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Abstract—This article presents a multifunctional control sys-
tem for grid-connected converters with LC L filters that combines
indirect model predictive control (MPC) with a disturbance
observer and feedback correction. The proposed strategy enables
operation in both grid-forming and grid-following modes, with
seamless transitions between them. To protect the converter from
overcurrents, the converter current is limited in two stages: first
via a current-limiting structure integrated into the observer,
and second through explicit current constraints within the
MPC optimization problem. The presented results demonstrate
excellent reference tracking, mode transition, and fault ride-
through capability. The proposed method is compared with an
observer-based control system, highlighting the advantages of the
MPC-based approach.

Index Terms—Grid-connected converter, grid-forming con-
verter, model predictive control (MPC), optimal control.

I. INTRODUCTION

A converter connected to the grid through an LCL fil-
ter is a common configuration in renewable energy systems
and microgrid applications. These converters are typically
classified as either grid-forming or grid-following, with the
former acting as a voltage source and the latter as a current
source [1]. As new applications and requirements emerge, the
need for controller multifunctionality—including the ability to
handle various operating modes and conditions, as well as fault
tolerance—is increasing.

A conventional solution for controlling these converters is
a cascade controller [2]. However, the cascaded structure can
limit dynamic performance due to adverse interactions be-
tween the different control loops during transients. Moreover,
the design and tuning process can be laborious, and integrators
are prone to wind-up during faults or changes in the operating
mode.

More sophisticated techniques, such as the disturbance
observer in [3], can mitigate these problems by utilizing a
different controller structure while simultaneously providing
power synchronization capability. As a drawback, since the
observer is designed for use with an L filter, applying it
to a system with an LCL filter omits the filter dynamics,
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which leads to tracking errors in both grid-following and
grid-forming modes. This issue is addressed in [4], where
the observer accounts for these dynamics, but at the cost
of a significantly more complicated design. Moreover, power
tracking errors persist due to using only the converter current
measurement, and grid-following operation is not presented.

An alternative to the above-mentioned methods is model
predictive control (MPC), which offers higher bandwidth
while simultaneously addressing multiple control objectives.
Moreover, its unique ability to introduce explicit constraints
on system variables, such as the converter current, in the
optimization process ensures operation at the physical limits
of the system without violating them [5]. For grid-connected
converters, MPC with an explicit modulator—also known as
indirect MPC—is particularly advantageous, as it facilitates
compliance with harmonic grid standards. This approach has
been successfully applied to grid-following converters [6]—[8],
demonstrating the favorable performance that direct MPC can
achieve.

For grid-forming applications, existing examples have no-
table limitations. For instance, [9] presents a grid-forming
MPC algorithm but fails to fully exploit the potential of MPC,
as the lack of explicit constraints in the MPC problem leads
to overcurrents during faults. The method in [10] overcomes
this problem by incorporating an external current-limiting
strategy to prevent current distortion during faults. However,
the very short prediction horizon of one time step limits
the effectiveness of MPC. In [11], the authors propose a
method for power synchronization with MPC, but the approach
relies on heavy linearization of the system dynamics and is
specifically designed for an L filter, making it unsuitable for
systems with an LC'L filter.

While transitions between different operating modes are a
well-researched topic in linear control, see e.g., [12] and [13],
they have not been widely explored in the context of MPC.
The work in [14] relies on changing the weighting factors
in the objective function of one-step MPC to address mode
transitions. However, the chosen current-limiting strategy is
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Fig. 2: The equivalent circuit of the system in the aS-frame.

prone to producing non-sinusoidal currents, as noted in [10],
and the fault ride-through performance has not been demon-
strated. Similarly, the indirect MPC method in [15] adjusts the
weighting factors in the objective function to switch between
grid-forming and grid-following modes, and implements cur-
rent limitation in two stages.

This paper proposes a multifunctional control system for
grid-connected converters with LCL filters, addressing the
challenges identified in previous approaches. The method
combines a disturbance-observer-based outer loop [3] with
an inner loop designed in the framework of indirect MPC.
This structure leverages the strengths of both approaches—
including the fast power synchronization enabled by the ob-
server and the high bandwidth and explicit system constraint
handling provided by MPC—to enable operation in both grid-
forming and grid-following modes. As a result, it ensures
seamless transitions between them and facilitates adherence to
current limits during faults. The presented results demonstrate
the benefits of the proposed approach compared to using only
the observer-based controller.

