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ABSTRACT This paper proposes a model predictive virtual flux control (MPVFC) method that can mitigate
the degradation of the total harmonic distortion of rectifier input currents experienced by active front-
end (AFE) rectifiers when input voltages are distorted by harmonics. The proposed method utilizes a cost
function based on virtual fluxes, which are robust to input voltage distortions, to control the rectifiers. For the
calculation of the proposed cost function which consists of a predictive value of the rectifier virtual flux and
areference of the rectifier virtual flux, the dynamics of AFE rectifiers and the definition of the integration in
the discrete time domain are used. Also, the phase of the reference current which is needed when calculating
the reference of the rectifier virtual flux is obtained by the input virtual flux. The proposed MPVFC method
shows better input current waveforms with lower total harmonic distortion than those obtained with the
conventional model predictive control method under input voltage distortion conditions, which was proved

via simulations and experiments.

INDEX TERMS Active front-end (AFE) rectifier, model predictive control, virtual flux.

I. INTRODUCTION

Active front-end (AFE) rectifiers have been widely utilized
because of their low total harmonic distortion (THD) of the
input current, adjustable output voltage, unity power factor
operation, and regenerative capability [1]. For a control of
AFE rectifiers, various control algorithms such as the voltage-
oriented control (VOC), the direct power control (DPC),
the direct torque control (DTC), the fuzzy-logic con-
trol, and the sliding mode nonlinear control have been
proposed [2]-[9]. Among them, the VOC and the
DPC methods are considered as general control methods for
AFE rectifiers. Although these algorithms can yield superior
performance under normal input voltage conditions, they
face performance deterioration of the AFE rectifier when
harmonic components are included in the input voltage, due
to their operating principle involving the use of the input
voltage itself. Virtual flux-based control methods have been
developed to overcome this drawback [10], [11]. Virtual flux-
based control schemes are simple to implement and have the
advantage of filtering the harmonic components of the input
voltages. In recent years, model predictive control (MPC)
methods, which have intuitive, effective, and good dynamic

characteristics, have been developed thanks to the rapid
development of cost-effective microprocessors [13], [14].
For AFE rectifier control, the model predictive current con-
trol (MPCC) and the model predictive direct power control
(MPDPC) methods have been proposed [15]-[23], [26]-[29].
The MPCC algorithms directly control the input current of
the rectifier by using the input current as a control vari-
able, whereas the MPDPC methods directly adjust the input
power of the rectifier based on the input power as a control
target. Although those methods can successfully control
the AFE rectifier with accurate output voltage regulation
and with unity power factor, performance of these algo-
rithms is deteriorated by input voltage distortion. To alleviate
adverse effects of harmonic distortion of the input voltage
on the rectifier control, MPDPC methods based on virtual
fluxes (VF-MPDPC) have been proposed [24], [25]. In the
VE-MPDPC methods, the cost function for the AFE rec-
tifier control is calculated by virtual fluxes instead of the
input voltage. Due to the cost function obtained by
the virtual fluxes, the VF-MPDPC methods can mitigate the
performance reduction caused by the input voltage distortion.
Although the VF-MPDPC methods can greatly improve the
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AFE control performance under distorted input voltages,
these control methods are restricted to power control because
they are based on the direct power control methods. A purpose
of this paper is to develop the AFE control method based on
the model predictive control method rather than power control
methods, which is robust to input voltage distortion.

This paper proposes a model predictive virtual flux
control (MPVFC) method that can mitigate the degradation
of the total harmonic distortion of rectifier input currents
experienced by active front-end (AFE) rectifiers when input
voltages are distorted by harmonics. The proposed method
utilizes a cost function based on virtual fluxes, which are
robust to input voltage distortions, to control the rectifiers.
For the calculation of the proposed cost function which
consists of a predictive value of the rectifier virtual flux
and a reference of the rectifier virtual flux, the dynamics of
AFE rectifiersand the definition of the integration in the
discrete time domain are used. Also, the phase of the refer-
ence current which is needed when calculating the reference
of the rectifier virtual flux is obtained by the input virtual
flux. The proposed MPVFC method shows better input cur-
rent waveforms with lower total harmonic distortion than
those obtained with the conventional model predictive control
method under input voltage distortion conditions, which was
proved via simulations and experiments.

