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A Novel Continuous Control Set Current-Based
Model Predictive Control for a Three-Phase,

Two-Level AC/DC Converter With
the LCL Filter

Krzysztof Dmitruk and Andrzej Sikorski

Abstract—This article presents a developed novel continuous
control set current-based model predictive control (CCS C-BMPC)
for an ac–dc grid converter connected to the grid through an LCL
filter. Most CCS MPC algorithms control the converter current
by regulating the reference voltage derived from the prediction
algorithm in the final control stage. The proposed algorithm en-
ables direct control of the grid current by regulating the converter
current and the voltage on the filter capacitor. The algorithm uses
optimized prediction to compensate for the grid current vector
error, minimizing total harmonic distortion (THD) at a relatively
low switching frequency. It exhibits high robustness to power grid
disturbances and avoids current distortions during zero crossing,
especially at low current amplitudes. The advantages of the pro-
posed method have been confirmed in simulations and laboratory
tests in steady-state and transient conditions. It confirms that the
developed control technique shows a high quality of the grid current
(low THDi value), high dynamic performance, and immunity in
case of weak grid conditions. The proposed method was compared
with a method that uses a typical proportional-resonant current
controller.

Index Terms—Continuous control set model predictive control
(CCS MPC), current control, grid tied inverter, LCL filter,
pulsewidth modulation, voltage source converter.

I. INTRODUCTION

THE ac–dc converters, connecting dc voltage with the power
grid, have become one of the most commonly used power

electronic devices. Their popularity has increased primarily due
to their application in every converter linking renewable energy
sources to the grid [1], [2], [3], [4] and in every electric vehicle
charger powered from the grid. Additionally, they find various
applications in power supply systems [5], [6] and electric drives.
ac–dc voltage converters are typically connected to the power
grid using one of two types of passive filters: first-order L filter or
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third-order LCL filter. The LCL filter provides a higher harmonic
damping level than the L filter [7]. This reduces the required total
inductance values, lowering the converter’s cost and dimensions.
On the other hand, the LCL filter generates a resonant frequency
that needs to be attenuated.

All mentioned applications of the ac–dc converter require
bidirectional energy flow, sinusoidal current (low grid current
total harmonic distortion (THD)), controlled power factor, and
low fluctuations in dc-link voltage. The system must be robust
to changes in network parameters, converter filter parameters,
and disturbances in the power grid. The primary control strategy
for ac–dc converters, commonly applied in practice, is voltage-
oriented control. It involves indirectly controlling reactive and
active power flow through the active and reactive components of
currents in a closed-loop regulation system using PI controllers
[8], [9]. The controller output signal (converter’s set voltage) is
reproduced in the space vector modulation (SVM) modulator
or three-phase pulsewidth modulation (PWM). Higher control
accuracy can be achieved using resonant controllers [10], [11].
Controllers with modulators provide a constant switching fre-
quency (defined harmonic spectrum), facilitating the selection
of L or LCL and electromagnetic interference (EMI) filters pa-
rameters. However, this requires selecting controller parameters,
negatively impacting set current values tracking in transient
states. Additionally, control methods based on PWM/SVM mod-
ulators require the application of dead-time correction, whose
complexity affects correction quality.

The second group of ac–dc converter control methods is
termed nonlinear. One of the oldest strategies is the direct power
control (DPC) method, created by analogy to the direct torque
control drive method. In the DPC method, active and reactive
power control exchanged with the grid is managed without
an internal current control loop, using a power comparator-
controlled switching table [9], [10], [11] or in the linear version
DPC-SVM [12]. With the increase in the computational power
of control processors, model predictive control (MPC) became
possible [13], [14] in the version with a continuous control set
(CCS-MPC) [15], [16], [17], [18], [19], [20] and a finite control
set (FCS-MPC) [13], [21].

In the CCS-MPC algorithms, the simplest representative is
the deadbeat algorithm [22]. Its control voltage ensures the
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realization of a specific cost function determined by the converter
model and its power supply. Subsequently, this control voltage
is reproduced in the converter using PWM/SVM modulation.
This modulation implementation ensures a constant switching
frequency on the one hand and errors resulting from dead-time
on the other hand. These algorithms combine the advantages of
linear and nonlinear control systems, maintaining good char-
acteristics in both steady and transient states. The literature
also considers using CCS-MPC methods not only for sinusoidal
linear loads but also for nonlinear three-phase and single-phase
loads in a four-wire power system [23]. The LC output filter
ensures a sinusoidal power supply with no more than 4% THD
voltage under unbalanced load conditions in a steady state,
and the system is resistant to 50% changes in LC parameters
and abrupt load changes. In the article [24], on controlling an
ac–dc converter with an LCL filter, an adaptive CCS-MPC was
additionally designed to resist changes in grid inductance, which
can shift the resonance frequency of the LCL filter and cause
system instability.

The FCS-MPC method utilizes the discrete nature of con-
verters, characterized by a limited number of switching states,
to predict the behavior of controlled variables. Calculations are
performed at each sampling for all combination connections.
The optimal converter voltage vector is selected by minimizing
a specified cost function J. An extension of this method includes
algorithms with additional virtual voltage vectors [25], [26],
[27], which significantly reduce current THD by increasing
the number of voltage vectors to choose from. Another step
in improving current THD is the control method with floating
voltage vectors [28]. Instead of many permanently defined vir-
tual vectors, an environment with three virtual vectors for the
specified voltage vector has been proposed, allowing the mini-
mization of current THD with significant robustness to changes
in the system model parameters. An interesting and forward-
looking direction for developing predictive control methods is
implementing control with a longer prediction horizon (several
to even dozens of steps ahead) when determining the control
action in the next step. Such control reduces current THD by
several times when extending the prediction horizon to 20 steps
and does not require additional measures to dampen resonances
(such as active damping) while maintaining a low switching
frequency, as shown in publications on three-level drive convert-
ers [29], [30]. Moreover, using such a control method demands
significant computational effort, growing exponentially with
the number of steps, and requires a fast processor or reduced
sampling frequency. A smart branch and bound technique called
sphere decoding was adopted to efficiently solve the underlying
optimization problem computationally in real-time. The long
horizon method is effective in steady-state conditions in FCS-
MPC methods, where in each step, we only aim to minimize
the error of the controlled quantities due to the finite number
of available voltage vectors. On the other hand, the principle of
CCS-MPC control is to achieve zero error, e.g., of the reference
voltage at the end of the control period in each step, by using
an “infinite” number of voltage vectors obtained through modu-
lation, e.g., SVM. This excludes the possibility of long-horizon
control.

