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Sliding Mode-based Model Predictive Control of Grid-Forming Power
Converters

Arman Oshnoei1 and Frede Blaabjerg1

Abstract— Grid-forming (GFM) converters are becoming an
inevitable component of AC power systems due to the growing
demand for distributed energy resources. However, enhancing
their performance is still a critical challenge. Conventional dual-
loop proportional-integral (PI) control structures are usually
used to control a GFM inverter in a dq reference frame.
However, they experience unbalancing in transient and steady-
state performance. This paper proposes a sliding-mode control
(SMC) based finite control set model predictive control (FCS-
MPC) for voltage control of a GFM inverter in a grid-
connected mode. The SMC is presented for the adaptive and
optimal determination of the weighting factors in FCS-MPC.
The proposed strategy’s key benefit is the SMC’s real-time
execution. By doing this, the weighting factors are constantly
updated in real-time, which avoids the dependence of the
response of the inverter control system under uncertainties and
external disturbances. Furthermore, to accurately track power
references and deliver the required virtual inertia, a virtual
synchronous generator controller is utilized to implement the
active power loop. The suggested approach has been shown to
be effective based on the simulation results when compared to
a dual-loop PI control method.

I. INTRODUCTION

Grid-forming (GFM) inverters can regulate the grid volt-
age and frequency more effectively than synchronous ma-
chines when operating as voltage-controlled sources due
to their fast response and enhanced controllability [1]-[3].
Many advanced control techniques and topologies for GFM
inverters have been suggested in recent years. The voltage
regulation of a GFM inverter is typically executed using a
dual-loop structure formed of linear controllers [4]-[6]. Even
though they are simple to understand and simple to use, they
operate poorly when the output frequency varies and exhibit
unbalancing in transient and steady-state performance. In
applications such as hierarchically organized microgrids, a
dual-loop structure requires the outer voltage loop to have a
significantly lower bandwidth than the inner current loops.
As a result, there is a natural limitation on bandwidth that can
negatively impact the efficiency of higher regulation layers
[7], [8].

To cover the cited drawbacks, recent research has indicated
that Finite Control Set Model Predictive Control (FCS-
MPC) could be a viable substitute for traditional methods in
regulating the voltage of GFM inverters due to its capability
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to handle multiple objectives and constraints [5], [9], [10].
The FCS-MPC utilizes a limited number of voltage source
inverter (VSI) switching combinations to enable the predic-
tion model to estimate the output generated by each switch
combination. An objective function (OF) is then employed
to obtain the optimal switching states of the VSI. Recent
investigations have revealed that FCS-MPC is an efficient
alternative to traditional controllers in inverter voltage regula-
tion [2], [6], [11], [12]. Nevertheless, these studies addressed
this problem once the GFM inverter operates only in a
standalone mode.

The performance of the FCS-MPC is heavily influenced
by the weighting factors (WFs) incorporated in the objective
function (OF), which can be difficult to tune. Numerous
efforts have been made to tackle this problem. Some offered
to withdraw the WF. The OFs without WF can be attained
by combining the control purposes’ dimensions [13], or
dividing the problem into two OFs [14]-[16]. Including
WFs, however, cannot always be bypassed, as the number
of objectives is so much which is difficult to be unified.
To calculate the WFs, techniques that employ artificial
intelligence [17]-[20], genetic algorithms [21], and fuzzy
control [22] were proposed. On the other hand, the approach
presented in [17] employs an offline computation process of
the WF and the flux reference, achieving a quick drive start
and satisfactory response under various loading scenarios.
The design procedure is simple and practical for different
OFs [23]. However, the extra memory requirement to save
the estimated WFs is the cost of the offline calculations.
Furthermore, those studies’ analyses used to determine the
optimal values of WFs depend on the operating conditions,
which could result in an unsatisfactory performance.

Accordingly, this paper employs the FCS-MPC for voltage
control of a GFM inverter in a grid-connected mode. To
avoid relying on the inverter control system’s response to
the operating scenarios, the WFs emerging in the FCS-
MPC’s OF are obtained online via a sliding mode (SMC)
approach. The major feature of the proposed control scheme
is the capability to generate dynamic outputs for control
objectives. Also, to maintain damping, inertia, and droop
characteristics while following power references, a virtual
synchronous generator (VSG) controller is executed in the
active power loop (APC), and the parameters of the VSG
system are obtained through small signal analysis. Simula-
tion validations are offered to verify the suggested control
method’s effectiveness.