Il. CONVENTIONAL METHOD: MODEL PREDICTIVE
CURRENT CONTROL METHOD

Fig. 1 shows a general AFE rectifier. In Fig. 1, vy, is
the a-phase input voltage, R is a line resistance, L is a
line inductance, i, is the a-phase rectifier input current,
and Vg is the output voltage of the rectifier. In addition,
Sa, Sp, and S, represent the upper switches at the a-phase,
b-phase, and c-phase, respectively. Furthermore, S,, Sp,
and S, denote the lower switches at the a-phase, b-phase,
and c-phase respectively. The upper and lower switches
connected at the same phase operate complementarily.
Fig. 2 shows a block diagram of the general control method
for AFE rectifiers. The conventional MPCC and MPDPC
methods, as well as the MPVFC method proposed in this
paper, are based on the block diagram shown in Fig. 2,
in which the control block is designed differently according
to specific control algorithms using different control targets.
In the case of the MPCC method, the rectifier input currents

AS, A8, aS. g

~Vsa+ L R icona ) ) A 7
Ik
. b ? S

+

1€ Vdc

A S AS, - agS 2

< a Py b . ¢ -

FIGURE 1. Active front-end (AFE) rectifier.
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FIGURE 2. Block diagram of the AFE rectifier.
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FIGURE 3. Simplified per-phase equivalent of the circuit of Fig. 1.

are predicted based on the rectifier dynamic equations and
the measured signals in order to force the rectifier input
currents to track the reference currents. Fig. 3 represents a
simplified per-phase equivalent circuit of the one in Fig. 1,
where, veonx(X = a, b, and c¢) is the rectifier input voltage
at each phase. The dynamic equations in the continuous time
domain are obtained from Fig. 3 as shown in (1),

diconx (t)
dt
where, x = a, b, and c¢. The dynamic equations in the dis-
crete time domain can be derived via Euler approximations,

as shown in (2).

iC()}’LX (k + 1) - iC()l’l)C (k)
Ts

vex (1) =L + Riconx () + Veonx (1) , (H

vex (k) =L

+ Riconx (k) + veonx (k).
2

In (2), vee(k) is the kM input voltage, icone(k + 1)
is the (kK + 1)th rectifier input current, iy (k) is the
k™ rectifier input current, Ty is the sampling period, and
Veonx(k) represents the k" rectifier input voltage in the
abc frame. From (2), the (k + D™ predictive rectifier input
current vector in the off frame ico, (kK + 1) = [icone (kK + 1)
icong(k + D]T is obtained as shown in (3). The abc to of
frame conversion of the three-phase current used to derive
the predictive rectifier current vector in (3) is represented by
the matrix in (4). The three-phase voltage is also converted in
the same way.

oo e+ 1) = (1= F5 Y0 )+ 2 vtk k
icon (k + )—< - 7 )lcon( )+Z(Vs()_vcon( ).

(3
1 1 .
T e T T
A
' o 5 5L
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In (3), vy (k) = [vye (k) vsﬁ(k)]T represents the kth input
voltage vector in the «of frame. In addition, vy, (k) =
[Veona (k) Veonp (k)]T is the k' rectifier input voltage vector of
the af frame, which is determined by the switching states of
the AFE rectifier. The rectifier input voltages in the o frame,
according to the switching states, are summarized in Table 1.

TABLE 1. Rectifier input voltage corresponding to the switching states.

Veona Veonp Sq Sy S.

0 0 0 0 0
(2/3)Vye 0 1 0 0
(1/3)Vae (V3/3)Vae 1 1 0
—(1/3)Vac (V3/3)Vye 0 ! 0
—(2/3)V,4e 0 0 1 1
—(1/3)Vqc —(V3/3)Vy 0 0 !
(1/3)Vy, —(V3/3)Vye 1 0 1
0 0 1 1 1

As can be seen from (3), the (k + 1P predictive
rectifier input current vector changes depending on the
switching state of the rectifier. Using this property, an opti-
mal switching state that produces the predictive recti-
fier input current vector closest to the reference vector
i%,, (k+1) = [y (k + 1) i%,, 5k + D" is used for the
rectifier control at the (k + l)thstep. The reference current
vector can be obtained using the output of the PI controller of
the output voltage of the AFE rectifier and the input voltage
phase for the unity power factor operation. A cost function as
described in (5) is used to control the AFE rectifier so that
the predictive rectifier input current vector obtained above
tracks the reference of the rectifier input current vector. The
switching state that minimizes the cost function presented
in (5) is selected as the optimal switching state.

