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ABSTRACT Nowadays, active rectifiers are increasingly used, particularly in grid-connected applications.
The high efficiency and reliability of active rectifiers become crucial for increasing the system performance.
Due to the lack of model predictive control methods considering the different aging levels among phase
legs of rectifiers, this paper thus introduces a direct power control-based model predictive control for
independent loss reduction in each phase of the active rectifier. Different from conventional techniques,
the target of proposed model predictive direct power control scheme is lowering switching loss in the leg
having highest aging level of active rectifier, resulting in increasing its corresponding lifetime and lifetime
of entire rectifier. As opposed to the model predictive control method based on incorporating additional
terms regarding switching loss in the cost function, a switching state preselection strategy is proposed in this
study to determine clamping region and corresponding preselected switching state for the leg having highest
aging level of active rectifier. The use of the proposed method lowers thermal stress in the leg having highest
aging level and increases lifetime of active rectifier. Simulation and experimental results for the proposed
technique are presented and compared with conventional model predictive direct power control method to
validate the accuracy and feasibility of the proposed method.

INDEX TERMS Active rectifier, predictive control, direct power control, per-phase, lifetime.

I. INTRODUCTION
In the scope of power electronics, three-phase active rectifiers
find extensive application in the conversion of ac power
into dc power for a variety of uses, such as driving motors,
powering renewable energy systems, and propelling elec-
tric vehicles. Employing a pulse-width modulation (PWM)
strategy, a three-phase active rectifier offers a solution that
overcomes the limitations of phase-control methods and
passive diode rectifiers [1]. However, this topology faces
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significant challenges, including high switching losses and
the need for large passive components such as inductors and
capacitors. Accordingly, traditional rectifier systems suffer
from disadvantages such as reduced efficiency, lower power
density, and increased electromagnetic interference levels [2].
Switching losses are the energy losses experienced by power
devices as they change their corresponding state. These losses
not only compromise system efficiency and reliability but can
also subject the power devices to thermal stress, potentially
leading to premature failure [3], [4]. Additionally, suffer-
ing high thermal stress will significantly lower the lifetime
of power semiconductors and entire active rectifier. Thus,
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effectively managing switching losses in active rectifiers rep-
resents a vital aspect of design and control in power systems.

To improve the rectifier efficiency, it is essential to
decrease the power loss generated by power switches, where
switching loss accounts for the majority. One technique for
mitigating these losses is the application of soft-switching
methods. In [5] and [6], the authors propose a method that
utilizes increased current ripple to discharge the voltage
across the switches before activating them. Unfortunately,
this approach requires additional passive components in the
resonant circuit, which negatively impacts system reliabil-
ity and increases costs. In [7], the authors propose a diode
rectifier system, including an instantaneous reactive power
compensator (IRPC) and a buck converter without using any
dc energy storage components. The IRPC serves to lower
harmonic currents by supplying only the ac components of
reactive power. This results in a compensatory current that
is typically reduced to 32% of the grid current, thereby
reducing power losses in the power switches. Neverthe-
less, these methods are intricate and challenging to apply
in real-world systems. Making adjustment to the modula-
tion algorithm, without requiring extra hardware, offers a
straightforward way to implement improvements in practi-
cal systems. In [8] and [9], the authors introduce control
schemes that adjust modulation voltages by adding proper
offset voltages, resulting in discontinuous PWMs (DPWMs).
These DPWMmethods can decrease the switching frequency
by clamping one converter phase to either the upper or lower
dc-link. However, it is important to note that this may poten-
tially lead to a degradation in the performance of the active
rectifiers.

Recently, model predictive control (MPC) has been applied
extensively as a control strategy to numerous electronic
devices, converters, and drives due to several desirable
characteristics, including fast dynamic response, lack of
modulator, easy inclusion of nonlinearities, and constraints
of the system, ability to incorporate nested control loops
into a single loop, and flexibility to include other system
requirements in the controller. The finite control-set MPC
algorithms can be classified into four main kinds: model
predictive current control (MPCC), model predictive virtual
flux control (MPVFC), model predictive direct power control
(MPDPC), and model predictive virtual flux direct power
control (MPVFDPC). The difference between these control
schemes is the variables. The MPCC scheme [10] directly
regulates the input currents of active rectifier by employ-
ing the input currents as a control variable. In contrast, the
MPVFC method [11], [12] uses the virtual flux of the input
voltages. Meanwhile, the MPDPC [13], [14] and MPVFDPC
techniques [15], [16] regulate the input powers. By using
MPC, the author in [17] proposes a cascaded dual-MPC
algorithm that reduces the switching losses of active recti-
fier. This technique only uses predictive switching states that
allow two or fewer switches to commutate at each sampling
instant, whereas eliminated predictive switching states have
either four or six switches commutating at the same time.

