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ABSTRACT Active front-end rectifiers are tasked with generating high-quality, low-distortion sinusoidal
line currents in the presence of adverse circuit conditions. When suitable control methods are applied to
such rectifiers, significant performance improvements can be realized, especially under abnormal utility
conditions. Although several control methods based onmodel predictive control platforms have been recently
developed, there is a lack of comparative studies of these methods in the literature. In this paper, the details
and theoretical background of four model predictive control methods, namely, current control, virtual flux
control, direct power control, and virtual flux direct power control, are presented. Then, the performance of
these methods was compared by the way of experiments to determine the respective quality of the line current
under various conditions, such as unbalanced input voltages, input voltage distortion, uncertainty in the
parameters, and dc voltage fluctuation. In summary, based on the results of the experiments, the virtual flux
control scheme was found to be distinctly superior to the other three schemes for distorted and unbalanced
line voltages.

INDEX TERMS Active front end rectifier, current control, direct power control, model predictive control,
virtual flux control.

I. INTRODUCTION
The recently growing need to synthesize sinusoidal line cur-
rents with low distortion under adverse conditions requires
active front end (AFE) rectifiers instead of diode rectifiers
as they provide high quality line currents with low total
harmonic distortion (THD), adjustable output voltages, unity
power factors, and regenerative capability [1].

Several AFE rectifier control methods have been proposed
in the literature [2], [3], including voltage-oriented control
(VOC) and direct power control (DPC) schemes [4]–[6],
that enable the generation of sinusoidal line currents even
when the input line voltages are abnormal. More recently,
finite control-set model predictive control methods have
been proposed for these applications [7]–[9] that predict
the values of the control variables at the next step in order
to determine the optimal switching state. These predictive
control methods are appealing due to their advantages, such
as a fast dynamic response, a simple structure that does not
include a pulse width modulation block, and the ability to
easily include constraints. These methods have also benefit-
ted from ongoing developments in high speed, cost-effective

microprocessors [10]–[12]. There are four possible AFE
rectifier control methods that are applicable to finite control-
set model predictive control algorithms: model predictive
current control (MP-CC), model predictive virtual flux
control (MP-VFC), model predictive direct power control
(MP-DPC), and model predictive virtual flux direct power
control (MP-VFDPC). All of these methods are based on
a common predictive control method, which includes pre-
dicting the future behavior of the control variables and
evaluating a cost function. Here, the cost function compares
the reference value of a control variable with all possible
predicted future values of a corresponding set of control
variables. Although the four methods are based on the same
control principle, the respective performance of AFE rec-
tifiers controlled by each of the methods differ depending
on the control variables employed in the controllers. The
MP-CC algorithm [10], [13], [14] directly controls the line
currents of the AFE rectifier by employing the line current
itself as a control variable, whereas the MP-VFC method
[15], [16] utilizes the virtual fluxes of the rectifier input volt-
ages as a control target. By contrast, the MP-DPC [17], [18]
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and MP-VFDPC methods [19]–[22] adjust the input real and
reactive power components of the AFE rectifier based on the
power elements as a control target. Although these last two
schemes both utilize the real and reactive power components
as control targets, they adopt different approaches to calculate
the future power elements at the next step.

The objective of this paper is to discuss and compare the
features and performance of the four listed model predic-
tive control methods. First, the theoretical background for
these methods is presented. Then, experimental results are
used to develop a detailed comparison of the rectifiers in
terms of their line current qualities under various conditions,
such as an unbalanced input voltage, input voltage distortion,
parametric uncertainty, and dc voltage fluctuation. Finally,
the conclusions that can be drawn from this research are
presented.

II. THEORETICAL BACKGROUD FOR FOUR MODEL
PREDICTIVE CONTROL METHODS FOR ACTIVE
FRONT END RECTIFIERS
The topology of an AFE rectifier is depicted in Fig. 1, where
vs is the input phase voltage, R is the line resistance, L is the
line inductance, iline is the line current, vcon is the rectifier
input voltage, and Vdc is the output voltage of the rectifier.
Fig. 2 represents the MP-CC control block, in which the

line currents of the AFE rectifier are directly controlled

FIGURE 1. AFE rectifier.