The rest of this paper is categorized as follows. First,
Section II covers the system description, including the VSG
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Fig. 1. Schematic of the presented system

Controller and test system. In section III, the principle of
the FCS-MPC for GFM inverter control is introduced. Then,
section IV deals with the design process of the SMC to tune
the WFs in the FCS-MPC. The simulation results under two
operational cases are ¨presented in section V. Section VI
provides a summary that concludes the paper.

II. SYSTEM DESCRIPTION

A. Test System

The system layout used to assess the suggested control
strategy is illustrated in Fig. 1. It comprises a GFM inverter
linked to the grid at the point of common coupling (PCC)
via a three-phase LC filter, which is utilized to remove the
harmonics of the output voltage and current. Cf and Lf are
capacitance and inductance of the LC filter. An RL branch
(Zg = Rg+jωLg) emulates the grid impedance. The system
execution includes a voltage source inverter with the inner
current and voltage regulation using PI controllers in dq
frame. To regulate the voltage of the GFM inverter, in the
control system, the reactive power control loop incorporates
a PI controller [24], whereas the active power control loop
employs the VSG strategy to furnish virtual inertia and
damping. The VSG control strategy mimics the synchronous
generator behavior via a swing equation [25].

B. VSG Controller

The control diagram of the VSG system is illustrated in
Fig. 2. According to Fig. 2, the closed-loop transfer function
(Gcl(s)) is derived as

Gcl(s) =

vovg
JωoXg

s2 + ( D
Jωo

)s+
vovg

JωoXg

(1)

where vg and vo are the RMS values of the grid and
capacitance voltages, respectively; Xg = ωLg is the grid
reactance; J , D, and ωo are rotational inertia, damping factor,
and nominal frequency, respectively. Eq. (1) can be expressed
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Fig. 2. Structure of the VSG controller

as a generalized second-order equation as below

Gcl(s) =
ω2
n

s2 + 2ξωns+ ω2
n

(2)

where ωn =
√

vovg
JωoXg

and ξ = D

2

√
vovgJωo

Xg

. ωn and ξ referred

to as the closed-loop system’s natural frequency and damping
ratio, respectively. The closed-loop system’s damping and
bandwidth are impacted by ξ and ωn, respectively. Therefore,
D and J influence the overshoot and rise-time of the
system’s step response in the grid-connected mode directly.
Besides, the frequency dynamics to a change in load value
in the standalone mode can be written as follows:

∆ω =
−D

(JωoDs+ 1)
.∆Pl (3)

where ∆Pl is the variation in load value. The inertia constant
H is frequently used to denote the inertia properties instead
of inertial moment J , which is defined by:

H =
Jω0

2

2Sr
. (4)

where Sr is the inverter rating. Table I contains the system
parameters. The step response of (2) in the grid-connected
mode and (3) in the standalone mode are shown in Fig. 3.
As seen, an increased H will result in more inertia support.
Thus, a larger H is anticipated from inertia’s viewpoint.
Nevertheless, an increased H implies additional energy is
drawn from the energy source to support inertia, as plotted in
Fig. 3. Thus, adjusting the parameters of the VSG controller
to reach control purposes in both grid-connected and stand-
alone modes is a challenging task. Here, H is chosen
according to the SG’s inertia constant with the same power
level [26]. ζ is chosen as 0.707, which can ensure the settling
time and overshoot are in the desired range.

III. FINITE CONTROL SET-MODEL PREDICTIVE
CONTROL

Inverters’ conventional PI-based inner controller has three
cascaded control parts to guarantee frequency and voltage
frequency stability, the current and voltage control loops,
and PWM. To enhance the VSI’s dynamic performance,
the FCS-MPC is presented as the voltage regulator. The
impact of low bandwidth in current and voltage loops can be
withdrawn using the FCS-MPC controller [5]. Thus, more
bandwidth flexibility and rapid dynamic reaction can be
reached by substituting the FCS-MPC with the dual-loop



TABLE I
PARAMETERS OF THE SYSTEM

Parameters Description Value
vg Grid voltage (RMS) 70 V
ω0 Nominal frequency 100π rad/s

Lg and Rg Line impedance 3.6 mH and 0.2 Ω

Lf and Cf LC-filter 2.4 mH and 15 µF

rv and xv Virtual impedance -0.2 Ω and 0.8 Ω

Sr Inverter rating 1 kW
SCR Short circuit ratio 4.3
Vdc DC-side voltage 200 V
Ts Sampling time 20 µs
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Fig. 3. Step response of: (a) (2) in the grid-connected mode and (b) (3)
in the standalone mode.

