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ABSTRACT At present, model predictive control (MPC) is widely used in power electronic converters. The
objective function is typically utilized to select the optimal voltage vector, but the switching frequency is
not fixed or too high during the selection process. Therefore, to address this issue, a novel optimal voltage
vector selection control strategy for Vienna rectifier is proposed in this paper. Specifically, hysteresis link is
introduced into finite control set-model predictive direct power control (FCS-MPDPC). The optimization
criterion is changed from the traditional objective function tracking error minimization to the longest
extension step in the hysteresis loop. As a result, the switching frequency can be reduced and the control
algorithm can be simplified by redefining the optimization criteria of the rectifier output voltage vector.
Moreover, according to the power control model of Vienna rectifier, three-level space vector pulse width
modulation (SVPWM) is used to generate the switching function for the next cycle. Finally, an experimental
platform for Vienna rectifier based on dSPACE hardware is built to verify the feasibility of the proposed
strategy. Experimental results show that the control strategy can ensure the rectifier to run normally and
exhibit good steady state performance.

INDEX TERMS Vienna rectifier, optimal voltage vector selection, finite control set-model predictive direct
power control, extension step, switching frequency.

I. INTRODUCTION
The three-phase three-wire Vienna rectifier is an efficient
and stable three-level rectifier device. Compared with the
traditional two-level rectifier, Vienna rectifier can achieve
higher power factor and higher efficiency during operation.
Furthermore, in comparison to the traditional three-level rec-
tifier, the Vienna has a simple structure and no bridge arm
pass-through and dead zone problems, making it widely used
in automobile charging piles, wind power generation, and
uninterruptible power supply systems, among others. Further
study and analysis of the Vienna rectifier will be beneficial
for its improvement and development, as well as for its high
research value [1], [2], [3].

In finite control set-model predictive control (FCS-MPC),
the objective function can make the predicted value
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accurately track the reference value at the next moment,
thereby minimizing the tracking error and achieving the goal.
When there are multiple control objectives in the system,
weight factors are included in the objective function to reg-
ulate each objective. When designing the weight factor, spe-
cific goals can be focused on according to different system
requirements. There is also a certain coupling relationship
between each target, and altering the weight factor of one
target will affect the system’s control effect on the other
targets.

Reference [4] has sorted out common objective functions
for converters, however, these have been limited to a single
control objective. Reference [5] introduces the allocation of
weight factors when considering multiple control objectives
in the system. Reference [6] optimized the weight factor
allocation and minimized the torque ripple by calculating it,
thereby suppressing the torque ripple. Reference [7] added
the concept of ranking to the model prediction to eliminate
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the weight factor between control objectives, however this
control strategy can only be applied to systems with two
control objectives, making it not universal.

After determining the objective function in traditional
FCS-MPC, the alternative vectors in each period should be
substituted into the function in order to select the optimal
one, the one that can make the objective function minimum
is deemed to be the optimal voltage vector, thus obtaining the
best operating state of the system. The optimization process
is carried out once per period, with no connection between
adjacent periods. However, the optimal voltage vector in the
next period may be the same as the one in the previous period,
leading to an uncertain switching frequency. Furthermore, all
alternative vectors must be optimized once in every sampling
period, leading to an increase in the system’s calculation
amount.

In [8], modulation is introduced into the FCS-MPC,
enabling the carrier to generate the switching function of the
optimal voltage vector, thus realizing fixed frequency control
to some extent. Reference [9] proposes a model predictive
control method by adding virtual vectors, which are opti-
mized together with the actual vectors and then modulated
and applied to the switch. Although this increases the pre-
diction accuracy and realizes the fixed frequency control of
the switch, it also increases the calculation amount of the
system, thus affecting the system’s decision speed. To reduce
the computational burden of the system, [10] screens the
alternative vectors in the converter. However, by reducing
the alternative vectors to simplify the operational control, the
optimal voltage vector may be missed, thereby affecting the
control effect. Reference [11] applies the concept of dead-
beat control to model predictive control, reducing the predic-
tion times in the system operation process, thereby obtaining
the reference value of the voltage vector via the predicted
value at the next sampling time, equal to the reference value.
The objective function selects the voltage vector closest to
the reference voltage as the control quantity and requires only
one prediction for the whole process, thus reducing the opti-
mization times and solving the problem of large computation.
However, when the system is disturbed, the voltage vector
obtained by this control method may not be accurate.