FIGURE 2. Control block for the model predictive current control (MP-CC)
scheme.

because they are employed as a control variable in the con-
trol platform. Thus, future behaviors of the line currents are
predicted based on the rectifier dynamic equations and a
cost function is designed to force the line currents to track
the references. The dynamic equation, set up at the rectifier
input terminals and expressed in a discrete time domain,
is [10], [13]

iline (k + 1) =
(
1−

RTs
L

)
iline (k)+

Ts
L
(vs(k)− vcon(k)),

(1)

where iline (k + 1) represents the future values of the line
currents at the (k + 1)th step and Ts is the sampling period.
In addition, iline (k), vs (k), and vcon (k) represent the present
values of the line currents, line voltages, and AFE input volt-
ages, respectively. Because the rectifier input voltage vcon (k)
is determined by the switching states of the AFE rectifier,
seven future values of the iline (k + 1) based on the next step
switching states can be obtained via (1). By comparing the
seven predicted line current values with the future value of
the line current reference as per the cost function in (2),
the optimal switching state at the next step can be determined.

gMP−CC =
∣∣i∗line (k + 1)− iline (k + 1)

∣∣ . (2)

The magnitude of the line current reference is produced
by the proportional and integral (PI) controller to regulate
the output voltage of the AFE rectifier and the phase of the
current reference is taken by the line voltage phase for unity
power factor operation as shown in Fig. 2. By choosing the
next switching command so as to minimize the cost function,
the line current at the next step tracks the line current ref-
erence. Note that the well-known delay compensation algo-
rithm that is commonly used to compensate for the one-step
delay that occurs in practical controllers is not included in this
section for the four control methods in theory [14].

A schematic of an MP-VFC control block is shown
in Fig. 3. The MP-VFC method employs the virtual flux,

FIGURE 3. Control block for the model predictive virtual flux
control (MP-VFC) scheme.
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which is resistant to distortions in the input voltage, as a
control variable to operate the AFE rectifiers, whereas the
MP-CC method uses the input voltage itself for AFE rectifier
control. This former method calculates the future values of
the rectifier virtual flux ψcon(k + 1) based on the line current
andAFE input voltage using Euler’s backward approximation
for discretization, as shown in (3) [15], [16].

ψcon (k + 1) = ψ s (k + 1)−
∑n=k

n=0
Riline (n)Ts

−L(1+
RTs
L

){
(
1−

RTs
L

)
iline (k)

+
Ts
L
(vs(k)− vcon(k))}, (3)

where ψ s (k + 1) =
∑n=k

n=0 vs(n)Ts + vs(k + 1)Ts and
vs (k + 1) = vs(k)ejωTs . Similarly, the future virtual flux
reference of theAFE rectifierψ∗con(k+1) can also be obtained
together with the line voltages and the PI controller for regu-
lating the output voltage of the AFE rectifier as:

ψ∗con (k + 1) = ψ s (k + 1)− Li∗line (k + 1)

−

∑n=k+1

n=0
Ri∗line (n)Ts. (4)

The cost function in (5) is used to evaluate seven possible
future virtual flux values in comparison to the reference
virtual flux in order to select an optimal switching state.

gMP−VFC =
∣∣ψ∗con (k + 1)− ψcon (k + 1)

∣∣ . (5)

The model predictive direct power control (MP-DPC)
method directly adjusts the input power components of the
AFE rectifier, by using the real and the reactive power ele-
ments, P and Q, respectively, as control variables for the
model predictive control algorithm. The future instantaneous
input powers are predicted using the line voltages and line
currents predicted in (1) as follows [17], [18]:

P (k + 1) = vsα (k + 1) ilineα (k + 1)

+ vsβ (k + 1) ilineβ (k + 1), (6)

Q (k + 1) = vsβ (k + 1) ilineα (k + 1)

− vsα (k + 1) ilineβ (k + 1), (7)

where iline = ilineα + jilineβ and vs = vsα + jvsβ . In the
MP-DPC algorithm, the reference real power P∗ is obtained
as the output of the PI controller used to regulate the dc output
voltage of the AFE rectifier. On the other hand, the reference
reactive power Q∗ is generally set to zero for unity power
factor operation. Among the eight possible switching states
which produce the seven voltage vectors due to zero vector
obtained by two zero switching states, one optimal switching
state corresponding to an optimal rectifier input voltage vec-
tor is selected to minimize the input power error based on a
cost function, which is defined as follows [24], [25]:

gMP−DPC = |P∗(k+1)−P (k + 1) | + |Q∗(k+1)−Q(k + 1)|

(8)

