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Abstract—This paper extends the Space Vector Modulated
Model Predictive Control to three-phase four-wire inverters.
By employing a discrete-time model in the αβ0 frame with
implementation delay, a continuous-control-set predictive con-
troller is developed to ensure fixed switching frequency and
high-bandwidth tracking. The optimization problem is solved
analytically via Karush-Kuhn-Tucker conditions, ensuring real-
time feasibility. Applied to a shunt active power filter under
nonlinear and unbalanced loads, the strategy was validated
through hardware-in-the-loop emulation. Results demonstrate
precise current tracking, effective neutral current suppression,
and stable DC-link regulation. Comparative analysis shows
that SVM2PC outperforms conventional FCS-MPC in tracking
error indices while achieving comparable harmonic mitigation,
confirming its effectiveness for high-performance power quality
applications.

Index Terms—CCS-MPC, SAPF, Space Vector.

I. INTRODUCTION

Model Predictive Control (MPC) has emerged as a powerful
and flexible control strategy for power electronic systems,
particularly in applications involving grid-connected convert-
ers and active power filters (APFs). Its ability to handle
multiple constraints and optimize system performance in real-
time makes it well-suited for controlling four-wire converters,
which are often subjected to unbalanced loads and harmonic
distortions. Recent advancements in MPC-based strategies
have demonstrated significant improvements in power quality,
efficiency, and dynamic response for such systems.

Several studies have investigated the use of MPC in
different converter topologies. For example, [1] proposed
an optimal switching sequence MPC for four-leg, two-level
grid-connected converters, achieving fixed-frequency opera-
tion with low computational complexity. In a similar direction,
[2] applied FCS-MPC to a three-level four-leg flying capacitor
converter operating as a shunt active power filter (SAPF),
reducing computational effort by decoupling capacitor voltage
control from the cost function while also mitigating switch
stress through a phase-to-phase control strategy. Applications
to hybrid active power filters were explored in [3], where
FCS-MPC was combined with adaptive notch filters and active
damping loops to address resonance issues in dynamic reactive
power compensation.

More recent works have focused on three-phase four-wire
systems and specific application scenarios. In [4], FCS-MPC
was applied to an SAPF in an off-grid micro-generation
system, using instantaneous power theory to generate compen-
sation references and allowing higher sampling frequencies.

Predictive current control for a four-wire APF in metro railway
systems was investigated in [5], employing a split-capacitor
topology with dual control loops. Other contributions include
modulated predictive current control for modular H-bridge-
based APFs [6], neutral current elimination strategies in two-
level H-bridge APFs [7], and reduced-complexity FCS-MPC
schemes with predictive current and DC-link voltage control
[8], which limit the number of tested voltage vectors without
degrading performance.

This work extends the Space Vector Modulated Model
Predictive Control (SVM2PC) strategy, originally introduced
in [9], to four-wire inverters and applies it to a Shunt Active
Power Filter (SAPF). The main contribution is the effective
grid current harmonic mitigation, achieved by integrating the
SVM2PC framework with p–q-based reference generation,
Kalman filtering, positive-sequence extraction, and adaptive
PID control for DC-link voltage regulation.

II. DISCRETE-TIME MODEL OF SPACE VECTOR
MODULATED FOUR-WIRE INVERTER

The continuous-time dynamics of a three-phase, four-wire,
two-level converter in the synchronous αβ0 reference frame
are governed by

ẋ = Ax+Bu+ Fω, (1)

where x ∈ Rn is the state vector, u is the control input,
and ω ∈ R3 is the disturbance vector. The control action is
constrained to a finite set of 16 admissible switching vectors,
defined as

Ω = {v0,v1, . . . ,v15}, vi ∈ R3. (2)

The Space Vector Modulation (SVM) synthesizes the aver-
age voltage vector by combining adjacent switching vectors
over each sampling period. The admissible vector set forms a
dodecahedron in the αβ0 space, partitioned into 24 tetrahedral
regions by six separation planes. Each tetrahedron comprises
one zero and three adjacent nonzero vectors, ensuring low-
distortion voltage synthesis.

Real-time sector identification is performed by evaluating
the reference voltage position relative to the separation planes,
defined as

SPi = ni

[
uα uβ u0

]T
= 0, i = 1, . . . , 6, (3)

where ni is the i-th normal vector.



Once the sector is identified, a symmetric seven-segment
switching sequence is adopted for a two-level four-wire in-
verter, given by

sk = {v0,va,vb,vc,vb,va,v0}, (4)

where v0 is the zero vector and va, vb, and vc are the nonzero
vectors defining the selected tetrahedron. The corresponding
dwell times are denoted by d0, da, db, and dc.

