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This paper presents a simplified finite-control-set model predictive control (S-FCS-MPC)
based on fast vector selection method in a three-level VIENNA rectifier. This method
features a high-power factor, a low input current THD as a well-controlled DC-link volt-
age with fewer redundant vectors and lower computational load. Moreover, the converter
with the proposed control technique exhibits a faster dynamic response in terms of input
current and DC-link voltage compared with conventional finite-control-set model predic-
tive control (C-FCS-MPC). In addition, the average switching frequency can be effectively
reduced due to fewer switching times in a subset sector using the proposed method, which
means fewer switching losses. Finally, the operation principle of the proposed algorithm
has been analysed and an execution time comparison between S-FCS-MPC and C-FCS-
M has been undertaken. The effectiveness of the proposed control technique has been
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1 | INTRODUCTION

Pulse width modulated (PWM) rectifiers have advantages over
diode bridge rectifiers, because they feature lower input current
harmonic distortion and offer a controllable power factor [1-4].
Compared to traditional uniditectional PWM rectifiers [5-7],
VIENNA rectifier has many advantages, such as no dead zone
for switching signal, low semiconductor device voltage stress
and a simple power stage structure and control strategy [8—11].
This topology has been widely used in all-electric aircraft and
wind turbine system as well as the battery charger and power
factor correction system, where high-power density and low
device voltage stresses are required [12—14]. However, the con-
trol scheme of VIENNA rectifier is difficult to design because
of complex structure. Model predictive control (MPC) is a sim-
ple method in design and easy to multi-objective control, which
is suitable for the application of VIENNA rectifier.

The finite-control-set  model

predictive  controlhas

emerged as a promising control scheme due to its

validated using both simulation and experimental results.

advantages over conventional linear controllers, such as
swift dynamic response [15] and easy inclusion of nonlinearity
and system constraint [16]. Recently, this control method has
been successfully applied to different power converter topolo-
gies and applications such as matrix converter and three-level
inverter [17-19]. FCS-MPC undergoes no pulse-width mod-
ulation process [20], it directly selects the optimal switching
state through the cost function in each control loop cycle, in
order to obtain the same current waveform quality. The control
loop cycle time of FCS-MPC should be substantially less than
that of traditional line control method [21, 22]. However, the
realization of predictive control requires significant calculation
effort in each control loop cycle, especially with the rolling opti-
mization procedure, which is a serious time-consuming process
[23, 24]. This consequently poses an obstacle that impedes the
application of this algorithm in three-level VIENNA rectifier.
To solve these problems, a simplification method of FCS-
MPC has been proposed and discussed in [25-27]. In [25],
sector distribution on a source voltage vector to reduce the
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as [29, 30]:
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FIGURE 1 Topology of the VIENNA rectifier

number of candidate vectors in prediction process was used.
Though this method reduces the program running time,
the input and output performance may be affected since
the selected switching vector based on this method is not the
necessatily the optimal switching vector. The proposed sim-
plified method is not completely equivalent to the original
method. The method in [20] identified the optimal operat-
ing state directly from the model and the discrete number of
valid states of the converter. The main advantage of this tech-
nique is that it reduces the computational cost by 43% of
the algorithm that selects the best state, presenting a simple
and complete algorithm without compromising the predictive
control performance. In [27], a simplified two-stage model pre-
dictive control (ST-MPC) for a hybrid multilevel converter was
proposed. This algorithm can dramatically reduce the compu-
tational burden and ensure the best current tracking by using a
complex two-stage structure, but it is difficult to implement in
engineering;

This paper presents a simplified finite-control-set model-
predictive control (S-FCS-MPC) using a fast vector selection
method with sector division to reduce computation time in
a three-level VIENNA rectifier. This method can be imple-
mented through the following two steps: 1) change the
prediction object to reduce the predictive computational load,;
2) reduce the control set in each control loop cycle by means
of sector division with a subset sector. Through the above
two steps, the computation time of the model predictive con-
trol will be significantly reduced, which is greatly beneficial
to practical application. Noteworthily, model predictive con-
trol will lead to irregular switching action of the semiconductor
switches, thus increasing the number of switching operations
seriously and leading to extra switching losses [28]. In view of
this issue, the presented method in this paper can shorten the
number of switching operations effectively and further reduce
the switching losses through setting subset sector. Simulation
and experiment are conducted to validate the validity of the
proposed method.