As was the case for the MP-DPC scheme, the real and the
reactive power components are employed as control variables
in the MP-VFDPC method. Similarly, the cost function in (8)
for the MP-DPC method is also used for the MP-VFDPC
method. However, the two methods differ in their approach
to calculating the future power components. The MP-DPC
algorithm predicts the line currents and line voltages in order
to obtain the future power component values, whereas to
minimize the adverse effects of harmonic distortion of the
line voltages, the MP-VFDPC method calculates the future
power by predicting the next-step line current and the next-
step virtual flux as per (9) and (10) [19], [23], [26]:

P(k + 1) = ω(ψsα (k + 1) ilineβ (k + 1)

−ψsβ (k + 1) ilineα (k + 1)), (9)

Q(k + 1) = ω(ψsα (k + 1) ilineα (k + 1)

+ψsβ (k + 1) ilineβ (k + 1)), (10)

where,

ilineα (k + 1) =
(
1−

RTs
L

)
ilineα (k)

+
Ts
L

(
−ωψ sβ (k)− vconα (k)

)
,

ilineβ (k + 1) =
(
1−

RTs
L

)
ilineβ (k)

+
Ts
L

(
ωψ sα (k)− vconβ (k)

)
,

ψ s = ψsα+ jψsβ , vcon = vconα+ jvconβ , and ω is the angular
frequency of the line voltage.

III. COMPARISONS OF THE FOUR CONTROL METHODS
In this section, a comparison of the performance of each of
the four control methods is provided. To ensure an unbiased
comparison, the following parameters and constraints were
applied to all methods:

FIGURE 4. Control block for the model predictive virtual flux (MP-DPC)
scheme.
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FIGURE 5. Experimental waveforms of the three-phase rectifier input
currents with no line voltage distortion obtained with (a) three-phase line
voltages (b) MPCC method (c) MP-VFC method (d) MP-DPC method, and
(e) MP-VFDPC method.

1) Unity power factor operation with 110 V input supply
phase voltage (rms) and 60 Hz frequency

2) 10 mH input filter inductance, 1 � input filter resis-
tance, 1.1 mF output filter capacitance, and 100� load
resistance

3) 20 kHz sampling frequency
In addition, the reference dc voltage is set to 300 V .

The comparison was conducted for line voltages distorted
by the addition of 5th and 7th harmonics and unbalanced
line voltages. The performance of each method was then
evaluated based on its robustness to parameter uncertainties,
the calculation complexity, and the dynamic speed under
transient conditions. For comparison purposes, a three-phase
AFE rectifier was constructed in a laboratory and the four
control methods were implemented on a Texas Instruments
DSP board (TMS320F28335). Fig. 5 illustrates the experi-
mental results of the line current waveforms obtained by the
four control methods with balanced supply voltages with no
distortion as shown in Fig. 5 (a). It is seen from Fig. 5 that
the four control methods generate sinusoidal line current
waveforms that are in phase with the line voltages.

A. EFFECT OF THE DISTORTED LINE VOLTAGES
Fig. 6 shows the average THD values of the line currents
resulting from the four control methods with distorted line
voltages. Because the 5th and the 7th harmonic components
are most dominant components in three-phase power sup-
plies, their effects on AFE rectifier performances are inves-
tigated in this paper. The applied distortion was as follows.
The a-phase line voltage was contaminated by the addition of
the 5th harmonic component while no harmonic components
were added to the b- and c-phases. This can be mathemati-
cally described as follows [12], [27], [28].