PI-based structure. To operate, the FCS-MPC calculates an
OF for all possible switching modes of the VSI and then
selects the optimal vi that minimizes the OF while taking
constraints into account. Fig. 4 shows voltage vectors and
eight possible switching states where each vector yields a
distinct OF. Although OF0 and OF7 have the same value,
their impacts on the switching orders (number of on/off
switches used throughout each cycle) and switching losses’
value are different.

The schematic of the FCS-MPC is shown in Fig. 1. The
output current, output voltage, and filter current (io, vo, if )
are given in vectors as below:

io=[iou, iov, iow]
T, if=[ifu, ifv, ifw]

T, vo=[vcu, vcv, vcw]
T

(5)
By employing the Clarke transformation, three-phase state
variables are converted to a two-dimensional vector.

Finally, the converter’s output current and voltage are
illustrated by the differential equation shown below.

d

dt

[
if
vo

]
=

[
−Rf

Lf
− 1

Lf
1
Cf

0

] [
if
vo

]
+

[
1
Lf

0

0 − 1
Cf

] [
vi
io

]
(6)
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Fig. 4. Voltage vectors and switching states.

If io is regarded as a measured disturbance and vi as the
control input, the discrete-time state-space representation at
time step k can be expressed as:

x(k + 1) = Ax(k) +Bvi(k) + Fio(k) (7)

in which

A =

[
−Rf

Lf
− 1

Lf
1
Cf

0

]
, B =

[ 1
Lf

0

]
, F =

[
0

− 1
Cf

]
(8)

The FCS-MPC aims to achieve precise regulation of vi to
enable the output voltage vo = vo,α + jvo,β to accurately
track the reference voltage v∗o = v∗o,α + jv∗o,β . The OF is
expressed as [12]:

OF = (v∗o,α − vo,α)
2 + (v∗o,β − vo,β)

2 + δwSW
2 (9)

The converter’s switching effort is limited by a weighting
factor (δw) in which SW = ||vi(k)− vi(k − 1)||. However,
in order to improve the voltage regulation performance of
the VSC, the OF in (11) can be modified to incorporate the
error related to the output voltage derivative. This error can
be computed as shown below [12]:

Gder = (Cfω
∗v∗o,α−if,α+io,α)

2+(Cfω
∗v∗o,β+if,β−io,β)

2

(10)
where ω∗ = 2πfr is the angular frequency of the reference
voltage.

Adding the term in (11), multiplied by the factor δder,
results in a modified OF

OF = (v∗o,α− vo,α)
2+(v∗o,β − vo,β)

2+ δwSW
2+ δderGder

(11)
It is clear that the WF (δw and δder) have a substantial
influence on the system’s performance. In this paper, the
SMC method is employed to adjust WF quickly and online,
enhancing the converter control system’s performance. The
next section discusses the SMC-based regulation scheme’s
design process.



IV. SLIDING MODE CONTROL APPROACH
There are two phases in the SMC design; the design

surface in the state space is the initial phase, known as a
sliding surface. The second phase is the control rule design
that relates the slip surface to the state variables [1], [27].

A. Sliding surface (SS)

The SS is an area of the state space where it is ensured that
the system will behave in a predefined and stable manner.
Therefore, the sliding surface’s stability demands the choice
of a generalized Lyapunov function (positive definite), where
the time derivative in the surface attraction area is negative.
In this study, a non-linear surface is chosen to assure the
system functions as expected and is resistant to disturbances.
According to [28], the SS is given as below:

σ(x, t) = (
d

dt
+ ηb)e(x, t) (12)

where e(x, t) is the difference between the variable state
and reference; and ηb is a positive surface constant. The
proposed SS used for the FCS-MPC’s coefficients design
can be described from (12) as follows

σ = [α β]

[
x1

x2

]
= αx1 + βx2 (13)

where σ denotes the sliding surface; α and β are the real
and positive constants. The Lyapunov stability criteria inflict
the state

.

V = σ
.
σ ≤ 0, which results in

.
σ = α

.
x1 + β

.
x2 ≤ 0 (14)

From the (8), x1 and x2 can be expressed as:

x1 = i∗f − if

x2 = v∗o − vo (15)

where i∗f = Cfω
∗v∗o + io.

B. Control law

It is essential for the control rule to meet the requirements
for both reachability and existence in the sliding mode.
The control rule must fulfill the reachability and existence
requirements in the sliding mode. Since the FCS-MPC
contains two weighting factors (δder and δw), hence two
SMC controllers are developed.

