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Adaptive Model Predictive Control for
LCL-Filter Grid-Tied Inverters

Hasan Zamani

Absitraci—This article proposes adaptive continuous-
control-set model predictive control (CCS-MPC) for three-
phase LCL-filter grid-tied inverters in the stationary frame.
The proposed control provides stability against the LCL-
filter resonance and removes the need for active damping
or passive damping. Furthermore, it can track sinusoidal
references in the stationary frame close to zero offsets.
Inductance variation of a grid is a challenging issue, which
can shift the LCL-filter resonance. Even though CCS-MPC
generally has good stability for parameter mismatches,
the control is optimized for the nominal value of the pa-
rameters. A relatively large variation may deteriorate the
performance of the control and cause instability in the
closed-loop system. To solve this problem, the concept of
CCS-MPC is developed to work with a variety of the grid-
inductance changes. The controller coefficients are chosen
with a sensitivity analysis to provide enough gain margins
and phase margins for the whole interval of the presump-
tion grid-inductance variation. Also, this selection guar-
antees the control robustness against mismatches of the
LCL-filter capacitance and inductance. The real-time com-
putation of advanced controllers is a challenging issue. The
computation burden of the proposed CCS-MPC is mostly
performed offline and just some simple numerical expres-
sion is executed in real time. Thus, it does not require a
powerful but expensive processor for implementation. The
simulation and experimental results prove the performance
of the proposed controller for handling the LCL-filter reso-
nance, grid-inductance variations, and tracking sinusoidal
references.

Index Terms—Computation time, continuous-control-set
model predictive control (CCS-MPC), inherent robustness,
LCL-filter resonance, sinusoidal references, steady-state
offset.

I. INTRODUCTION

RID-TIED inverters deliver power from renewable energy
sources to power grids and have attracted attention in
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recent years [1]. Usually, an L filter or an LCL filter is integrated
between the inverter and the grid to reduce the total harmonic
distortion of the injected currents (THD1i). The advantages of the
use of an LCL filter are the remarkable attenuation of switching
harmonics, lower weight and size of the total hardware, and less
cost-expensive with higher efficiency.

To control the waveform of the injected currents and the power
factor precisely at the common coupling point with the grid, the
grid-side currents are selected as the control variables [2], [3].
When the grid-side currents are the control targets, the LCL-filter
resonance can make the closed-loop system unstable. To tackle
the resonance different approaches are addressed in publications,
which are mainly divided into active damping (AD) and passive
damping (PD) [4], [5], [6], [7], [8]. Usually, AD needs an
extra sensor for measuring a state variable of the system, which
increases the total cost and reduces the reliability. PD adds a
passive resistor in parallel or series with one element of the LCL
filter and, thus, increases losses [9], [10].

From the other perspective, designing a high-performance
control method that does not degrade the ability of the LCL
filter to attenuate switching harmonics is necessary and is the
aim of this research. This control has to remove the need for AD
or PD and respects the requirements, such as high performance,
zero steady-state offsets in tracking the sinusoidal references, ro-
bustness against the grid-inductance variations, and mismatches
in the LCLAfilter elements. A variety of control methods, such
as sliding-mode control, deadbeat predictive control, and state-
feedback control are developed for grid-tied inverters [3], [11],
[12],[13], [14]. Basically, these control methods do not eliminate
the need for AD or PD.

Model predictive control (MPC) has received overwhelming
attention in industrial and academic societies in recent years [2].
MPC in power electronics is divided into two groups. The
first group, which is called finite-control-set-MPC (FCS-MPC)
solves an optimization problem in real time by considering the
limited numbers of switching states of a power converter [15],
[16], [17]. FCS-MPC has an excellent performance, which can
be implemented for linear or nonlinear systems, but it does not
remove the need for AD or PD [17], [18].

The second group is continuous-control-set-MPC (CCS-
MPC). This method solves the optimization problem analyti-
cally and the control law is computed offline. The results are
some simple numerical expressions in the continuous space.
Contrary to FCS-MPC, the control voltages are realized with a
modulator unit, and with a fixed-switching frequency and, thus,
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lower THDi [19]. There are a few publications about CCS-MPC
in power electronics and particularly for grid-tied inverters.
In [20], [21], and [22], CCS-MPC is implemented for an L-filter
inverter that is not confronted with the resonance issue, but the
injected current has less quality than an LCL filter. The main
difference between the algorithm in [22] and [20] or [21] is
the way the reference currents in [22] is generated to control
the active and reactive power for balanced and unbalanced
grid voltages, while the reference currents in [20] and [21] are
constant.