µvsa = Vm sin (ωt)+ a5Vm sin (5ωt)

µvsb = Vm sin
(
ωt −

2
3
π

)
+ b5Vm sin

(
5ωt +

2
3
π

)
µvsc = Vm sin

(
ωt +

2
3
π

)
+ c5Vm sin

(
5ωt −

2
3
π

)
, (11)

FIGURE 6. Average THD values of line currents resulting from four control
methods under distorted line voltage with a-phase line voltage
contaminated with 5th harmonics (µa5 varying from zero to 0.25,
µb5 = 0 and µc5 = 0).
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FIGURE 7. Experimental waveforms of three-phase line currents under
distorted line voltage with a-phase source contaminated with 5th

harmonics by 20 percent (µa5 = 0.2, µb5 = 0 and µc5 = 0) with
(a) three-phase line voltages (b) MPCC method (c) MP-VFC method
(d) MP-DPC method, and (e) MP-VFDPC method.

where, Vm represents the magnitude of the fundamental com-
ponent of the line voltages and µi5(i = a, b, c) represents
the ratio between the magnitude of the 5th harmonic and
the magnitude of the fundamental component for each phase
of the line voltages. The THD values of the line currents
in Fig. 6 were computed by inputting the measured line

FIGURE 8. Average THD values of line currents resulting from four control
methods under distorted line voltage with three-phase sources
contaminated with 5th harmonics (µa5 = µb5 = µc5, which vary from
zero to 0.25).

FIGURE 9. Average THD values of line currents resulting from four control
methods under distorted line voltage with a-phase source contaminated
with 7th harmonics (µa7 varying from zero to 0.25, µb7 = 0 and µc7 = 0).

current data into the power analysis application module in
the Tektronix digital oscilloscope (500MHzMSO3054) used
in the experiments. The power analysis module was config-
ured to evaluate the components up to the 80th harmonic
while ignoring the inter-harmonic components. The follow-
ing equation was used to calculate the average THD values:

THD =
THDa + THDb + THDc

3
. (12)

where,

THDi =

√
I2irms − I

2
i1,rms

I2i1,rms
(i = a, b, c)

It can be seen in Fig. 6 that the four control methods
produced almost the same supply current THDs with no
5th harmonic distortion. However, as the magnitude of µa5
increased, the average THD values also increased. The
MP-CC and MP-DPC methods produced increasing THD
values in proportion to the increasing magnitude of the
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FIGURE 10. Experimental waveforms of three-phase line currents under
the distorted supply voltage with a-phase source contaminated with
7th harmonics (µa7 = 0.2, µb7 = 0 and µc7 = 0) with (a) three-phase line
voltage (b) MP-CC method (c) MP-VFC method (d) MP-DPC method, and
(e) MP-VFDPC method.

5th harmonic component of the a-phase line voltage. In con-
trast, the MP-VFC and MP-VFDPC methods were found to
be less sensitive to the 5th harmonic distortion of the a-phase
supply voltage due to its reliance on the virtual flux effects.

FIGURE 11. Average THD values of line currents resulting from four
control methods under distorted line voltage with three-phase source
contaminated with 7th harmonics (µa7 = µb7 = µc7, which vary from
zero to 0.25).

FIGURE 12. Average THD values of line currents resulting from four
control methods under line voltage imbalance with a-phase source
unbalanced (µa varying from zero to 0.25, µb = 0, and µc = 0).

The experimental results of the three-phase line current
waveforms obtained via the four control methods for a dis-
torted line voltage are shown in Fig. 7. In this case, the
a-phase source was contaminated by the addition of a 20%
(µa5 = 0.2)5th harmonic component, which was obtained by
a programmable AC power source (Chroma programmable
AC source model 61702). The combined waveform is shown
in Fig. 7 (a). As illustrated by the remaining subfigures,
the four control methods generated a-phase input currents
that were in-phase with the a-phase line voltage regard-
less of the magnitude of the distortion of the a-phase line
voltage. However, unlike the displacement power factor,
the line current waveforms and harmonic components con-
tained in the currents differed depending on the respective
control method. In the figure, it can be seen that the MP-
VFC and MP-VFDPC methods resulted in current wave-
forms that were less contaminated and had better harmonic
performance than those of the MP-CC and the MP-DPC
methods.
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FIGURE 13. Experimental waveforms of three-phase line currents with
imbalanced three-phase line voltages with a-phase source unbalanced by
20 percent (µa = 0.2, µb = 0 and µc = 0) with (a) three-phase line
voltage (b) MP-CC method (c) MP-VFC method (d) MP-DPC method, and
(e) MP-VFDPC method.