g =il (k + 1) —icon (k + D). 3)

Fig. 4 represents the MPCC control block. Because the
MPCC method directly uses the input voltage for the
AFE rectifier control, the AFE rectifier performance obtained
by the MPCC method can be degraded if the input voltage is
distorted. In the proposed MPVFC method, the virtual flux,
which is resistant to the distorted input voltage, is used as
a control variable, and thus, the proposed method is more
effective against distortions of the input voltage than the
MPCC method.

ill. PROPOSED METHOD: MODEL PREDICTIVE VIRTUAL
FLUX CONTROL METHOD

The introduction of virtual flux started with the idea that the
input voltage, the line resistance, and the line inductance of an
AFE rectifier can be regarded as a virtual ac motor. The value
obtained by integrating the line to line voltage of the virtual
ac motor is called the virtual flux. By extending this concept,
a value obtained by integrating a physical voltage is called
a virtual flux. The integration has characteristics of the low-
pass filter [10], [11], [24], [25], [30]. Therefore, controlling
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FIGURE 4. Control block for the model predictive current control scheme.

the AFE rectifier using the virtual flux can mitigate the per-
formance degradation of the rectifier because of the filtering
effects on the harmonic components present in distorted input
voltages.

The proposed MPVFC method uses the virtual flux of the
rectifier input voltage as a control variable to control the
AFE rectifier. In order to design the model predictive control
method utilizing the virtual flux, dynamic equations based on
the virtual flux are derived in this paper. By integrating both
sides of the dynamic equations shown in (1), the dynamic
equations based on the virtual flux can be obtained as shown
in (6),

vfsx(t) = Licony (t) + /Ricanx (t) dt + 1a”conx(lt)s (6)

where, x = a, b, and c. In addition, s (¢) represents the
virtual flux of the input voltage and .., (?) represents the
virtual flux of the rectifier input voltage in the abc frame.
Using the abc to af frame conversion, the virtual flux-
based dynamic equation in the discrete time domain and
the af frame is obtained as shown in (7). In that equation,
¥, (k) = [Ysa (k) Ysp ()17 is the k™ input virtual flux
vector and ¥, (k) = [Veona (k) Yeonp (k)]T represents the
k™ rectifier virtual flux vector in the o frame.

n=k
¥y (k) = Licon (k) + ) Ricon () Ts + ¥egn k). (1)

By shifting (7) one step ahead, the future reference
vector of the rectifier virtual flux at the (k +T D

instant, Y5y, (K + 1) = [l (6 + D UG, (+ D] can
be obtained as

jon k+1) = !h k+1)— Li:(;n (k+1)
n=k+1 o
-3 Ri¥, () Ts, (8)

n=0

where, ¥, (k+ 1) = [Yso (k + 1) Yypk + 1D]T is  the
(k + D™ virtual flux vector of the input voltage in the
af frame. The future virtual flux vector of the input voltage at
the (k4 1)™ instant ¥ ; (k 4 1) can be obtained by integrating
the input voltage vector in the discrete time domain as

Uk +1) = Zzz Vs Ty +vsk + DTy, (9)

where, vy (k+ 1) = [vye (k 4+ 1) veg(k + DIT is the input
voltage vector in the «of frame at the (k + D™ instant.
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The (k + 1) input voltage vector required to calculate the
(k+1th input virtual flux vector shown in (9) can be obtained,
using the measured k™ input voltage vector, using the follow-
ing equation:

vy (k + 1) = vy(k)e™Ts. (10)