However, there is no information on switching loss reduction
performance in this study. Another method detailed in [18],
named predictive hybrid PWM, dynamically chooses the suit-
able PWM sequence by employing a predictive algorithm.
As reported in this study, the predictive hybrid PWMmethod
can reduce switching losses by up to 23% compared to con-
ventional space vector PWM, though there is no comparison
to the conventionalMPC technique. Additionally, anMPDPC
with voltage vectors preselection technique in [19] decreases
the switching loss of the active rectifier by using preselected
rectifier voltage vectors instead of all possible ones. However,
the reduction of switching losses is only around 10% and
decreases when the sampling period increases.

Although several techniques were developed to increase
the efficiency and reliability of active rectifier, the thermal
control methods mentioned earlier fail to consider that the
phase legs of the active rectifier can have different aging
levels. Within three-phase active rectifiers, it is possible for
each individual phase leg to experience varying aging levels
or have distinct expected lifetimes. These discrepancies can
arise from unequal thermal stress or from the prior replace-
ment of a failed switch. Furthermore, the manufacturing
process is also recognized as a cause of power device failures.
The active rectifier will stop working when a single power
switch is broken. Hence, the corresponding lifetime of entire
active rectifier is decided by the durability of the leg having
highest aging level. The author in [20] proposes a modi-
fied carrier-based PWM for individual phase loss reduction,
which can decrease by about 46.5% switching loss for a
specific leg in comparison to the conventional PWMmethod.
In [21] and [22], the author proposed per-phase MPC tech-
niques with offset voltage injection and selected switching
states strategies, respectively, to prolong the lifetime of the
most aged leg in a two-level voltage source inverter. However,
to the author’s knowledge, there is no study of the MPC
technique to reduce switching loss in an individual phase
for active rectifier. Although the switching frequency or even
power loss can be added to the cost function as an extra term
in MPC to reduce loss, it is not ease to strike a balance with
the primary control focused on improving efficiency through
the design of optimal weighting factors [23].
In this study, anMPC technique based-direct power control

combined with a switching state preselection strategy for
independent loss reduction in each phase of active recti-
fier is proposed. The proposed technique uses instantaneous
real and reactive powers to evaluate the optimal switching
states. Thus, the virtual filter in [24] might be investigated
to include in the power control part of MPDPC method to
filter the calculated power to achieve more accurate con-
trol. Different from the conventional MPDPC method and
previous reducing switching loss MPC strategies, the target
of proposed MPDPC is reducing the switching loss in the
leg having highest aging level of active rectifier, resulting in
increasing its corresponding lifetime and lifetime of entire
rectifier. The proposed per-phase MPDPC method does not
need additional terms corresponding to switching loss in
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the cost function and does not require additional hardware
but uses a switching state preselection strategy instead. This
switching state preselection strategy identifies the clamp-
ing regions of the leg having highest aging level and the
associated switching states among available voltage vectors
of active rectifier. Different from the modified carrier-based
PWM (CBPWM) method in [20], the total clamping region
in the leg having highest aging level leg could be up to
two-thirds fundamental period, which allows achieving mini-
mum switching loss when employing the proposed technique.
Thus, the switching loss in the leg having highest aging level
can be reduced by only considering preselected switching
states that avoid changing the current switching state. This
leads to the decrease of thermal stress in the leg having
highest aging level, resulting in an increased lifetime of the
corresponding leg and entire active rectifier. Additionally,
the proposed per-phase MPDPC technique does not degrade
the output performance of active rectifier and can be readily
employed in practical systems without diminishing its effec-
tiveness. However, the trade-off between reducing power loss
in only one phase leg and maintaining the output current
total harmonic distortion (THD) performance is the increased
power loss in the remaining phase legs. Hence, the total loss
in comparison between the proposed method and the conven-
tional MPDPC method is similar. As indicated in previous
studies [25], [26], the operation of the converter connecting to
a weak grid might be affected by the phase-locked loop (PLL)
system, which may not estimate the correct phase angle of
the grid voltage during the transient or even destabilizes the
system. However, the proposed per-phase MPDPC method
is based on direct power control, which removes the need
for the PLL system but uses instantaneous real and reactive
powers. Hence, the converter connecting to a weak grid using
the proposed method can be correctly operated. Additionally,
in terms of the dc output current, due to the clamping regions
generated by proposed method to reduce switching loss in the
specific phase leg, the dc output current ripple might increase
compared to the conventional MPDPC method. However,
the use of a large capacitor at dc output side can mitigate
these ripples of dc output current but increase the cost of the
entire system.When using the dc output current as the control
objective in the PI controller, the high current ripple might
exert a negative impact on the controller. Thus, the use of
current reconstruction considering current ripple [27] should
be considered to ensure the proper operation of the current
controller.