The average THD values of the line currents produced
by the four control methods when the three-phase source
voltage was contaminated by the addition of the 5th har-
monic component are shown in Fig. 8. The effects of the
distorted input voltage on the THD values were similar to

FIGURE 14. Average THD values of line currents resulting from four
control methods under imbalanced supply voltages three-phase source
unbalanced together (µa = µb = µc , which vary from zero to 0.25).

FIGURE 15. Computational effort.

those with a-phase supply voltage distortion with the 5th

harmonic components in Fig. 6. The THD values of the line
currents obtained by the MP-CC and the MP-DPC methods
sharply increased along with the distortion in the three-phase
line voltages. In addition, the line current THD values of
the MP-CC and the MP-DPC methods were found to be
more dependent on the input voltage distortion in the case
of three-phase distortion than the a-phase supply voltage
distortion in Fig. 6. However, the MP-VFC and MP-VFDPC
methods producedmuch lower THDvalues than the other two
methods, as shown in Fig. 8. Furthermore, the dependence
of the three-phase voltage distortion on the line current THD
values by theMP-VFC andMP-VFDPCmethods was similar
to that for the a-phase voltage distortion in Fig. 6.
The effects of a distorted supply voltage when the a-phase

source was contaminated by the addition of the 7th harmonic
component on the average THD values of the line currents
is shown in Fig. 9. Mathematically, this distortion can be
described as [12], [27], [28]:

µvsa = Vm sin (ωt)+ a7Vm sin (7ωt)

µvsb = Vm sin
(
ωt −

2
3
π

)
+ b7Vm sin

(
7ωt −

2
3
π

)
µvsc = Vm sin

(
ωt +

2
3
π

)
+ c7Vm sin

(
7ωt +

2
3
π

)
, (13)
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FIGURE 16. Line current THD values versus model errors in (a) line
resistance (b) line inductance.

where, µi7(i = a, b, c) is the ratio between the magnitude
of the 7th harmonic component and the magnitude of the
fundamental component for each phase of the line voltage.

As was the case for the 5th harmonic distortion in Fig. 6,
the MP-VFC and MP-VFDPC methods were found to be
less affected by the addition of 7th harmonic distortion as
both algorithms utilized the virtual fluxes as the control vari-
ables, which introduces a low-pass filter into the integrator.
The experimental results for this test are shown in Fig. 10,
where the a-phase source was contaminated by adding a 20%
(µa7 = 0.2) magnitude 7th harmonic. The complete input
waveform is shown in Fig. 10 (a), where it can be seen that the
MP-VFC and MP-VFPDC methods produced line currents
with lower harmonic distortion compared to those of the other
methods despite the high degree of distortion applied to the
input a-phase supply voltage waveform.

The average THD values of the line currents generated
by the four algorithms when the three-phase sources were
distorted by the addition of a 7th harmonic component are
shown in Fig. 11. As shown, the trends in the THD values
were similar to those when only the a-phase supply voltage
was distorted, as shown in Fig. 9. However, the line current
THD values of the MP-CC and MP-DPC methods were seen
to be more highly dependent on the line voltage distortion

FIGURE 17. Experimental waveforms of line currents with 50%
underestimated inductance and exact resistance for (a) MP-CC (b)
MP-VFC (c) MP-DPC and (d) MP-VFDPC methods.

in the case of the three-phase distortion as compared to
the results of the a-phase only supply voltage distortion
in Fig. 9.

B. EFFECT OF UNBALANCED LINE VOLTAGES
The THD values of the line currents obtained by the four
control methods with unbalanced line voltages were also
investigated. The unbalanced line voltages can be represented
by [12], [27], [29]:

µvsa = Vm sin (ωt)+ aVm sin (ωt)

µvsb = Vm sin
(
ωt −

2
3
π

)
+ bVm sin

(
ωt +

2
3
π

)
µvsc = Vm sin

(
ωt +

2
3
π

)
+ cVm sin

(
ωt −

2
3
π

)
, (14)
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FIGURE 18. Experimental waveforms of line currents with 50%
overestimated inductance and exact resistance for (a) MP-CC
(b) MP-VFC (c) MP-DPC and (d) MP-VFDPC methods.

where µi(i = a, b, c) is the ratio between the magnitudes
of the unbalanced term for each phase of the line voltage.
The corresponding THD values of the line currents obtained
by the four methods are shown in Fig. 12.