This paper proposes a hysteresis-finite control set-model
predictive direct power control (H-FCS-MPDPC) strategy for
the Vienna rectifier. The optimization criterion of the output
voltage vector of the Vienna rectifier is redefined, and the hys-
teresis link in the hysteresis control is extended to the FCS-
MPDPC. By choosing an appropriate bandwidth, the power
amplitude is constrained within a given hysteresis loop, and
the output vector is kept constant when it does not exceed the
bandwidth, thereby allowing the system to operate at a lower
switching frequency state. Finally, the proposed control strat-
egy is verified through simulation and experiment. The results
show that the contradiction between the switching frequency
and the total harmonic distortion (THD) of the input current
can be effectively solved by adjusting the hysteresis width of
the Vienna rectifier. On the premise of ensuring the normal
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FIGURE 1. Topology of the three-phase Vienna rectifier.

operation of the rectifier, the proposed strategy has a lower
switching frequency than that of the traditional FCS-MPC.

II. VIENNA RECTIFIER MATHEMATICAL MODEL AND
VOLTAGE VECTOR

A. TOPOLOGICAL STRUCTURES AND MATHEMATICAL
MODELS

The topology of the three-phase three-level Vienna rectifier is
shown in Fig. 1. e, » . represent the three-phase AC voltage.
ia,b,c TEpresent the three-phase input current. L » 3 are filter
inductors of AC side, and their inductance values are all L.
R 2,3 are filter resistors, and their resistance values are all
R. Di_g are 6 fast recovery diodes. S, p . are three-phase
switches, each switch is composed of two MOSFET in series
in reverse. C 2 are the upper and lower capacitors of the DC
side, and their capacitance values are both C. DC side load
resistance is Ry. The output voltage is u..

According to the topology structure, the mathematical
model of three-phase three-level Vienna rectifier can be
obtained as follows:

€ab,c = Rigpc + L% + (U@a,b,c0 +uon) (1)
B. VOLTAGE VECTOR
Vienna rectifier is a three-level rectifier, the AC side output
level has 3% = 27 combination states. Since the output voltage
U(a,b,c)0 cannot be both ug./2 or —ug./2, there are 25 different
switching level combinations left after excluding these two
special cases.

The switch function S; is defined as:

0 S; on
Si=11 S;offi; > 0 )
—1 S;offi; <0

i=a,b,c.
The relationship between the output voltage at the AC side
and the output voltage at the DC side is:

Uug
U(a,b,c)0 = S(a,b,c)TC 3)

The relationship between the neutral point O on the DC
side of the capacitor and the neutral point N on the input side
is:

1 Udc
UoN = _§(Sa +Sp + Sc)? 4
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FIGURE 2. Plan of space voltage vector.

Vigll-11

According to (3) and (4), the voltage at the clamp site of
the rectifier diode relative to the neutral point N of the AC
power supply is:

%
2
&)

For different switch combinations, the following voltage
space vector plan can be obtained:

It can be seen from Fig. 2 that the space voltage vector
plane consists of four basic vectors: the zero vector, the small
vector, the medium vector and the large vector. Among them:

(1) The zero vector has only one component, Vj, and its
amplitude is 0.

(2) The six small vectors are V]_g, whose amplitude is
ug./3.

(3) The six medium vectors are V7_12, whose amplitude is
N 3ugel3.

(4) The six large vectors are V3_1g, whose amplitude is
2u4:/3.

1
Wab.eN = Uab0 +UON = (S@bo) = 3 > 8

i=a,b,c

Ill. TRADITIONAL OBJECTIVE FUNCTION AND OPTIMAL
VOLTAGE VECTOR SELECTION IN FCS-MPDPC

A. FCS-MPDPC IN VIENNA

The application of the FCS-MPDPC to the Vienna rectifier
can be divided into the following four steps [12]:

(1) Calculate the instantaneous power and discretize it.

(2) Predict the instantaneous power for the next cycle.

(3) Construct an objective function and obtain optimal
voltage vector.

(4) Send the optimal output voltage vector to the SVPWM
and generate the corresponding switching signals to act on
switching of the rectifier.

The overall control structure is shown in Fig. 3.

The FCS-MPDPC algorithm applied to the Vienna rectifier
is simple, has fast dynamic response, and does not require
parameter tuning [13], [14], [15]. Firstly, the instantaneous
active power and reactive power are obtained:

= eyl egl
‘p ale T pp ©)
q = eply — éqlp
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FIGURE 3. Traditional finite control set-model predictive direct power
control.