The proposed control method differs from most CCS-MPC
methods, where the final stage of control implementation in-
volves determining the reference voltage for the converter,
which is then reproduced by the modulator. This necessitates
compensating for dead-times and other errors associated with
reproducing the desired currents. We directly shape the current
in the proposed method, eliminating the intermediate voltage
shaping and associated drawbacks. By shaping the current using
the CCS-MPC method, we aim to achieve zero current error at
each step, correcting the error in the subsequent step. The pro-
posed method involves shaping the converter current to produce
a voltage on the filter capacitor similar to the voltage present
in the power grid, ensuring a sinusoidal active current drawn
from the grid. Directly shaping the converter current involves
determining modulation times based on geometric relationships
derived from the current vector derivatives for specific voltage
vectors. Transient states associated with step changes in the
reference value are mapped without modulation, using voltage
vectors that achieve the new reference current value in the
quickest possible manner. The current change dynamics are
limited only by the object’s parameters and are characteristic
of nonlinear controls, such as deadbeat control or FCS-MPC.

Summarizing the overview of control methods, an input LCL
filter is a desirable feature of the ac–dc converters. Such a filter
introduces additional resonant frequencies, usually requiring
additional damping systems (e.g., resistors and active dump-
ing). Additionally, desired characteristics of the ac–dc converter
include a low grid current THD, a fixed switching frequency
enabling easy construction of EMI filters and selection of LCL
filter parameters, and mitigation of dead-time issues. These
properties were fulfilled in the control system presented in this
article.

The rest of this article is organized as follows. Section II
introduces the ac–dc converter model with an LCL filter.
Section III focuses on predictive control using FCS-MPC for
grid current regulation in the ac–dc converter. Section IV de-
scribes the proposed continuous control set current-based model
predictive control (CCS C-BMPC). Subsequently, Sections V
and VI present simulation results and compare the proposed
method with the Proportional-Resonant (PR) controller. Sec-
tion VII checks the system’s stability when the system model’s
parameters are detuned from the real parameters. Section VIII
presents experimental studies in steady, transient, and voltage
disturbance states. Finally, Section IX concludes this article.

II. AC–DC CONVERTER MODEL

Depending on the selected configuration of conducting tran-
sistors, the voltage at the UVW terminals [see Fig. 1(a)] can be
described in the stationary αβ reference frame as follows:

u2αβ =

{
2
3Udce

j(n−1)π
3 : for n = {1, 2, 3, 4, 5, 6}

′0′ : for n = {7, 8} . (1)

Fig. 1(b) graphically presents the representation of all output
voltage vectors u2αβ of the converter, described by the above
equation.
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Fig. 1. (a) Schematic of voltage converter. (b) Available voltage vectors in a
stationary reference frame αβ.

Fig. 2. Scheme of an AC–DC converter with an LCL-type passive filter.

An example of using an LCL-type passive filter as an interface
between the power supply network and the voltage converter is
shown in Fig. 2.

Two resonance circuits can be distinguished by analyzing the
above schematic of the converter connected to the power grid
through an LCL filter. The first consists of elements L1 and C,
and the second consists of L2 and C. To achieve high-quality
regulation, appropriate resonance frequency values should be
ensured during the filter design stage, avoiding amplifying
harmonics generated by the ac–dc converter due to switching
frequency. Filter parameter selection should provide high damp-
ing of harmonics related to the transistor switching frequency
and low damping in the frequency band associated with the
fundamental grid current harmonic. Consequently, using an LCL
filter in the converter-based system significantly complicates
the application of nonlinear control methods characterized by
variable switching frequencies. Therefore, this article presents a
new method, CCS C-BMPC, to control the ac–dc converter. This
method uses PWM modulation to minimize higher harmonics
introduced into the power grid. Applying modulation of multiple
voltage vectors in one control period Ts allows achieving an
infinite number of voltage vectors at the ac converter terminals.
This means that the resultant voltage vector reproduced by the
converter within one control period Ts can be positioned at any
point inside the hexagon defined by the vertices of the active vec-
tors of the two-level converter. The primary control principle is
to control the voltage on the LCL filter capacitor to reflect the
shape of the power grid voltage. Assuming a constant inductance
value of L1, fulfilling this principle leads to a sinusoidal grid
current. This article demonstrates the possibility of determining
three switching times of three ac–dc converter vectors within
one control period, Ts, enabling precise control of the voltage
on the LCL filter capacitor. This is achieved by minimizing
the control error of the L2 inductance current for single Ts as

Fig. 3. Scheme of the LCL filter in the rotating dq reference frame.

close to zero as possible. Additionally, the modulator generates a
constant switching frequency, making filtering unwanted current
components through the grid filter easier.

A. Mathematical Model of an LCL-Type Passive Filter

LCL filters consist of inductors on the grid side (L1), inductors
on the converter side (L2), and filtering capacitors (C) (as shown
in Fig. 2). In the stationary αβ coordinate system, the following
equations describe the above system:

L1
d

dt
i1αβ = eαβ − ucαβ (2)

L2
d

dt
i2αβ = ucαβ − u2αβ (3)

C
d

dt
ucαβ = i1αβ − i2αβ (4)

where
eαβ - grid voltage vector in the stationaryαβ reference frame,
i1αβ - grid current vector in the stationaryαβ reference frame,
i2αβ - converter current vector in the stationary αβ reference

frame,
ucαβ - capacitor filter voltage vector in the stationary αβ

reference frame,
u2αβ - converter voltage vector in the stationary αβ reference

frame,
L1 - inductance of the grid side inductor,
L2 - inductance of the converter side inductor,
C - capacitance of the LCL filter capacitor.

