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Abstract— This paper combines the well-known linear 
quadratic Gaussian (LQG) control and frequency-adaptive 
resonators and presents a frequency-adaptive multi-
resonant LQG state-feedback current controller for LCL-
filtered voltage-source converters connected to a 
distorted grid. The paper also provides a design guideline 
and procedure based on robust control criteria which, in 
combination with the linear quadratic regulator (LQR) 
technique, offers flexibility in the control structure and 
automatizes the design of the controller. The frequency-
adaptive resonators, based on second-order IIR 
resonators and on an on-line tuning algorithm, and the 
robustness criteria considered for the design process 
offer robustness in the face of grid voltage disturbances. 
The controller is evaluated and validated in a 9-kVA VSC 
setup configured as a rectifier. 

Index Terms— Grid-connected converter, LCL filter, 
state-space current control, digital control, frequency 
adaptive, multi-resonant controller, harmonic mitigation.  

I. INTRODUCTION

VOLUTION of power systems toward a model based on 
distributed power generation systems (DPGS) has as one 

of key pillars the use of power electronics interfaces, 
integrating renewable energy resources and electrical energy 
storage into the grid or feeding industrial, commercial, 
residential and transport applications. This changes the nature 
of the electrical loads from inductive and resistive to 
capacitive and nonlinear [1] and impacts on power quality 
issues, especially harmonics, which becomes a concern in 
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low- and medium-voltage distribution networks [2]. 
In the scientific literature, there are three main groups of 

solutions for harmonic rejection: repetitive controllers, 
resonant controllers and grid-voltage feedforward controllers. 
Repetitive controllers [3] offer a low complex solution for 
compensating multiple harmonics. However, they may 
amplify high-frequency disturbances [4], do not guarantee 
stability by themselves being necessary to use an additional 
controller and the behavior of the system phase is critical [5]. 
Conversely, resonant controllers allow performing a selective 
harmonic compensation. Operating in stationary (StRF) or 
synchronous reference frame (SRF) (or mixed), they are 
mainly based on the use of continuous second-order 
generalized integrators (SOGI) [6], [7] or reduced-order 
generalized integrators (ROGI) [8]. The main drawbacks of 
resonant controllers is the stability issues that appears due to 
the phase lagging when compensating high-order harmonics 
what reduces the number of resonators that can be used [5]. 
The third group of algorithms is based on the feedforward of 
the grid voltage [9] and its main drawbacks are the 
introduction of multiple derivative terms that makes difficult 
its implementation and its sensitivity to weak-grid conditions 
[10]. To overcome those drawbacks, adaptive solutions based 
on impedance shaping methods have been proposed [10], [11], 
although they are still limited to low-order harmonics.  

Grid codes require continuous operation for a frequency 
band around the nominal system frequency, (49-51 Hz) in 50-
Hz systems, and to keep on operating during short periods of 
time in a wider band (47-53 Hz) [12]. In harmonic controllers, 
those frequency deviations affect the control performance and 
degrade the power quality. Frequency-adaptive solutions avoid 
that issue [13]. Frequency-adaptive repetitive controllers based 
on variable sampling frequency [14] or fractional delays [15] 
have been proposed. In respect to frequency-adaptive resonant 
controllers, in [16] a StRF ROGI-based state-feedback current 
control was proposed for controlling an L-filtered VSC. Other 
frequency-adaptive controllers proposed for L-filtered VSC 
considered the use of continuous-time SOGI resonators [17] or 
a digital implementation based on a first-order Taylor 
series [18]. Considering LCL-filtered VSC, [19] proposed a 
StRF frequency-adaptive resonant controller based on IIR 
Schur-lattice filter structures. 

The linear quadratic regulator (LQR) or the linear quadratic 
Gaussian (LQG) control, when combining the former with a 
Kalman Filter (KF) to reduce the number of sensors, are well-
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known techniques in current control, being reported their use 
in state-feedback controllers [20]-[26] and in resonant 
controllers [27], [28] 

In this paper, a frequency-adaptive multi-resonant LQG 
state-feedback current control based on second-order digital 
IIR resonators is proposed for the control of grid-connected 
LCL-filtered VSCs as depicted in Fig. 1 and detailed in Fig. 2. 
In addition, the paper presents design criteria that combine the 
LQR and the output sensitivity function in order to simplify 
the design of robust discrete-time multi-resonant controllers. 