As for the proposed per-phase MPDPC method, it requires
determining the most aged phase leg. The diagnosis meth-
ods require the aging indicator to identify the current aging
status of the power semiconductor devices. Aging indi-
cator identification on power semiconductor devices has
been carried out by performing accelerated aging experi-
ments with monitoring of selected parameters. Accelerated
aging tests allow the effects of failure mechanisms to be
analyzed and aging indicators to be identified. Various elec-
trical aging indicators for IGBT have been investigated and

FIGURE 1. Three-phase active rectifier.

proposed in the literature, such as changes in collector-emitter
on-state voltage Vce,on [28], [29], and threshold voltage Vth
[30], [31], and temperature [32], [33], [34]. However, the
diagnosis method is out of the scope of this study, a detailed
description is not included.

The proposed technique is demonstrated by the simulation
and experimental findings in comparison to the conventional
MPDPC method in a three-phase active rectifier system.

II. CONVENTIONAL MPDPC FOR ACTIVE RECTIFIER
The active rectifier can be represented by the model depicted
in Fig. 1. The active rectifier comprises six power switches
connected to the three-phase supply voltage vsx(x = a, b, c)
using the line inductances Ls and resistances Rs.

The dynamic description of input current can be expressed
as follows:

Ls
disx
dt

= vsx − vAR − Rsisx (x = a, b, c) (1)

where isx is the input current, vsx is the input voltage, and vA.R.

is the voltage generated by the rectifier. The input current
dynamics in (1) can be expressed in vector form in αβ frame
by transforming the input voltages and currents as follows:

vs =
2
3
(vsa + vsbe

j
(
2π
3

)
+ vsce

j
(
4π
3

)
(2)

is =
2
3
(isa + isbe
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(
2π
3

)
+ isce

j
(
4π
3

)
(3)

Hence, (1) becomes.

Ls
d is
dt

= vs − vAR − Rsis (4)

The voltage vA.R. is determined by the switching state and
the dc output voltage, which is described as follows:

vAR =

(
2
3
(Sa + Sbe

j
(
2π
3

)
+ Sce

j
(
4π
3

))
Udc (5)

where Sa, Sb, and Sc are the switching states of upper switches
in corresponding legs, as depicted in Fig. 1.When Sx = 0, the
upper switch is OFF, whereas Sx = 1 means the upper switch
is ON (x = a, b, c).
By applying forward Euler approximation with a sampling

period Tsp, (4) can be expressed in discrete-time form as

is (k + 1) =

(
1 −

RsTsp
Ls

)
is (k) +

Tsp
Ls

[vs (k) − vAR(k)]

(6)
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FIGURE 2. Active rectifier’s voltage vectors.

FIGURE 3. Conventional MPDPC.

To avoid control delay of the implementation of MPC in
practical applications, delay compensation should be applied.
The predictive input current at (k + 2)th instant is generated
by shifting is (k + 1) one step forward as follows:

is (k + 2) =

(
1 −

RsTsp
Ls

)
is (k + 1)

+
Tsp
Ls

[vs (k + 1) − vAR(k + 1)] (7)

The predictive instantaneous input real and reactive power are
calculated as

P (k + 2) = vsα (k + 2) isα (k + 2) + vsβ (k + 2) isβ (k + 2)

(8)

Q (k + 2) = vsβ (k + 2) isα (k + 2) − vsα (k + 2) isβ (k + 2)

(9)

where vsx (k + 2) (x = α, β) and isx (k + 2) (x = α, β)
are the predictive input voltages and currents at (k + 2)th

sampling instant in the αβ frame. In conventional MPDPC,
out of the eight possibilities of predictive input real power and
reactive power acquired by the eight vectors vAR, as shown in
Fig. 2, one voltage vector, which corresponds to the smallest
value of cost function, is chosen. The cost function of power
control is specified as follows:

g =
∣∣P∗ (k + 2) − P(k + 2)

∣∣+ ∣∣Q∗ (k + 2) − Q(k + 2)
∣∣
(10)

In the MPDPC, the output dc voltage Udc is controlled by
employing a PI controller. The output of the PI controller
is the reference real power P∗. Meanwhile, the reference
reactive power Q∗ is usually set to zero or desired values
based on specific applications. Fig. 3 depicts the diagram of
conventional MPDPC technique.

III. PROPOSED PER-PHASE MPDPC METHOD WITH
SWITCHING STATE PRESELECTION STRATEGY
Based on the previously discussed analysis, the individual
legs of active rectifier may experience different aging levels
caused by the manufacturing process, uneven distribution of
thermal stress, and prior replacement during maintenance.
Consequently, there can be disparities in the lifetime between
legs. Given that the active rectifier will stop functioning if
any of the phase legs fails, it becomes essential to extend the
lifetime of the leg having the highest aging level.