Transferring (2), (3), and (4) to the dq reference frame rotating
with the grid pulsation ωg results in the following:

L1
d

dt
i1dq = edq − jωgL1i1dq − ucdq (5)

L2
d

dt
i2dq = ucdq − jωgL2i2dq − u2dq (6)

C
d

dt
ucdq = i1dq − i2dq − jωgCucdq. (7)

The equivalent scheme of the LCL filter in the rotating dq
reference frame with grid pulsation ωg is presented in Fig. 3.

III. DESCRIPTION OF THE FCS-MPC CONTROL METHOD

FCS-MPC with a cost function involving only one variable,
the grid current vector, was utilized for the proposed solution’s
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Fig. 4. Block diagram of the control structure.

initial analysis. All operations related to computing successive
iterations of the converter control algorithm are performed in
a rotating dq reference frame with pulsation ωg, oriented to
the grid voltage vector edq aligned with the d-axis. The block
diagram of the control structure is illustrated in Fig. 4.

The current i2dq flowing in the inductance L2 is shaped by
the voltage difference ucdq on the filtering capacitor C and the
voltageu2dq generated by the ac–dc converter at its ac terminals.
The voltage at the converter terminals has high dynamic changes
(rectangular-shaped voltage) compared to the voltage on the
filtering capacitor C. Based on this, it is assumed that the rapidly
changing voltage u2dq significantly influences the variations
in the current i2dq flowing in the inductance L2. Using the
description of available vectors at the converter ac terminals
and the equation describing the loop of the LCL filter circuit
from the converter side (6), the vector d2u can be determined.
This vector is proportional to the derivative of i2dq , indicating
the current vector’s direction and rate of change

L2
d

dt
i2dq = u∗

2dq − u2dq = d2u. (8)

The vector u∗
2dq in (8) is calculated using edq, and voltage

drops across the filter inductances. This is expressed by (9)
considering sinusoidal waveforms of all quantities, i.e., their
fundamental harmonics (marked with an asterisk)

u∗
2dq = e∗dq − i∗1dqjωgL1 − i∗2dqjωgL2. (9)

A graphical interpretation of (8) and (9) is shown in Fig. 5.
To determine the derivative of the converter current vector

d2i, representing the direction and rate of change of the current
vector i2dq , the (8) must be transformed

d2i =
d

dt
i2dq = d2u/L2. (10)

The discrete operation of ac–dc converters relies on the ability
to change voltage vectors at the ac terminals at regular, prede-
fined intervals. This is associated with the cyclic nature of the
converter’s digital control system. It is when signal acquisition
is renewed, and the next iteration of the control algorithm is
executed. Hence, the sampling time is defined as

Ts =
1

fs
(11)

where fs is the measurement system’s sampling frequency.

Fig. 5. Graphical interpretation of d2u vectors proportional to the derivative
of the current i2dq in the reference frame dq rotating with grid pulsation ωg.

Fig. 6. Potential places to move the i2dq vector during single Ts by selecting
a single converter voltage vector.

During a single sampling period, using only one available
voltage vector of the converter, it is possible to determine the
predicted position of the head of the converter current vector ipdq
at the end of the considered sampling period. To achieve this,
the equation below should be used

ip2dq = i2dq + d2iTs. (12)

Graphical interpretation of (12) for an example converter
voltage vector is shown in Fig. 6. After one sampling time, the
head of the i2dq can reach positions marked by orange circles.
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With knowledge of possible new positions of the i2dq , its
impact on the ucdq can be determined. To achieve this, the
transformed (7) should be used

duc =
d

dt
uc =

i1dq − ip2dq − jωgCucdq

C
. (13)

To determine voltage change on the capacitor C based on the
given equation, the following assumptions must be made.

1) The change in current i1dq for a single sampling period Ts

is close to zero

d1i ≈ 0. (14)

2) Changes in the current vector i2dq are significantly faster
than the rate of changes in the vector i1dq

d2i >> d1i. (15)

Considering the above, displacing the i2dq vector described
by (12) results in a voltage change on capacitor C

duc =
i1dq − i2dq − jωgCucdq −

(
i1dq − ip2dq − jωgCucdq

)
C

=
ip2dq − i2dq

C
. (16)

After one sampling period, Ts, it can obtain a new position in
the dq plane, described by the relation

up
cdq = ucdq + ducTs. (17)

Emphasizing the assumptions about the rate of changes in
currents i1dq and i2dq described by (14) and (15), it is considered
that the change in the i1dq for one sampling period Ts has a
negligible impact on the voltage on filter capacitor C. The change
of the u2dq causes a change in the i2dq vector’s position, which,
in turn, causes a change in the ucdq vector’s position.

Using an analogy to analyze the impact of the u2dq on the
i2dq , an analysis was conducted on the influence of changes in
the ucdq on the i1dq . It was assumed that the primary influence
on changes in the i1dq has ucdq. This assumption arises from
the higher dynamics of changes in the ucdq (17) compared to
changes in the edq.

In the steady state of the LCL filter, the current derivative
component related to the inductance L1 in (5) is equal to 0.
Thus, based on the mentioned expression, we can write

ucdq = edq − jωgL1i1dq. (18)

The changes in the position of the u2dq introduced by the
converter cause variations in theucdq voltage, reaching different
positions of up

cdq. This is described from (8) to (17). Referring
back to (5), we can write

L1
d

dt
i1dq = edq − jωgL1i1dq − up

cdq. (19)

Next, by substituting (17) with (19) and comparing it with
(18), we obtain

d1u = L1
d

dt
i1dq = −ducTs (20)

d1i =
d

dt
i1dq = d1u

1

L1
(21)

ip1dq = i1dq + d1iTs (22)

where
d1u – quantity proportional to the derivative of the i1dq ,
d1i – a derivative of the i1dq describing the direction and rate

of changes in the i1dq ,
ip1dq – predicted position of the grid current vector resulting

from the change in voltage on filtering capacitors
due to activate one of the available voltage vectors of
the converter for a single sampling period.

Utilizing (12) to (22) allows for predicting voltages and cur-
rents in the LCL filter as the system’s response to activating
one of the available converter vectors for a single sampling
period. This control approach is typical for methods within
the FCS-MPC group. Control algorithms from this group have
two significant drawbacks. The first is the inability to direct
the grid current vector to the desired vector position within
one control period. The second drawback pertains to variable
switching frequencies, causing difficulty in selecting parameters
for the filter connecting the converter to the power grid. In such
a scenario, the challenge lies in choosing passive filter element
parameters that achieve maximum damping without amplifying
current distortions due to the matching of switching frequencies
to the resonant frequencies of the filter.