II. SYSTEM MODEL

The selected case study considers a two-level converter with
an LCL filter connected to the grid, as shown in Fig. 1. The
equivalent circuit of the system in the af-reference frame is
presented in Fig. 2. Variables in the abc-frame are mapped to
the a3-frame using the reduced Clarke transformation matrix
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with the operation §,5 = K&, where &, is the variable
in the abc-frame and &, 5 is the corresponding variable in the
afB-frame.! In the following analysis, the system is modeled

n the following, variables in the o3-frame are written without a subscript,
while the subscript abc is used to denote variables in the abc-frame.

in the per unit (p.u.) system.
The differential equations describing the system dynamics
can be derived from the equivalent circuit in Fig. 2 as

Ly ) 1) — Rucom(t) — ve(t) + veam ()
(1a)
di,(t
L3028 B (8) — Baig(8) + velt) — wpee(t) (1)
do.(t . .
O vdt( ) - 'Lconv(t) - 7’g(t) . (1C)

The system parameters are the converter-side filter inductance
(resistance) L. (f2y.) and the grid-side filter inductance
(resistance) Ly, (If27,), respectively. The capacitance of the
LCL filter is denoted as (', and its internal resistance as R..
Moreover, Ry = Ry.+ R, and Ry = Ry, + R, denote lumped
resistances.

The converter voltage veny can be expressed us-
ing the three-phase modulating signal g ape(t) =

3
[Uref,o Uref b Urefc]’ € {—%, \%} and the dc-link voltage

Vac as

Vac

Uconv (t) = 7 Kuref,abc (t) : 2

The instantaneous value of the modulating signal is con-
%
signal injection, as discussed in Section IV. Moreover, to
simplify the analysis, the dc-link voltage Vj. is considered
constant.

To describe the system dynamics, the state vector is chosen

T
as ¢ = {iT il 'UT:|

strained to the range [—%, to enable common-mode

conv Lg Ve | € RY, i.e., it consists of the converter
current, grid current, and capacitor voltage, respectively. By
defining the system input as the three-phase modulating signal
U = Uref qbe, the output as the capacitor voltage y = v,
and the voltage at the point of common coupling (PCC) as a
disturbance d = vy, the system can be described with the
continuous-time state-space model

dz_?) = Fx(t) + Gu(t) + Pd(t)

y(t) = Cx(t).

The matrices F', G, and P are given in Appendix A.
To enable the discrete-time implementation of MPC, the
system is discretized with the sampling interval 7. Using

3
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Fig. 3: Block diagram of the proposed control scheme.

exact discretization, the resulting discrete-time state-space
model is

x(k+1) = Ax(k) + Bu(k) + Dd(k)
y(k) = Cx(k),

where A = ef'ls, B = fOTS ef7drG = —F (I — A)G,
and D = fOTS eF7dr P. Moreover, e is the matrix exponential,
I is the 6 x 6 identity matrix, and k € N is the discrete time
step.

“)

III. GRID-FORMING AND GRID-FOLLOWING CONTROL

The proposed control approach, shown in Fig. 3, supports
both grid-forming and grid-following modes. A disturbance
observer synchronizes with the grid and generates the capac-
itor voltage reference based on the demanded active power
and capacitor voltage magnitude in grid-forming mode, and
on the requested active and reactive powers in grid-following
mode. Subsequently, indirect MPC is employed to track this
reference by manipulating the modulating signal that is fed
into a modulation stage. Finally, to protect the converter from
overcurrents during faults, current limiting is applied in two
stages, namely within the disturbance observer, and through
explicit current constraints introduced in the MPC problem.

The following sections provide a detailed description of
each component of the control system. Specifically, Sec-
tion III-A discusses the disturbance observer and feedback
correction mechanism, Section III-B explains the first layer
of the adopted current limiting strategy, and Section III-C
presents the indirect MPC formulation.