Then, the instantaneous power is discretized, and the pre-
dicted value at time k + 1 is calculated according to the actual
value at time k:

s+ 1) = P14 o)
d ™)
gk +1) = d—fT + q(k)

In (7), (dp/df)T and (dg/df)T respectively represent the
variation of active and reactive power in the k control
period.

According to the instantaneous power differential equa-
tion in the power control mathematical model of the Vienna
rectifier, the active power and reactive power at time
k + 1 can be obtained by substituting (6) into (7) after
simplification, as in (8), shown at the bottom of the next page.

B. OBJECTIVE FUNCTION AND OPTIMAL VOLTAGE
VECTOR SELECTION

In order to obtain the voltage vector that can make the system
run in its optimal state, the predicted value at the next time
is typically used as the expected value at the current time,
and the standard for constructing the objective function is
the minimum sum of squared power errors in each sampling
period [16]:

J() = M(prer (k) — plk + 1)) + Aa(gref (k) — qlk + 1))
©)

In (9), A; and A, are the weight factors of instantaneous
active power and instantaneous reactive power respectively.
Dref (k) is the reference value of active power, and g,,r (k) is
the reference value of reactive power.

Fig. 4 shows the optimization mechanism of the objective
function in FCS-MPDPC. At time k, the instantaneous power
value is calculated based on the current and voltage values.
Then, the predicted instantaneous power values at time k +
1 under the action of each candidate vector is successively
calculated. Finally, the vector with the smallest error from
the reference value (it is equal to the magnitude of value J)
is selected as the optimal voltage vector of the current time.
It can be observed from Fig. 4 that only a single vector can
be output in each period and the switching frequency is not
fixed [17].
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FIGURE 4. Objective function optimization mechanism.
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FIGURE 5. Hysteresis current control principle.

IV. NOVEL OPTIMAL VOLTAGE VECTOR SELECTION
CONTROL STRATEGY

A. HYSTERESIS WIDTH

The concept of hysteresis width comes from hysteresis con-
trol [18], [19], [20]. In traditional hysteresis current control,
the input current is compared with the reference current and
the switching state of the converter is changed accordingly,
based on the error size, in order to keep the phase deviation
between the input current and the input voltage within a
certain range, thus achieving the purpose of unit power factor
operation, which is a typical nonlinear control. At the same
time, different hysteresis widths will affect the input current
harmonics and the switching frequency. Generally, the larger
the hysteresis width, the lower the switching frequency, but
the larger the current harmonics. Conversely, the smaller the
hysteresis width, the higher the switching frequency, and the
smaller the current harmonics. However, being limited by
the power switching, the switching frequency cannot be too
high [21].

The hysteresis current control principle is shown in Fig. 5.
The actual input current is i, the reference current is i,.r, and
the hysteresis width is set as 4. The actual current is compared
with the reference current, and the resulting error current is
fed into the hysteresis comparator. When the current exceeds
the lower hysteresis current limit i,,¢ -k or the upper hysteresis
current limit i,,r + h, the switch will switch according to the
given logic to force the current deviation to decrease and thus
achieve the effect of current control.

== The exnensl'ol step|of u;
The extension slsg of uy

t=k-1 t=k t=k+1
FIGURE 6. Novel optimal voltage vector selection principle.

B. INTRODUCTION OF HYSTERESIS

The novel optimal voltage vector selection control strategy
combines the advantages of hysteresis control and FCS-
MPDPC. The concept of a hysteresis loop is introduced into
the model predictive control [22], and FCS-MPDPC with
the hysteresis loop is constructed. With the introduction of
the hysteresis loop, the tracking performance and switching
frequency of the Vienna rectifier can be easily adjusted by
changing the bandwidth, thus enabling the optimization of the
control system.

Fig. 6 shows the schematic diagram of the novel voltage
vector selection, taking active power as an example. Firstly,
the hysteresis width is set as &, and the active power reference
value is used as the reference line to construct the hysteresis
loop. The upper limit of the hysteresis loop is p.s +h, and the
lower limit of the hysteresis loop is py.r-h. When the system
is located at time k, the active power p(k) at this time can be
obtained. Then, the predicted active power value p(k + 1) of
each candidate vector at time k + 1 can be obtained from (8).
Finally, the predicted power value at time k + 1 is extended
to intersect the upper and lower bounds of the hysteresis ring,
and the extension step is obtained. Setting different hysteresis
width will affect the distance between the calculated value
and the predicted value of the extension line to the boundary,
and also affect the step size of the active power. Too small
hysteresis width will lead to too small step size, increasing
the switching frequency and resulting in switching loss of
the system. If the hysteresis width is too large, the power
oscillation range of the system will be too large, leading to an
increase in the THD of the input current. Therefore, choosing
an appropriate hysteresis width will determine the quality of
the optimal voltage vector selection. The extended step size
can be expressed as:

pright _ Dref + h—pk+1)
AT plk A1) — p(k) (10)
left __ Pref — h—pk+1)

pexten - p(k + 1) —p(k)

plk +1) = p(k)

