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LC-filters Using Model Predictive Control: Impacts
on Grid-Forming and Grid-Following Control

Min Jeong
High Power Electronic Systems (HPE)
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Abstract—Conventional multi-loop controllers for voltage con-
trol of converters with LC'-filters usually have a limited control
bandwidth due to resonances. However, when model predictive
control (MPC) with a long-prediction horizon is applied, dynamic
voltage control with an excellent damping behavior can be
achieved. This enables VSCs with LC-filters to closely match the
behavior of ideal controllable voltage sources, which are desirable
for grid-forming and grid-following control. In this paper, the
impact of dynamic voltage control using MPC on such grid-
forming and grid-following control is analysed, and simulation
results are presented to validate the analysis.

Index Terms—Continuous control set (CCS) MPC, Indirect
MPC, Droop control, Current limitation, Power oscillation

I. INTRODUCTION

Voltage-source converters (VSCs) are widely used to in-
tegrate distributed power sources into the power grid. The
VSCs have been typically connected to the grid as grid-
following converters (GFLCs), which are controlled as current
sources assuming that the power grid is stiffly formed [1],
[2]. GFLCs regulate injected current levels based on current
references from power control loops and grid angles deter-
mined by phase-locked loops (PLLs). Currently, the assumed
stiff power grid is mostly supported/stabilised by centralized
synchronous generators (SGs) to maintain the required voltage
and frequency. However, the increasing share of renewable
energy sources is fundamentally changing the grid operation,
and the VSCs are gradually required to operate as grid-forming
units to regulate the system voltage/frequency and emulate the
inertia which is usually provided by SGs [3], [4]. There, grid-
forming converters (GFMCs) are controlled as voltage sources.

A typical three-phase two-level converter topology operat-
ing either as GFLC or GFMC is shown in fig. 1, where an
LCfilter is attached to the VSC and is connected to the grid at
the point of common coupling (PCC) via inductors L, which
partly can be realised by the line inductance. When the VSC
operates as a GFMC, the filter capacitor voltage vy is regulated
to track a voltage amplitude V' and a phase angle 6 reference,
i.e. the reference voltage is v, = V' Z6. Ideally, the VSC with
the LC-filter is expected to behave as a controllable voltage
source.
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Fig. 1. Three-phase two-level VSC with LC-filters connected to the grid
at the PCC and its equivalent per-phase phasor model with an approximated
controllable voltage source.

Often multi-loop controllers are used for voltage control as
shown in fig. 2(a), which have a cascaded structure including
an outer voltage control loop and an inner current control loop
[1], [2]. The current loop helps to damp the LC-resonance
for enhancing the system stability and to limit over-currents
in the system. However, the achievable control bandwidth
of multi-loop control methods for approximately acting as a
controllable voltage source is very limited due to the LC-filter
resonance [4]. Since the active power P and the reactive power
@ loops in the power control loop are coupled, the dynamic
behavior of the voltage control to follow the references (V, 6)
determined by the power control loop is critical for avoiding a
coupling of the power control and power oscillations [3]. Fur-
thermore, with the integration of renewable energy resources,
new grid operating conditions arises, which require higher
power loop bandwidths [5]. Examples of such conditions are
microgrids and distributed generations with small capacities
and low droop coefficients. This can further challenge power
control dynamics and the stability of the operation of GFMCs.
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Fig. 2. Voltage control schemes in VSCs with LC-filters. (a) Multi-loop control, which has a limited control bandwidth with poor LC'-resonance damping
behaviors. (b) Long-horizon CCS-MPC (LHCCS-MPC), which has fast and damped control behaviors considering constraints.

Many MPC concepts have been proposed for controlling
the capacitor output voltage of VSCs with LC-filters [6], [7],
but most of the attempts are limited to short prediction hori-
zons and therefore cannot fully exploit the inherent damping
capability of MPC. Similar to predicting the resonance of an
LC L-filter for the current control in [8], the resonance of the
LCfilter can be predicted when MPC with a long-prediction
horizon is applied for voltage control. Such an MPC can
achieve a dynamic control behavior with sufficient damping
without extra passive components or additional damping loops.