The two main contributions of the article are: firstly, the 
combinations of the well-known LQG control paradigm and 
the frequency-adaptive resonators in order to offer a multi-
resonant controller robust to grid frequency variations. 
Secondly, to provide a design guideline and procedure based 
on robust control criteria which, in combination with the LQR 
technique, offers flexibility in the control structure and 
automatizes the design of the controller. The LQR technique 
provides robustness against system parameter uncertainties, 
while the output sensitivity function criteria provide 
robustness in the face of grid voltage disturbances as it will be 
explained in detail in section IV. Moreover, the use of 
frequency-adaptive resonators offers system robustness 

against grid frequency variations.  
Other interesting characteristics of the proposed frequency-

adaptive controller are: 
• The incorporation of supplementary resonator blocks in

the controller will not modify significantly the control
structure or the design process due to their flexibility.

• The active damping is implicit [29], because the degrees
of freedom of the proposed full-state feedback controller
are equal to the number of poles in the system, so the
control can move any pole of the system to any position.
The controller can move the LCL-filter resonance inward
the unit circle damping the resonance.

• Designing directly a discrete-time resonator avoids some
issues associated with the discretization of the continuous-
time resonators. Not considering the computational delay
may affect the system performance and stability and an
inappropriate discretization process might modify pole
and zero mapping, and not guaranteeing infinite gain at
the desired frequency and affecting the stability [30].

• The proposed frequency-adaptive second-order IIR
resonators are implemented as Transpose-Direct-Form-II
(TDF-II) and were designed based on the concept of the
adaptive-feedforward cancellation (AFC) resonator, in
which each resonator introduces a placeable zero which
might increase the robustness [4].

The DC-link voltage controller and the PLL, shown in 
Fig. 1, are out of the scope of this article. It is important to 
remark that their effect on the stability [31], [32] have been 
neglected considering that both algorithms have been designed 
considering narrow bandwidths that limit their influence on 
the system passivity to a small range of low frequencies where 
grid instability is unlikely. The PLL is configured to align the 
q-axis with the PCC voltage vector (i.e. ed = 0), therefore,
active and reactive powers are controlled by iq and id,
respectively, according to P = eq · iq and Q = eq · id.

 Hereinafter, Section II presents the discrete-time model of 
the converter. Section III describes the proposed controller. 
Section IV addresses the adjustment of the control gain. 
Section V presents a wide number of experimental results. 
Finally, Section VI concludes. 

II. STATE-SPACE LCL-FILTERED VSC MODEL

Assuming the average switch model [33], the LCL-filter 
grid-connected VSC shown in Fig. 1 can be state-space 
modeled in SRF as 
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Fig. 1.  General diagram of the grid-connected VSC and the proposed
control scheme.  

Fig. 2.  Detailed diagram of the proposed control structure based on a
frequency-adaptive multi-resonant LQG state-feedback controller. 
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1 1d 1qi i ji  is the converter-side current, = +


2 2d 2qi i ji

represents the grid-side current, c cd cqu u ju= +  denotes the
capacitor voltage, d qu u ju= + is the converter average
output, d qe e je= + represents the point of common coupling
(PCC) voltage, L1 and R1 are the converter-side inductance and 
resistance, L2 and R2 represent the grid-side inductance and 
resistance, Cf is the filter capacitance, ω1 is the fundamental 
grid angular frequency and superscript T denotes transpose. 

The state-space model is discretized by the zero-order hold 
(ZOH) method [34] considering a sample time Ts. The 
discrete-time model of the LCL-filtered VSC is then 

{ 1+ = + +
=

   
k k u k e k

k k

x Gx H u H e
y Cx (6)

where G, Hu and He matrices are, respectively, the discretized 
A, Bu and Be matrices. 

Considering the PCC voltage as a disturbance and modeling 
the inherent computational delay as an additional states 
according to 

1−= 
k kc u (7)

the extended converter model is given by [20] 
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III. PROPOSED CURRENT CONTROLLER

A. Digital adaptive-feedforward cancellation (AFC)
Considering backward Euler’s integrators, the transfer

function of a digital AFC is expressed as [4] 
( ) ( )
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where ωn is the resonant angular frequency, gn is the gain and 
ϕn is the phase of the resonator. One of the two zeros 
introduced by the AFC depends on ϕn and has a direct 
influence over the robustness of the system. Considering a low 
gn, phase margin is maximized if ϕn is similar to the angle of 
the plant at ωnTs [4]. 

The AFC can be written in state-space formulation 
considering the observable canonical form [35] as 
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B. Multi-resonant servo controller structure
The servo controller consists of a state-feedback regulator

loop with an outer tracking loop that guarantees null tracking 
error to references. The proposed multi-resonant servo 
controller is shown in Fig. 2. The tracking loop includes a DC 
integrator for null tracking error at ω1, and a bank of second-
order IIR resonators based on the concept of the AFC. 