The future reference input current vector at the (k + 1)
step i, (k + 1) which is required for (8), can be obtained
with the PI controller for the rectifier output voltage and the
virtual flux vector of the input voltage. The magnitude of
the reference current vector is obtained using the output of
the PI controller, whereas the phase of the reference current
vector is determined by the virtual flux vector of the input
voltage. Fig. 5 shows the input voltage vector and the virtual
flux vector of the input voltage in the o8 axis. As shown in the
figure, to make the input voltage and the rectifier input current
be in phase for the unity power factor, the « component of
the reference input current vector should have a 180f phase
difference with the 8 component of the virtual flux vector of
the input voltage ¥g. In addition, the 8 component of the
reference input current vector should be in phase with the o
component of the virtual flux vector of the input voltage /s .
Based on the future virtual flux vector of the input voltage
and the construction of the future reference current vector,
the future reference virtual flux vector of the rectifier input
voltage can be obtained using (8). The future virtual flux
vector of the rectifier input voltage at the (k + 1) step can
be written as

n=k
wcon(k +1) = Zn:() Veon (1) Ty + Veon (K + 1) Ty,  (11)

where, Veon (k + 1) = [Veona (k + 1) veons (k + D)]" is the
rectifier input voltage vector at the n' and (k + 1) step in the
aof frame. Based on the definition of the virtual flux and (7),
the future virtual flux vector of the rectifier input voltage at
the (k + 1)t step in (11) can be derived as shown in (12).
It can be seen from the last term in (12) that the future virtual
flux vector of the rectifier input voltage depends on the future
rectifier input voltage vector vy, (k 4+ 1), which changes
with the switching states of the AFE rectifier. Therefore,
seven possible values for the future virtual flux vector of the

W
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|

|

- > a
lﬁsﬁ 0 Vsa

FIGURE 5. Input voltage vectors and virtual flux vectors of the input
voltage in the o axis.
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rectifier input voltage, which are obtained by considering all
switching states of the rectifier except the redundant switch-
ing state, are predicted according to the seven rectifier input
voltage vectors using (12).

wcon(k + 1= 'ﬁs (k) — Licon (k)
- Z:Zf) Ricon (n) Ts+Veon (k+ 1) Ts. (12)

The seven predicted values of the future virtual flux vectors
of the rectifier input voltage in (12) can be compared with
the reference value of the future virtual flux vector of the
rectifier input voltage in (8) to select the optimal value for the
rectifier input voltage vector, leading to the optimal switching
state. In practical control methods realized with micropro-
cessors, which have inevitable delay effects, the proposed
MPVFEC method for AFE rectifiers is constructed with a
delay compensation algorithm using the cost function at the
(k + 2)™ instant [17]. As a result, the two-step future virtual
flux vector of the rectifier input voltage, shifted one step
ahead, is obtained by

Wa)n (k+2)= 'ﬁs (k+1) = Licon (k + 1)
n=k+1 |
- Zn:O Ricon (n) Ts+Veon (k+2) Ty, (13)

where, !hcon (k +2) = [Yeona (k +2) l[fconﬂ (k+2)]T denotes
the two-step future rectifier virtual flux vector. The one-step
future virtual flux vector of the input voltage ¥, (k + 1) and
the one-step future rectifier input current vector iz, (k+1) can
be obtained using (9) and (3). Likewise, the one-step future
reference virtual flux vector of the rectifier input voltage
in (8) is shifted one step ahead to obtain the reference vector
at the (k + 2)™ instant. Based on the two-step future values
of the virtual flux vectors, the cost function is determined as

G = | Wi (k +2) — Yoo, (k +2)]. (14)

Fig. 6 shows the control block diagram of the proposed
MPVEC method utilizing the virtual flux vectors as control
variables. Due to the use of the virtual flux vectors, proposed
method can yield improved performance under input voltage
distortions, in comparison with the MPCC method which uses
the rectifier input currents as control variables. To remove
unwanted dc components associated with the integration,
the actual rectifier control based on the virtual flux utilizes a
low-pass filter instead of integrating the voltage for obtaining
the virtual flux [12]. Fig. 7 shows Bode diagrams of the
integrator and the low-pass filter. From Fig. 7, it can be
seen that compensations are needed to realize the desired
integrator based on the low-pass filter. This compensation is
called the compensation gain C and is expressed as shown
in (15) where w. and f means the cut-off frequency of the low-
pass filter and the fundamental frequency of the input voltage,
respectively. Table 2 shows relationships of the integrator, the
low-pass filter, and the compensation gain C in the frequency
domain and the fundamental frequency. The magnitude and

the phase of the compensation gain is / 27f )2+ w?/(2xf)
and — arctan(w,/(2nf)), respectively. Therefore, the required
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FIGURE 6. Control block diagram of the proposed MPVFC method.
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FIGURE 7. Bode diagram of (a) the integrator and (b) the low-pass filter
with the cut-off frequency of wc = 188.5 (rad/s).

integration can be realized using the low-pass filter and
the compensation gain C in the fundamental frequency of
the input voltage. The cut-off frequency w, is usually set
from 10 % to 50 % of the angular frequency of the input
voltage [12]. Fig. 8 shows the block diagram of the virtual
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TABLE 2. Relationship of the integrator, the low-pass filter, and the
compensation gain C in the frequency domain and the fundamental
frequency f.