This paper demonstrates a dynamic voltage control with
a high control bandwidth and sufficient damping based on
MPC and investigates the impact of MPC on the operation
of GFMCs and GFLCs. MPC can also include current limits
as control constraints to avoid overcurrents in the system.
Since MPC inherently includes the constraints in the controller
without extra control loops, problems occurring in conven-
tional controllers can be avoided, which includes latch/wind-
up issues and mode changes [9]. Lastly, since VSCs with
LC-filters using MPC can closely match the behavior of
ideal controllable voltage sources, such a system could be
modeled as a controllable voltage source connected to the
grid through a simple L-filter. This allows a grid-side current
control similar to a L-filter current control, which avoids
all control complexities due to resonances and enhances the
control robustness under varying grid impedance conditions.
Note that an additional MPC for the outer L-filter current
control does not bring substantial benefits as the L-filter is
a simple first-order system.

This paper is organised as follows: First, the used MPC for
the voltage control of VSCs with LC-filters is explained in
section II. Section III presents the impact of MPC on GFMCs.
Section IV investigates the impact of MPC on GFLCs before

concluding in section V.

II. LONG-HORIZON CCS-MPC FOR VOLTAGE CONTROL

In this paper, a long-horizon continuous control set MPC
(LHCCS-MPC) is used similar to the MPC proposed in [10].
However, since the control objective is changed from grid
currents to filter capacitor voltages, the differences between
filter capacitor voltages and their references are penalised
by modifying the weighting matrices in the cost function.
Furthermore, state constraints for the converter-side inductor
currents are included to protect damage of VSCs caused by
overcurrents.

Based on these assumptions, the MPC law can be formu-
lated as

Np—1

min Z || Xhtt41 — Kees k+l+1”2 + ||usr — uk+l71H2

Uk ’ Q R
=0

St Xggi41 = AXk—H + Buyyy, (1a)
—Vde Vde

axt S Wt < 5 - s, (1b)

- imax : 13><1 § ka—H < imax : 13><17 (1C)

where Uy, = [uf, ---, uL_Np_l]T € R*M is the complete
control input vector, [V, is the prediction horizon, Q > 0 and
R > 0 are weighting matrices, and ||z||2 denotes a 2-norm
with the weighting matrix Q. The LC L-filter system dynamic
is modeled as shown in (la) with the detailed derivation
of equations and matrices given in [10], [11]. The input
constraints based on the available DC-link voltage are given
in (1b), and the state constraints of the converter-side currents
are given in (1c) with the transformation matrix K to limit the
current in the abc-frame.

TABLE I
SYSTEM PARAMETERS OF CONVERTER WITH LC'-FILTER GIVEN IN [3]

Symbol Value | Symbol Value
Vde Nominal DC voltage 400V U1 Nominal AC voltage (peak) 155V
Sl Nominal rated power 3kVA Sow Switching frequency 10kHz
Ly Converter-side inductance ~ 2mH Ly, Grid-side inductance 4mH
Ct Filter capacitance 15 uF w1 Nominal ac angular frequency 314 rad/s
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Fig. 3. Comparative simulation results depicting transient responses for different controllers. (a) For a step voltage reference. Reduction of settling time tg

from 10 ms to 0.1 ms. (b) For a triangular ramp voltage reference.

To demonstrate the effectiveness of the proposed method,
the control performance of voltage control with the LHCCS-
MPC is compared to that of a conventional multi-loop con-
troller. The multi-loop controller is implemented with a PR
(proportional-resonant) controller for the voltage loop and a
proportional controller for the current loop based on [3]. The
LCfilter system parameters used for the simulations are given
in table I.