IV. DESCRIPTION OF THE PROPOSED CONTROL METHOD

This chapter introduces an author-developed CCS C-BMPC
for a two-level, three-phase ac–dc converter coupled to the grid
through an LCL filter. The proposed control method aims to
eliminate the drawbacks of FCS-MPC methods. Analyzing (8)
to (22) in reverse order makes it possible to determine a change of
i2dq that theoretically compensates the i1dq error to zero during
a single control period. It is assumed that the predicted position
of the grid current vector ip1dq at the end of the control period Ts

should be identical to the position of the set grid current vector
is1dq , i.e.,

ip1dq = is1dq. (23)

Based on (22) and substituting (23) into it, the relationship
determining the grid current error Δi1dq is obtained

Δi1dq = is1dq − i1dq. (24)

Assuming that the set voltage vector on the filter capacitor
us
cdq is identical to the predicted position of this vector denoted

as up
cdq in (17), and considering (20) in that equation, the

following differential equation is obtained:

Δus
cdq = us

cdq − ucdq = −Δi1dq
Ts

L1. (25)

The transformed (13) into differential form allows determin-
ing the set position of the converter current vector is2dq (the
reference vector is2dq is identical to the predicted vector ip2dq)
that theoretically compensates the control error to zero during a
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Fig. 7. Ability to move the converter current vector i2dq with three converter
voltage vectors during single Ts.

single Ts period

is2dq = i1dq − jωgCucdq −
Δus

cdq

Ts
C. (26)

Utilizing the difference between the specified position of the
converter current vector is2dq and its current position i2dq , the
error of the converter current vector Δi2dq is defined

Δi2dq = is2dq − i2dq. (27)

Substituting (26) into (27) and transformations aimed at de-
termining the necessary change in the converter current vector
Δi2dq to compensate for the voltage error on the filtering ca-
pacitor ucdq, thus achieving zero grid current error Δi1dq at the
end of a single control period, we obtain the following relation:

Δi2dq = i1dq − i2dq − jωgCucdq −
Δus

cdq

Ts
C. (28)

The possibilities of influencing the i2dq using a single con-
verter voltage vector in a single control period are described by
relations (8), (10), (11), and (12). By applying a specific voltage
vector at the converter output for time Ts, we can predict its
final position at the end of the sampling period, as shown in
Fig. 6. According to Fig. 6, the head of the converter current
vector i2dq , after single Ts, can reach positions marked by orange
circles. Notice that none of the available voltage vectors results in
zeroing theΔi2dq , i.e., it is unable to move the i2dq to its desired
value is2dq . To achieve the set position of the converter current
is2dq within a single Ts, a minimum of three vectors must be used
during this time. Employing three-vector modulation increases
the possibilities of shaping the reproduced i2dq .

In Fig. 7, the area of the equilateral triangle (sector) formed
by the two active vectors 010 and 110, and the zero vector ‘0’
is shaded with an orange background. This highlighted region,
resulting from the modulation of the specified three vectors, is
the space where the head of the i2dq current vector can be placed

Fig. 8. Principle of determining converter voltage vectors used in modulation.

arbitrarily at the end of a single Ts. The selection of vectors
allowing the elimination of the controlled i2dq error depends on
the current positions of the vectors u2dq , u∗

2dq , and the Δi2dq .
Determining, which derivative vectors will be used and for

how long to move the i2dq to the is2dq position requires a
series of geometrically described actions. First, it is necessary
to determine the position of the head of the is2dq on the hexagon
plane and thus specify, which derivative vectors will be used.
To achieve this, the positions of the heads of three consecutive
current derivative vectors from active converter vectors, such as
d2i110, d2i010, and d2i011, as well as the current derivative of
the d2i’0’ from the zero vector of the converter, are used. This
is done by determining three lines labeled y110-0, y010-0, and
y011-0 through these four points. The situation is illustrated in
Fig. 8.

These lines divide the complex plane into sectors. The be-
longing of the head of the is2dq to a sector is determined by
establishing equations for the lines y110-0, y010-0, and y011-0.
The calculation of the coefficients Axxx-x, Bxxx-x, and Cxxx-x of
the line equation in general form Ax-xxxx+Bx-xxxy+Cx-xxx = 0
is performed using (29) and the knowledge of the coordinates
of two points through which the sought line passes

Axxx−x = yxxx − yx

Bxxx−x = xx − xxxx

Cxxx−x = (xx − xxxx) · yxxx + (yxxx − yx) · xxxx. (29)

For the determined equations of lines y110-0, y010-0, and
y011-0 in general form, the coordinates of the head point of the
current error vector Δi2dq are substituted

wxxx−x = Axxx−xx+Bxxx−xy + Cxxx−x. (30)

This yields results w110-0, w010-0, and w011-0, whose signs
unequivocally determine the position of the examined point
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TABLE I
ASSIGNING VECTORS IN THREE-VECTOR MODULATION

Fig. 9. Determining the activation times for individual voltage vectors of the
converter during one sampling period Ts.

relative to the specified lines. With this information, two ad-
jacent vectors to the head position of the Δi2dq , representing
the derivatives of the current d2ixxx from the active voltage
vectors of the converter, and one vector representing the current
derivative d2i’0’ from the zero voltage vector of the converter,
are determined. Information on the modulation voltage vectors
used by the converter depending on the sector containing the
head of the Δi2dq is provided in Table I.

To move the Δi2dq to zero (see Fig. 9) within single Ts, one
should follow the principles outlined in the rest of the chapter.
Applying these principles results in displacing the head of the
controlled variable vector, in this case, the head of the i2dq , to
the setpoint position is2dq (see Fig. 8), which corresponds to the
head of the error vector Δi2dq in Fig. 9. The trajectory of the
i2dq vector head position changes is highlighted in orange on
the discussed figure.

