide frequency range,
even at high frequencies closed to the filter resonance. In
terms of damping, the main advantage of the method is the
reduced number of sensors needed to its implementation.
In terms of harmonics damping, the presented method is
probably not as effective as the classical PR gains tuned at
certain frequencies (if a good system modelling is considered,
including discretization and time delays effects); the main
advantage of the method is that it damps the disturbance from
the grid voltage in a wider frequency range, both harmonics
and inter-harmonics and in both sub and super synchronous
frequencies. Additionally, the system has good stand-alone
stability margins, which is a known concern when multiple
PR feedback gains are introduced. Finally, the low resistive
admittance obtained makes the system very robust for changes
of the grid impedance.

Future studies will analyse the effect of more complex ad-
mittance profiles, whit bigger magnitude reduction at the main
grid harmonic frequencies, to improve the current controller
response to the main PCC voltage perturbations.
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