(ea(k)® + ep(k)* — ea(K)ua(k) — eg(Jug(k)) R

T —pk) — k
+T1 7P — wq(k)] ®
gtk + 1) = gq(k)
n T[(ea(k)uﬁ(k) Z ep(Buq(k)) IL_?q(k) + wp(b)]
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FIGURE 7. Novel optimal voltage vector selection control block diagram.

Under the same time k, the smaller the absolute value of
the slope of the power change starting from time k, the later
it reaches the upper and lower limits of the power, and the
longer the step length is. Hence, the extension length of active
power in hysteresis loop can be obtained as follows:

right right left

exten> pexten > pexten

Pexten =11, right  left an

pexten 4 pexten < pexten

The hysteresis loop and step calculation of reactive power
construction are consistent with those of active power.

Finally, the optimal output voltage vector will be deter-
mined based on the one that maximizes the sum of active
and reactive power extensions across all the steps. After
introducing the hysteresis loop, the selection of the optimal
voltage vector is no longer based solely on the minimum
tracking error.

In addition to the above ideal operating state, the active and
reactive power obtained at time k 4 1 are likely to be outside
the hysteresis loop. To address this situation, the part outside
the hysteresis loop employs the traditional FCS-MPDPC to
obtain the optimal voltage vectors u,, and u. The part within
the hysteresis loop performs the novel optimal voltage vector
selection control to acquire the optimal voltage vectors u, and
ug. Fig. 7 presents the overall control block diagram of the
system, and Fig. 8 is the flow chart of the proposed algorithm.

V. SIMULATION AND EXPERIMENTAL VERIFICATIO

In order to verify the feasibility of the proposed control
strategy, a novel control strategy simulation model was
established in the Matlab/Simulink environment. Further-
more, an experiment platform for Vienna rectifier based on
dSPACE was built for experimental verification. The simu-
lation model was consistent with the device parameters used
in the experimental platform, as specific parameter values are
shown in Tab. 1.

A. SIMULATION ANALYSIS

Firstly, the steady state performance of the system under
the control strategy is verified. Fig. 9 shows the simulation
analysis of the input current and output voltage of the system
when the novel vector selection control strategy is adopted.
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FIGURE 9. Steady state simulation analysis of the system.

It can be seen from Fig. 9 (a) that the input current under
the control of the novel optimal voltage vector selection can
follow the grid voltage well, achieving the purpose of unit
power factor operation. At the same time, because the outer
loop of this control strategy adopts linear active disturbance
rejection control (LADRC), the output voltage in Fig. 9 (b)
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FIGURE 10. Simulation analysis of THD under different hysteresis widths.
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TABLE 1. Vienna rectifier parameter value.

Parameters Values
Effective value of input phase voltage e 220V
The output voltage uz. 650V
Filtering inductance L SmH

DC-bus capacitor C;~ C; 3300pF
Power reference value P, TkW

Initial hysteresis width / 0.35kW

20kHz

Switching frequency with FCS-MPDPC f

Upper computer -*

-

FIGURE 11. Vienna rectifier experiment platform.

can quickly reach the given voltage value of 650V without
overshooting, and the voltage fluctuation after stabilization
is maintained at about 0.4V, which is in accordance with the
relevant regulations of output DC voltage.

In the hysteresis control described above, the hysteresis
width affects the switching frequency and the THD of the
input current. The relationship between them is as follows:
as the hysteresis width increases, the switching frequency
decreases and the distortion rate increases, so there are some
contradictions between them. In order to verify the significant
changes of the proposed control strategy and the traditional
FCS-MPDPC in the THD and switching frequency of the
input current, and to verify the influence of different hystere-
sis widths on the THD and switching frequency of the Vienna
rectifier, the hysteresis width was increased by 10%, 20%,
30% and 50%, after setting the bandwidth A.

Both the input current THD and switching frequency are
important indicators for measuring the efficient operation of
the Vienna rectifier [23]. As shown in Tab.2, the variation
trends of the Vienna rectifier switching frequency and THD
are under five different hysteresis widths when the novel
optimal voltage vector selection control strategy is adopted.