Equation (31) can be derived based on geometric relation-
ships. It describes the method for determining the times of using
successive derivatives

h010

h
· Ts +

h′0′

h
· Ts +

h110

h
· Ts = Ts. (31)

The above is sufficient to calculate three absolute values of
times t110, t010, and t′0′ according to the equation below. These
times determine the times of using individual voltage vectors
within one control period Ts

Ts = t′0′ + t110 + t010

Fig. 10. Options to minimize the converter current error vector Δi2dq with
three voltage vectors during one sampling period Ts.

where : t′0′ =
h′0′

h
· Ts, t110 =

h110

h
· Ts, t010 =

h010

h
· Ts.

(32)

The t110, t010, and t′0′ , determined in this way, sum up the
value Ts. In the definition of d2i described by (10), the depen-
dence of this vector on the derivative vector of the converter
voltage vector d2u defined in (8) is indicated. Therefore, by
applying specific voltage vectors u2dq (on which the considered
sector of the hexagon is stretched) according to (32), we achieve
the zeroing of the Δi2dq

Δi2dq = t′0′d2i′0′ + t110d2i110 + t010d2i010. (33)

During transient states of the converter, after a step change
in the is1dq , the control error Δi2dq can assume values greater
than in the previously discussed situation. Representing this
graphically (see Fig. 10), the head of the vector may be in a
sector different from its tail.

In this scenario, examining the signs of the results of linear
(30) with substituted coordinates of the head of theΔi2dq reveals
that a different set of voltage vectors will be used for modulation
(see Table I). However, the principle of calculating the activation
times of individual converter voltage vectors will be identical to
the case discussed in Fig. 9. The analyzed situation is depicted
in Fig. 11.

Another case to consider is a sudden change in the is1dq . The
head of the Δi2dq may fall outside the hexagon (see Fig. 12).

In this operating state of the converter, it is impossible to
compensate the Δi2dq to zero during a single Ts. This is due to
the length of the Δi2dq being greater than all available current
derivative vectorsd2i. To confirm that the position of the head of
the Δi2dq is outside the hexagon, the following condition must
be satisfied:

h < h011 + h001. (34)
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Fig. 11. Example of minimizing the converter current error vectorΔi2dq with
three voltage vectors during one sampling period Ts.

Fig. 12. Options to minimize the converter current error vector Δi2dq with
one voltage vector during one sampling period Ts.

If (34) is met, a different method of determining the switch-on
times for individual vectors from the previously selected vector
set is used, following the principle below:

1) if hmax = h001, then: t001 = Ts, t001 = 0, t′0′ = 0,
2) if hmax = h011, then: t001 = 0, t001 = Ts, t′0′ = 0.
Selecting one active vector in this way for a single Ts mini-

mizes theΔi2dq . The goal is to bring the head of theΔi2dq inside
the hexagon and then regulate the current using three-vector
modulation, following the earlier principles.

The last step of the presented algorithm is to convert the
obtained absolute times for using individual voltage vectors into
control pulses for the transistors of the individual phase bridges.
The modulation method, e.g., SVM or three-phase sinusoidal
modulation, can be arbitrary. In this article, a three-phase mod-
ulator is chosen for this purpose. With this, the discussion of
the proposed control method utilizing the model equations and
PWM modulation concludes. Due to the flexibility in moving

Fig. 13. Graph illustrating the execution of the successive steps of the CCS
C-BMPC control method.

the head of the i2dq within the hexagon spanned by the current
derivative vectorsd2i, this method can be classified as a continu-
ous control set method. When the Δi2dq lies within the hexagon
boundaries, three-vector modulation is applied, theoretically
allowing for zero Δi2dq at the end of a single Ts. In transient
states, the converter controlled by this method exhibits a fast
response, utilizing single vectors throughout the control period,
which quickly approaches the Δi2dq to the value of 0.

Fig. 13 presents a summary graph illustrating the execution
of the proposed algorithm’s successive steps.

V. SIMULATION STUDIES OF THE PROPOSED

CONTROL METHOD

The simulation model for the voltage converter coupled to the
grid was developed using the MATLAB/Simulink environment.
The model structure replicates the block diagram shown in
Fig. 4. The key parameters of the simulated system are listed
in the Table II.

Validating the LCL filter design involves calculating its reso-
nance frequencies: the main resonance frequency fr, resonance
frequency fr1 associated with elements L1 and C, and resonance
frequency fr2 associated with elements L2 and C. These values
should fall within the range

10 · fn < fr < 0.5 · fm. (35)

The following dependencies determine the resonant frequen-
cies of the used LCL filter:

fr =
1

2π

√
L1 + L2

L1L2C
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TABLE II
KEY PARAMETERS OF THE SIMULATION SYSTEM

=
1

2π

√
1.83 · 10−3 + 3.4 · 10−3

1.83 · 10−3 · 3.4 · 10−3 · 10 · 10−6 = 1.46 [kHz]

(36)

fr1 =
1

2π

√
1

L1C
=

1

2π

√
1

1.83 · 10−3 · 10 · 10−6

= 1.17 [kHz] (37)

fr2 =
1

2π

√
1

L2C
=

1

2π

√
1

3.4 · 10−3 · 10 · 10−6 = 863 [Hz].

(38)

Calculated values of resonance frequencies satisfy the condi-
tion presented in (35), completing the design of the grid filter
coupling the converter to the grid.

The study was conducted with a specified value is1d = 15 A
(P=7.5 kW) and is1q =0 A (Q=0 var). To observe the regulation
process using the presented method, waveforms of components
d and q of the i1dq, is1dq , ucdq, i2dq , and edq are included.
Fig. 14 depicts the components recorded in the rotating reference
frame dq synchronized to the edq, aligned with the d-axis. This
illustration showcases the operation of the developed control
algorithm with symmetrical, undistorted voltage supplied from
the grid.

Analysis of the i1d waveform, recorded and shown in Fig. 14,
revealed minor fluctuations. The maximum value of the i1d is
15.22 A, while the minimum is 14.92 A. In the recorded time
window, the i1q has a maximum value of 0.17 A and a minimum
value of −0.16 A.

The waveforms of the i1 are symmetrical (see Fig. 15). These
current waveforms do not exhibit phase shift relative to the
corresponding waveforms of the grid voltages. Furthermore,
comparing the waveforms of i1 and i2 on the indicated plot
reveals high effectiveness in attenuating current ripples, a char-
acteristic feature of an LCL filter.