 Three-phase loads based on power electronics rectifiers 
mainly pollute grid with components of angular frequency 
±(6h±1)ω1 [36], which are reflected as ±6hω1 in SRF. The 
proposed controller includes three IIR resonators tuned at 6ω1, 
12ω1 and 18ω1 for compensating the harmonics -5th, 7th, -11th, 
13th, -17th and 19th.  

The multi-resonant state-feedback servo controller shown in 
Fig. 2 must be expressed in the regulator form [35] in order to 
apply the LQR technique and obtain the state feedback gain. 

The DC integrator consists of two backward Euler 
integrators and can be state-space modeled as 

1, 1 1 1, 1ε+ = Φ + Γ  
k k kx x (13) 

where ( )ε = −  ry y  and
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The DC integrator contributes to increase the state vector of
the system in two additional states, 1 1 1[ , ]T

d qx x x= . 
The AFC-based IIR resonator for the nth harmonic is state-

space modeled as 

, 1 , ε+ = Φ + Γ  
n k n n k n kx x (15) 

where 1 21 2[ , , , ]n n n n T
n q qd dx x x x x=  and 
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Each IIR resonator adds four additional states to the state 
vector of the system. 

The state-space equations of the multi-resonant servo 
controller are rewritten as 
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[ ]=s dC C 0 0 0 0 (20)

[ ]1 6 12 18s rK K K K K K= − − − −  (21) 

Ks is obtained from LQR solution for (17). 

C. Frequency-adaptive implementation
Equation (10) corresponds to the transfer function of a

second-order IIR filter described by 
2
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The dq-axis AFC-based resonator in (15) is implemented as 
the dual TDF-II structure shown in Fig. 3. The only 
frequency-dependent coefficients are 1

na  and 1
nb , that can be 

rewritten as 
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where ωn[k] = nω1[k] = 2πnf1[k]. 
The fundamental grid frequency, f1, is extracted by a PLL 

algorithm and filtered by means of a Cumulative Moving 
Average (CMA) filter in order to eliminate oscillatory 
components. The equation of the implemented CMA filter is 

1 1
1 1

[ ] [ 1][ ] [ 1] − −
= − +

f k f kf k f k
N

(25)  

with N = 1000. 
Coefficients 1

na  and 1
nb  (with n = 6, 12, 18) in (24) must be 

modified according to the variations of the grid frequency in 
order to guarantee the harmonic rejection capabilities of the 
proposed current control. Both coefficients imply sinusoidal 
operations which might suppose excessive runtime in a direct 
implementation on the DSP. The optimal option in terms of 
processing time is to implement each coefficient as a lookup 
table of precalculated elements. However, that option means a 
trade-off between precision and memory requirement. In order 
to avoid those drawbacks, the proposed online tuning 
algorithm updates the coefficients 1 [ ]na k  and 1 [ ]nb k  based on a 
piecewise first-order approximation of 7 segments.  

The implemented 7-segment approximation is based on 
precalculating the gradients of 1

na  and 1
nb  at 7 values of 

frequency. Defining the vector of frequencies
f  = [fj] = [47 48 49 50 51 52 53] Hz where j = 0,…, 6, the six 

vectors  n
am  and

 n
bm are calculated, whose elements n

ajm  and
n
bjm  are, respectively, the gradients of 1

na  and 1
nb  at frequency 

fj, according to  
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where 1 ( ) 2cos( 2 · )π=−n
sa f n f T  and 1 ( ) cos( 2 · )π ϕ=− +n

n s nb f g n f T . 
The vectors 


f ,  n

am  and 
 n

bm  are stored in the DSP
memory. It is also necessary to store the vectors 1

na  and 1


nb , 

whose elements 1
n
ja  and 1

n
jb  are equal to 1

na  and 1
nb  given by

(23) and evaluated with ωn = 2πnfj. In total, 13 vectors of 7
elements are precalculated and stored in the DSP memory.
Fig. 4(a) shows in detail the implemented approximation.

Fig. 4(c) shows the on-line tuning algorithm. The 
approximated coefficients are calculated according  to 
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1na  and 1
nb  are periodically readjusted every Tta seconds.