The target of proposed per-phase MPDPC with switching
state preselection strategy is lowering the switching loss in
the leg having highest aging level of active rectifier, resulting
in increasing its corresponding lifetime and lifetime of entire
rectifier. Different from the conventional MPDPC method
where all eight vectors vAR(k + 1) are used to predict the
predictive input powers, the proposed per-phase MPDPC
technique will use two different rectifier voltage vector sets.
In the first rectifier voltage vector set, all rectifier voltage
vectors will be used as in conventional MPDPC method.
Meanwhile, in the second rectifier voltage vector set, the
proposed per-phase MPDPC method eliminates four vectors
that would result in significant switching loss in the next
sampling instant. The remaining four voltage vectors involve
clamping the leg having highest aging level of active rectifier
to either the positive or negative dc-link to keep this leg from
changing its switching state. This leads to a decrease in the
switching loss of the leg having highest aging level.

The rectifier voltage vectors in the second set used for
predicting the predictive input real and reactive power are
preselected based on the reference rectifier voltage. The pre-
dictive reference rectifier voltage v∗AR (k + 1) in αβ frame is
calculated by inversing the current dynamic in (7) as follows:

v∗ARα (k + 1)

= vsα (k + 1)

+
Ls
Tsp

{(
1 −

RsTsp
Ls

)
i∗sα (k + 1) − i∗sα (k + 2)

}
(11)

v∗ARβ (k + 1)

= vsβ (k + 1)

+
Ls
Tsp

{(
1 −

RsTsp
Ls

)
i∗sβ (k + 1) − i∗sβ (k + 2)

}
(12)

Although the predictive reference rectifier voltage in (11)
and (12) can be calculated using actual input currents, this
might introduce a delay in sampling instant. Hence, the
predictive reference input current is used to calculate the pre-
dictive reference rectifier voltage. The predictive reference
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FIGURE 4. Clamping regions and preselected rectifier voltage vectors,
when considering phase-a is the leg having highest aging level.

input current is calculated by using reference real and reactive
power, as follows:

i∗sα (k + 2) =

(
vsα(k + 2)

V 2
peak

)

×

(
P∗ (k + 2) + Q∗ (k + 2)

vsβ (k + 2)
vsα(k + 2)

)
(13)

i∗sβ (k + 2) =

(
vsβ (k + 2)

V 2
peak

)

×

(
P∗ (k + 2) + Q∗ (k + 2)

vsα(k + 2)
vsβ (k + 2)

)
(14)

where Vpeak is the peak value of the input phase voltage.
Once the predictive rectifier voltage vector is generated by
using (11). After generating the predictive reference recti-
fier voltage by substituting reference input currents in (13)
and (14) to (11) and (12), the predictive reference rectifier
voltage in αβ frame will be transformed to v∗ARa (k + 1),
v∗ARb (k + 1), and v∗ARc (k + 1) in abc frame. The three-phase
predictive reference rectifier voltages are sorted depending on
their instantaneous magnitude as follows:

vmax
AR (k + 1)

= max
[
v∗ARa (k + 1) , v∗ARb (k + 1) , v∗ARc (k + 1)

]
(15)

vmid
AR (k + 1)

= mid
[
v∗ARa (k + 1) , v∗ARb (k + 1) , v∗ARc (k + 1)

]
(16)

vmin
AR (k + 1)

= min
[
v∗ARa (k + 1) , v∗ARb (k + 1) , v∗ARc (k + 1)

]
(17)

TABLE 1. The second rectifier voltage vector set for aged leg.

FIGURE 5. Block diagram of switching state preselection strategy.

When the magnitude of the predictive reference recti-
fier voltage has medium voltage vmid

AR (k + 1), the clamping
must be avoided in that prohibitive phase to ensure that
the active rectifier is not operated in overmodulation region.
On the other hand, if the predictive reference rectifier voltage
of the leg having highest aging level is maximum voltage
vmax
AR (k + 1) orminimum voltage vmax

AR (k + 1), the leg having
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FIGURE 6. Proposed per-phase MPDPC technique with switching state
preselection strategy block control.

TABLE 2. Active rectifier parameters.

highest aging level will be clamped to positive or negative
dc-link, respectively. Fig. 4 illustrates the case that phase-a
is the leg having highest aging level. The clamping regions
of phase-a correspond to two period that v∗ARa (k + 1) =

vmax
AR (k + 1) and v∗ARa (k + 1) = vmin

AR (k+1). It can be noticed
that the clamping regions in positive and negative dc-link can
achieve one third fundamental period. This leads to the total
clamping region of the leg having highest aging level can
achieve two thirds fundamental period, equals to 240◦ period
of time. In these two clamping regions, the rectifier voltage
vectors, whichmaintain the current switching state of phase-a
will be preselected.

Table 1 lists these preselected rectifier voltage vectors in
the second set. In the second rectifier voltage vector set,
set 2a includes the rectifier voltage vectors that make the
upper switch in the leg having highest aging level always
ON. Alternatively, set 2b includes the rectifier voltage vec-
tors that make the lower switch in the leg having highest
aging level always ON. By employing these rectifier volt-
age vectors in the second set during clamping regions, the
switches in the leg having highest aging level will be avoided
from changing state, resulting in a reduction of switching
losses.