2 | C-FCS-MPCIN A VIENNA RECTIFIER

VIENNA topology is exhibited in
Figure 1. The switching function §;, can be defined

rectifier

-1 S,off, u; <0
where §,, represents 5, and S, S, represents S}, and ), and
3., tepresents 5, and S,
The mathematical model in &t-3 coordinates can be obtained
as:

i,

(04 .
]ﬂ'z = Uy — RJZOC — Vo

: @
dig .
LJ.E = %_‘.ﬁ - R_‘.Zﬁ - 05

where # and #g are grid voltages, i, and 7g are grid currents, 2
and 2 are rectifier bridge arm midpoint voltages transformed
from ,, , and #,. The values of #,, , and », are determined by
the switching states [31]. All these components are expressed by
a-f coordinates except for v, 7, and »,.

Equation (2) can be discredited as:

ig(k+1)—iy(k 1 2
BEX D ZEE L) - Rialh) — 128

i T L
3
z'ﬁ(,%+1)—z'ﬁ(,é) 1 ‘ ©)
T = LA — Rigk) — 1 (k)

where 7; is the sampling time, 7; = #(&+1)-#(£),1; is also the
control loop petiod.
Equation (3) can be further simplified as:

N

la(k+1) = 7 [ (R) — Riiq (k) = 1 (R)] + i ()

)

T; _ .
g+ 1) = g (®) — Rig (k) = 18] + i (#)

Equation (4) is the prediction model of VIENNA recti-
fier which indicates that the current value of next sampling
time, g g(&+1) can be calculated by the current value 74,5(£),
grid voltage value #,p(k) and bridge arm midpoint voltage
Vg ().

In order to minimize the input current deviation between the
predictive current and the reference current at every switching
state, the cost function can be expressed as:

2
4=+ —itk+ 1)]2 + [ig(/e+ 1) =gk + 1)] ®

where 7o (£+1) and 7g(k+1) are the predictive current in a-
B coordinates respectively, and 7, (k+1) and 7#g(k+1) are the
reference predictive current in o8 coordinates respectively.
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TABLE 1 Switching state table of the VIENNA rectifier gy ia Ly Ry e

Switching  Input bridge arm Switching Input bridge arm \.E§Hsb Iy W %@_&7 _:[]7
state voltage (van,VgN) state voltage (vN,VgN) . U th ,ZM_?S = 5
000 0,0) 101 (Use/5, =30y /6) _IT
100 (U3, 0) 1-1=1  (Usx/3,0) [Geksl ! ictine

0-1-1  (Up/3.0) 10-1 (Uae/2:V/3Usc/6) P E sute

00-1 Uae/6.N3U/6)  11-1 (Uae/3.V3Use/3) T

110 (Use/6,\/3U3./6) 01-1 0,4/3U3./3) S e = -’L-.-IQM fom =

010 (~Usc/6\3Usc/6)  =11=1  (=Use/3,V3Usc/3) S 11 T

~10-1  (~Upe/6.V3Us/6)  —110  (~Upe/2,V/3Usc/6) e D e

oo s, i e LT M

01t (=Uec/3,0) —1ot (~Use/ % =/3Usc [6) FIGURE 2 Control block diagram of C-FCS-MPC in the VIENNA
001 (U /6,=V3Us/6) —1=11  (=Usc/3,=\3Us/3) rectifier

—1-10  (=Us/6,=V3Us/6)  0-11 ©0,=V3Usc/3)