An LCfilter current-source converter is controlled by CCS-
MPC in [5]. Its cost function contains the voltage of the filter
capacitor as a state variable, which damps the resonance. The
same configuration is implemented in [23] for a local resistive
load that removes the need for AD. The inverter-side currents
are the control variables of CCS-MPC for an LCL-filter inverter
in [24] and [25]. Choosing the inverter-side currents as the
control targets removes the need for resonance damping [2].
In[19] and [26], the grid-side currents together with the capacitor
voltages of the LCL filter are included in the cost function of
CCS-MPC. In [27], CCS-MPC is designed with a PD method
to control the grid-side currents of a 4-leg LCL-filter inverter.
In [28], there are two loops to control the grid-side currents.
The outer loop controls the grid-side currents and a PI control
is implemented. The inner loop controls the capacitor voltages
and inverter-side currents with CCS-MPC. Therefore, two extra
state variables are used and to reduce the number of sensors, a
state estimator is designed and implemented.

As a summary, in the relevant papers for CCS-MPC, the
stability against the LCL-filter resonance is guaranteed with
either of the following two approaches: the inverter-side currents
are the control targets, or their cost function includes some
state variables. In each case, the state variables are measured
by extra sensors or estimated by an observer, which increases
the hardware cost and/or the control complexity.

In this article, it is shown that CCS-MPC has inherent ro-
bustness against the LCL-filter resonance and does not need
extra sensors for AD. The other feature of CCS-MPC relies
on its ability to track sinusoidal references in the stationary
frame. The control is designed in the stationary frame because
in the synchronous frame there are heavy cross-coupling terms
between the dgq axes and the order of the model is larger [18].

The control law of CCS-MPC contains past outputs, inputs,
and the reference trajectory. It is shown that the past inputs
and outputs in the control law guarantee robustness against the
LCL-filter resonance, while considering the reference trajectory
guarantees zero offsets in the tracking of sinusoidal references.

Inductance variation of a grid is a challenging issue in the
LCL-filter grid-tied inverters, which arises instability. Even
though CCS-MPC generally has good stability for parameter
mismatches, the control law is optimized for the nominal value
of the parameters. A relatively large variation may deteriorate the
performance of the control and cause instability in the closed-
loop system. To solve this problem, the controller parameters
for a set of grid-side inductances are derived offline and a model
for each coefficient of the control law is derived with a linear
regression method. In simulation time or real time, the grid
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Fig. 1.
verter.

Configuration of a three-phase LCL filter-based grid-tied in-

inductance is estimated with the method reported in [27] and
the parameters in each condition are updated.

A summary of the proposed controller advantages is as
follows.

1) The proposed MPC has inherent stability against the LCL-
filter resonance, and extra sensors are avoided.

2) To handle large variations in the grid inductance, an
adaptive CCS-MPC is proposed.

3) The optimization routine of the proposed control is
performed offline and results are simple numerical ex-
pressions that can easily be implemented in low-cost
processors.

4) Zero steady-state offset is guaranteed by parametrizing
the control law and considering the reference trajectory
during the control horizon.

5) To control the power factor precisely, the grid-side cur-
rents are selected as the control targets.

6) The parameters of the control are tuned via a sensitiv-
ity analysis including stability against grid-inductance
variations.

The rest of this article is organized as follows. The system
is modeled in Section II. In Section III, the concept of CCS-
MPC is developed for LCL-filter grid-tied inverters, and the
method to synthesize references in the stationary frame to control
active and reactive currents is proposed. Also, the method to
select parameters of the control based on the obtained transfer
functions as well as the method to handle grid-side inductance
variations are explained. To verify the controller performances,
the simulation, and experimental results are given in Sections
IV and V, respectively. Finally, Section VI concludes this
article.