Compensation
Integrator Low-pass filter gain C
E . 1 1 1—j W,
Xpression — —_— -
b j@np) j@rp) + o 2nf
1 1 @nf)? + w?
Magnitude — T <
g 2nf J@2rf)? + w? 2nf
A 27Tf W
- - —arctan(z—;
Phase 2 arctan( o, ) (27_[ f)
1 L "
Vi— ——— =1 — —>
: 5+ w, 2nf 5

FIGURE 8. Calculation of the virtual flux using the low-pass filter and
compensation gain.

flux calculation method using the low-pass filter and the
compensation gain.

Wc

2rf

C=1-j (15)

IV. SIMULATION RESULTS

Simulations with the parameters shown in Table 3 were
conducted to verify the performance of the proposed
MPVFC method. In addition, the simulation results obtained
with both the proposed MPVFC method using the virtual
flux vectors and the conventional MPCC method based on
the rectifier input current vectors were compared under the
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TABLE 3. Parameters for simulation.

Parameter Value
Sampling period T 50 us
Input phase voltage v; 220 Vypns
Line inductance L 10 mH
Line resistance R 1Q
Input voltage frequency f 60 Hz
Output capacitance C 550 uF
Load resistance R,,; 100 Q
Output voltage reference V. 650V

same conditions and parameters. Figs. 9 (a) and (b) show
the steady-state simulation results of the MPCC and the
MPVEFC methods in the case in which the input voltage source
has no distortion, respectively. It can be seen that the output
voltages generated by both methods track the reference volt-
age of 650 V. Furthermore, we confirmed that the three-phase
rectifier input currents of the two methods were balanced and
had a sinusoidal waveform in phase with the input voltage,
leading to the unity power factor.

The three-phase input voltage source distorted with the
fifth harmonic components can be written as

Vsa = Vamp €08 (@t) ~+LqVamp cos (Swt)

2 2
Vsb = Vamp COS (a)t — §n> + b Vamp cos(Swt+§n)

2 2
Vse = Vamp €08 (a)t—i—gn) + e Vamp cos(Swt — §7T)’ (16)

where, V,, represents the magnitude of the fundamental
component of the input voltages and u;(i = a,b,c) is a
factor of the magnitude of the fifth harmonic component
to the magnitude of the fundamental component for each
phase of the input voltage. Figs. 10 (a) and (b) represent the
simulation results of the MPCC and the MPVFC methods,
respectively, for the case in which only the a-phase input
voltage contains the fifth harmonic component, i.e., i, = 0.1
and up = pe = 0.Itcan be seen in Fig. 10 (a) that the rectifier
input currents produced by the conventional MPCC method
are distorted when the input voltage is distorted by harmonics.
On the other hand, the proposed MPVFC method, as shown
in Fig. 10 (b), generates rectifier input currents that are less
contaminated than those of the conventional MPCC method,
despite the distortion of the input voltage. It can also be seen
that the output voltage in both methods follows the reference
of 650 V under a-phase distortion. Therefore, the proposed
MPVFC method can mitigate the performance degradation
of the AFE rectifier despite the presence of input voltage
distortions, compared with the MPCC method.

Fig. 11 shows the simulation results when the three-
phase input voltages are exposed to balanced distortion
with fifth harmonic components, ie., u, = up =
e = 0.1 in (16). Because of the distortion in the three—
phase input voltages with the fifth harmonic components,
the rectifier input current waveforms of the conventional
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FIGURE 9. Simulation results of the three-phase rectifier input currents,
the three-phase input voltages with no distortion, and the output dc
voltage in the steady state obtained with (a) the conventional MPCC
method and (b) the proposed MPVFC method.