Harmonic analysis of the phase current i1u is presented in
Fig. 16. The results indicate that practically no higher harmonics
associated with the resonant frequencies of the LCL filter, as
described by (36), (37), and (38), are present in the power
grid current. Their amplitude does not exceed 0.1% of the
fundamental harmonic amplitude. Attention should be paid to
the characteristic peaks in the spectrum of the analyzed current
related to the operating frequency of the used three-phase PWM

Fig. 14. Waveforms of vectors components in the simulated converter system
with the is1d = 15 A.

Fig. 15. Waveforms of phase quantities in the simulated converter system with
the is1d = 15 A.

modulator. These peaks are concentrated around the multiples
of the modulation frequency (5 kHz). Spectrum components
related to the modulator operation are prominent in Fig. 15 in the
currents i2. This is confirmed by comparing the corresponding
harmonics presented in the spectrum of i1u in Fig. 16 and
the spectrum of i2u presented in Fig. 17. The i2u contains
components associated with the modulator at approximately 4%
of the fundamental harmonic amplitude. The same components
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Fig. 16. Spectrum of the i1u in the simulated system with the is1d = 15 A.

Fig. 17. Spectrum of the i2u in the simulated system with the is1d = 15 A.

Fig. 18. Waveforms of the vectors components in the simulated converter
system, with a step change in the is1d from −15 A to 7.5 A.

in the i1u do not exceed 0.25% of the fundamental harmonic
amplitude.

The next step of control quality verification involved assessing
transient states. Studies were conducted, and current and voltage
waveforms in the system were recorded, with a step change in the
set grid current component is1d from −15 A to 7.5 A. Figs. 18
and 19 depict the system’s response to the step change in is1d
from −15 A to 7.5 A.

Fig. 19. Waveforms of phase quantities in the simulated converter system,
with a step change in the is1d −15 A to 7.5 A.

The recorded waveform of the i1d component in Fig. 18
has a rise time tr of 225 μs. The maximum value of the i1d
component in the recorded window is 9.08 A. During the forced
step change in the set signal is1d, a change in the i1q is also
observed, reaching a minimum value of −1.91 A during the
transient state. The change in the i1q in the transient state
results from limited influence on the trajectory of the i2dq vector
movement. According to Fig. 7 and (12), none of the available
converter vectors causes the i2dq current vector to move along
the error vector Δi2dq . According to the regulation principle,
three vectors are used during single Ts, as shown in Fig. 9.
Each of the three selected vectors simultaneously changes the
controlled current’s d and q components. Additionally, attention
should be paid to the waveforms of the ucd and ucq. In this case,
the ucd component decreases to a minimum value of 153.3 V
during the transient.

Next, the algorithm’s response to asymmetric power supply
conditions was tested (see Fig. 20). The voltage source replicated
three sinusoidal waveforms. For time < 20 ms, the U phase
voltage was reduced to 90%; for time > 20 ms, it was decreased
to 20% of the nominal amplitude value. While the supply volt-
age asymmetry remains within normative conditions (time <
20 ms in Fig. 20), amplitude asymmetry in grid currents is
imperceptible. However, a distinct asymmetry in current
amplitudes is observed during a deep voltage sag (time
t > 20 ms in Fig. 19). Considering this it is acknowl-
edged that the algorithm adequately maintains control over
currents and voltages in the studied system, ensuring the
converter’s safe operation during significant supply voltage
asymmetry.

Besides voltage asymmetry, a common occurrence in the grid
is the distortion of phase voltages due to nonlinear loads. The
fifth and seventh harmonics, each with amplitudes equal to 5%
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Fig. 20. Waveforms of phase quantities in the simulated converter system,
with asymmetric supply (EU = 0,9UL-N, EV = EW = UL-N for time ≤ 20 ms
and EU = 0,2UL-N, EV = EW = UL-N for time > 20 ms).

Fig. 21. Waveforms of phase quantities in the simulated converter system,
with distorted grid voltage by adding 5% of the fifth and seventh harmonics.

of the fundamental harmonic amplitude, were introduced into
the sinusoidal supply voltage (see Fig. 21).

As seen in Fig. 21, the generated grid currents are also
distorted due to the appearance of higher harmonics in the supply
voltage e. The THD for the recorded i1u is 1.44%.

Fig. 22. Spectra of the i1u in the simulated systems with CCS C-BMPC and
PR controllers and the is1d = 15 A.

Fig. 23. Spectra of the i1u in the simulated systems with CCS C-BMPC and
PR controllers, and the is1d = 2.1 A.

VI. COMPARISON OF THE PROPOSED METHOD WITH

TYPICAL PR CONTROLLER

The proposed control method was compared to the PR con-
troller using simulations in steady-state and transient conditions,
as illustrated in the following chapter. When comparing differ-
ent control methods (e.g., grid current THD), authors usually
evaluate them under nominal load conditions. However, all
control shortcomings become apparent at low load currents,
where the large value of the fundamental harmonic does not
mask them. At low currents, errors related to the method of dead
time compensation, compensation for delays resulting from the
difference between the sampling times of currents and voltages
and the moment of control change, and the timing of when the
measured quantities are sampled, emerge. In this article, the
authors presented a waveform at a low current value (14% of In)
and compared the result with the PR method.

The structure of the applied PR controller corresponds to the
structure presented in [31]. Due to the similarity in tuning princi-
ples between linear PI and PR controllers, the settings of the PR
controller were selected using the symmetrical optimum method
based on the relationships described in [32]. The effectiveness
and correctness of using the indicated tuning method in systems
with resonant components have been confirmed, among others,
in [33]. The converter with PR controller, using the same model
and control system parameters, was found to be unstable in the
simulation study. In [34], a detailed analysis of the operation
of resonant controllers was conducted. The frequency of the
controller and modulator should be increased to improve the
system’s stability. After increasing the operating frequency of
the controller and modulator to 20 kHz, system stability was
achieved, allowing for a basic comparison of our proposed
method with the PR controller.