As shown in Fig. 12, for an unbalanced a-phase supply
voltage, it was found that the MP-DPC and MP-VFDPC
methods, which used the input power components as the
control variables, generated more harmonics in the line
currents than the MP-CC and the MP-VFC methods. The
results for an unbalanced three-phase voltage source in which
the a-phase source voltage was unbalanced by 20% are
shown in Fig. 13 (a) shows the input three-phase voltage
waveform while parts (b), (c), (d), and (e) show the results
for the MP-CC, MP-VFC, MP-DPC, and MP-VFDPC meth-
ods, respectively. As shown, the MP-DPC and MP-VFDPC
methods generated more highly distorted current waveforms

FIGURE 19. Experimental waveforms of the output voltage waveforms
and their ac ripple components with no line voltage distortion obtained
with (a) MPCC method (b) MP-VFC method (c) MP-DPC method, and
(d) MP-VFDPC method.
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FIGURE 20. Peak-to-peak values of output ripple voltages resulting from
four control methods under distorted line voltage with a-phase line
voltage contaminated with 5th harmonics (µa5 varying from zero to 0.25,
µb5 = 0 and µc5 = 0).

FIGURE 21. Experimental waveforms of ac ripple components of the
output voltage under distorted line voltage with a-phase source
contaminated with 5th harmonics by 20 percent (µa5 = 0.2, µb5 = 0 and
µc5 = 0) with (a) MPCC method (b) MP-VFC method (c) MP-DPC method,
and (d) MP-VFDPC method.

with higher THD values than the MP-CC and MP-VFC
methods.

FIGURE 22. Peak-to-peak values of output ripple voltages resulting from
four control methods under distorted line voltage with three-phase
sources contaminated with 5th harmonics (µa5 = µb5 = µc5, which vary
from zero to 0.25).

FIGURE 23. Peak-to-peak values of output ripple voltages resulting from
four control methods under distorted line voltage with a-phase line
voltage contaminated with 7th harmonics (µa7 varying from zero to 0.25,
µb7 = 0 and µc7 = 0).

The average THD values of the line currents resulting from
the four control methods for an unbalanced three-phase input
voltage are shown in Fig. 14. The trends observed in this
figure are similar to those for the unbalanced a-phase supply
voltage in Fig. 12. The MP-DPC and MP-VFDPC methods,
which are based on the direct power control method generated
THD values that increased markedly as the imbalance in
the three-phase line voltages increased. Moreover, the THD
values of the MP-DPC and MP-VFDPC methods were found
to be more highly dependent on the line voltage unbalance
in the case of a three-phase supply versus the a-phase supply
voltage unbalance in Fig. 12. By contrast, the MP-CC and
MP-VFC methods generated much lower THD values than
the other two methods, as shown in Fig. 14.

C. COMPLEXITY OF THE CONTROL ALGORITHMS
Each of the four algorithms differ in terms of the complexity
when implemented in a digital signal processor (DSP). The
execution time for each of the algorithms was computed by
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FIGURE 24. Experimental waveforms of ac ripple components of the
output voltage under distorted line voltage with a-phase source
contaminated with 7th harmonics by 20 percent (µa7 = 0.2, µb7 = 0 and
µc7 = 0) with (a) MPCC method (b) MP-VFC method (c) MP-DPC method,
and (d) MP-VFDPC method.

FIGURE 25. Peak-to-peak values of output ripple voltages resulting from
four control methods under distorted line voltage with three-phase
sources contaminated with 7th harmonics (µa7 = µb7 = µc7, which vary
from zero to 0.25).

measuring the elapsed time in the experimental setup, and the
results are shown in Fig. 15. In the figure, it can be seen that

FIGURE 26. Peak-to-peak values of output ripple voltages resulting from
four control methods with a-phase source unbalanced (µa varying from
zero to 0.25, µb = 0, and µc = 0).

FIGURE 27. Experimental waveforms of ac ripple components of the
output voltage with imbalanced three-phase line voltages with a-phase
source unbalanced by 20 percent (µa = 0.2, µb = 0 and µc = 0) with
(a) MPCC method (b) MP-VFC method (c) MP-DPC method, and
(d) MP-VFDPC method.

the MP-VFC and MP-VFDPC methods, which were based
on the virtual flux, required more execution time than the
others.