The simulation result for a reference voltage step (20 %
of the nominal AC voltage) of the LHCCS-MPC and the
multi-loop controller are compared in fig. 3(a). The simulation
result of the LHCCS-MPC demonstrates outstanding dynamic
control performance with sufficient damping, which reduces
the settling time by a factor of approximately 100 compared to
the multi-loop controller. Transient responses following a tri-
angular reference voltage of the LHCCS-MPC and the multi-
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loop controller are compared in fig. 3(b). The comparative
simulation results depict superior control performance of MPC
as a controllable voltage source following varying references.
Therefore, the VSC with an LC-filter can be modeled as a
controllable voltage source with minor delay when MPC is
used as a voltage controller. In contrast, large time delays and
oscillations resulting from the multi-loop controller impair the
performance of the controllable voltage source.

Simulation results for a voltage sag and a subsequent
recovery with stand-alone operation are shown in fig. 4, where
the AC voltage drops to 20 % of the rated value and recovers.
Even for such large-signal transients, the simulation results
with the LHCCS-MPC demonstrate fast transient behavior
with good damping, whereas the multi-mode controller shows
large and long oscillations. Furthermore, it can be observed
that the LHCCS-MPC effectively avoids over-currents in the
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Fig. 4. Comparative simulation results for different controllers during a voltage sag and a recovery in stand-alone operation. The LHCCS-MPC includes

state constraints of inductor currents of £7 A. Typically, the maximum current value is decided based on the current capability of VSCs. However, in this
simulation, a lower value is chosen just for a demonstration.
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Fig. 5. Magnified simulation results of fig. 4 for comparing the transient
behavior. The LHCCS-MPC can forecast the filter capacitor voltages and
reduce inductor currents beforehand as highlighted in blue, such that the
currents can undergo a seamless transition from the maximum value to the
steady-state value with good damping.

converter-side inductor currents with the incorporated state
constraints.

The zoomed simulation results during a transient are illus-
trated in fig. 5. By ramping up the converter-side currents
rapidly up to their limits determined by considered state
constraints, the LHCCS-MPC can utilise the full dynamic po-
tential for controlling the filter capacitor voltages. Compared to
that, the multi-loop controller has a limited control bandwidth
and gradually increases the currents, such that the resonance
of the LC-filter is not excited.

MPC is capable of achieving a dynamic transient with excel-
lent damping, but only with the utilization of a long prediction
horizon. The long horizon enables forecasting of future states,
i.e. filter capacitor voltages, and prepares inductor currents
to be adapted in advance as the inductor currents cannot
be changed instantaneously. To avoid voltage overshoots and
oscillations as shown in fig. 5, it is crucial that the inductor
currents undergo a seamless transition from a high value, that
utilises the system’s full dynamic potential, to the required
value for steady-state operation, which is highlighted in blue
in fig. 5. This adjustment period is critical for achieving
the desired level of damping, but cannot be accomplished
with short prediction horizon MPC or conventional linear
controllers. This is because such controllers cannot forecast the
capacitor voltages in advance and the adjustment of the induc-
tor currents can only be performed when the capacitor voltages
are already close to the reference values. This limitation
results in a suboptimal damping performance or a non-damped
behavior with resonances. To avoid this, conventional voltage
controllers are typically designed with a low bandwidth to
prevent abrupt current changes as shown in fig. 5.

Long prediction horizon brings many benefits to MPC,
but the computational burden of MPC increases dramatically

with longer prediction horizons. However, recent discoveries
in efficient optimisation problem-solving and advances in
computational power of embedded systems facilitate a real-
time implementation of long-prediction horizon MPC at high
sampling rates [12], [13]. Therefore, the proposed method
is not just confined to theory or simulation but also can be
applied in real converter systems. In the following section, the
effects of the proposed dynamic voltage control on the power
loop, such as power oscillations, are examined to analyse the
influence of the dynamic control on GFMC.