Il. MODELING OF THE LCL FILTER IN THE STATIONARY
FRAME

Fig. | shows a three-phase LCL-filter grid-tied inverter with
L is the inverter-side inductance, L» is the grid-side inductance,
C'is the capacitance of the LCL filter, r1 o, and r are the parasitic
equivalent series resistance (ESR) of the filter inductance and
capacitance, respectively. Just the grid voltages and the grid-side
currents are necessary to be sampled for the control. The ESRs
are ignored in all simulation tests to evaluate the performance
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TABLE | Formulation of CCS-MPC requires the controller autoregres-
INVERTER SPECIFICATIONS sive integral moving average (CARIMA) model of the sys-
Symbol Quantity Value tem [32]
L1 Inverter-side filter inductance 3 mH e( k‘)
Lo Grid-side filter inductance [1 12] mH A(z71} k) = ZidB 2 Dulk =1 +C P 8
C Filter capacitor 20 uF ( )y( ) ( ) ( ) ( ) A ®)
r11, 712 Parasitic resistance of inductors 13 mQ/mH . 1. . 1
ro Parasitic resistance of Capacitor 20 m$2 Wlth zZ 18 the baCkWElI'd Euler Shlft OperatOI‘, A = 1 — 2z N y
Ve DC bus voltage 650 V and w are the output and the input of the system, e is the variable,
v Grid voltage 380 Vrms which models noise, and d is the input—output delay. A and B
fsw Switching frequency 10 kHz . . 1 .
Fres Resonance frequency [726 1300] Hz are polynomials in 2+ of order n, and ny, respectively
f Grid frequency 50 Hz 1 1 5
S Apparent power 5 kW A (2’7 ) =1l4az7 +az "+ +apz "

of adaptive CCS-MPC without any damping in the circuit. The
design requirements of the LCL filter are [29], [30], [31] as
follows.

1) The fundamental reactive power generation by the capac-
itors of the LCL filter should not exceed 10% of the rated
apparent power .S.

2) The fundamental voltage drop due to the grid-side and
inverter-side inductances should not exceed 10% of the
rated voltage. Otherwise, a higher dc-link voltage is re-
quired, which increases switching losses.

3) The resonance frequency of the LCL filter should be
between 10 times the line frequency and half of the
switching frequency.

Respecting the requirements, the LCL-filter parameters are
listed in Table I . The capacitance is selected a little higher to
evaluate the control robustness when the ESRs in the experi-
ments cannot damp the resonance.

The dynamic equations of the system in the stationary refer-
ence frame are

; di’,
vl = rppil + Lo o + vl ()
: dig
Ve = T2 + La ) @
dvs
¢ =(C—= 3
vl =S + 1l )
it =i + 4 5)

with z € {a, 5}, i and g are the superscripts for the inverter-side
and the grid-side variables, v_ is the voltage across the capacitor
and its parasitic resistance. The transfer function relating the
grid-side current and the inverter voltage with neglecting ESRs
are
. 2
Gsys(s) = ‘e - ! 77 (6)

i 2 2
v Lo s s? + wi

with the parameters given by

Y Lo+ Ly 1 o
eV Ll C - VL, C’

To obtain Gy (s), the grid voltage is set to zero. A feed-forward
term of the grid voltage to the control output can compensate
for this simplification [25].

B(Z_l) = b0+b12_1 +b22_2+ ...+bnbz—ﬂ,b. (9)

Regarding the input—output delay, d = 1 is considered from
here on. It is also further assumed white noise, so C(z71) = 1.
Equation (6) is discretized with a 10 kHz sampling frequency for
different values of Ly in the interval of [1 12] mH, and different
CARIMA models are derived. Then, the control law for each
CARIMA model is extracted, regressors for spanning the space
of the problem are selected, and models for each coefficient
of the control are derived. These models are used in real time
or simulation time and heavy computational requirements are
avoided.

I1l. MoDEL PREDICTIVE CONTROL
A. Derivation of CCS-MPC’s Control Law

The control law of CCS-MPC is derived by solving the
optimization problem for the cost function given by [32]

Ny 9 N 2
I=3 ot + Dl —wle)|[ +2 > [[Autk+i-1||

(10)
with §(k + j) and w(k + j) are the j-step ahead predicted
output and the reference set point, Au(k) is the controller output
variation, Ny, N, and A are the prediction horizon, control
horizon, and weighting factor, respectively. 3(k + j|k) is used
instead of y(k + j) to explain that this variable is predicted
(based on the past and future value of the system variables up to
the instance k). In the following, N. and N is assumed equal to
N. Solving the optimization problem, (10) needs the prediction
of outputs for the interval N, which can be obtained by solving
the Diophantine equation:

1=E; (=) A(z") +27F; (z7) (11)
with A = AA, Ej;, and F}; uniquely defined polynomials of
degrees 7 — 1 and n,. They are obtained by dividing 1 by A
for IV steps. The remainder of each step is factorized as 27 F,
and the quotient of division is E;. Multiplying (8) by AE;z
yields