Assuming a constant switching sequence and disturbance
over the sampling period Ts, the discrete-time state evolution
can be expressed in compact form as

xk+1 = Adxk +Bd

[
va
k vb

k vc
k

]
dk + Fdωk, (5)

where dk =
[
dak dbk dck

]T
collects the dwell times of the

active vectors.
To account for the implementation delay inherent to digi-

tal control, an augmented discrete-time state-space model is
adopted: {

zk+1 = Azk +Buk + Fωk,

yk = Czk,
(6)

where zk =
[
xT
k ϕT

k

]T
includes the delay-related states ϕk.

The control input is finally defined as

uk =
[
va
k vb

k vc
k

]
dk. (7)

This augmented model and its associated control input con-
stitute the basis for the formulation of the proposed SVM2PC
strategy, detailed in the following section.

III. SPACE VECTOR MODULATED MODEL PREDICTIVE
CONTROL APPLIED TO A FOUR-WIRE INVERTER

This section presents the development of an MPC strategy
for a two-level three-phase four-wire converter, based on
the discrete-time model given in (6). First, the associated
optimization problem is formulated, and its solution is de-
rived using the Karush–Kuhn–Tucker (KKT) conditions. In
addition, a simplifying assumption is introduced to reduce the
computational burden of the control law, making the approach
suitable for real-time implementation.

A. Optimization Problem

Assuming a constant control input uk over the prediction
horizon N , the objective is to minimize the tracking error
relative to the reference rk+N :

f = ∥rk+N − yk+N∥2. (8)

By recursively applying the discrete-time model, the predicted
state is expressed as

zk+N = ANzk +
(
AN−1 + · · ·+A+ I

)
Buk + F̄ ω̄k, (9)

where the augmented disturbance vector ω̄k and its corre-
sponding matrix F̄ are defined as

ω̄k =
[
ωT

k ωT
k+1 . . . ωT

k+N−1

]T
,

F̄ =
[
AN−1F . . . AF F

]
.

(10)

Substituting these expressions into the cost function yields
the compact quadratic form

f = ∥Hu+ h∥2, (11)

with
H = −C

(
AN−1 + · · ·+A+ I

)
B,

h = rk+N −CANzk −CF̄ ω̄k.
(12)

The resulting unconstrained optimization problem can be
written as

min
u∈R3

∥Hu+ h4∥2. (13)

However, in SVM, the control input is determined by the ac-
tive tetrahedral region, resulting in region-specific state-space
models. The cost function must therefore be reformulated for
each tetrahedron i as

f = ∥Hid+ h∥2, (14)

where Hi =
[
h1 h2 h3

]
, and

h1 = −C
(
AN−1 + · · ·+A+ I

)
Bva

i ,

h2 = −C
(
AN−1 + · · ·+A+ I

)
Bvb

i ,

h3 = −C
(
AN−1 + · · ·+A+ I

)
Bvc

i .

(15)

The optimization is also subject to duty-cycle constraints
given by

g1 := −1 + da + db + dc ≤ 0,

g2 := −da ≤ 0,

g3 := −db ≤ 0,

g4 := −dc ≤ 0.

(16)

Accordingly, the constrained optimization problem for the
SVM2PC strategy is formulated as

min
d∈R3

∥Hid+ h∥2,

i ∈ {1, 2, . . . , 24},
s.t. g1, g2, g3, g4.

(17)

B. Solution

Solving (17) for all 24 tetrahedra is computationally pro-
hibitive for high-frequency power electronics. Instead, the
SVM2PC strategy employs two nested optimization steps: first,
the unconstrained problem (13) is solved analytically to obtain
u∗
uc, identifying the active tetrahedral region. Assuming the

constrained optimum lies within this same region, (17) is then
solved locally. Notably, while the unconstrained formulation
optimizes the synthesized voltage vector u, the constrained
step directly optimizes the duty-cycle vector d for the identi-
fied tetrahedron.

The solution of the unconstrained problem given by (13) is
achieved by computing

u∗
uc = −

(
HTH

)−1
HTh4. (18)

Although u∗
uc is not guaranteed to lie inside the feasible re-

gion, its associated tetrahedron can be identified by evaluating
the separation planes of the space vector diagram.



Once the i-th tetrahedron is identified, the constrained
optimization problem defined in (17) is addressed. Under the
initial assumption that no overmodulation occurs, the optimal
duty cycle vector is obtained as

d∗ = −
(
HT

i Hi

)−1
HT

i h. (19)

If d∗ satisfies the modulation constraints defined in (16), it
is directly applied for the current sampling period. Otherwise,
the converter enters overmodulation, and the optimal solution
must lie on the boundary of the feasible region.