Fig. 5 illustrates the diagram of switching state preselection
strategy, and Fig. 6 depicts the whole block control of pro-
posed per-phase MPDPC with switching state preselection
strategy. As can be seen in Fig. 6, the difference between the
proposed technique and the conventional MPDPC method is
the switching state preselection strategy block.

FIGURE 7. Simulation waveform under steady-state condition obtained
by (a) the conventional MPDPC, (b) proposed per-phase MPDPC with
switching state preselection strategy.

IV. DEMONSTRATION RESULTS
A. SIMULATION RESULTS
The proposed per-phase MPDPC with switching state pre-
selection strategy is conducted in simulation environment
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FIGURE 8. Simulation waveform under transient-state condition with
increase of real power reference obtained by (a) the conventional
MPDPC, (b) proposed per-phase MPDPC with switching state preselection
strategy.

using the PSIM simulation program. The simulation result
of the proposed technique is compared with the conventional
MPDPC method to verify its performance. In the simulation,

phase-a is considered as the leg to have the highest aging
level. The parameters of the active rectifier system are listed
in Table 2. The design considerations of the inductor and
capacitor for the active rectifier are followed by the design
guide for rectifier TIDM-1000 from Texas Instrument and
available equipment in the laboratory [35]. The value of the
inductor is determined by the following parameters, including
the dc-link output voltage and input voltage, the switching
frequency, and the current ripple needed. The value of input
inductor is calculated as follows

Ls =

Udc
/
2

4 × fsw × 1ipp,max
(18)

where 1ipp,max is the maximum ripple of input current. Due
to the active rectifier being operated under a low switching
frequency, the large inductor value is selected in this study to
achieve the desired current ripple.

Fig. 7 illustrates the simulation waveforms of the con-
ventional MPDPC and proposed per-phase MPDPC with
switching state preselection strategy, including phase-a input
voltage, input currents, switching patterns, and actual real and
reactive powers.

In Fig. 7(a) and (b), the input currents are sinusoidal. Unity
power factor is achieved since the input current is in phase
with the input voltage. In both Fig. 7(a) and (b), the actual
real and reactive power correctly track their reference values
at P∗

= 500W and Q∗
= 0var, respectively. Both conven-

tional and proposed methods exhibit similar ripples in actual
real and reactive power. As for switching patterns shown in
Fig. 7(a), the switching pattern of phase-a contains clamping
regions, where the switches in phase-a are prevented from
changing the current state. These clamping regions have a
value of one-third of the fundamental period, which leads to
the total clamping region of phase-a is 240◦. This allows the
leg having the highest aging level to achieve the minimum
switching loss, resulting in an increasing corresponding life-
time. These clamping regions are the difference between the
proposed MPDPC method with switching state preselection
strategy and the conventional method.

The dynamic performance of two control scheme is
assessed in Fig. 8, where a step change in the reference real
power P∗ is made, shifting from 350W to 500W . As shown
in Fig. 8, both two control schemes achieve similar power
tracking capability. Additionally, the real and reactive pow-
ers show no coupling in two control schemes. In Fig. 8(b),
the switching pattern of phase-a includes correct clamping
regions of 120◦ even during the transient-state.
Fig. 9 displays the dynamic response when the reactive

power reference Q∗ is altered, transitioning from 0 var to
150var, while keeping the reference real power fixed at
P∗

= 500W. As shown in Fig. 9, both two control schemes
achieve similar power tracking capability. The phase dif-
ference between input current and input voltage changes
correctly following the rise of reactive power. The switching
pattern of phase-a has correct clamping regions of 120◦ even
during the transient-state. The simulation results verify that
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FIGURE 9. Simulation waveform under transient-state condition with
increase of reactive power reference obtained by (a) the conventional
MPDPC, (b) proposed per-phase MPDPC with switching state preselection
strategy.

the proposed per-phase MPDPC operates correctly in both
steady-state and transient state.

Parameter uncertainty can degrade the control system per-
formance and even affect system stability. In MPC technique,

FIGURE 10. Simulation waveform under line inductance uncertainty
obtained by (a) the conventional MPDPC, (b) proposed per-phase MPDPC
with switching state preselection strategy.

the prediction model critically relies on having accurate sys-
tem parameters. Fig. 10 shows the behavior of active rectifier
under line inductance uncertainty obtained by the conven-
tional and proposed method.
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FIGURE 11. Simulation waveform under load variation obtained by
proposed per-phase MPDPC with switching state preselection strategy.