A. Disturbance Observer and Feedback Correction

Building on [3], this work designs a disturbance-observer-
based control system for a grid-connected converter with an
LCL filter. The observer functions as the outer loop and
generates the capacitor voltage reference, thereby improving
the reference tracking of active and reactive power as well as
the capacitor voltage magnitude. This contrasts with [3], which
utilizes the observer-based approach to generate the converter
voltage reference for a converter connected to the grid via an L

filter. Specifically, the capacitor voltage reference is calculated
as?
Ve, ref,dg = f}c,dq + €dq , (5)

where ¥. 4, is the quasi-static capacitor voltage estimate
and ey, is the feedback correction term.’ The latter can be
computed based on the active and reactive power references
Pt and Qref, respectively, and the capacitor voltage magnitude
reference V. or. Specifically, the feedback correction term is
defined as

eqqg =kp (Pref - 15) + Eky (Ve rer — ||Dc,aqll2)
eqq = kp (Pref - P) + kK, (Qref - Q) ,

where (6a) is used in grid-forming mode and (6b) in grid-
following mode to facilitate the different control objectives
depending on the operating mode. Nevertheless, it is important
to note that if the current-limiting functionality of the outer
loop is activated, the feedback correction term is modified as
discussed in Section III-B. The selection of gains k,, k,, and
k, is discussed in Appendix B.

Using the feedback correction term, the quasi-static capac-
itor voltage estimate is given by

(6a)
(6b)

Ve,dg = / (ngedq + koedq) dt —koLygtg, 1)

where k, is the observer gain (given in Appendix B), and J
0 -1
1 0
The active and reactive power estimates at the PCC required
in (6) are

is the rotation matrix J =

P = tpee,dig,d + Upec,qlg,q - (8a)

(8b)

Q@ = Dpec,qig,d — Vpee,dlg,q »
respectively. Finally, the PCC voltage estimate required for
these power calculations is given by

Upee,dg = Vc,dq + WoLipgig,dq + Ryglg - )

Note that this estimate is also used in the state-update
model (4), which serves as the prediction model for the MPC
algorithm discussed in Section III-C.

B. Current Limiting

Relying solely on the constraints imposed during the MPC
optimization process to limit the converter current during a
fault can result in distorted currents [10]. To prevent this, the
references generated by the outer loop and passed to the inner,
MPC-based loop can be proactively limited, as done with
the current and capacitor voltage reference in [10] and [15],
respectively.

In this work, the capacitor voltage reference is limited using
the current control and limiting structure from [3], which mod-
ifies the feedback correction term originally given by (6). Since

2Quantities in the dg-frame are denoted by the corresponding subscript.

3To be precise, Ve ref,dq 18 the reference for the voltage across the capacitor
and the equivalent series resistance R.. However, since this resistance is
considered negligible in this work, it is omitted from the subsequent analysis.



the employed observer relies on grid—rather than converter—
current measurements, which are used in the derivation of
the capacitor voltage reference (see Section III-A), accurately
limiting the converter current requires defining an appropriate
grid current limit. To achieve this, (1c) is first transformed to
the dg-frame, yielding in steady state*

tg.dg = tconv,dg — WgCJ Ve dg - (10)
Following this, by setting the magnitude of the grid current,
given by

(11

equal to the maximum grid current I, ;,.x and adjusting the
converter current magnitude based on its maximum value
Ionv,max, the maximum grid current can be expressed as

H":g,quz = liconv,dg — wgCJ”aquQ )

iconv d
= Iconv,max - WgCJ'Uc,dq

12)

Ig,max = ’

Hiconv,dq”Q 2

Thus, the grid current limit is dynamically adjusted based on
the converter current and capacitor voltage.

To implement current limiting, the feedback correction term
given by (6) is modified. First, an unlimited grid current
reference is computed as

":g,ref,dq = ":g,dq + k_edq ) (13)
C

where k. = a.Ly, is the current control gain, with c. being
the current control bandwidth. This reference is subsequently
limited to I, ,ax. In this way, the grid current reference—
guaranteed to remain below its maximum allowable value at
steady state—is obtained according to

Lg,ref,dq> ‘ Lg,ref,dq ) < Ig,max
Lg,ref,dg = A . . (14
sref, >
=< - 4 Ig,maxa H'Lg,ref.,qu > Ig,max
g et,aa ], 2

Note that this approach preserves the phase of the grid current
reference. Using the limited reference (14), the new feedback
correction term is

€dq = kc(ig,ref,dq - 7:g.,dq) . (15)

If %gyref_’dq = 1 ref,dg> 1.€., the current limit is not reached, the
feedback correction term is given by (6). However, when the
current limiting is activated, the feedback correction term is
modified to ensure the converter current does not exceed its
limit, while tracking of the desired quantities is maintained
within the allowed current range.