By applying the Karush-Kuhn-Tucker (KKT) conditions, the
constrained solution for each valid active-set combination j ∈
{1, . . . , 15} is obtained by solving:[

d∗
j

µj

]
=

[
2HT

i Hi ∇gT
j

∇gj 0

]−1 [−2HT
i h

kj

]
, (20)

where ∇gj and kj represent the Jacobian and the constant
vector of the active constraints for case j, respectively.

For instance, when the modulation limit (g1) and the non-
negativity constraint for the first phase (g2) are simultaneously
active, the KKT stationarity condition is expressed as

∇f + µ1∇g1 + µ2∇g2 = 0. (21)

The resulting system for the optimal feasible dwell times and
multipliers is expanded as:d∗

µ1

µ2

 =

2HT
i Hi ∇g1 ∇g2

∇gT1 0 0
∇gT2 0 0

−1 −2HT
i h

1
0

 , (22)

where ∇g1 =
[
1 1 1

]T
, and ∇g2 =

[
−1 0 0

]T
.

1) Remark: Although the KKT-based optimization may
appear demanding, precomputing the analytical solutions for
all 15 active-set cases shifts the primary computational bur-
den offline. This strategy trades increased memory usage for
minimal online execution time, ensuring real-time feasibility
and optimal tracking during overmodulation with reasonable
computational overhead.

IV. SVM2PC APPLIED TO SHUNT-ACTIVE POWER FILTER

The proposed SVM2PC strategy is evaluated through a case
study on a SAPF. This section details the system modeling,
control architecture, and implementation, focusing on the key
design aspects and performance metrics under the proposed
scheme. The system comprises a three-phase four-wire inverter
connected to the grid via an L-type filter, as depicted in Fig. 1.

A. Modeling

Under the assumptions of a regulated DC-link voltage and
ideal switching devices, the system in Fig. 1 is represented in
the αβ0 frame as three decoupled single-phase subsystems, as
shown in Fig. 2.

The primary control variables include the filter current if,x,
the point-of-common-coupling (PCC) voltage vpcc,x, and the
load current il,x. The continuous-time state-space model is
expressed as

ẋ = Apx+Bpu+ Fpv, (23)

vg,a

Rf Lf

if,a

Rg Lg

ig,a

vg,a

Rf Lf

if,a

Rg Lg

ig,a

vg,a

Rf Lf

if,a

Rg Lg

ig,a

vg,a

Rf Lf

if,a

Rg Lg

ig,avpcc,a

Cdc

vdc

il,a

Inverter L Filter Grid

Non-linear load

PCC
a

b

c

Figure 1. Three-phase four-wire inverter connected to the grid through an
L-type filter.
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Figure 2. Equivalent plant model in αβ0 coordinates: (a) equivalent circuit
for the α or β axis; and (b) equivalent circuit for the 0 axis.

where the state x, control u, and disturbance v vectors are
defined as:

x =

if,αif,β
if,0

 , u =

uα

uβ

u0

 , v =

vαvβ
v0

 . (24)

The parameter matrices Ap, Bp, and Fp are given by:

Ap = diag
(
−Rf

Lf
,−Rf

Lf
,−4Rf

4Lf

)
,

Bp = diag
(

1

Lf
,
1

Lf
,

1

4Lf

)
,

Fp = −Bp.

(25)

The discrete-time model is derived via the zero-order hold
(ZOH) method with sampling period Ts, yielding

xk+1 = Adxk +Bduk + Fdvk, (26)

where
Ad = eApTs ,

Bd = (Ad − I)A−1
p Bp,

Fd = (Ad − I)A−1
p Fp.

(27)



To account for computational delay, the state-space is aug-
mented with delay states ϕ, resulting in the discrete-time
system

zk+1 = Azk +Buk + Fvk, (28)

with the augmented state z and system matrices defined as:

z =

[
x
ϕ

]
, A =

[
Ad Bd

0 0

]
, B =

[
0
I

]
, F =

[
Fd

0

]
.

(29)
The multivariable system output, corresponding to the filter
currents, is given by

yk = Czk, C =
[
I3×3 03×3

]
. (30)

B. Control
Let il,x denote the load current along axis x ∈ {α, β, 0}.

Applying Kirchhoff’s current law at the PCC yields

il,x = ig,x + if,x, (31)

where ig,x is the grid current and if,x is the filter current
regulated by the closed-loop synthesized voltage u.