0-10 (Uae/6.~V3Use/6) 111 (Uae/3:~V3Use/3)

Finally, all equations can be merged into a comprehensive
expression for C-FCS-MPC algorithm as follows:

-

la(R+1) = f [0 (R) = Byt (k) = 16 (R)] + 7 (K)

~

7 . :
ge+1)= Z[ujﬁ (k) — R;ig (k) — vp (k)] + i3 (k)

2 2
2= [ak+)—k+1)] + [z';(/eﬂ)— 'g(/e+1)]

Nmin = 7 |min(g)

L

©)

VIENNA rectifier is a three-phase/three-level topology.
However, because only the midline bridge arm has full con-
trolled switches, it cannot produce the switching states including
(1.1.1) and (—1.—1.—1), which are the switching states of zero
vectors in a general three-level topology. Thus, the total number
of switching states in a VIENNA rectifier is 25(3°—2 = 25). All
switching states are shown in Table 1 and Figure 3a.

Combining the comprehensive expression shown in Equa-
tion (6) with all switching states in VIENNA rectifier, the
current prediction model would be calculated for 25 times in
each control cycle after adopting the C-FCS-MPC. Then the
deviation between the reference current and the above predic-
tive current can be obtained in every control cycle. Finally, the
optimal switching states used for controlling power semicon-
ductors of VIENNA rectifier would be selected by using the
cost function through evaluating the current error. However,
thete is a heavy computational load because of the 25 times of
prediction current calculations and compatisons in one control
cycle in C-FCS-MPC.

In order to precisely control the DC and AC sides, a dou-
ble closed-loop control strategy is used for C-FCS-MPC. The
voltage outer loop realizes the DC side voltage regulation func-
tion, and the voltage outer loop provides a reference given for

the current inner loop, which are correspond to 74g(4+1) and
7 4p(£+1) in Equation (5), respectively. The current inner loop
controls the current on the AC side, so that the total input cur-
rent of the system meets the requirements of the control target.
The predictive and reference values ate substituted into the cost
function to calculate the minimum error and select the optimal
switching state. The block diagram of VIENNA rectifier based
on C-FCS-MPC is exhibited in Figure 2.

3 | S-FCS-MPC IN A VIENNA RECTIFIER

As mentioned above, the C-FCS-MPC requires 25 of times
prediction current calculations in every control cycle, with 25
of times comparisons at the same time. This will increase the
burden of computation, restricting the increase in the sam-
pling frequency of the system. Thus, it is not conducive to the
speedability and accuracy of the current control. To solve this
problem, S-FCS-MPC based on fast vector selection method
is presented in this section. The realization of this method is
divided into two steps: 1) transform the predictive current at
time #(&+1) into other forms to shorten the computational load;
2) reduce the range of alternative vectors by reducing the control
set.

3.1 | The analysis of S-FCS-MPC

Using Equation (3), a simplified expression can be derived as
follows

ig(k+ 1) — iy (k)
1

ig(k+1) — ig(k)
7

Vo (’é) = Uig (’é) - RJ'Z.(X (’é) - ]‘.r
™
v (k) = ng(k) — Rig(k) — L

In C-FCS-MPC, the optimal vectors " are adopted at the &th
time, so at the (&+1)th time, the actual value of the grid current
ig g(A+1) can be obtained, which is most close to the reference
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value *, g(4+1). Replacing 7, g(&+1) with /%, g(4+1) in Equa-
tion (7), the reference voltage vector at the 4th time, 7, g(£) can
be deduced as:
(ke +1)— 2, (£
) = ) = R () — 1, XD BB

75 e+ 1) —ig (8 ®

1;

Vg (k) = uip (k) = Roig () = Ly -
Equation (8) means that the current value 7y g(k+1) at the
(A+1)th time will be accurately equal to its reference 7%, g(&+1)
as long as the voltage vector »(£), which is selected at the
kth time, is equal to the calculated reference voltage vector
o p(R).