The first step compared regulation quality in the steady state
under a sinusoidal voltage supply. Figs. 22 and 23, respectively,
present the spectra of the shaped current at two different setpoint
values of the is1d component, 15 A and 2.1 A, using the proposed
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Fig. 24. Selected waveforms in the simulated system with CCS C-BMPC
controller during a step change in the is1d from −15 A to 7.5 A. Top: set (i∗1d
- yellow, i∗1d - magenta) and actual (i1d - green, i1q - blue) grid current vector
components values. Bottom: grid current (blue) and voltage (green) in phase u.

Fig. 25. Selected waveforms in the simulated system with PR controller during
a step change in the is1d from −15 A to 7.5 A. Top: set (i∗1d - yellow, i∗1d -
magenta) and actual (i1d - green, i1q - blue) grid current vector components
values. Bottom: grid current (blue) and voltage (green) in phase u.

CCS C-BMPC method and the PR method. From Figs. 22 and
23, it can be concluded that the shaped currents have low THD
coefficients. In the case of the PR regulator, there is an elevated
content of the 9th and 11th harmonics, which are not compen-
sated due to the lack of appropriate regulator modules tuned to
these frequencies. It should be noted that in the presented case,
the modulation frequency in the model with the PR regulator is
four times higher than the modulation frequency in the system
with the CCS C-BMPC regulator, resulting in four times smaller
current ripples in the filter inductances on the converter side.

The pair of Figs. 24 and 25 present the response of the
compared control systems to a change in the setpoint of the grid
current vector d-component from −15 A to 7.5 A. In the system
with the CCS C-BMPC regulator, the grid current overshoot in
the presented waveforms after the step change in the setpoint
is significantly smaller (see Fig. 24). In the system with the
PR regulator (see Fig. 25), the damping time of oscillations is
significantly longer, approximately 60 ms.

The resilience of the PR algorithm to asymmetric supply
voltage was also investigated. Fig. 26 shows the system’s re-
sponse with the PR regulator to a decrease in the supply voltage
in phase u to 20% of its nominal value. Under these supply
conditions, the PR regulator shapes the current with a THD
of 0.96%. The current shaped by the CCS C-BMPC method
has a THD parameter of 0.40%. The regulation results in the

Fig. 26. Phase grid currents (top) and grid voltages (bottom) waveform with
PR controller under asymmetric supply (EU = 0,2UL-N, EV = EW = UL-N),
and is1d = 15 A.

Fig. 27. Comparison of spectra of grid current waveforms with CCS C-BMPC
and PR under asymmetric supply (EU = 0,2UL-N, EV = EW = UL-N), and
is1d = 15 A.

Fig. 28. Phase grid currents (top) and grid voltages (bottom) waveforms with
PR controller under distorted grid voltage by adding 5% of the fifth and seventh
harmonics, and is1d = 15 A.

system with the CCS C-BMPC regulator are shown in Fig. 20
in Section V. The current spectra shaped by both methods are
presented in Fig. 27. In the PR method, a nearly twofold increase
in THD was noted compared to the undisturbed supply condition
(see Fig. 22). During significant supply asymmetry, the current
shaped by the PR method showed a substantial content of the
third harmonic, which does not occur in the system with the CCS
C-BMPC regulator.

The PR regulator’s response to higher harmonics in the supply
voltage is shown in Fig. 28. The fifth and seventh harmonics
with amplitudes equal to 5% of the fundamental harmonic
amplitude were added to the supply voltage. This caused an
increase in the THD of the shaped grid current to 1.16%. The
spectrum of the grid current showed an elevated content of odd
harmonics not attenuated by the regulator, particularly the 9th
and 11th harmonics. Under the same power supply conditions,
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Fig. 29. Comparison of spectra of grid current with CCS C-BMPC and PR
under distorted grid voltage by adding 5% of the fifth and seventh harmonic,
and is1d = 15 A.

using the CCS C-BMPC regulator, a slightly worse THD of
the shaped current was obtained, equal to 1.44% (see Fig. 29).
The presence of the fifth and seventh harmonic components
was noted, corresponding to the introduced disturbance in the
supply voltage. The time waveforms of currents and voltages in
the simulated system with the proposed regulator are shown in
Fig. 21 in Section V.

It should be noted that the converter with a PR controller and
a modulator operating at four times the frequency has worse
grid current THD (see Figs. 22 and 23), higher losses, and lower
efficiency than the CCS C-BMPC method.

VII. CONTROLLER STABILITY DESPITE PARAMETERS

INCOMPATIBILITY

Linear controllers have long been a proven solution, ex-
tensively described in the literature and applied in practical
applications. Their description utilizes small signal models and
determines frequency characteristics. However, our approach
to designing control systems differs. We employ well-known,
verified equations describing the converter model connected
to the grid via a selected filter. Subsequently, we geometri-
cally determine the appropriate switching times of individual
transistors to theoretically compensate for the converter cur-
rent’s control error to zero within one period. Introducing a
nonlinear element into the control loop and utilizing geometric
relationships to determine the control voltage for the modulator
based on current-scale signals precludes the use of common
methods of control system analysis. For this reason, the ob-
servation of frequency characteristics has not been presented
here.

Fig. 30 contains selected waveforms of the converter current,
grid current, and voltage on the filtering capacitor in a system
with the CCS C-BMPC regulator during a step change of is1d
from−15 A to 7.5 A for eight different cases of model parameter
detuning from nominal parameters. The supply voltage was
sinusoidal in all cases.

Studies have confirmed the stability of the control system
using the CCS C-BMPC regulator. It was observed that reducing
the values of the filtering capacitance and inductance on the
converter side negatively affects the quality of regulation. On the
other hand, increasing these parameters contributes to a faster
achievement of the steady state after a change in the current
setpoint.

Fig. 30. Waveforms of phase u grid current (green), inverted phase u converter
current, phase v capacitor voltage a step change in the is1d from −15 A to 7.5 A,
with modified LCL filter parameters: (a) L1’ = 130% L1; (b) L1’ = 70%L1;
(c) L2’ = 130%L2; (d) L2’ = 70%L2; (e) C’ = 130%C; (f) C’ = 70%C; (g) L1’
= 120%L1, L2’= 120%L2 and C’= 120%C; (h) L1’= 80%L1, L2’= 80%L2

and C’ = 80%C.