C. Indirect MPC

To track the capacitor voltage reference obtained from (5)
and ensure compliance with the converter current limits,
a constrained optimal control algorithm underlying indirect
MPC is formulated in this work.

“Note that, although a steady-state analysis is considered, the converter
current is still constrained during transients by the proposed indirect MPC
scheme, as discussed in Section III-C. Hence, the assumption of steady-state
operation here does not compromise the current limiting performance of the
overall control scheme.

1) Objective Function: The objective function of the pro-
posed indirect MPC is formulated over a prediction horizon
of IV, time steps as

k+N,—1
T(k) =Y 1Yen(f + Dl + A [Aw(0)5+Ac S+ D)5 -

t=k (16)
In (16), Yo, (04 1) = yep(£+1) —y(£+1) is the tracking error
term, corresponding to the deviation of the capacitor voltage
from its reference. The second term in (16) corresponds to the
control effort term Awu({) = w(¢) — w(¢ — 1). This term is
penalized with the weighting factor A\, € RT, which is intro-
duced to adjust the controller bandwidth. More specifically, a
large value of )\, helps avoid aggressive control actions, e.g.,
in the presence of disturbances. On the other hand, a small
penalty on Aw enables faster settling times.

Finally, the converter current limit is enforced by the third
term of (16), i.e., the slack variable ((¢ + 1), weighted by
A¢c € R, This term is introduced due to the implementation
of the converter current limitation in the MPC problem as a
soft constraint, as discussed in the next section.

2) Hard and Soft Constraints: Two types of constraints are
considered in the optimization problem. The first type is hard
constraints, which are often used for actuation limits. Such
constraints cannot be violated and are fully respected under all
operating conditions. In this work, they are used to constrain

2 2

the modulating signal u(¢) to the range [—75, 75]3 with

—%13 Su(l) = %13,

where 13 is a three-dimensional vector of ones.

Soft constraints, on the other hand, typically relate to
physical and safety limits. It is desirable that these constraints
are not violated, but small violations may occasionally be
allowed to avoid numerical issues that could lead to feasibility
issues in the optimization problem. As such, soft constraints
are imposed on the converter current to keep it below its
maximum allowable value Icony,max, thus ensuring that the
hardware is protected. To this end, the soft constraints for
the converter phase current icony,,; in phase z € {a,b,c}, are
formulated as

a7)

g(é) Z iconv,m(g) - Iconv,max 9 (183)
g(é) Z _iconv,m(f) - Iconv,maxa (18b)
¢(€) >0. (18¢)

With the presented formulation, the slack variable ((¢) corre-
sponds to the maximum deviation of the converter phase cur-
rent from its limit Jeony, max, 1.€., it is zero when the converter
current is within the limits. If the converter current exceeds
the limit, {(¢) takes a positive value, which is penalized in the
objective function (16). The weight of the slack variable A¢
should be set to a high value, i.e., multiple orders of magnitude
larger than the other weights, to ensure that the converter
current limitation is prioritized in the optimization process.



TABLE I: System parameters

Rated voltage Vg 400V Filter resistance Ry 0.008 p.u.
Rated current Ir 18A Filter capacitance C' 0.040 p.u.
Apparent power S 12.5kVA | Capacitor resistance R, 0.008 p.u.
Grid frequency fg 50 Hz Grid resistance Ry 0.006 p.u.
Dc-link voltage Vg  2p.u. Grid inductance L4 (strong) 0.13p.u.

Filter inductance Ly, 0.081p.u.| Grid inductance Ly (weak) 0.81p.u.
Filter resistance Ry, 0.008 p.u.| Sampling interval T’ 152 us
Filter inductance Ly, 0.081 p.u.| Switching frequency fow 3.3kHz

TABLE II: Controller parameters

Indirect MPC
Prediction horizon Np 4
Control effort weight Ay, 0.01
Converter current limit Icony,max  1.2p.u.
Slack variable weight \¢ 106
Disturbance observer

Active power gain kp 0.2p.u.
Voltage gain k, 1
Reactive power gain kq 0.2p.u.
Observer bandwidth «, 1p.u.
Current control bandwidth c 12 p.u.