In the first part of waveforms, the model line inductance
is half of real line inductance (Ls,model = 0.5Ls,real); the
middle shows the model line inductance is correct (Ls,model =

Ls,real); and the last shows that the model line inductance is
1.5 times higher than the real one (Ls,model = 1.5Ls,real).
In Fig. 10(a) and (b), both conventional and proposed
methods properly control the input currents with accurate
magnitude and phase. However, it can be noticed that in
both conventional and proposed techniques, the ripple in real
and reactive powers under Ls,model = 0.5Ls,real condition
is significantly higher than that of normal condition and
Ls,model = 1.5Ls,real condition.
Fig. 11 displays the simulation waveforms under load

variation conditions obtained by the proposed per-phase
MPDPC with switching state preselection strategy. As shown
in Fig. 11, the dc-link output voltage correctly tracks the
corresponding reference under the variation in magnitude of
resistance load. The input currents and real power change
properly according to the variation of resistance load. Mean-
while, the switching pattern of phase-a contains a correct
clamping region of 120◦. It validates that the proposed
per-phase MPDPC with switching state preselection strategy
operates correctly in spite of the change of output load.

B. EXPERIMENTAL RESULTS
To further confirm the precision of the proposed per-phase
MPDPC with switching state preselection strategy, an exper-
imental setup for an active rectifier prototype has been
constructed, as depicted in Fig. 12. Bidirectional switches

FIGURE 12. Experimental prototype of active rectifier.

using common IGBTs are employed. The conventional
and proposed MPDPC schemes are employed by TI
DSP TMS320F28335. The programmable source CHROMA
61702 is used as input supply ac voltage. The parameters
and conditions align with those presented in the simulation
section.

Fig. 13 illustrates the experimental results of the con-
ventional MPDPC and proposed per-phase MPDPC with
switching state preselection strategy, including phase-a input
voltage and input current, phase-a switching patterns, and
actual real and reactive powers. In Fig. 13(a) and (b), the
input currents are sinusoidal and balanced. Unity power fac-
tor is achieved since the input current is in phase with the
input voltage. In both Fig. 13(a) and (b), the actual real
and reactive power correctly track their reference values at
P∗

= 500W and Q∗
= 0 var, respectively. Both conventional

and proposed methods exhibit similar ripples in actual real
and reactive power. In terms of switching patterns, it can
be seen in Fig. 13(b) that the switching pattern of phase-a
contains clamping regions, where the switches in phase-a are
prevented from changing the current state. These clamping
regions have a value of one-third of the fundamental period,
which leads to the total clamping region of phase-a is 240◦.
This allows the leg having the highest aging level to achieve
the minimum switching loss, resulting in an increasing corre-
sponding lifetime. These clamping regions are the difference
between the proposed MPDPC scheme with switching state
preselection strategy and the conventional method. The fre-
quency spectra of the phase-a input current obtained by the
conventional and proposed methods are illustrated in Fig. 13.
The THD of the proposed method is slightly higher than that
of the conventional scheme. By observing the experimental
waveforms, it is apparent that they are closely similar to the
simulation results. This serves to confirm the precision of the
proposed technique.

The dynamic performance of two control scheme is
assessed in Fig. 8, where a step change in the reference real
power P∗ is made, shifting from 350W to 500W. As shown
in Fig. 14, both two control schemes achieve similar power
tracking capability. Additionally, the real and reactive powers
show no coupling in two control schemes. The switching
pattern of phase-a has corrected clamping regions of 120◦

even during the transient-state, as shown in Fig. 14(b).
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FIGURE 13. Experimental waveform under steady-state condition
acquired by (a) the conventional MPDPC, (b) proposed per-phase MPDPC
with switching state preselection strategy.

Fig. 15 displays the dynamic response when the reac-
tive power reference Q∗ is altered, transitioning from 0 var

FIGURE 14. Experimental waveform under transient-state condition with
increase of real power reference acquired by (a) the conventional MPDPC,
(b) proposed per-phase MPDPC with switching state preselection strategy.

to 150 var, while keeping the reference real power fixed
at P∗

= 500W. As shown in Fig. 15, both two control
schemes achieve similar power tracking capability. The phase
difference between input current and input voltage changes
correctly following the rise of reactive power. The switching
pattern of phase-a includes correct clamping regions of 120◦

even during the transient-state.
Fig. 16 shows the behavior of active rectifier under line

inductance uncertainty obtained by the proposed method
under two conditions. Fig. 16(a) presents the waveforms
under the model line inductance as half of real line induc-
tance (Ls,model = 0.5Ls,real), whereas Fig. 16(b) shows the
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FIGURE 15. Experimental waveform under transient-state condition with
increase of reactive power reference acquired by (a) the conventional
MPDPC, (b) proposed per-phase MPDPC with switching state preselection
strategy.

waveforms under the condition where the model line induc-
tance is 1.5 times higher than the real inductance (Ls,model =

1.5Ls,real). In Fig. 16(a) and (b), the proposed method prop-
erly controls the input currents with accurate magnitude and
phase. However, it can be noticed that the ripple in real
and reactive powers under Ls,model = 0.5Ls,real condition is
higher than that of Ls,model = 1.5Ls,real condition.