As shown in Fig. 4(c), after getting the filtered fundamental 
grid frequency, 1=tf f , from the output of (25), the algorithm 
determines the applicable approximation segment from 

46.5Δ = −tf f  (28) 

[ ]= Δj f  and { 0 if 0
6 if 6

= <
= >

j j
j j  (29) 

where [·] denotes the integer part of a number. The algorithm 
calculates the new coefficients in a NR-iteration loop, where 
NR is the number of resonators. 
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6
6

1
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a
a

−


Fig. 4.  (a) Implemented piecewise first-order approximation of the
coefficients 1

na  and 1
nb . (b) Comparison between 1 na and 1

nb  and the
precision error committed. (c) Flowchart of the resonator’s on-line
tuning algorithm. 
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Fig. 3.  Dual TDF-II implementation of the AFC-based IIR resonator. 
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Fig. 4(b) shows the precision error committed in a1
6  when

using (27) instead of (23). It can be seen as the error is lower 
than 4·10-5. The precision error, −a a1 1

n n| |and −b b
1 1
n n| | , when using (27) in place of (24) is lower than 
3·10-5 in all  resonators. 
D. Steady-state Kalman Filter

The number of sensors required to implement a state-
feedback control is reduced by means of using the so-called 
steady-state Kalman Filter (SSKF), which offers a 
performance similar to the whole KF while considerably 
reduces the complexity of the implementation and the 
computational burden [20]. The combination of LQR solution 
and KF is known as LQ Gaussian (LQG) control. The design 
of the optimal SSKF is independent of the design of the LQ 
servo controller according to the separation of estimation and 
control theorem [37]. 

To perform a correct estimation of the state vector, the 
SSKF must consider the computational delay and the PCC 
voltage. The model used for the design of the estimator is 

1 ,k k f f k k

k k k

x Gx H u w
y Cx v

+ = + +
 = +

   
   (30) 

where kw  is the process noise vector with covariance matrix
W, kv  is the measurement noise vector with covariance matrix
V, , [ ]T T T

f k k ku c e=    and

[ ]f u eH H H= (31) 

The equations of the SSKF are [20] 

,1
f da

f f kk kx Gx H u+ = +   (32) 

( )11 1 1
f fda

ss kk k kx x L y Cx++ + += + −    (33) 

being the estimated state 1 1ˆ + +
 da

k kx x .  
The steady-state Kalman gain, Lss, is calculated with 

( ) 1−= +f T f T
ss ss ssL GP C CP C V (34) 

after solving the algebraic Riccati equation (ARE) 

  ( ) 1−= + + +f f T f T f T f T
ss ss ss ss ssP GP G W GP C CP C V CP G  (35) 

Following the procedure described in [20], the matrices W 
and V are selected as W = λ·I6x6 and V = λ·I2x2 with λ = 1 in 
order to minimize the estimation bias while keeping an 
acceptable filtering performance. 

IV. ADJUSTMENT OF THE PROPOSED CONTROLLER

The adjustment of the feedback gain might be perceived as 
a cumbersome task. Some authors have proposed the use of 
complex techniques such as genetic algorithms [38] or linear 
matrix inequalities (LMI) [22]. [29] proposed an interesting 
analytical method based on the direct pole placement to obtain 
the controller and observer gains in a basic servo controller 
structure. However, in the case of the proposed multi-resonant 
controller the complexity of the analytical equations 
dramatically increases. The attractiveness of LQR technique is 
that transforms the design problem into selecting intuitively 
the weights of two matrices, Q and R, which may facilitate 
designing controllers with a high number of states. 

Additionally, although inferior to the well-known stability 
margins (infinity gain margin and 60º phase margin) in the 
continuous-time solution, the discrete-time LQR still provides 
robustness against system parameters uncertainties [39]. 

The LQR technique obtains Ks in (17) by solving the 
Ricatti’s equation that minimizes a quadratic index 

( )
0

1
2

T T
k k k k

k
J x Q x u Ru

∞

=

= + (36) 

where matrix Q weights the importance of the state variables 
and matrix R weights the actuation variables. 

The process of choosing the weights can be automatized by 
using optimization techniques such as particle swarm 
optimization [23]. However, [24] and [20] proposed guidelines 
to select the Q and R weights in the multivariable current 
control of a LCL-filtered VSC. This paper adds some new 
criteria for the selection of the Q and R weights including the 
resonant terms and considering the maximum peak of the 
output sensitivity function as the figure of merit. 