TABLE III
KEY PARAMETERS OF THE EXPERIMENTAL SYSTEM

VIII. EXPERIMENTAL STUDIES OF THE PROPOSED

CONTROL METHOD

Laboratory tests of the proposed control method were con-
ducted on a setup comprising the parameters presented in
Tables II and III.

Results in this study were recorded using a Tektronix
DPO7054C oscilloscope and Yokogawa WT-1800 power an-
alyzer. THD measurements are values determined by the power
analyzer. The laboratory setup is shown in Fig. 31.

Laboratory tests were conducted in two stages. The first aimed
to document and verify grid current parameters in static states
under various supply conditions:

1) with symmetrical supply voltage (see Figs. 32, 33, and
34),

2) and with asymmetric supply, reducing the amplitude of
phase U by 50% compared to the other phases (see Fig. 35),

3) with distorted grid voltage containing the fifth and seventh
harmonics with 5% amplitudes of the fundamental (see
Fig. 36).

Fig. 32 confirms filtering effectiveness by comparing phase
currents in the LCL filter inductances. Under sinusoidal and
symmetrical supply voltage, the control algorithm achieves a
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Fig. 31. Laboratory setup view: (1) converter cabinet, (2) HMI, (3) signal
panel, (4) oscilloscope, (5) power analyzer, (6) programming laptop, (7) AC–DC
converter, (8) LCL filter inductance L2, (9) LCL filter capacitance C, (10) LCL
filter inductance L1, (11) main control board with DSP and FPGA.

Fig. 32. Waveforms of the eu (C1-red), i1u (C2-blue), i2u (C3-magenta), and
ucu (C4-green) during a step change in is1d at is1d = −14.8 A.

low THD of the generated grid current, ranging from 0.46%
with is1d = 14.8 A (see Fig. 33) to 3.43% with is1d = 2.1 A (see
Fig. 34). An abnormal power supply condition, with a halved
amplitude of eu, results in a THD increase to 0.60% (see Fig. 35).
Despite distorted power supply voltage, the algorithm effectively
suppresses disturbances, maintaining a satisfactory 2.80% THD
for i1u (see Fig. 36). Notably, low distortion is achieved with a
modulator operating at a relatively low 5 kHz frequency.

The second research stage involves verifying the converter’s
response to a step change in the is1d. Fig. 37 depicts the system
response over a more extended observation period. Figs. 38 and
39 provides oscillograms with a shorter observation period for
more precise insights into voltage and current changes in the
converter system with an LCL filter.

Fig. 38 presents the regulation process after a step change in
the is1d from −7.5 A to −15 A. The forceful reduction of the i1d
results in increased oscillations in the voltage of the LCL filter
capacitor, which diminish approximately 2.0 ms after the abrupt
change in the is1d. Nevertheless, the system maintains stability.

Comparison of Figs. 38 and 39 shows a different dynamic
response. The regulation time is related to the length of available

Fig. 33. Grid voltages eu, ev, ew, and phase currents i1u, i1v, i1w at is1d =
14.8 A.

Fig. 34. Grid voltages eu, ev, ew, and phase currents i1u, i1v, i1w at
is1d = 2.1 A.

Fig. 35. Grid voltages eu, ev, ew, and phase currents i1u, i1v, i1w at is1d =
10.0 A and asymmetric grid voltage, i.e., 0.5 Eu, Ev, Ew.

vectors of derivativesd2u. According to Fig. 5, vector 101 should
be utilized to decrease the value in the d-axis of the u2dq , while
vector 110 should be used to increase its value in the d-axis.
Individual voltage vectors interact with the i2dq , as presented in
Fig. 6. The derivatives of the current vector d2i associated with
vectors 101 and 110 are visible in the mentioned figure. Hence,
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Fig. 36. Grid voltages eu, ev, ew, and phase currents i1u, i1v, i1w at
is1d = 14.8 A and distorted grid voltage by adding 5% of the fifth and seventh
harmonics.

Fig. 37. Waveforms of the eu (C1-red), i1u (C2-blue), i2u (C3-magenta), and
ucu (C4-green) during a step change in is1d from +15 A to −7.5 A.

Fig. 38. Waveforms of the eu (C1-red), i1u (C2-blue), i2u (C3-magenta), and
ucu (C4-green) during a step change in is1d from −7.5 A to −15 A.

Fig. 39. Waveforms of the eu (C1-red), i1u (C2-blue), i2u (C3-magenta), and
ucu (C4-green) during a step change in is1d from −15 A to +7.5 A.

Fig. 40. Waveforms of the is1d (C1-red), i1u (C2-blue), i1d (C3-magenta), and
i1q (C4-green) during a step change in is1d from −15 A to +7.5 A.

it is known that applying vector 101 leads to faster changes in the
i2dq. It is important to note that changing only one component of
the i2dq is impossible. Activating any converter voltage vector
results in a simultaneous change in both components.

Figs. 39 and 40 show how the regulation process works when
the supply voltage is symmetrical and the is1d changes from
−15 A to +7.5 A. In Fig. 40, particular attention should be paid
to the i1q waveform. During the transient state, the algorithm
selects converter voltage vectors so that the i1q does not undergo
significant changes (up to 0.6 A). It takes approximately 1.0 ms
for the i1d to reach the new set value after the change in the is1d
(see Fig. 40).

IX. CONCLUSION

The main objective of this work was to develop a new CCS
C-BMPC to regulate a grid-connected ac–dc converter with an
LCL input filter. The prediction mechanism in the developed
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control method utilizes an optimization criterion, achieving
compensation for the regulation error of the grid current vector
in a single control period. Based on this criterion, the algorithm
determines the switch-on times of individual voltage vectors
used in modulation. The set of vectors chosen for modulation
ensures minimal current THD in static state and stability during
transient states, with relatively low switching frequency. Using
the modulator results in a constant average switching frequency
of the converter transistors, significantly facilitating the design
of the coupling filter between the converter and the power
grid. Current prediction does not require the application of
complicated dead-time correction algorithms, causing current
distortions during zero-crossings, especially at low current am-
plitudes. The developed method demonstrates high robustness
to common disturbances in the power grid voltage, such as
higher harmonics or asymmetry. Simulations and laboratory
tests confirm the above advantages of the developed method.
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