77282 VOLUME 6, 2018



E.-S. Jun et al.: Performance Comparison of Model Predictive Control Methods for AFE Rectifiers

FIGURE 28. Peak-to-peak values of output ripple voltages resulting from
four control methods with three-phase source unbalanced together
(µa = µb = µc , which vary from zero to 0.25).

FIGURE 29. Simulated response of MP-CC method with step-change of
line current reference from 4 A to 8 A.

D. SENSITIVITY TO MODEL ERRORS
All four control methods incorporated the line resistance and
inductance as parameters, and all were based on the model
predictive control algorithm. In addition, the performance

FIGURE 30. Simulated response of MP-VFC method with step-change.

of an AFE rectifier operated with the four control methods
was affected by the model accuracy. The effects of errors
in the line resistance and inductance on the THD values of
the line currents obtained from the four control methods are
compared in Fig. 16, and it can be seen that the trends in the
effects of the error on the quality for each model were similar.
Errors in the line resistance had little effect on the quality of
the line current. In contrast, the current THD values were seen
to be more affected by the line inductance than by the line
resistance in all four control schemes. In particular, under-
estimations in the line inductance were found to seriously
degrade the performance of the AFE rectifiers for all control
methods. On the other hand, the effects of an overestimation
of the inductance on the THD values of the four methods were
found to be negligible.

The effects of inductance errors on the performance of the
control models are compared in Figs. 17 and 18. The results
of the case where the control algorithms were operated with
a 50% underestimated inductance and exact resistance are
shown in Fig. 17. In this figure, it can be seen that the line
currents of all methods exhibited increased distortion. The
waveforms for the case where the inductance was overesti-
mated by 50% and the resistance was correct are shown in
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FIGURE 31. Simulated response of MP-DPC method with step-change.

Fig. 18. As shown, the current waveforms for this case were
less distorted than those with the underestimated inductance
in Fig. 17.

E. OUTPUT VOLTAGE QUALITY
The output voltage quality obtained by the four control
methods was investigated and included in the revised paper,
because the output voltage quality is an important factor to
evaluate the performance of the AFE rectifiers. Fig. 19 illus-
trates the experimental results of the output voltage wave-
form Vdc in the AFE rectifier obtained by the four control
methods with balanced supply voltages with no distortion.
It should be noted that ac component waveforms of the output
voltage Vdc are displayed with expanded waveform to more
clearly show differences in ripples contained in the output
voltage waveforms. It is seen from Fig. 19 that the output
voltages produced in the rectifiers operated by the four con-
trol are well regulated whereas the ripple waveforms look a
little different.

Fig. 20 shows the peak-to-peak values of the output rip-
ple voltages resulting from the four control methods with
distorted line voltages, where the a-phase line voltage was
contaminated by the addition of the 5th harmonic component

FIGURE 32. Simulated response of MP-VFDPC method with step-change.

while no harmonic components were added to the b- and
c-phases. It can be seen in Fig. 20 that as the magnitude of
µa5 increased, the peak-to-peak output ripple voltages of the
four methods increased. The MP-CC and MP-VFDPC meth-
ods produced slightly higher ripple values on conditions of
higher distortions than the MP-VFC and MP-DPC methods.
The experimental results of the ac components of the output
voltage waveforms obtained via the four control methods for
a distorted line voltage are shown in Fig. 21.

The peak-to-peak values of the output ripple voltages pro-
duced by the four control methods when the three-phase
source voltage was contaminated by the addition of the
5th harmonic component are shown in Fig. 22. As expected,
the ripples increase as increasing distortion of the supply
voltages. In addition, the effects of the distorted input volt-
age on the THD values were similar to those with a-phase
supply voltage distortion with the 5th harmonic components
in Fig. 20. However, the ripples resulted from three-phase dis-
tortions in Fig. 22 are bigger than those obtained by a-phase
supply voltage distortion in Fig. 20. It is also expected that
the output voltage ripples more sharply increase with lower
dc capacitance.
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FIGURE 33. Simulated response of with step-change of dc voltage reference from 300 V to 425 V with (a) MPCC method (b) MP-VFC
method (c) MP-DPC method, and (d) MP-VFDPC method.
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Fig. 23 shows the peak-to-peak values of the output rip-
ple voltages resulting from the four control methods with
distorted line voltages, where the a-phase line voltage was
contaminated by the addition of the 7th harmonic component
while no harmonic components were added to the b- and
c-phases. It can be seen in Fig. 23 that as the magnitude
of µa7 increased, the peak-to-peak output ripple voltages of
the four methods increased. The experimental results of the
ac components of the output voltage waveforms obtained
via the four control methods for a distorted line voltage are
shown in Fig. 24. The peak-to-peak values of the output ripple
voltages produced by the four control methods when the
three-phase source voltage was contaminated by the addition
of the 7th harmonic component are shown in Fig. 25.