If considering a one degree-of-freedom (1DOF) feedback 
scheme [37] as the shown in Fig. 5, where Gu is the matrix of 
transfer functions (TFs) from udq to i2dq 
(Gu = Cd (zI - Gd)-1 Hd), Ge is the matrix of TFs from edq to i2dq 
(Ge = C (zI - G)-1 He) and K is the matrix of TFs from εdq to 
udq, the output sensitivity function S [37] is defined as: 

2 1( )−= = +dqi
S I L

P
(37) 

where P is a generalized disturbance signal ( 2≡ ≡ −r
dq dqP i d ), 

ddq = Ge·edq and L = Gu·K is the loop TF. S models the effects 
of 2

r
dqi  and Ge·edq in the error εdq, which means that a low 

value of S implies a good tracking of the reference current and 
a good rejection to the grid voltage disturbances. Typically, a 
good robustness indicator [37] is  

( ) 6dBS jω
∞
<  (38) 

  The selection guidelines in [24] and [20] suggest that the 
weights associated to the converter and grid currents (q1 to q4) 
should be high (beside other weights) and similar to each 
other. The weights of the capacitor voltage and the 
computational delays (q5 to q8) must be almost zero. The 
weights of the DC integrator (q9 and q10) should be fairly high, 
and R is associated with the limitation of the control effort.  

In order to determine a criterion to select the weights 
associated to the resonators, a study has been carried. It is 
supposed that the weights associated to each resonator are 
similar (i.e. it is only necessary to select one weight for each 
resonator). Fig. 6(a) shows the output sensitivity function of 
the controlled system for a base set of weights where 
q1 = ... = q4 = 1, q5 = ... = q8 = 0, q9 = q10 = 1, q11 = ... = q14 = 1, 
q15 = ... = q18 = 1, q19 = ... = q22 = 1 and r1 = r2 = 4. Fig. 6(b) 
shows the output sensitivity functions when varying q11 
(associated to the 6ω1 resonator). Fig. 6(c) presents the output 

Fig. 5.  Block diagram of the proposed controller rearranged as a
1DOF feedback control system. 
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sensitivity functions when varying q15 and q11 = (0.01)2. 
Fig. 6(d) shows the results when varying q19 and q11 = (0.01)2 
and q15 = (0.005)2. It can be observed that the weight selection 
for the resonators is a trade-off between their bandwidth and 
the system robustness. Considering that grid codes do not 
specify harmonic limitation during transient, the 
recommendation is to select low weights associated to the 
resonators in order to guarantee robust performance. This is 
crucial in the 18ω1 resonator as it can be seen in Fig. 6(d). The 
resonance angular frequency of the experimental setup is close 
to 18ω1, so a slow resonator is chosen in order to prevent the 
interaction between resonator and resonance frequency, fres. 

Fig. 7 shows a study about the damping of the LCL-filter 
resonance depending on the selected r1. It is observed that the 
damping increases as the chosen r1 decreases, what means that 
there is a trade-off between limiting the control effort (higher 
r1) and obtaining a greater resonance damping (lower r1).  

The design process consists of two LQR stages. After 
selecting Q and R, Ks is calculated by means of the LQR 
technique considering that the phases of the resonators are 
ϕn = 0. Ks is recalculated considering that ϕn is equal to the 
phase of the system formed by the extended plant (8) and the 
regulator loop (Kr) at nω1. 

Considering the parameters listed in Table I, the output 
sensitivity function obtained for the proposed multi-resonant 
servo controller is shown in Fig. 8. It can be seen as the output 
sensitivity function is less than 6 dB for the entire frequency 
range, which means that the designed controller is robust in 
the entire frequency range. The multi-loop disk gain and phase 
margin are GM = 8.82 dB and PM = 55.18 º at 895 Hz. Fig. 9 
presents a stability analysis based on the position of the 
closed-loop poles of the converter and the proposed multi-
resonant LQG servo controller. The poles are inside the unit 
circle, therefore the system is stable. The zoomed area shows 
that the controller moves the LCL-filter resonant poles away 
from the unit circle (i.e. damps the resonance). 

V. EXPERIMENTAL RESULTS

The proposed current controller has been evaluated in a 

VSC operating as a rectifier, although it could be also used in 
a VSC configured as an inverter. The experimental setup is 
shown in Fig. 10 and consists of a 2-level 9-kVA LCL-filter 
VSC interfaced with a programmable AC power source 
Pacific Power’s 345AMX emulating the grid. The proposed 
current controller has been implemented on a TI DSP 
TMS320DSK6713. The main control and setup parameters are 
listed in Table. I. The sample frequency is fs = 10 kHz 
(Ts = 100 µs) and the switching frequency is fsw = 5 kHz 
(Tsw = 200 µs). Filter parameters and switching and sampling 
frequencies were chosen for complying with [36] and 
considering general guidelines [40] such as the level of 
reactive, the margin of the DC-link voltage and the location of 
the resonance frequency between the switching frequency and 
the controller bandwidth that provides certain margin against 

( )S jω

Fig. 6.  Output sensitivity functions of the system: (a) with q1 = 1,
q5 = 0, q9 = 1, q11 = 1, q15 = 1, q19 = 1, r1 = 4; (b) varying q11; (c) 
varying q15 and q11 = (0.01)2; (d) varying q19 and q11 = (0.01)2 and 
q15 = (0.005)2. 