E; (271) A (271) y(k+J)
=B (= ") B(z ") 2 "Aulk+5) + B (271) e(k + 7).
(12)

e(k + j) relates to the future and is set to zero. Substitution of
Ej(z~')A from (11) in (12), and then leaving y(k + j) in the
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left-hand side and the other terms on the right-hand side, the
prediction equation is obtained

gk+j|k)=G;jAu(k+j—1)+ Fy(k) (13)
with G; = E; B. There are recursive equations for the polyno-
mials:

Eji1=Ej+ 27 fio

firri = fiier = fi0Givr 1=0--(na —1)

Gj+1 = Gj + fj_’ozijB
with f;, is the ith coefficients of F}, d;11 is the (i + 1)th
coefficient of A. The prediction equation contains both past

signals and future signals. The matrix form of the prediction
equation that separates the signals for j = 1,..., N is

Y = G;U + FY, + G,U, (14)
with
Y = [§(k + 1K), §(k + 2[k), ..., §(k + N|k)]"
YYP = [y(k)vy(k - 1)7 .o 7y(k - na)]T
U = [Au(k), Au(k +1),...,Au(k + N — 1)]"
Up = [Au(k — 1), Au(k — 2),..., Au(k — ny)]"
[ 90,0 0 0
g1,1 g1,0 0
Gy = ) .
lIN,N-1 GN,N-2 gnN,0
_90,1 9o,nb fo,o fo,na
91,2 1,mp+1 fio f1.na
G, = | JF=|" .
|gN,N INny+N fno fNn,
(15)

with g; ; is the ith coefficient of G;. F'Y,, + G,U, in (14) only
depends on the past and is called the free response. Equation
(14) can be rewritten as

Y =GU+ f (16)

with f = FY), + G,U,. The matrix form of the cost function

using (16) in (10) is
J=(GU+f-W)(GU+f-W)+UTAU  (17)

with W = [w(k + 1),w(k +2),...,w(k + N)]Z. By setting

the derivative of J with respect to U to zero, the control law
is determined

U= (G;Gs+M)'GF(W = f) (18)

with I is the identity matrix. U is a vector that contains control
signals in the interval of k = O to & = V. In each sampling time,
just Au(k) is selected and applied to the process

Au= KW - f) (19)

with K is the first row of (G} Gy 4+ AI)~' G} . There are recur-
sive equations for the polynomials.

Fig. 2. Space vector of reference current in the synchronous and
stationary reference frames. 6, which is the PLL output, is the angle be-

tween the a-axis and the d-axis. 6* is the angle of ?dq in the synchronous
dq frame.

B. References Synthesizing

To remove phase and amplitude offsets in the response of the
control, the KW term in (19) is parameterized by considering
the trajectory of references over the control horizon N. It is
more convenient to set the references in the synchronous frame,
and then convert them to the stationary frame. The space vector
of the reference currents qu in the synchronous frame is

Gag =iy + jiy = I"e?” (20)

with ¢, is the dg reference currents, I™ is the sum squared root of

the dq reference currents, 6* is the angle between qu and the d-
axis. Fig. 2 shows all variables in the stationary and synchronous
frames. I* and 6* are obtained as

I' =\ fit + it @1
0" = arctan (%) ) (22)
]

The electrical angle 6(k) between the «-axis and d-axis is
supplied by a phase-locked loop (PLL). According to Fig. 2,
0* is added to A(k), and the angle of 74, with respect to the
«-axis is derived. Also, the evolution of # at the time instant

k + i can be predicted as
0(k +ilk) = 0(k) + iTswe (23)

with T is the sampling time, with fundamental frequency w,
assumed constant. Therefore, the reference currentsat ¢t = k + ¢
are

if, = I"cos(0" + 0(k) + iTswe.)
iz = I"sin(0" + 0(k) + iTswe)

(24)
(25)

and the KW term becomes

N
KW;, =1I" Z K(i)cos(0* + 0(k) + iTsw.) (26)
i=1
N
KW, =I" )" K(i)sin(0" + 0(k) + iTuw).

i=1

27

Adding a feed-forward term of the grid voltage to the control
output reduces the injected current distortion due to grid voltage
harmonics. 79 based on the superposition theorem for a sim-
plified circuit where the LCL filter is approximated with an L
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filter with L = L; + Lo, which is valid sufficiently below the
resonance [33], can be written as