With the above transformation, the direct prediction of the
current is transformed into an indirect prediction of the current
by selecting the appropriate voltage vector #(£). Therefore, this
simplified FCS-MPC method tequires selecting one of the 25
possible voltage vectors of the VIENNA rectifier that is clos-
est to the prediction reference #*(£). Accordingly, the new cost
function is constructed as follows:

k 7 2 *k 7 2
&= l®) —oh®] + [5® - 5e) ©)

This method uses the one-time prediction reference voltage
to substitute for 25 times of prediction of current 7, g(£+1),
thereby significantly reducing the computational load of a
control cycle.

By analysing the operation mode of the VIENNA rectifier,
only a few switching vectors will appear for each section of
the three-phase grid voltage, which are the subsets of the 25
switching vectors. In order to further simplify FCS-MPC algo-
rithm for the VIENNA rectifier, the control set can be divided
into several subsets. Thus, the number of candidate vectors in
each control cycle can be reduced in this way. According to
the space vector distribution of VIENNA rectifier, the con-
trol set can be divided by the way of sector division. Then the
switching vectors in each sector are searched for switching state
table with sector division, so the traversal optimization can be
carried out in this switching state subset to reduce the compu-
tational load for MPC algorithm in a three level-type VIENNA
rectifier.

The operating range of VIENNA rectifier is limited due to
the particularity of its structure which is of the unidirectional-
boost type. For this reason, there are no redundant vectors in
each sub-control set after sector division, which further reduces
the number of candidate vectors. For the same reason, the
switching vector of VIENNA rectifier is determined by the
polarity of the grid current. In other words, there are only
eight definite voltage vectors, which are determined by the eight
switching states, in a certain sector, so that the candidate vectors
are minimized, thereby minimizing the number of iterations and
maximizing the efficiency of the algorithm.

According to the polarity of the three-phase input current,
the space voltage vectors of VIENNA rectifier can be divided

Sector 111

Sector 11
@11y )

\

G-111)  (5011)(6011)  (6,1-11)
|

Sector V | Sector VI
() : (b
(a)
v (k) v, (k) v, (k)
A b

FIGURE 3  Sector definition of the VIENNA rectifier. (a) Space vector
distribution diagram of VIENNA rectifier. b) Sector division diagram

into six sectors as exhibited in Figure 3a. The input current
polarity of the VIENNA rectifier has the same phase with the
input voltage. Therefore, it is also possible to divide the sectors
according to the division scheme as shown in Figure 3b. In each
sector, the voltage value of one phase is greater than zero, while
the other two phases ate less than zero. For instance, in sector
1, v,(&) is greater than zero, while »,(&) and »,(£) (where v,(£),
v(k), and v,(k) are transformed from v*, (%) and »*g(&)) are less
than zero.

The specific method of the S-FCS-MPC based on fast vector
selection method is that after obtaining the reference volt-
age vectors "y g(k), inverse Clarke transform is performed to
obtain v, (k), v, (k), and (k). The certain sector then can be
determined according to the method of Figure 3b. Finally, the
traversal optimization of the optimal switching vector is per-
formed as shown in Figure 4 and the switching state table of
simplified model predictive control is shown in Table 2 (with
the first sector as an example).

Furthermore, the reference voltage vectors v g(£) in the
simplified FCS-MPC based on fast vector selection method
can be obtained by using the above equations. Then, the pre-
dicted values are substituted into the cost function. The value
of the cost function is compared by a simple element com-
parison method named enumeration [32, 33]. The minimum of
the cost function and its corresponding switching state selec-
tion are obtained, which is also the most optimal switching
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FIGURE 4  Traversal optimisation of the optimal switching vector in
Sector I

TABLE 2  Switching state of the first sector and input voltage of bridge

arm

Switching Input bridge arm
state voltage(u“N,vﬁN)
000 (0,0)

0-10 (Use/6:=/3Upc/6)
110 (Use/2:=V/3Upc /6)
100 (Use/3,0)

10-1 (Use/2:V/3Uyc /6)
00-1 (Use/6:V/3Uyc /6)
0—1-1 (Use/3,0)

1-1-1 Uy /3,0)

states to be executed as gate signals for VIENNA rectifier
system.