According to the data in Tab. 2, compared with the tradi-
tional FCS-MPDPC, that is, when the hysteresis width is 0,
the control strategy proposed in this paper can effectively
reduce the switching frequency of the system. In addition,
when the hysteresis width is in the range of 0 to 30%, the
proposed control strategy can reduce the switching frequency
while slightly increasing the THD of the input current. How-
ever, when the hysteresis width increases beyond 30%, the

49428

TABLE 2. Comparison of performance under different hysteresis widths.

Hysteresis Switching
width frequency THD
0 20000Hz 3.91%

Increase 10% 18506Hz 4.43%

Increase 20% 15098Hz 5.17%

Increase 30% 11556Hz 6.45%

Increase 50% 10893Hz 15.83%

J .. g o
gy lp 1
e
=Y
5 |
g‘
Time(20ms/div)
a. Three-phase input current

= i L o
§ /udc
o
Q2 /
il Z I a 8
3 . /
e
3

Time(20ms/div)
b. A-phase voltage, A-phase current, output voltage
FIGURE 12. Steady state experimental analysis of the system.

THD cannot meet the relevant requirements, which is not
conducive to the operation of the system. Therefore, it can
be concluded that when the hysteresis width is increased by
20%, that is, when the power fluctuation is between 6580W-
7420W, the steady state performance of the system is the best,
and the input current THD is acceptable while the switching
frequency is reduced. Finally, the introduction of hysteresis
link in the model predictive control can effectively solve the
contradiction between the input current THD and switching
frequency, which is another advantage of the control strategy
proposed in this paper.

B. EXPERIMENTAL ANALYSIS

This section verifies the feasibility of the proposed control
strategy through experiments. Fig.11 illustrates the Vienna
rectifier experimental platform. Firstly, the steady state per-
formance of the system under the control strategy is verified.
Then, the significant variations of the proposed control strat-
egy and FCS-MPDPC in the THD of input current and switch-
ing frequency are analyzed, as well as the effects of different
hysteresis widths on the THD and switching frequency of the
Vienna rectifier.

The experimental waveform of the system operating in
steady state is shown in Fig. 12, where i; represent the three-
phase input current, 1. represents the DC side output voltage,
and e, represents the A-phase grid voltage.

As can be seen from Fig. 12, the output voltage of Vienna
rectifier running in steady state is stable at the given value
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FIGURE 13. Experimental waveforms at different hysteresis widths.

of 650V, the input current is maintained at approximately
18A, and the A-phase grid voltage and A-phase input current
operate in the same phase, thus achieving the purpose of unit

VOLUME 11, 2023

power factor operation. The experimental results confirm the
effectiveness of the control strategy.

In order to verify the superiority of the proposed control
strategy, the influence of different hysteresis widths on the
overall performance of the system in actual operation is also
evaluated. Therefore, experiments are conducted to compare
the A-phase switching frequency and THD of the input cur-
rent for FCS-MPDPC and hysteresis control with different
widths.

As can be seen from Fig. 13, when the hysteresis width
is 0, that is, when the FCS-MPDPC is used to control, the
switching frequency of phase A is approximately 20,000 Hz.
When the hysteresis width is increased by 20%, that is, when
the novel optimal voltage vector selection is used to control,
the switching frequency of phase A is around 15000Hz.
When the hysteresis width is increased by 50%, the switching
frequency of phase A is about 10000Hz, and the switching
frequency of the system has been effectively reduced after
the novel vector preferred control. Moreover, the THD of the
input current in operation at different widths of hysteresis
increases with the increase of the width, which is in agree-
ment with the above analysis results. The results are 3.09%,
4.57% and 13.41%, respectively. Notably, when the width
increases from 20% to 50%, the THD of the current increases
sharply. Therefore, it can be seen that not necessarily the
larger the hysteresis width is, the better the control effect
is. Consequently, the final choice is an increase of the band-
width of 20%, through which the current distortion rate and
switching frequency of the system best meet the required
requirements.

VI. CONCLUSION

The novel optimal voltage vector selection control strategy
changes the objective function selection criterion, which is
commonly used in Vienna rectifier. By introducing hys-
teresis loop into the traditional FCS-MPDPC, this optimal
method is redefined to select the most suitable voltage vec-
tor, thus keeping the switching frequency of the system at
a low operating state while slightly increasing the THD of
the input current. From this point of view, the proposed
control can be used to effectively resolve the contradic-
tion between the input current THD and switching fre-
quency in traditional FCS-MPDPC, with a wide application
value.
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