9 = GL'UZ‘ngo - GLUg

(28)

vt=0
with G, = i It is assumed that the inverter is ideal, and the

control output u(k) is equal to the inverter output v* (v = u(k))

9 = Gp(v' +v9) — Gpvd = Gpv'. (29)
Equation (29) shows that with this modification, the injected
current does not depend on the grid voltage and its harmonics.
C. Closed-Loop and Open-Loop Relationships

Once the control law is derived, it is possible to obtain the
closed-loop poles. First, control law should be rewritten as
negative orders of z. Using f = FY, + G,Up in (19) yields

Au =KW — KG,Up — KFY,,. (30)
KGpU, can be rewritten as
KG,U, = K,(z )Au(k — 1) (1)
with K, (27 1) given by
N N
K, (27 = Z Kigp, o+ +27" Z Kigp, .,
i=1 i=1
and K I'Y), can be written as
KFY, = Ky(="")y(k) (32)

with K, (27!) given by

N N
K,(z') = ZKifi,O SRR A ZKifi’"“'
i=1 i=1

Using (31) and (32) in (30) yields
Au(k) =KW — K, (2~ ") y(k) — K, (z7') Au(k — 1).
(33)

The future reference trajectory does not affect the characteristic
equation. For the stability analysis, the reference set points in
the interval V are kept constant, i.e., w(k + j) = w(k), and KW
becomes

N

r(k) = KW = w(k) Y K(i).

i=1
Substitution (k) = KW in (33) and rearranging the equation
yields

Au(k) =Ti(z (k) — To (z71) y(k)
with Ty (271) and T3 (2~ 1) given by
Tl(z_l) = (1 + z_lKu(z_l))

(34)

-1

K.

Using (34) in (8), the closed-loop transfer function G.(z71)
relating y(k) and (k) is obtained

To(z') = (1 + z’lKu(zfl))

Ge(271) = ylk) _ (AA + Bz'T) ™' Bz

D) (35)

r N\ [T | ul) [B] y()

B =

7 L) 4
(T2)
7]

Closed-loop structure of CCS-MPC.

Fig. 3.

Fig. 4.

PM and GM for Ly=1 mH when varying N and .

The denominator of (35) is the characteristic equation of the
closed-loop system. The resulting closed-loop control scheme
is shown in Fig. 3. The controller parameters are selected based
on stability analysis of the open-loop transfer function G o, (2~ b,
which is derived by defining err(k) = (k) — y(k) as the input
and y(k) as the output. Cross-multiplication of the first and third
sides of (35) yields

(36)

which results in

y(k) _ Ge(27Y)
r—yk) 1-G.(z71)

Gop (271) = (37)

D. Selection of the CCS-MPC Parameters

MPC parameters N and A have a direct influence on the
stability and the performance of the closed-loop system. To
choose a value, the PM and GM of G, (27!) in (37) are studied.
It is important to notice that the references in (26) and (27)
are synthesized in real time and computation time increases
with N. Therefore, the maximum value of GM and PM for
the lowest value of N is searched. Figs. 4 to 7 shows PM and
GM variations for Ly, =1 mH and 12 mH when varying N
in the interval of [3 12] and X in [0 0.3] 2. It is observed
that the combination N =11 and A = 0.06 22 fulfills the
requirements. PM=63.65° and GM=6.02 dB for L, =1 mH,
and PM=57.78° and GM=5.08 dB for L, =12 mH are marked
in the figure for this set. K,(271) and K, (z~!) of the control
law with Lo=1 mH and the selected parameters are

K, (') =0.302+ 0.063z "
Ky, (') =518 —130.912"" 4+ 128.082 % — 46.66z .
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GM (dB)

\

[S]

Fig. 5. PMand GM for Lo=1 mH when varying NV and A.

X:0.0601

0

Fig. 6.

GM (dB)

0 o : A

Fig. 7. PMand GM for Lo=12 mH when varying N and A.

The control law includes a sequence of past outputs with the
K,(z7!) polynomial and a sequence of past inputs with the
K. (z7') polynomial. The orders of K,(z!) and K, (2 !)
are equal to the order of the model’s output and input poly-
nomials [A(z!) and B(z 1) in (8)], respectively. This shows
that the proposed controller considers the internal interactions of
the system and, hence, mitigates all harmonics with frequencies
around the LCLfilter resonance and, thus, provides robustness
against the resonance.

The CARIMA model is obtained for different values of the
grid-side inductance in the interval of [1 12] mH with steps of
0.02 mH.