According to the reasoning above, the specific implementa-
tion steps of S-FCS-MPC based on fast vector selection with
sector division can be summarized as follows:

Step 1: Sample the input current and voltage, and obtain
the initial value.

Step 2: Divide the voltage space vectors into six sectors as
shown in Figure 3a.

Step 3: Calculate the voltage vector % g(£) for one time
using Equation (8).

Step 4: Determine the sector in which the reference voltage
vector is located.

Step 5: Calculate the cost function using Equation (9),
and perform the traversal optimization in the order of
Table 1 to find the switching state that minimizes the
cost function.

Step 6: Obtain the optimal switching state and use these
switching states to control the VIENNA rectifier.

All the aforementioned equations can be merged into an
expression for S-FCS-MPC algorithm based on fast vector

FIGURE 5 Control block diagram for S-FCS-MPC in the VIENNA
rectifier

selection with sector division in a VIENNA rectifier as follows:

e+ 1) — iy (k)

v (R) =t (k) — Ryiee (k) — L T

z';(/é +1) —ig(#)
T

5

J7p(8) = ug (k) — Ridg(k) — L,

&= [0+ 1) = G+ DI + [+ 1) = 5+ 1)

Mmin = |min # = 1,...,8
.

(10)

where the current references *y(&+1) and *g(&+1) are
determined by voltage outer loop and grid voltage together.

The voltage outer loop of S-FCS-MPC and C-FCS-MPC is PI
controllers. When the PI parameters are the same, the dynamic
performance of VIENNA rectifier depends on the predictive
control algorithm of current inner loop. When the input current
belongs to the first sector and the system load step changes, in
order to maintain the stability of the output voltage, it is neces-
sary to select the appropriate switching state to act on the power
switch to ensure that the output voltage follows the given one.

From the analysis above, the block diagram of S-FCS-MPC
with double loop control based on fast vector selection in
VIENNA rectifier is obtained as shown in Figure 5. The PI
controller is used to keep the output voltage stable in the volt-
age outer loop, and a simplified model predictive control is used
in the current inner loop. The phase of the current reference is
determined by the grid voltage, and the amplitude is determined
by the output of the outer loop, which ensures the unit power
factor operation of the system.

3.2 | The equivalence between S-FCS-MPC
and C-FCS-MPC

The prediction model of S-FCS-MPC was transformed and the
range of alternative vectors was reduced through the analysis
above. Meanwhile the equivalency between the S-FCS-MPC and
the C- FCS-MPC can be proved easily. A new cost function can
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be obtained by substituting Equation (8) into Equation (9), and ’
it can be further simplified as follows: !
[Sample for i« ~ i 5tiagh)] [Sample for i istaph)
(L) (Z k) = Ry g (F) — 0! (K i
¢=(7) {7 st = Rinp) =1 50 S
Decide sector=n,
. - 5 calculate Topy]) (n=1,2,3,4,5,6)
+ o (£) — ‘. (k+1) } 1 And the cost function gij Y
7 (D, Calculate the |
After substituting Equation (4) into Equation (11), the cost optimizing of the | i=i+1 costﬁn;caongl =il
function can be rewritten as: cost function gi i o loniing o e cost i
5 ) Sfunction gl
g= <T) [iapte+1) = 72 5k + 1)
12 -
2 2 (12) o_"m_ut dicoptimal Output the optimal
= <ﬁ> [z* (k+1) — iy gk + 1)] switching state S(k+1) switching state S(k+1)
) s e
From the above equations, a conclusion can be easily drawn: ] b

compared with the C-FCS-MPC, the new cost function con-
structed by the voltage vector model is (Z.,/7,)? times of the
original cost function. There is only a difference in the coeffi-
cient between these two kinds of cost functions. Therefore, the
two methods have the same performance on the control of the
grid-current in VIENNA rectifier. Such an analysis verifies that
the control performance of S-FCS-MPC is the same as that of
C-FSC-MPC.