C. PERFORMANCE COMPARISON
The performance between conventional MPDPC method
and the proposed MPDPC with switching state preselection

FIGURE 16. Experimental waveform under line inductance uncertainty
obtained by proposed per-phase MPDPC with switching state preselection
strategy with (a) Ls,model = 50%Ls,real , (b) (a) Ls,model = 150%Ls,real .

strategy are comprehensively evaluated regarding input cur-
rent THD, switching frequency, power loss, and peak-to-peak
ripple of real and reactive powers, as shown in Fig. 17(a) – (f).
The power loss of active rectifier includes conduction loss
and switching loss, which is calculated following a thermal
calculation application note in [36]. Here, the measured input
currents and dc-link voltage in the experiment are used along
with SKM75GB07E3 IGBT information from the manufac-
turer’s datasheet [37]. As shown in Fig. 17(a), the phase-a
input current THD attained by the proposed technique is
a little higher than the conventional method, whereas the
average THD value acquired by the two methods is similar.

5874 VOLUME 12, 2024



M. H. Nguyen et al.: Model Predictive Based Direct Power Control Method

FIGURE 17. Performance comparison between proposed and conventional methods in terms of (a) input current
THD, (b) phase switching frequency, (c) phase conduction loss, (d) phase switching loss, (e) total loss,
(f) peak-to-peak value real power and reactive power.

Because of the clamping regions in phase-a obtained by the
proposed MPDPC technique, the corresponding switching
frequency in phase-a is lowered by approximately 60% in
comparison to the conventional scheme. However, the switch-
ing frequencies in remaining legs obtained by the proposed
scheme rise by about 35% in comparison to the conven-
tional method. However, this helps to achieve a similar aging
level between phase legs in active rectifier. The average

switching frequency acquired by the proposed technique is
slightly higher than that of conventional method at about 5%.
In terms of conduction loss, there is no significant difference
between the two control schemes. Meanwhile, the proposed
per-phase MPDPCmethod significantly lowers the switching
loss in phase-a by about 81% compared to the conventional
method. However, as indicated before, due to the rise of
switching frequency in the remaining legs when operating
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FIGURE 18. Performance comparison between proposed and conventional methods under the change of
sampling time (a) phase-a input current THD, (b) average input current THD, (c) phase-a switching frequency,
(d) average switching frequency, (e) phase-a switching loss, (f) total loss, (g) peak-to-peak ripple of real
power, (h) peak-to-peak ripple of reactive power.

the proposed scheme, the corresponding switching losses in
phase-b and phase-c are higher than that of conventional

MPDPC scheme by about 21% and 47%, respectively. Hence,
the total loss comparison between the two control schemes
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FIGURE 19. Performance of proposed MPDPC method under the line inductance uncertainty (a) average input current THD,
(b) phase-a switching frequency, (c) average switching frequency, (d) phase-a switching loss, (e) total loss, (f) peak-to-peak ripple
of real power and reactive power.

shown in Fig. 17(e) indicates a similar total loss. In Fig. 17(f),
the peak-to-peak ripple of real power and reactive power
acquired by the proposed control scheme is vaguely lower
than that of the conventional technique.

The comparison between the two methods is further eval-
uated by implementing them under different sampling times.
Fig. 18(a) – (h) shows different performance aspects, includ-
ing input current THD, switching frequency, power loss, and
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FIGURE 20. Simulation waveforms under transient state condition
obtained by (a) proposed per-phase MPDPC with switching state
preselection strategy, (b) modified CBPWM.

peak-to-peak ripple of real power and reactive power acquired
by two schemes under the rise of sampling time. It should be
noted that the shorter sampling time, the higher output perfor-
mance. Fig. 18(a) and (b) show the phase-a input current THD

FIGURE 21. Performance comparison between proposed and
conventional methods in terms of (a) input current THD, (b) phase
switching frequency, (c) phase switching loss, (d) total loss.

and average THD values obtained by two control schemes.
It can be noticed that the THD increases along with the rise
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of sampling time, and the THD values obtained from both
approaches are comparable. The switching frequency will
decrease when the sampling time increases. Regarding the
individual phase switching frequency reduction capability,
the proposed technique decreases the switching frequency
of phase-a by about 60% in comparison to the conven-
tional method under different sampling times. Meanwhile in
Fig. 18(d), the average switching frequency of the proposed
method is a little greater compared to conventional method.
The per-phase MPDPC scheme decreases the switching loss
of phase-a by approximately 81% compared to the con-
ventional method under different sampling time conditions
in Fig.18(e). Meanwhile, the total loss obtained by both
approaches under different sampling time conditions is simi-
lar. The peak-to-peak ripple value of real power and reactive
power in Fig. 18(g) and (h) obtained by the two methods have
negligible differences.