Fig. 10.  Experimental setup based on a 2-level 9-kVA VSC. 

Fig. 9.  Closed-loop poles of the converter controlled by the multi-
resonant LQG servo controller. Zoom: resonant LCL-filter poles. 

No control
r1 = 100
r1 = 10
r1 = 1
r1 = 0.1
r1 = 0.01

Fig. 7.   Effect of r1 on the position of the LCL-filter resonant poles. 
( )S jω

Fig. 8.  Output sensitivity function of the system considering the
parameters listed in Table I.
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grid impedance variations. The grid voltage has been set to 
110 Vrms in order to avoid the connection of the output 
transformer in the AC power source. An additional three-
phase coil of inductance value equal to the 50 % of L2 is 
connected between the power source and the PCC of the 
converter for the experiments with grid impedance. 

For the experimental tests, a distorted grid has been 
configured with THDv = 21.21 % and the harmonic content 
listed in Table II. A high THDv has been selected in order to 
test the operation of the proposed controller in an extreme 
distorted grid scenario. It has been considered that the 
converter could be also operating connected to a microgrid, 
where it could be possible that the 5 % THDv limitation for 
network operators is not satisfied. The THDv and THDi are 
calculated up to the 50th harmonic. 

Table III(a) compares the relative value of the current 
harmonics operating under a distorted grid without and with 
the resonators when 2 20 A.=r

di Without harmonic 
compensation, the grid current is highly polluted with a 

THDi = 22.10 %. After activating the resonators, the harmonic 
content is significantly reduced and the converter operates 
with a THDi = 2.34 % and all the considered harmonics 
remain within the harmonic limitations according to [36]: 5th 
and 7th harmonics are below 4 %, 11th and 13th harmonics are 
below 2 %, and 17th and 19th harmonics are below 1.5 %. 

Fig. 11 and Fig. 12 evaluate the behavior of the proposed 
controller under steps of reactive current ( 2

r
di = 10 A to 

2
r
di  = 20 A) and active power (Pload = 0.5 kW to 

Pload = 2.7 kW), respectively. The tests corroborate the correct 
operation and the fast dynamic of the proposed current control 
under active power and reactive current steps. 

Fig. 13 presents the operation of a non-frequency-adaptive 
version of the proposed multi-resonant LQG servo controller 
when the fundamental frequency of the grid, f1, changes from 
50 Hz to 53 Hz. For the new frequency, the controller is 
unable to mitigate the current harmonics and operates with a 
THDi = 24.04 %. However, the proposed frequency-adaptive 
multi-resonant LQG servo controller compensates the 
frequency variation after a transient period of time as it can be 
seen in Fig. 14(a) and operates with a THDi = 2.65 %. The 
operation of the on-line tuning algorithm is shown in 
Fig. 14(b), where it can be observed as the output of the CMA 
filter (blue line), 1f , tracks the change in the grid frequency 
(yellow line), f1. The on-line tuning algorithm is executed with 
a period Tta = 2 s, as marked by the green arrows, in which the 

TABLE I 
EXPERIMENTAL SETUP AND CONTROL PARAMETERS 

Experimental Setup 
Sn 9 kVA L1 3.4 mH fs 10 kHz 

Eg,rms 110 V R1 28.8 mΩ fsw 5 kHz 
f1 50 Hz L2 1.7 mH Ts 100 µs 

*
D CU 500 V R2 18.6 mΩ Tsw 200 µs 

CDC 4.7 mF Cf 18 µF Tta 2 s 
AFC-based IIR resonators 

n 6 12 18 
gn 1 1 1 
ϕn -1.25 rad -1.82 rad -2.22 rad 

Q and R weights 
q1, q2, q3, q4, q9, q10 10 q5, q6, q7, q8 0 

q11, q12, q13, q14 0.01 q15, q16, q17, q18 0.0025 
q19, q20, q21, q22 0.0001 r1, r2 100 

Kalman Filter 
W λ·I6x6 V λ·I2x2 λ 1

TABLE II 
RELATIVE VALUE OF THE CONSIDERED GRID VOLTAGE HARMONICS 

-5th 7th -11th 13th -17th 19th

10 % 10 % 10 % 10 % 5 % 5 % 

Fig. 11.  Response of the frequency-adaptive multi-resonant LQG
servo controller to a step of reactive current ( 2

r
di  = 10 A to 2

r
di = 20 A).