III. IMPACT OF DYNAMIC VOLTAGE CONTROL USING
MPC ON GRID-FORMING CONTROL

When a VSC operates as a GFMC, the VSC controls the
magnitude V' and the angle € of the filter capacitor voltage at
the PCC, which are given as the voltage control references in
fig. 2. These references are generated by the power loop, which
is responsible for regulating the active P and the reactive )
power transfer via the connected power lines to maintain the
required voltage and frequency at the PCC. Many power loop
control methods are introduced to control the active P and
the reactive () power via the magnitude V' and the angle 6
of the filter capacitor voltage [1], [3]. Examples are droop
control, virtual synchronous generator, and power synchroniza-
tion control. Nevertheless, all these methods operate based on
the assumption that the filter capacitor voltage control loop
has a high control bandwidth and behaves approximately as
an ideal controllable voltage source. Therefore, insufficient
voltage control performance can deteriorate the decoupling
between the P and @ loops and induce power oscillations,
which can even cause transient stability problems [5].

As shown in the previous section, the LHCCS-MPC enables
a close-to-ideal controllable voltage source with fast voltage
control and allows to minimise the coupling of the P and
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Fig. 6. Comparative simulation results of the power output of the VSC and
the frequency output of the P-f droop control for showing the impact of
dynamic voltage control on power oscillations.



@ loops and the power oscillations. This section examines the
interaction between the power and the voltage control loop and
investigates the impact of the dynamic voltage control on the
power-loop. Therefore, comparative simulations are conducted
with the same power loop control method, but with different
voltage control schemes, the LHCCS-MPC and the multi-loop
controller. The typical P-f and Q-V droop control with a
low-pass filter Gt = wg/(s + wr) are adopted, which can be
re-formulated in the form

P —Gr P 1

Woret —wy = T2 )
f— W1 S D,
e = GrQ 1

Vet — Vi = Q“Si‘Q — 3)
1 q

where w, s is the angular frequency output of the P-f droop
control, P.s and P are the active power reference and the
active power output of the VSC, D, is the active power droop
gain, V¢ is the voltage output of the Q- droop control,
Qrer and @ are the reactive power reference and the reactive
power output of the VSC, Dy is the reactive power droop gain.
The power loop control parameters are chosen based on [3]
D, =50, D, = 10, wy = 628rad/s, Per = 0, Qrer = 0.
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A. Stand-alone Operation with Resistive Load

The simulation results for a stand-alone operation of
GFMCs in case of a resistive load step change (Rjpaq = 00 —
27()) are shown in fig. 7. The resistive load is connected
at t = 0.02s, and the VSC successfully provides the power
to the load with both controllers. Nonetheless, the capacitor
voltages and the load currents with the multi-loop controller
cause oscillations when the load is connected. In fig.6, the
comparative results of the active power output of the VSC
and the frequency output are shown to depict the influence
of voltage control on power oscillations. The power control
with the LHCCS-MPC demonstrates a well-damped power
step response, while the result with the multi-loop controller
shows oscillations with a larger settling time.

B. Stand-alone Operation with Nonlinear Load

The simulation results for a stand-alone operation of the
GFMCs in case of a nonlinear load step change (a 3-phase
diode rectifier with a resistive load Rjpq = 00 — 81€)) are
shown in fig. 8. The nonlinear load is connected at t = 0.02s,
and the currents with high-order harmonics are drawn from
the VSCs. The limited control bandwidth of the multi-loop
controller results in a significant impact on the quality of the
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Fig. 7. Comparative simulation results for different controllers for GFMCs in case of a resistive load (Rjpaq = 27 €2) step change.
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Fig. 8. Comparative simulation results for different controllers for GFMCs in case of a nonlinear load (a 3-phase diode rectifier with a resistive load

Ricaa = 81 Q) step change.
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VSC with an LC L-filter. (f) Equivalent per-phase phasor model with an approximated controllable voltage source.

filter capacitor voltages. The resulting high-order harmonic
components are clearly visible in the waveforms. In contrast,
the LHCCS-MPC achieves filter capacitor voltage waveforms
with only low distortions.