Fig. 19(a) – (f) presents the performance of proposed
technique when there exists parameter uncertainty in line
inductance. This performance evaluation includes average
THD value, switching frequency and switching loss in
phase-a, total loss, and peak-to-peak value ripple in real and
reactive power. As shown in Fig. 19(a), the average THD
value notably rises under the condition where the model
line inductance exceeds the real one, and the model line
inductance is lower than the real line inductance by 50%.
Meanwhile, the change of phase-a switching frequency under
different % percentage of model inductance uncertainty is
varied. In these cases, the phase-a switching frequency is low-
est when the model line inductance is 25% less than the real
one. However, the average switching frequency rises when
the model inductance is lower than the real line inductance.
This is opposite to the condition that the model inductance
exceeds the real one. This behavior is similar to the total loss
performance, as shown in Fig. 19(e). In Fig. 19(f), the peak-
to-peak ripple values in real and reactive power significantly
increase when model line inductance is lower than the real
line inductance. The peak-to-peak ripple values in real and
reactive power decrease whenmodel line inductance is higher
than the real line inductance.

In addition to the comparison between the proposed and
conventional methods, a comparison between the proposed
per-phase MPDPC with switching state preselection strat-
egy and the individual loss reduction technique based on
CBPWM in [20] is implemented. Since the regular MPC
method chooses the optimal switching that minimizes a cost
function, no commutations are forced every sample period.
In fact, one switching state can be the optimal selection
for two or more sample periods. This leads to a variable
switching frequency. The average switching frequency per
power device, fsw_avg, will be defined as the average value
of the switching frequencies of the six controlled power
semiconductor devices in the active rectifier circuit. Thus,

fsw_avg =

2∑
i=1

fSai + fSbi + fSci
6

(19)

where fSxi is the switching frequency during a time interval of
the power semiconductor device number i(i = 1, 2) of phase
x(x = a, b, c). For a fair comparison, the carrier frequency, fc,
and the sampling frequency, fsp, are set to achieve a similar
average switching frequency in both the per-phase MPDPC
with switching state preselection strategy and the modified
CBPWM method in [20].

Fig. 20(a) and 20(b) illustrate the simulation waveforms
obtained by the proposed per-phase MPDPC with switching
state preselection strategy and modified CBPWM, respec-
tively. As can be seen in Fig. 20, both two methods generate
sinusoidal input currents, where the input current is in phase
with the input voltage. The dc-link output voltage yielded
by the two approaches correctly follows the corresponding
reference voltage. It can be seen in Fig. 20(b), the dc-link
output voltage acquired by the modified CBPWM has higher
fluctuation than that of proposed per-phase MPDPC method.
In terms of switching patterns, due to the control scheme
in modifying the DPWM1 method, the clamping regions in
phase-a have a duration of 60◦, whereas the switching pat-
tern of phase-a obtained by the proposed per-phase MPDPC
method contains a correct clamping region of 120◦.
Fig. 21 shows the performance comparison between pro-

posed per-phase MPDPC with switching state preselection
strategy and modified CBPWM. As can be seen in Fig. 21(a),
the modified CBPWMmethod has a lower input current THD
than proposed method. As indicated earlier, the carrier fre-
quency, fc, and the sampling frequency, fsp, are set to achieve
a similar average switching frequency in both the per-phase
MPDPC with switching state preselection strategy and the
modified CBPWM method. Thus, the average switching fre-
quency in both two control schemes is similar, as shown in
Fig. 21(b). However, phase-a switching frequency obtained
by the proposed method is lower than that of modified
CBPWM by about 50% due to the longer clamping time. Due
to the reduction of switching frequency, phase-a switching
loss obtained by the proposed method is lower than that of
modified CBPWM by about 73%, as observed in Fig. 21(c).
The total conduction loss obtained by the two approaches is
similar, whereas the total loss ofmodifiedCBPWM is slightly
higher than that of proposed strategy.

V. CONCLUSION
This paper describes the per-phase MPDPC with switching
state preselection strategy to control the active rectifier. The
method determines the clamping regions and corresponding
switching states that maintain the current state of switches
in the leg having highest aging level leg, resulting in a
decrease of switching loss. The accuracy and feasibility of
the proposed per-phase MPDPC technique have been vali-
dated both in simulation and in experimentation. It has been
demonstrated that the proposed method can substantially
reduce switching losses in the phase leg with the highest
aging level, achieving a reduction of up to 81% compared
to the conventional MPDPC technique. The switching loss of
the leg having highest aging level leg is minimal due to the
maximum total clamping region, which equals two-thirds of
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the fundamental period. Aside from the increased switching
losses in the remaining legs, the difference in aging levels
among phase legs is decreased, and the total loss in both
the conventional and proposed methods is approximately the
same. The proposed per-phaseMPDPC technique can be inte-
grated into a practical system with ease, offering the potential
to deliver benefits across various industries and applications.
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