Fig. 12.  Response of the frequency-adaptive multi-resonant LQG
controller to a step active power (Pload =  0.5 kW to Pload = 2.7 kW). 

TABLE III 
EXPERIMENTAL RESULTS:  

RELATIVE VALUE OF THE GRID CURRENT HARMONICS 

(a) Without and with resonators 
-5th 7th -11th 13th -17th 19th 

Resonators OFF 9.55 % 6.55 % 0.83 % 3.47 % 9.77 % 15.25 %
Resonators ON 0.21 % 0.22 % 0.44 % 0.60 % 0.75 % 1.44 %

(b) Operation with f1 = 53 Hz (Fig. 15) 
-5th 7th -11th 13th -17th 19th 

Non-adaptive 9.01 % 5.69 % 0.57 % 5.02 % 14.74 % 14.27 %
Adaptive 0.21 % 0.27 % 0.51 % 0.72 % 0.98 % 1.33 %

(c) Operation with f1 = 47 Hz (Fig. 18) 
-5th 7th -11th 13th -17th 19th 

Non-Adaptive 10.16 % 7.47 % 1.80 % 2.07 % 6.13 % 12.31 %
Adaptive 0.30 % 0.29 % 0.41 % 0.52 % 0.69 % 1.18 %

(d) Operation with Lg = 0.5 L2 (Fig. 20) 
-5th 7th -11th 13th -17th 19th 

Resonators OFF 9.00 % 5.91 % 0.63 % 3.63 % 13.30 % 10.72 %
Resonators ON 0.28 % 0.25 % 0.44 % 0.67 % 1.14 % 1.06 %
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value of the frequency of the tuning algorithm (red line), ft, is 
updated according to 1=tf f , and therefore the coefficients 
defined by (27) are recalculated. The current harmonic 
spectrums of both controllers are compared in Fig. 15 and 
Table III(b), where it can be observed that the frequency-
adaptive controller mitigates all the considered harmonics 
below limitations in [36] and operates with a THDi below the 
5 %, while the non-frequency-adaptive controller does not, 
thus infringing the grid code requirements. 

Similar results are obtained for a frequency variation from 
50 Hz to 47 Hz. Fig. 16 shows as the non-frequency-adaptive 
controller operates with a THDi = 19.08 %. In contrast, in 
Fig. 17 can be observed as the on-line tuning algorithm 
compensates the frequency variation and the converter 
operates with a THDi = 2.49 %. Fig. 18 and Table III(c) 
compares the harmonic spectrum of both controllers. 

Experimental results with a grid impedance equivalent to 
the 50 % of L2, which implies a short-circuit ratio (SCR) equal 

to 15, are presented in Fig. 19, Fig. 20 and Table III(d). It can 
be observed as the proposed controller mitigates the grid 
current harmonic content after connecting the resonators and 
obtains a THDi = 2.54 %, substantially lower than 
THDi = 20.91 % obtained when operating without resonators. 

Fig. 13.  Operation of a non-frequency-adaptive multi-resonant LQG
servo controller under a frequency step from f1 = 50 Hz to f1 = 53 Hz. 

(a) 

(b) 
Fig. 14.  (a) Response of the proposed frequency-adaptive multi-
resonant LQG servo controller under a grid frequency variation from
f1 = 50 Hz to f1 = 53 Hz. (b) Operation of the on-line tuning algorithm. 

Fig. 15.  Harmonic current spectrums for the non- and frequency-
adaptive and the non-frequency-adaptive controllers when f1 = 53 Hz. 

Fig. 16.  Operation of a non-frequency-adaptive multi-resonant LQG
servo controller under a frequency step from f1 = 50 Hz to f1 = 47 Hz. 

(a) 

(b) 
Fig. 17.  (a) Response of the proposed frequency-adaptive multi-
resonant LQG servo controller under a grid frequency variation from 
f1 = 50 Hz to f1 = 47 Hz. (b) Operation of the on-line tuning algorithm. 