In each step, the same procedure for obtaining the control law
is repeated, and the coefficients of K, (z1) and K,(27!) are

‘— Estimated coefficients - - - Trends of coelficients‘
1 02

o
. y \‘\ !201 \\
<& 0 )
500 0
)4
1000

-2000
0

2000 0

[\ L}
&~ 1000 & -200

0 5 10 0 5 10
L, (mH) L, (mH)

Fig. 8. Models for coefficients of K., (z~1) and K, (z71).

64
63
62

55
61

PM (degree)
GM (dB)

60

59

45

58

5 N (N SN SN NN A SR I NN
1 2 3 4 5 6 7 8 9 10 11 12
L, (mH)

Fig. 9. PM and GM for N=11 and » =0.06 Q2 as functions of Lo,
the minimum values of PM and GM are 58 and 4.6 dB, respectively.

recorded. For each coefficient, a model is derived. After testing
different models, it is turned out that the following regressors x;
can precisely span the space of the problem for all coefficients

T = L27 T = 1/L2, r3 = 1/L%
for a model given by

b= X6 (38)

with ¢ is the approximated model, # is the parameter vector of
the model, X is the regressor matrix given by

X = [1 T, X2 x3] (39)

0 is calculated by the ordinary least squares method [34]. The
representative trends and their approximated model for the co-
efficients of K, (27') and K, (2~ ') are plotted in Fig. 8. There
are 11 models (N = 11) for K, which are not shown here. In
real time or simulation time, the coefficients are adopted from
these models according to the estimated grid-side inductance.

Fig. 9 shows variations of GM and PM when varying the grid-
side inductances. The minimum GM in this interval is around
4.8 dB, and the minimum PM is 58°. With this strategy, the
closed-loop system can remain stable for large variations of the
grid inductance.

The influence of updating the control law for the stability
of the closed-loop system is analyzed by the root loci of the
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Fig. 10.  Root locus in z-plane when varying the grid-side inductance.
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Fig. 11.  Root locus in z-plane when varying the LCL-filter capacitance.

closed-loop transfer function [see (35)]. Itis assumed that the pa-
rameters of the control law are initially selected for L; =3 mH,
Ly =2 mH, and C' = 20 uF.

The grid-inductance variations can be studied by the vari-
ations in the grid-side inductance of the LCL filter. Fig. 10
shows the root loci for some values of Lo. For Ly =1.5 mH,
the closed-loop poles remain inside the unity circle and the
system is stable. For Lo equal to or larger than 2.5 mH, the
system is unstable, and the inductance has to be estimated and
the controller parameters updated. Doing so, the unstable poles
return inside the unity circle. It is worth noting that no AD or
PD is used.

To study the robustness of the proposed controller for the
mismatch in parameters, the filter capacitance varies. Fig. 11
shows the root loci of the closed-loop poles. The system is stable
for capacitance between 80% and 130% of the nominal value.

Gsys Gsys+GPI Gop ‘
GM=-96 dB —>4 7

GM=-70 dB —>4

50 \// .
’ S
50 GM=4.7 dB \

0 T T T

100 [~

Magnitude (dB)
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£ 360 o
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-540 ]
102 108 10*
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Fig. 12. Bode diagrams of the LCL filter, the open-loop system in the

presence of the Pl control, and CCS-MPC.
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Fig. 13.  Grid-side currents together with 7* in the abc frame and in
the synchronous frame. The d-axis current at t=0.03 s, and the g-axis
current at ¢ =0.06 both are stepped up from 0 to 6 A, respectively, and
stepped down at ¢ =0.09 s and ¢t = 0.12 from 6 to 3 A.

Equation (6) shows that Gy, is symmetrical for L; and Lo,
and, therefore, variations of L; and Lo have the same effect.
Therefore, the given analysis for Ly is valid when varying L;.

Fig. 12 shows the Bode diagrams of Gyy(s) in (6), the
cascaded transfer function of Gly,(s) and a PI controller, and
Gop(271) in (37). The PI controller gains are tuned with the
symmetrical optimum method [35]. This figure shows that the
GMs of Gy(s), and the open-loop system in the presence of
the PI controller are negative, and therefore, the closed-loop
systems are unstable. But GM and PM of Gp(27!) are both
positive and provide a stable closed-loop system.

IV. SIMULATION RESULTS

In these tests, a 2 mH grid-side inductance is used. The dg
currents are converted to the o3 frame and the KW terms of the
control law are synthesized as explained in Section III-B. No
AD or PD is used.