MPCC method, shown in in Fig. 11 (a), are worse than those
for the distortion of only the a-phase input voltage, shown
in Fig. 10 (a). However, as shown in Fig. 11 (b), the proposed
MPVEC method, despite the distortion of the three-phase
input voltages, can produce sinusoidal input currents with less
distortion than the conventional MPCC method. As shown
in Figs. 11 (a) and (b), the output voltage of both methods
tracks the reference of 650 V under three-phase distortion of
the input voltage.
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FIGURE 10. Simulation results of the three-phase rectifier input currents,
the three-phase input voltages with a-phase distortion (1.q = 0.1), and

the output dc voltage in the steady state obtained by (a) the conventional
MPCC method and (b) the proposed MPVFC method.

Fig. 12 shows the simulation results when the periodical
change of the output reference voltage V. and the output
load R, is occurred, where I;. means the output dc current.
Fig. 12 (a) represents the periodical variation of the output
reference voltage from 585 V to 650 V and Fig. 12 (b) shows
the periodical change of the output load from 100 €2 to 50 €.
From Fig. 12, it can be known that the proposed method can
follow the output reference voltage with rapid dynamics in
spite of the change of the output reference voltage and the
output load.
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FIGURE 11. Simulation results of the three-phase rectifier input currents,
the three-phase input voltages, and the output dc voltage for balanced
distortion with fifth harmonics in the input voltages (1q = p = pc =0.1)
obtained by (a) the conventional MPCC method and (b) the proposed
MPVFC method.

Comparative results for the MPCC and the MPVFC meth-
ods according to the intensity of the harmonic distortion in
the input voltage sources are shown in Figs 13 and 14. The
average THD depicted in Figs 13, 14, 15, 16, and 17 is
the average value of the three THD values obtained by the
rectifier input current of phase x, calculated using (17).

.2 _ l.2
1
THD, (%) = Y"1 100, (17)
Leonx1
where, icony (X = a, b, ¢) is the rectifier input current

of phase x and i.ouy1 is the fundamental component of the
rectifier input current in phase x.
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FIGURE 12. Simulation results when the periodical change of (a) the
output reference voltage and (b) the output load is occurred.

Fig. 13 shows comparative results of the MPCC and
MPVFC methods according to the intensity of distortion
when the a-phase input voltage contains fifth harmonic com-
ponents, as written in (16). It can be seen from Fig. 13 that the
average THD values of the rectifier input currents obtained
with the conventional MPCC method increase proportionally
with the distortion in the a-phase input voltage. However, the
average THD values of the rectifier input currents obtained
with the proposed MPVFC method remain almost constant
despite the increasing intensity of the distortion in the a-phase
input voltage, as shown in Fig. 13.

Performance comparisons of the MPCC and the MPVFC
methods depending on the distortion of the three-phase input
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FIGURE 13. Average THD values of the rectifier input currents for the
conventional MPCC method and the proposed MPVFC method according
to the intensity of the distortion with fifth harmonics in a-phase of the
input voltage.

voltages with fifth harmonic components as expressed in (16)
are represented in Fig. 14. As shown in the figure, the aver-
age THD values of the rectifier input currents resulting
from the conventional MPCC method sharply increase with
distortion in the three-phase input voltages, whereas the
dependency of the rectifier input current THD values on the
three-phase input voltage distortion when using the proposed
MPVEFC method is much lower than for the conventional
MPCC method.
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FIGURE 14. Average THD values of the rectifier input currents for the
conventional MPCC method and the proposed MPVFC method depending
on the intensity of the distortion with fifth harmonics in the three-phase
input voltage.

Because the proposed MPVFC method utilizes model
parameter values for practical rectifier elements, the robust-
ness against the uncertainty between real and model parame-
ter values is important. Therefore, in the case that there exist
uncertainties in the line resistance and the line inductance in
the AFE rectifier, the average THD values of the rectifier
input currents obtained by the proposed MPVFC method
were investigated along with those obtained with the conven-
tional MPCC method for comparison purposes. Fig. 15 shows
comparisons of the current errors and the average THD values
of the rectifier input currents obtained using the MPCC and
the MPVFC methods, in the case of no distortion of input
voltages, according to the uncertainties of the line inductance
and the line resistance. The current errors in the paper are
calculated by (18). From Fig. 15, it can be seen that the
dependency of the current errors and the average THD values
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same for both methods for a non-distorted input voltage.