FIGURE 34. Line current waveforms for transient response by (a) MP-CC
(b) MP-VFC (c) MP-DPC and (d) MP-VFDPC methods.

Fig. 26 shows the peak-to-peak values of the output rip-
ple voltages resulting from the four control methods with
an unbalanced a-phase supply voltage. The experimental
results of the ac components of the output voltage waveforms
obtained via the four control methods with an unbalanced
a-phase supply voltage are shown in Fig. 27. The peak-to-
peak values of the output ripple voltages produced by the
four control methods with an unbalanced three-phase supply
voltage are shown in Fig. 28. From Figs. 26 and 28, it is
clearly shown that the peak-to-peak output ripple voltages
of the four methods increase as the supply voltage is more
severely distorted.

F. DYNAMIC PERFORMANCE
The dynamic response of the four control methods were
investigated under the same transient conditions. The effects
of the PI control block used for dc output voltage regula-
tion on the rectifier dynamic performances were ignored,
by directly making manual step-changes of the current ref-
erence and the other control variables, in order to focus on
the performance differences between the respective model
predictive control methods. Simulated waveforms depicting
a step change in an AFE rectifier operated by the MP-CC
method are shown in Fig. 29. In this case, the reference
line current used as the control variable changed abruptly
from 4 to 8 A. The simulation results of the other three
control methods for the same magnitude step change are
illustrated in Figs. 30 to 32, in which the respective control
variable references of the three methods are set to expe-
rience step changes corresponding to the same amount as
the MP-CC method. From these figures, it can be seen
that the four control methods all exhibited fast dynamic
responses despite differences in their control variables and
control structures. This is because all were based on the same
model predictive control platform, which has fast dynamic
characteristics.

TABLE 1. Summary of performance comparisons.
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The dynamic responses of the four methods by making
step-changes of the voltage references, in which transient per-
formance includes the PI controllers in addition to the model
predictive control method, are also investigated in Fig. 33.
The reference values of the dc voltage were forced to change
from 300 V to 425 V suddenly, for all the four control
methods. It was proved that the four model predictive control
methods showed almost same fast dynamic responses even
including the PI controllers from Fig. 33.

The experimental dynamic response of the four control
methods are shown in Fig. 34 for the same magnitude of step
change as that used in the simulations. As shown, the response
times of all four control methods to the same step input were
almost the same. Table 1 shows a summary of comparative
results of the four control methods.

IV. CONCLUSION
In this paper, the relative performance of four model pre-
dictive control algorithms were compared in terms of the
quality of the produced line current under a variety of adverse
conditions, such as an unbalanced input voltage, distorted
input voltage, and uncertainty in the parameters. The the-
oretical background of the control methods was presented,
followed by the results of both simulation and experiment.
With regard to the line current quality for input line volt-
ages distorted by the addition of 5th or 7th order harmonics
components, the control methods that were based on the
virtual flux, i.e., the MP-VFC and MP-VFDPC methods,
exhibited marked advantages over the MP-CC and MP-DPC
methods. However, the MP-VFC and MP-VFDPC methods
were found to be more computationally complex than the
others. It was also found that when the AFE rectifier received
an unbalanced line voltage, the MP-CC and MP-VFC meth-
ods produced a better line current harmonic spectrum than
that produced by the other methods. It was also determined
that the four methods had little difference in their dynamic
performance and parameter sensitivity. In summary, based on
the results of this study, the MP-VFC scheme was found to
be distinctly superior to the other three schemes for distorted
and unbalanced line voltages.
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