3) Optimization Problem: The resulting optimal control
problem, formulated in the framework of indirect MPC, is

‘minimize  J(k)

U (k) e R*Np

subject to (¢ + 1) = Az({) + Bu({) + Dd(¢)
yl+1)=Czx({+1)
Au(l) = u(l) —u(l —1)

3

u(l) € -5, 3] (19)
C(é + 1) Zconv,ac (é + 1) Iconv,max
C(é + 1) = _Zconv,z(é + 1) - Iconv,max
C¢+1)>0
Ve=k,....,k+N,—1.

~ T
The optimization variable is U (k) = [UT(k) ZT(k)} , with

Uk) = [u(k) wT(k+1) T(k+N,-1)]"

being the sequence of modulating signals over the prediction
horizon, and

Z(k) = C(k+N,)]"

being the slack variables over the horizon. To solve the
optimization problem (19), it can be reformulated as a standard
quadratic program (QP) to enable computationally efficient
solving on an embedded platform using a QP solver, see
e.g., [8]. Note that, according to the receding horizon policy
of MPC, only the first control action—i.e., the three-phase
modulation signal corresponding to time step k—is fed into
the modulator. The remaining elements of the optimizer are
discarded, and the entire procedure begins from scratch in the
next controller iteration over a one-step-shifted horizon. In this
way, feedback is provided to the MPC algorithm, improving
its robustness [5].

[C(k+1) C¢(k+2)

IV. PERFORMANCE EVALUATION

The performance of the proposed control system is eval-
vated and compared with the observer-based control system
presented in [3] using MATLAB simulations. The system
parameters are listed in Table I, while the controller parameters
are provided in Table II.

The converter switching frequency is set to 3.3kHz, and
the switching commands are generated using asymmetric
regularly sampled carrier-based pulse width modulation (CB-
PWM), resulting in a sampling interval of Ty = 152 us. To
enable operation in the extended linear modulation region, the
common-mode signal

Uem(k) = —0.5(min(u(k)) + max(u(k)))

is added to the modulating signal w (k). This common-mode
signal injection results in an equivalence between CB-PWM
and conventional space-vector modulation [16].

To mitigate the effects of capacitor voltage ripple, asyn-
chronous averaging is applied to the capacitor voltage. Multi-
ple samples (20 in this work) are taken during each sampling
interval and averaged.

For comparison purposes, the observer-based control system
n [3] is also implemented according to the analysis and
guidelines presented therein. It requires an inductance estimate
f), which is set to match the total filter inductance, resulting in
L=1L tg + Lyc. The voltage drop across the filter resistances
is compensated by adding an offset (R;, + Rjc)icony tO
the converter voltage reference. Note that, as the LC L-filter
dynamics are not accounted for, the observer uses the converter
current as a feedback signal. The gains are selected in a similar
manner to this work, while the control parameters are identical
to those presented in Table II.

A. Normal Operating Conditions

In the first case, operation under a weak grid with L, =
0.81p.u. is considered, corresponding to a short-circuit ratio
(SCR) of 2. The transition of the converter between grid-
following (gfl) and grid-forming (gfm) modes is tested by
applying power reference step changes in both modes, as
shown in Fig. 4. The controller operates in grid-following
mode for the first 0.3 s before switching to grid-forming mode.

The results demonstrate that the proposed control scheme
transitions seamlessly between operating modes. Unlike the
plain observer-based controller (see Fig. 4(a)), the proposed
approach completely eliminates the tracking error in reac-
tive power while operating in grid-following mode and in
the capacitor voltage magnitude during grid-forming mode.
Additionally, during transients in grid-following mode, the
MPC effectively dampens oscillations in the active power
and capacitor voltage magnitude, whereas the observer-based
controller exhibits larger overshoots.