1 N |i>:'onut (k) — icona (k)|
Qe

current error (%) = —

average THD values according to the uncertainty of line resistance.

Fig. 16 shows comparisons of the current errors and the
average THD values of the rectifier input currents obtained

2N rms (i, (K)) with the MPCC and the MPVFC methods, in the case
v () = iconp (k)‘ of unbalanced distortion of the a-phase input voltage with

+ Z conp : ) x 100 e = 0.1 and p = pue = 0, as expressed in (16), according
k=1 rms(ig,,q (k) to the uncertainties of the line inductance and the line resis-

(18) tance. In addition, Fig. 17 illustrates the current errors and the
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(a) current errors according to the uncertainty of line inductance

(b) average THD values according to the uncertainty of line inductance
(c) current errors according to the uncertainty of line resistance (b)
average THD values according to the uncertainty of line resistance.

average THD values of the rectifier input currents obtained
with both methods in the case of balanced distortion in the
three-phase input voltage, with u, = up = pe = 0.1. In
both figures, it can be known that the tendency of the current
errors according to the uncertainty of the line inductance and
the line resistance is almost equal to the case of Fig. 15. Also,
the THD values obtained with the proposed method are lower
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FIGURE 18. Experimental setup.
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FIGURE 19. Experimental waveforms of the three-phase rectifier input
currents and the output voltage with no input voltage distortion
obtained with (a) the conventional MPCC method and

(b) the proposed MPVFC method.

than those obtained with the conventional method with model
errors in the line inductance and the line resistance. From
Fig. 15, Fig. 16, and Fig. 17, the robustness of the proposed
method against parameter uncertainty can be verified.

V. EXPERIMENTAL RESULTS

Experiments were conducted to demonstrate the perfor-
mance of the proposed MPVFC method based on the
virtual flux. In these experiments, a prototype setup
of a three-phase AFE rectifier composed of insulated-
gate bipolar transistor (IGBT) modules (SKM50GB123D)
with 1 Q line resistors, 15 mH line inductors, a 1100 uF
output capacitor, and a 100 €2 load resistance were used with
a digital signal processor (DSP) board (TMS320F28335) as
a controller, as shown in Fig. 18. In addition, an input voltage
with a magnitude of 120 V and a fundamental frequency
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FIGURE 20. Experimental waveforms of the a-phase rectifier input
current and the three-phase input voltage with no input voltage
distortion obtained with (a) the conventional MPCC method and
(b) the proposed MPVFC method.

of 60 Hz, a sampling period of 50 us, and an output reference
voltage of 260 V were used to control the AFE rectifier.

Figs. 19 and 20 show the experimental waveforms obtained
with the conventional MPCC method and the proposed
MPVEFC method, in the case in which there existed no dis-
tortion in the input voltages. Fig. 19 illustrates the three-
phase rectifier input currents and the output voltage; both
methods yielded three-phase balanced sinusoidal waveforms
with high quality as the input currents and the output voltage
tracked its reference value under non-distorted input voltage
conditions. Furthermore, the experimental waveforms of the
a-phase rectifier input current and the three-phase input volt-
age generated by both methods are represented in Fig. 20.
It can be noted that the two methods led to a sinusoidal input
current that was in phase with the input voltage, yielding the
unity power factor. As a result, there were no performance
differences between the MPVFC method using the virtual
fluxes as control variables and the MPCC method based on
the input currents as control variables.

Fig. 21 represents the frequency spectrum of the a-phase
input voltage, the a-phase rectifier input current obtained with
the conventional MPCC method, and the a-phase rectifier
input current obtained with the proposed MPVFC method for
non-distorted input voltages. Because there was no distortion
in the input voltage, the frequency spectrum of the input
voltage only had the fundamental component, which is shown
in Fig. 21 (a). From Figs. 21 (b) and (c), it can be seen that
the frequency spectra of both methods are almost the same
for non-distorted input voltages.