The proposed control input to meet (14) is expressed as

Cs1 = −ax1 − LPF (γ1sgn(σ)) (16)

where γ1 = δder + δder,0, in which δder,0 is the initial value
of WF corresponding to (11), LPF (·) is a first-order low-
pass filter employed to alleviate the SMC chattering, and
sgn(·) is a signum function which is represented by

sgn(σ) =


−1 if σ < 0

0 if σ = 0

1 if σ > 0

(17)

Similarly, for the second SMC controller, control input is
written as follow:

Cs2 = −bx2 − LPF (γ2sgn(σ)) (18)
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Fig. 5. Structure of the proposed SMC-based regulation scheme for WFs
in FCS-MPC.

where a and b are the controller’s parameters; γ2 = δw+δw,0,
in which δw,0 is the initial value of WF corresponding to
switching effort. Fig. 5 depicts the schematic of the presented
SMC-based regulation strategy for WFs in FCS-MPC.

V. EXPERIMENTAL RESULTS

The proposed method is verified using a GFM inverter
laboratory setup carried out based on the schematic depicted
in Fig. 1. Further details about the experimental setup can be
found in [1]. The parameters utilized in the model are listed
in Table I.

A. Examination of voltage harmonics at the PCC

To analyze the effect of the proposed approach on the total
harmonic distortion (THD) of output voltages, an analysis
is carried out utilizing the inverter’s switching model. In
this analysis, an uncertainty is introduced in if , which is
modeled using a uniform distribution with lower and upper
limits of 2% to the absolute value of the actual value.
For instance, if the current value is 1 (A), after adding
the uniform disturbance, the current changes in the interval
of [0.95, 1.05]. The PCC voltage tracking behavior of the
proposed controller and the traditional dual-loop PI method
is illustrated in Fig. 6. The PI controller is adjusted according
to the strategy given in [1]. Based on IEEE Standard 519-
2014, in low (middle) voltage applications where the PCC
voltage is less than 69 kV, the THD of the output voltages
should be less than 8% (5%). It is worth mentioning that
the average value of total harmonic distortions (THDs) of
three-phase output voltage is reported on the output voltage
plots (V o, abc). The THD analysis shows that the proposed
method yields a THD value of 3.5%, which is lower than the
THD value of 6.3% obtained using the classical dual-loop PI
method. The generated WFs by SMC are exhibited in Fig.
7. Figure 8 illustrates the frequency spectrum characteristics
of the a-phase output voltage (V o, a) obtained using the
conventional PI method and the proposed method.

B. Verification for active power control loop

This test assesses the VSG system’s performance in grid-
connected mode by accurately following the specified power
reference actions. Initially, the GFM inverter and grid are
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Fig. 6. The PCC voltage waveforms: (a) proposed control scheme; (b)
conventional PI method.

 

Fig. 7. The generated WFs by the proposed SMC strategy.

synchronized by setting reference powers to P=100 and
Q=100, respectively. Fig. 9 (a) shows the active power and
frequency changes when the reference active power steps
from 100 W to 600 W at t ≈ 29.3s, then to 400 W at
t ≈ 69.3s, and eventually to 800 W at t ≈ 89.3s. Fig. 9
(b) presents the active power and frequency changes when
the reference voltage decreases from 1 p.u. to 0.9 p.u. As
demonstrated in both figures, the presented APC loop is
capable of accurately tracking the specified references during
transient operations. Additionally, the figures indicate that
the overshoot and settling time of the active power and
frequency deviations are within acceptable ranges. In the
context of step responses, overshoot refers to the highest
value achieved, and settling time is the duration over which
the response remains within 2% of the steady-state value.

VI. CONCLUSIONS

This paper proposed an approach based on FCS-MPC
for voltage control of a GFM inverter. An SMC-based
approach was proposed to provide real-time and adaptive
adjustment of the WF of the FCS-MPC. The main advantage

(a)

(b)
 

Fig. 8. Frequency spectrum features of a-phase output voltage: (a) proposed
control scheme; (b) conventional PI method.
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Fig. 9. Active power and frequency changes; (a) for a sequence of step
changes in the reference active power; (b) for a step change in the reference
voltage.

of the proposed strategy was the ability to generate dynamic
outputs for control objectives. This comprises producing
the control actions in the voltage control loop concerning
the uncertainties and external disturbances in contrast to
the traditional controllers. To track the power references
and introduce damping, inertia, and droop characteristics, a
VSG controller was integrated into the APC loop. Simula-
tion results confirmed the advantages of this approach and



demonstrated its superiority over the dual-loop PI control
technique.
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