Fig. 13 shows the grid-side currents in the abc frame and in the
synchronous frame, and I* in (21). The d-axis current is stepped
up at t= 0.03 s, and the g-axis current at t=0.06 s both from 0
to 6 A, and both stepped down from 6 to 3 A at ¢ =0.09 s and
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Fig. 14. Grid-side stationary currents in the steady-state condition.
(a) Evolution of references during the control horizon is ignored.
(b) Reference evolution and the grid voltage term are ignored. (c) Both
terms are considered.
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Fig. 15.  Simulation results of the grid-side currents when the grid

inductance is stepped up from 0 to 0.5 mH at ¢t = 0.05 s, and from 0.5 to
2 mH at ¢t = 0.08 s. (a) Control law is not updated. (b) Coefficients are
updated for 4 mH.

t = 0.12 s, respectively. The amplitudes of the abc currents are
limited to I, and the dg currents follow their references, which
shows the proposed controller tracks sinusoidal references with
zero steady-state offset. There is no oscillation in the response,
which demonstrates the inherent robustness of the CCS-MPC
against the LCLfilter resonance.

Fig. 14 shows the effects of considering the reference tra-
jectory during the interval N and adding the grid voltage to
the controller’s output. When the evolution of the references is
neglected, there is a phase offset in the response, the condition
is worse when the evolution of references and the grid voltage
term are ignored, and there is no offset either in phase or in the
amplitude when both terms are considered.

The influence of updating the control law is studied with step
changes in the grid inductance. The grid-side inductance of the
LCL filteris 1.5 mH (the resonance frequency is fs = 1.12kHz)
while the initial setting of the control coefficients are for 2 mH.
The grid inductance is stepped up at ¢ =0.05 s from 0 to 0.5 mH
(fres = 1 kHz) and stepped up from 0.5 mH to 2 mH (f.s =
885 Hz) at ¢ =0.08 s. Fig. 15 shows that the system starts
oscillating and instability arises for the 2 mH grid inductance.

Fig. 16. Laboratory test bench with (A) IGBT drivers, (B) inverter
dc-link capacitors, (C) IGBTs, (D) box of inductors, (E) current sensors,
(F) voltage sensors, (G) box of ac capacitors, (H) extra inductors,
(1) inverter, (J) oscilloscope, (K) dSPACE 1103, (L) ControlDesk.
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Fig. 17.  Overall control unitimplemented in a dSPACE 1103 prototype.

In the second test, the coefficients are updated and the system
remains stable. The results are confirmed by the root locus
analysis in Fig. 10.

V. EXPERIMENTAL RESULTS

The proposed control method has been experimentally vali-
dated with the laboratory setup shown in Fig. 16. The two-level
voltage source converter is a SEMIKRON Semiteach converter
platform, based on the SKM50BG123D three-phase IGBT mod-
ule. The dc-link capacitance is 1100 pF and is fed by a dc power
supply. The implemented IGBT drivers are SKHI 22AR.

The grid-side currents are measured by three A622 current
probes and the grid voltages by three P5200 HV high-voltage
differential probes. Data are recorded with the TDS 2004 C
Tektronix scope. The control has been implemented with a
dSPACE 1103 fast prototype interface. The grid-side induc-
tances are 3.0 mH with 5% tolerance. The filter capacitances are
20 pF.

The total control computation time of the CCS-MPC algo-
rithm is around 12 ps and a considerable part of this time is
dedicated to the reference synthesizing. The low computation
time is expected because the optimization routine is performed
offline. Fig. 17 shows the overall control algorithm, which is
executed in Timer 1 with a 10 kHz sampling frequency. The
grid-side inductance is estimated on site and the control law is
updated.
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(©

Fig. 18.  Grid-side currents when the d-axis current is stepped up from
2 to 6 A and the g-axis reference current is kept constant at 0 A.
(a) Grid-side currents and I* in the abc frame (5 A/div). (b) Grid-side
currents in the stationary a3 frame (5 A/div). (c) Grid-side currents in

the synchronous dg frame (5 A/div).
‘.
' W

Fig. 19. Grid-side currents in the abc frame (5 A/div). The d-axis
current is stepped up from 0 to 6 A and the g-axis current is set to 0 A.