Figs. 22 and 23 depict the experimental results
obtained with the conventional MPCC and the proposed
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FIGURE 21. Frequency spectrum of the obtained experimental waveforms
for non-distorted input voltages: (a) a-phase input voltage, (b) a-phase
rectifier input current obtained with the conventional MPCC method, and
(c) a-phase rectifier input current obtained with the proposed MPVFC
method.
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MPVEFC methods, under unbalanced input voltage distortion
conditions in which 10 % fifth harmonics were injected only
to the a-phase input voltage, i.e., u, = 0.1 and up = o = 0.
It can be seen from Fig. 22 (a) that the conventional MPCC
method yields distorted input current waveforms due to the
input voltage distortion. On the other hand, the proposed
MPVFC method generates three-phase rectifier input cur-
rents with sinusoidal waveforms with much less distortion
than the conventional MPCC method, despite the input volt-
age contamination, thanks to the control structure based on
the virtual fluxes. In addition, the a-phase rectifier input cur-
rent and the three-phase input voltage waveforms generated
by both methods under input voltage distortion conditions are
illustrated in Fig. 23. The input current waveform obtained
with the MPCC method, shown in Fig. 23 (a), is distorted with
the fifth harmonic component, similarly to the distorted input
voltage waveform. However, the proposed MPVFC method
results in a sinusoidal input current waveform; thus, the input
current quality obtained with the proposed method is less
degraded by input voltage distortions than that obtained with
the conventional MPCC method.

34931



IEEE Access

J.-C. Kim, S. Kwak: MPVFC to Improve Performance Under Distorted Input Voltage Conditions

Ve 150 Vidiv]

} cona i conb

[4 ms/div]

Teone 15 A/div]
i

g

Ve 150 V/div]
iwml iwnb
[

[4 ms/div]

Tone 15 Aldiv]
4

(b)

FIGURE 22. Experimental waveforms of the three-phase rectifier input
currents and the output voltage with a-phase input voltage distortion
(a = 0.1 and pp = pc = 0) obtained with (a) the conventional
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FIGURE 23. Experimental waveforms of the a-phase rectifier input
current and the three-phase input voltage with a-phase input voltage
distortion (g = 0.1 and xp = pc = 0)obtained with (a) the conventional
MPCC method and (b) the proposed MPVFC method.
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Fig. 24 illustrates the frequency spectra of the a-phase
input voltage, the a-phase rectifier input current obtained
with the conventional MPCC method, and the a-phase rec-
tifier input current obtained with the proposed MPVFC
method under 10 % fifth harmonic distortion conditions.
As shown in Fig. 24 (a), under 10 % fifth harmonic distortion
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FIGURE 24. Frequency spectra of the experimental waveforms under
10 % fifth harmonic distortion conditions: (a) a-phase input voltage,
(b) a-phase rectifier input current obtained with the conventional
MPCC method, and (c) a-phase rectifier input current obtained

with the proposed MPVFC.

conditions, the frequency spectrum of the a-phase input volt-
age contains the fifth harmonic component. Additionally,
from Fig. 24 (b), it can be noted that the frequency spectrum
of the a-phase rectifier input current obtained with the con-
ventional MPCC method has the fifth harmonic component,
which is not present in the case of a non-distorted input volt-
age. On the other hand, the frequency spectrum obtained with
the proposed MPVFC method has a smaller fifth harmonic
component than that of the conventional MPCC method
thanks to its use of the virtual fluxes, which are resistant to
harmonic distortion. From the results of the simulations and
the experiments, it can be seen that the proposed MPVFC
method can work well in various model parameters and
diverse situations of the input voltage.

VI. CONCLUSION

The MPVFC method utilizing the virtual fluxes as control
variables is proposed to mitigate the performance degradation
experienced by AFE rectifiers with distorted input voltages.
The proposed MPVFC method controls the rectifier based
on a control structure that uses the virtual fluxes, which are

VOLUME 6, 2018



J.-C. Kim, S. Kwak: MPVFC to Improve Performance Under Distorted Input Voltage Conditions

IEEE Access

resistant to input voltage distortions, whereas the conven-
tional MPCC method directly uses the input voltages and
currents to construct the cost function, which degrades its
performance if there are input voltage distortions. The pro-
posed model predictive control platform with the prediction
and the cost function based on the rectifier virtual fluxes was
developed to utilize the virtual fluxes as control variables. The
effectiveness of the proposed MPVFC method was demon-
strated by simulations and with our experimental results,
in which input current waveforms with reduced distortion
were achieved under input voltage distortion conditions.
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