The simulation results in this section indicate that the op-
eration of VSCs as GFMCs can greatly benefit from dynamic
voltage control. Interestingly, dynamic voltage control can also
provide an advantage to VSCs when operating as GFLCs. In
the following section, the use of dynamic voltage control to
improve the robustness of GFLCs is presented.

IV. IMPACT OF DYNAMIC VOLTAGE CONTROL USING MPC
ON GRID-FOLLOWING CONTROL

When a VSC with an LC-filter operates as a GFLC, the
VSC assumes that the grid is stiff and regulates the injected
current level into the grid based on the given grid angle
through a PLL. The grid currents become the control objective,
and the VSC synthesises the necessary voltages using pulse
width modulation (PWM).

Typically, the VSC is controlled directly with a classical
linear controller as shown in fig. 9(b). With such a con-
trol scheme, LC L-resonances (LC-filter plus grid inductors)
challenge the current control, and an extra active damping
loop is required for ensuring system stability [14], [15].

Linear controller with active damping
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However, the damping and the control behavior heavily depend
on the system model parameters, and variations in the grid
inductance value endanger the system stability and deteriorate
the effectiveness of the control [16]. The variations of the
grid inductance value are more pronounced in weak grids with
connections of parallel converters [16], which are commonly
expected in micro-grids and in case of integrating many
renewable energy resources in the grid.

By utilising the LHCCS-MPC for the voltage control, the
VSC with the output LC-filter can behave like a controllable
voltage source with a high bandwidth. This enables a novel
operation of the VSC as shown in fig. 9(c). The grid-side
current control can be achieved in a similar manner to a simple
L-filter current control as shown in fig.9(a). In this case, all
control complexities due to resonances and variations in the
grid inductance can be avoided, since the L-filter is a first-
order system and a robust controller can be easily designed.
Naturally, the achievable bandwidth of the GFLC using volt-
age control is limited. However, with the growing usage of
wide-bandgap semiconductors, the required bandwidth for the
GFLC can be met for many applications.

Simulation results for variations of the grid inductance,
which can occur in parallel inverter based microgrids as shown
in [17], are shown in fig. 10. The simulation results with the

LHCCS-MPC

3 Grid currents in dg-coordinate (id, iq) [A] Actual L, =3 L,
T T T T

T

. L A

, 4 Extra L, inserted

Actual L, =10 L,

3 Grid currents in dg-coordinate (id, iq) [A]

4r / 1
0 S

< Extra L% inserted
0.08 0.09 t[s]

0.05 0.06 0.07

Fig. 10. Comparative simulation results between control schemes in operation as grid-following converters (GFLCs) with varying grid impedance.



LHCCS-MPC demonstrate that the control behavior does not
change despite the increment of the inductance value. How-
ever, the linear controller with active damping based on [14]
shows deteriorated control performance with the increased grid
inductance value. The linear controller with active damping
can improve the control performance by adjusting control
parameters based on grid conditions. However, this approach
requires extra control complexity to estimate grid inductances
in real-time, and it also poses a risk of instability during
parameter transitions.

V. CONCLUSION

This paper investigates MPC for voltage control of con-
verters with LC-filters and analyses the impact of dynamic
voltage control with good damping behavior on the operation
as GFMCs or GFLCs. Simulation results for the voltage
control show that MPC achieves 100 times faster settling
times compared to a conventional multi-loop controller for a
step response and enables the converter with LC-filter to be
approximately modeled as an ideal controllable voltage source.
The dynamic voltage control achieved with MPC enables
the operation of GFMCs with reduced power oscillations
and lower voltage distortions at the PCC and renders robust
operations of GFLCs under varying grid impedances.

ABBREVIATIONS
GFLC Grid-following converter
GFMC Grid-forming converter
LHCCS-MPC Long-horizon continuous control set
model predictive control
MPC Model predictive control
PCC Point of common coupling
PLL Phase-locked loop
SG Synchronous generator
VSC Voltage-source converter
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