TR

In the first test, the d-axis reference current is stepped up from
2 to 6 A and the g-axis current is set to 0 A. Fig. 18 shows the
grid-side currents in the abc, stationary, and synchronous frames.
The W matrix is parameterized by considering the evolution of
the reference in the control horizon N and the grid voltages
are added to the controller’s outputs. This figure shows that the
proposed controller tracks the references with no offset neither
in the amplitude nor in the phase. In addition, no oscillation is
observed in the responses, which shows the inherent robustness
of the proposed controller against the LCL-filter resonance. In
another test, the step response of the control from the standstill

10.0dB/div 125Hz (2.50kS/s)
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Fig. 20.  Frequency spectrum of the a-phase grid-side current.
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Fig. 21.  d-axis reference current is set to 0 A, and the g-axis is set to

6 A. (a) a-phase grid-side current (10 A/div) and grid voltage (90 V/div).
(b) Grid-side currents in the synchronous dq frame (5 A/div).
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Fig. 22. a-phase grid-side current together with the grid voltage and
the synchronous currents, (a) and (d) with considering the evolution of
the reference currents during the interval NV and adding the grid voltage
to the control output, (b) and (e) with neglecting the evolution, (c) and
(f) both terms are neglected.
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Fig. 23.  Grid-side currents in the stationary and synchronous frames,
the grid-side inductance is 1.2 mH. (a) Grid-side-currents in the station-
ary a3 frame (5 A/div) with Lo, = 1.2 mH. (b) Grid-side currents in the
synchronous dq frame (2 A/div).

is evaluated. Fig. 19 shows the results when the d-axis reference
current is stepped up from O to 6 A and the g-axis reference
current is O A. The references are well tracked and no oscil-
lation is observed. This test ensures the controller’s ability to
inject current with a unity power factor, which is important in
normal operation. Fig. 20 shows the a-phase grid-side current
spectrum in the above test. The fifth and seventh harmonics
are about 35 dB lower than the fundamental current. Therefore,
the THDI is about 2%, which is in accordance with IEEE Std.
1547-2018.

The grid-tied inverter is requested to inject reactive currents
during fault conditions to assist and improve the grid stability.
In the next test, the g-axis reference current is set at 6 A and
the d-axis reference current at O A. Fig. 21 shows the a-phase
grid-side current and grid voltage. Also, the grid-side currents
in the synchronous frame is shown. There is 90° phase shift
between the current and voltage and the references are tracked
with zero offsets.

The importance of considering the evolution of the refer-
ences over the control horizon N as well as adding the grid
voltages to the control output is analyzed in the next test. Fig. 22
shows the results for the following three scenarios.

Fig. 22(a) and (d): The grid voltages are added and the
evolution of the references is considered. There is no offset in
the response.

Fig. 22(b) and (e): The evolution is neglected, phase offset in
the a-phase current, and 2 A amplitude offset in the response of
the g-axis current are observed.

Fig. 22(c) and (f): Both terms are neglected. The condition
is the worst, 2.5 A offset in the g-axis current and 0.5 A offset

in the d-axis current appear and the currents are distorted. The
tests could be repeated for 1.2 mH grid-side inductances. The
d and q reference currents are set to 4 and 0 A, respectively.
The control coefficients have to be updated. Otherwise, in-
stability arises. Fig. 23 shows the stationary and synchronous
currents in the steady-state condition. The control tracks the
references with zero offsets and copes with the LCL-filter
resonance.

VI. CONCLUSION

In this article, an adaptive CCS-MPC was designed for an
LCL-filter grid-tied inverter in the stationary frame. Compared
to the synchronous frame, the model complexity is lower and
there is no coupling term between the axes.

It was shown that by parametrizing the control law with
considering the trajectory of the references over the control
horizon, CCS-MPC can track sinusoidal references, otherwise
suffer from somewhat similar to other linear controllers. The
parameters of the control were selected to provide the highest
possible values of GM and PM for the lowest value of V.

The proposed controller showed inherent robustness against
the LCL-filter resonance, which removes the need for an extra
sensor for AD that increases the total cost, or a resistor for PD
that increases losses.

The inductance variation of a grid is a challenging issue. It can
shift the LCL-filter resonance frequency and cause instability.
To solve this problem, an adaptive CCS-MPC was designed.
The control coefficients were derived and for each coefficient a
model was fitted by the linear regression method to avoid heavy
real-time computational requirements. Then, they were updated
in real time or simulation time according to the measured grid
inductance.

Finally, it was shown that CCS-MPC is not a real-time com-
putationally expensive algorithm.
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