The load powers expressed in the αβ0 coordinates can be
written as p

q
p0

 =

vpcc,α vpcc,β 0
vpcc,β −vpcc,α 0
0 0 vpcc,0

il,αil,β
il,0

 , (32)

where vpcc,x denotes the voltage measured at the converter
PCC.

Under harmonic distortion or unbalanced operating condi-
tions, the power terms defined in (32) can be decomposed into
average and oscillatory components, given by

p = p+ p̃, q = q + q̃, p0 = p0 + p̃0, (33)

where the superscripts and ˜ denote the average and
oscillatory components of each power term, respectively.

Based on this power representation, the control objective
of the converter is to compensate: (i) the oscillatory active
power p̃, (ii) the imaginary power q, and (iii) the zero-sequence
power p0. Achieving this objective ensures that the grid current
ig,x supplies only constant active power p. Consequently,
ig,x contains only the fundamental-frequency component and
remains in phase with the corresponding voltage in each axis.

To implement this functionality, the control system depicted
in the block diagram of Figure 3 is adopted. The diagram is
organized into three main blocks: (i) reference current gener-
ation, (ii) DC-link voltage control, and (iii) current control.

The reference generation block is based on the p-q theory
and employs a Kalman filter and a positive-sequence extraction
method to process the PCC voltages, resulting in the reference
currents i∗f,α, i∗f,β , and i∗f,0 according to the compensation
objectives.

The DC-link voltage control aims to regulate the capaci-
tor voltage vdc within prescribed limits. This loop operates
indirectly by injecting a power component into the reference
generation block and is implemented using an adaptive PID
controller. The current control strategy adopted in this work
is discussed in the following subsection.

1) Current Control: The current control loop is imple-
mented using the SVM2PC strategy, which is particularly well-
suited for SAPF applications. This approach is particularly
suitable for SAPFs, as it enables accurate tracking of reference
currents with wide spectral content without requiring multiple
controllers tuned to specific harmonic frequencies. Instead,
the closed-loop performance is primarily determined by the
sampling period.

Based on the augmented plant model defined in (28) and
considering a prediction horizon of N = 3, the optimization
objective is to minimize the squared tracking error of the filter
currents in the αβ0 frame at instant k + 3:

f =
∥∥i∗f,k+3 − if,k+3

∥∥2 . (34)

Given the high harmonic content of the reference current
vector, its precise prediction across the horizon is non-trivial.
Consequently, a constant reference assumption is adopted over
the prediction interval, expressed as

i∗f,k+3 ≈ i∗f,k. (35)

This approximation introduces a phase lag proportional to
the sampling period Ts, which becomes negligible at high
sampling frequencies relative to the fundamental and low-
order harmonic components.

Under these assumptions, the unconstrained optimal control
action is given by

u∗
uc = −

(
HTH

)−1
HTh, (36)

where
H = −C(A2 +A+ I)B,

h = rk+3 −CA2zk −CF̄ ω̄k,

F̄ =
[
A2F AF F

]
.

(37)

To reduce computational complexity, the disturbance vec-
tor over the prediction horizon is approximated by delayed
estimates obtained from the Kalman filter,

ω̄k =
[
v̂T
f,k−2 v̂T

f,k−1 v̂T
f,k

]T
. (38)

Since the sampling frequency is considerably higher than the
grid frequency, the introduced phase lag remains minimal and
exerts a negligible influence on the control performance within
the fundamental and low-order harmonic frequency ranges.

C. Results

The performance of the proposed SAPF strategy was val-
idated through a HIL setup utilizing the Typhoon HIL 402
platform and the Typhoon HIL Control Center software. The
real-time emulation of the electrical plant was executed with
a 0.75 µs sampling step and gate drive oversampling enabled
to ensure high-fidelity switching transitions. The control al-
gorithms were implemented in C, with a multirate execution
scheme: the high-bandwidth current loop based on SVM2PC
operates at 25 kHz, while the outer loops responsible for
reference generation and DC-link voltage regulation operate at
12.5 kHz. The key electrical and control parameters adopted
in this study are summarized in Table I.
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Figure 3. General block diagram of the SAPF.

Table I
SYSTEM AND CONTROL PARAMETERS

Parameter Symbol Value
Inverter

Filter resistance Rf 0.01 Ω
Filter inductance Lf 5 mH

DC-link capacitance Cdc 4400 µF
DC-link reference voltage v∗dc 1000 V

Switching frequency fsw 25 kHz
Dead-time td 0.1 µs

Grid
Grid line resistance Rg 0.2153 Ω
Grid line inductance Lg 0.285 mH

Current Control
Sampling frequency fs 25 kHz
Prediction horizon N 3

In this scenario, the performance of the control system is
evaluated under an unbalanced load combined with the current
drawn by a three-phase rectifier. At instant T1, the SAPF is
connected to the system but draws only the current required
for DC-link voltage regulation, becoming fully active at instant
T2. Figure 4 presents the results obtained using the SVM2PC
technique.