Fig. 18.  Comparison of the harmonic current spectrums for the non- and 
frequency-adaptive controllers when f1 = 47 Hz. 
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Fig. 21 shows a simulation with SCR = 10, where the 
controller correctly tracks a step of reactive current 
( 2

r
di  = 10 A to 2

r
di  = 20 A). An analysis of (37) as a function

of SCR reveals that as SCR approaches 10, which entails fres 
closer to 900 Hz, S becomes riskily high at 900 Hz (18ω1). 
Fig. 22(a) shows that the infinity norm of S, S

∞ , presents a 
maximum (i.e. a point of critical stability) at SCR = 9.72 
(fres = 938 Hz). Simulation results have demonstrated that the 
system becomes unstable when SCR < 9.72. Fig. 22(b) shows 
as the closed-loop pole of the 18ω1 resonator goes out the unit 
circle when SCR < 9.72. Two options can be considered to 
improve the robustness. If the 18ω1 resonator is turn off under 
low SCR, the converter is able to operate with SCR = 5 at the 
cost of deteriorating the power quality. The other option is to 
modify the values of the LCL filter in order to move fres away 
from 18ω1. Reducing L1 by 20 % moves nominal fres to 1161 
Hz and the maximum of S

∞  to SCR = 5.12 as Fig. 22(c) 
shows. In this way, robustness increases and the controller is 
able to overcome lower SCR as simulation tests have verified. 

The robustness study has been completed with an analysis 
based on the location of the closed-loop poles of the controlled 
converter considering Lg = 0 and L1 and L2 lower than their 
nominal values, L1,n = 3.4 mH and L2,n = 1.7 mH. Fig. 23(a) 
maps the stable region of the controller (blue area) in function 
of L1 and L2. The controller is stable while L1 > 0.3·L1,n for 
any L2. Although the SSKF reduces the stable region as shown 
in Fig. 23(b), the system is still stable considering 
simultaneous 10 % deviations for both inductances and 
maximum individual variations of L1 > 0.75·L1,n and 
L2 > 0.85·L2,n. Fig. 24 present the simulation results 
considering L1 = 0.9·L1,n and L2 = 0.9·L2,n, where it can be 
observed that the system is stable and operates correctly. 

Table IV presents the execution time of the different 
routines implemented on the DSP to operate the converter. It 
can be observed that the computational burden of the proposed 
frequency-adaptive multi-resonant LQG controller supposes 
only the 14 % of Ts, being affordable for any present-day 
digital control platform commonly used in converter’s control.  

Fig. 19.  Operation of the proposed frequency-adaptive multi-
resonant LQG servo controller when Lg equivalent to the 50 % of L2
before and after  connecting the resonators. 

Fig. 20.  Comparison of the harmonic current spectrums for the
proposed frequency-adaptive multi-resonant LQG servo controller
when Lg equivalent to the 50 % of L2. 

TABLE IV 
EXECUTION TIME 

Full algorithm 38 µs 
PLL + communications + acquisition + etc. 24 µs 
Servo controller + DC control 8 µs 
SSKF 4 µs 
Frequency-adaptive resonators 2 µs 

Fig. 21.  Simulation results considering SCR = 10. Response to a
step of reactive current ( 2

r
di  = 10 A to 2

r
di = 20 A). 

(a) (b) (c)
Fig. 22.  Effect of the SCR on the proposed controller: (a) infinity norm
of S and (b) position of the closed-loop pole of the 18ω1 resonator. (c)
Effect on the infinity norm of S considering 0.8·L1. 

Fig. 23.  Map of the stable region (blue areas) in function of L1 and L2
when Lg = 0. (a) Controller and (b) the effect of the SSKF. 

Fig. 24.  Simulation results considering L1 = 0.9 L1,n and L2 = 0.9 L2,n. 
Response to a step of reactive current ( 2

r
di  =  10 A to 2

r
di = 20 A). 
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VI. CONCLUSIONS

This paper proposes a frequency-adaptive multi-resonant 
current controller for LCL-filtered VSCs. The proposed 
controller is based on a LQG state-feedback controller, which 
integrates frequency-adaptive AFC-based IIR resonators in a 
servo-controller structure and uses a KF to not increase the 
number of sensors required to perform the control. The 
proposed frequency-adaptive AFC-based resonators are based 
on an IIR-filter implementation and an on-line tuning 
algorithm. The two main contributions of the article are the 
combinations of the well-known LQG control paradigm and 
the frequency-adaptive resonators in order to offer a multi-
resonant controller robust to grid frequency variations, and to 
provide a design guideline and procedure based on robust 
control criteria which, in combination with the LQR 
technique, offers flexibility in the control structure and 
automatizes the  design of the controller. The experimental  
results corroborate the performance and robustness of the 
proposed controller under distorted grid voltages, grid-
frequency variations and grid impedances. Although the 
implemented controller has not been designed to operate under 
unbalanced grids, following the proposed LQG control design 
process and extrapolating the control structure in order to 
consider the negative sequence, there would be no difficulty in 
designing a frequency-adaptive multi-resonant controller able 
to compensate unbalanced grid voltages. 
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