Similar observations are made in the second case, where
a strong grid with L, = 0.13p.u. (SCR 12.2) is considered.
The results, shown in Fig. 5, use the same reference sequence
as in the weak grid case. As with the weak grid, using only
the observer-based control system results in a tracking error
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Fig. 4: Weak grid under ideal operating conditions. From top to bottom: active power P (magenta), reactive power () (green), and their references (dashed
and dotted lines, respectively); capacitor voltage magnitude V. and its reference (dashed line). The controller operates in grid-following mode (gfl) for the

first 0.3 s and then switches to grid-forming mode (gfm).
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Fig. 5: Strong grid under ideal operating conditions. From top to bottom: active power P (magenta), reactive power () (green), and their references (dashed
and dotted lines, respectively); capacitor voltage magnitude V. and its reference (dashed line). The controller operates in grid-following mode (gfl) for the

first 0.3 s and then switches to grid-forming mode (gfm).

in reactive power during grid-following mode. Moreover, the
proposed control system results in a faster transient response
to active power steps. These results confirm that the proposed
control strategy achieves excellent steady-state and dynamic
performance, regardless of the grid strength.

B. Grid Voltage Sag

The fault ride-through capability of the controllers is evalu-
ated under a symmetrical three-phase fault in the strong grid.
At 0.05s, the grid voltage drops from 1 to 0.3p.u. and is
restored at 0.15s, see Fig. 6. As shown, the peak current
produced by the observer-based method during the transient
is 1.6 p.u., which could cause the converter to trip as a safety
measure. In contrast, thanks to the explicit current constraints,
the MPC-based scheme effectively limits the converter current
to its maximum allowable value. The small violation observed
is attributed to the PCC voltage being estimated assuming
steady-state conditions. Finally, the oscillations in the active
power and capacitor voltage magnitude with the proposed

control strategy result from the converter current saturating
at the limit and thus deviating from its sinusoidal form.

V. CONCLUSIONS

This article presented a multifunctional control method for
grid-connected converters with LCL filters. The proposed
approach integrates a disturbance observer with feedback
correction for grid synchronization and constrained optimal
control implemented as indirect MPC to track the capacitor
voltage reference. This structure allows the converter to oper-
ate in both grid-forming and grid-following modes and switch
seamlessly between them. In the event of a fault, the converter
current is limited using explicit constraints within the MPC
framework, complemented by the current-limiting structure of
the disturbance observer-based outer loop. Simulation results
demonstrate excellent reference tracking, mode changing, and
fault ride-through capabilities. Comparisons with the observer-
based control system show that the proposed method achieves
superior performance in both steady-state and dynamic con-



Power
=

=
T

Voltage
o
bl —

Vyvv-.‘.

Current
= (==} —

(a) Observer-based control scheme [3].

(b) Proposed indirect MPC-based control scheme.

Fig. 6: Operation under fault in the strong grid. From top to bottom: active power P and its reference (dashed line); capacitor voltage magnitude V. and its
reference (dashed line); three-phase converter current %cony,qpe and the current limits (dashed lines).

ditions while ensuring operation of the system within its safe
operating limits.
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APPENDIX A
STATE-SPACE MODEL MATRICES

The matrices F', G, and P used in the continuous-time
state-space model (3) are

R R. 1
_Lfch2 LfcI2 _L_fcI2
_ | R R 1
F=170 —25h 70,
&1 —&1, 02x2
02x2
Vie 1
AR
fc 4x2 fg 0552

The dimensions of the zero matrices 0 are given in the
subscripts.

APPENDIX B
TUNING OF THE OBSERVER-BASED LOOP

The gains k,, k., and k, in (6) are selected as follows. For
the grid-forming mode (6a), the gains are defined as
L ’Uc,dq k?v _ (I2 _ ka) ’Uc,dq

k, = P
P ||”c,dq||2 ’

a pr’c,dq”? 7
and the observer gain is chosen as

ko =0aodly —wyd. (20)

While an alternative selection is possible, the above choices
are recommended based on [3], as they provide desirable
performance even in very weak grids.

For the grid-following mode (6b), the gains are given by

f)pcc,dq
[[@pec.dall2

Upce,dg

ky =k, ky = —kgJ

[@pcc,dqllz

In this operating mode, the observer gain k, can be set as
k, = a,I5, which results in different disturbance rejection.
However, for simplicity and consistency, the observer gain
given in (20) is used in both modes.

Finally, parameters k,,, k,, kq, and «, are selected according
to the guidelines in [3] and are listed in Table II.
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