Figure 4(a) shows the reference and measured currents,
highlighting a fast transient response, absence of overshoot,
and high tracking capability, even for signals with high rates of
variation. Figure 4(b) presents the reference and measured DC-
link voltages, indicating that the controlled variable remains
close to its reference value, with oscillations below 0.5% of
the nominal DC-link voltage.

Figure 4(c) depicts the active, imaginary, and zero-sequence
powers supplied by the grid. After SAPF activation at T2, the
amplitude of power oscillations is attenuated, resulting in a
less oscillatory behavior. Nevertheless, a small residual noise
remains due to the nonlinear current drawn by the three-phase
rectifier.

Finally, Figure 4(d) shows the grid currents, where a marked

improvement is observed after instant T2, characterized by
a significant reduction in harmonic content, phase current
balancing, and, consequently, neutral current cancellation. The
harmonic distortion is imposed by a three-phase rectifier
connected to the load, which is responsible for generating
the nonlinear currents. Small disturbances are observed at
the instant when the rectifier starts conducting. Since the
approximation rk ≈ rk+3 is adopted, these effects cannot be
fully compensated due to the phase delay introduced by the
prediction.

1) Comparison: The proposed SVM2PC strategy is bench-
marked against an FCS-MPC variant based on the same cost
function. Although both controllers aim to minimize tracking
error, they differ fundamentally in their optimization frame-
work: FCS-MPC employs an exhaustive search of all possible
switching vectors over the prediction horizon to select the
optimal switching state, which inherently results in a variable
switching frequency.

The tracking performance is quantified using classical inte-
gral error indices: IAE, ISE, ITAE, and ITSE. The SVM2PC
achieved index values of 0.05679, 0.14365, 0.00346, and
0.00779, respectively. In contrast, the FCS-MPC resulted in
higher errors across all metrics, with values of 0.11524,
0.31611, 0.00598, and 0.01558, respectively. These results
demonstrate that SVM2PC consistently outperforms the con-
ventional predictive approach in both accumulated and time-
weighted error categories.

To quantify the performance gain, the percentage error
reduction is defined as:

Er =
MFCS −MSVM2PC

MFCS
× 100%, (39)

where M denotes a generic performance metric. Higher Er

values indicate a more substantial improvement of SVM2PC
over the FCS-MPC benchmark. Based on this definition, the
obtained reductions for IAE, ISE, ITAE, and ITSE were
50.72%, 54.56%, 42.13%, and 50.03%, respectively.
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Figure 4. Compensation in the presence of harmonics using SVM2PC: (a)
reference and measured active filter currents; (b) reference and measured DC-
link voltage; (c) active, imaginary, and zero-sequence powers supplied by the
grid; (d) grid currents.

Furthermore, the Total Harmonic Distortion (THD) of the
grid current was evaluated up to the 49th harmonic order.
Without SAPF compensation, the grid current exhibited a THD
of 6.82%. Upon activation of the filters, the THD was reduced
to 4.87% using FCS-MPC, and further minimized to 4.83%
with the proposed SVM2PC strategy, validating the superior
precision of the analytical optimization.

Furthermore, the Total Harmonic Distortion (THD) of the
grid current was evaluated up to the 49th harmonic order.
Without SAPF compensation, the grid current exhibited a THD
of 6.82%. Upon activation of the filters, the THD was reduced
to 4.87% using FCS-MPC and to 4.83% with the proposed
SVM2PC strategy. Although the improvement over the FCS-
MPC benchmark is marginal in terms of harmonic content,
the results validate the high precision and effectiveness of the
SVM2PC technique.

V. CONCLUSION

This paper presented the extension of the SVM2PC strategy
to three-phase four-wire two-level inverters. The optimization
problem was formulated to account for the specific constraints
of the four-wire system, and an analytical two-step solution
based on KKT conditions was derived to ensure real-time
feasibility. HIL validation confirmed precise current track-
ing, harmonic compensation, and neutral current suppression
alongside stable DC-link regulation. Comparative analysis
revealed that SVM2PC outperforms FCS-MPC in accumulated
error indices while achieving a marginal improvement in total
harmonic distortion.

Ongoing research focuses on the implementation of the con-
trol algorithm in a digital signal processor to enable Controller-
HIL testing and experimental validation in a laboratory-
scale microgrid. Additionally, alternative numerical methods
for solving the constrained optimization problem are being
explored to further reduce the KKT computational burden.
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