For S-FCS-MPC algorithm, when the input current is in the
first sector, the alternative switching states are shown in Table 2.
The optimal switching states selected must also be in the eight
switching states shown in Table 2. Because in the first sector,
the other 16 switching vectors are redundant switching vectors
as determined by current polarity. According to the above analy-
sis, compared with the C-FCS-MPC, the S-FCS-MPC algorithm
does not affect the steady-state performance.

Assuming that the input voltage of the bridge arm corre-
sponding to the optimal switching state is (U, /6, \/gUdc /6),
it can be seen from Table 1 that there are two corresponding
switching states, (1,1,0) and (0,0,—1), respectively. Of the two
switching states, (0,0,—1) is the effective and optimal switching
state in the first sector, and the other is the invalid switching
state. Obviously, the switching state selected randomly is not
necessarily the optimal switching state in the first sector. There-
fore, it can be concluded that under the C-FCS-MPC algorithm,
the switching state to be selected is not the optimal switching
state of the current sector. This situation, however, does not
exist under the S-FCS-MPC algorithm, which means that the
S-FCS-MPC algorithm has better dynamic performance than
C-FCS-MPC.

3.3 | Comparison of computation time
between S-FCS-MPC and C-FCS-MPC

The flow diagram of the C-FCS-MPC is exhibited in Figure 0a,
and that of S-FCS—MPC is exhibited in Figure 6b. Judging from

FIGURE 6 The flow diagram. (a) C-FCS-MPC and (b) S-FCS-MPC

the above implementation process, the S-FCS-MPC only needs
to calculate once for the voltage vector predictive model in each
control cycle, and it then compares the switching state corre-
sponding to this voltage vector with the eight candidate vectors
for eight times in every sector. Finally, the obtained optimal
switching states are used to control VIENNA rectifier.

The C-FCS-MPC needs to calculate 25 times for the current
predictive model in each control cycle and compare with the
reference current 25 times in each control cycle. However, S-
FCS-MPC only needs to calculate once and compare eight times
with eight candidate vectors in each control cycle as shown
in Table 3. The traversal optimization processes in Figure 6
clearly show that the S-FCS-MPC based on fast vector selection
requires much fewer calculation times than the C-FCS-MPC. As
mentioned above, the predictive calculation and traversal opti-
mization of the C-FCS-MPC of the VIENNA rectifier take a lot
of time. In contrast, the S-FCS-MPC reduces the computation
time by dramatically reducing computational load and traversal
optimization times.

4 | SIMULATION AND EXPERIMENTAL
RESULTS

A simulation based on the MATLAB/SIMULINK environ-
ment was performed to validate the feasibility of the proposed
S-FCS-MPC with fast vector selection in a VIENNA rectifier
system. The simulation parameters are exhibited in Table 4.
According to the proposed S-FCS-MPC, selecting the output
switching state between two adjacent vectors in each sector can
reduce the semiconductor switching frequency, which implies
fewert switching losses. When the reference voltage vector ¥ (£)
changes in the first sector of Figure 4, the selected optimal
switching state is roughly in accordance with the switching
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TABLE 3  Comparison of the time consumed between by C-FCS-MPC and S-FCS-MPC

C-FCS-MPC

S-FCS-MPC

Time consumed

Times of calculating 25 times/ each control cycle

1 times/each sector with fundamental frequency

Long (prime time-consuming)

Times of Comparing 25 times/each control cycle 8 times /each sector with fundamental frequency Short
Time-consuming Long Short
TABLE 4  System parameters X107
Parameter Value : W
Grid-voltage(maximum valuc) 100 V,/50 Hz =3 1
DC-link voltage reference 200V i 2 |
Load resistor 57 Q ;41.5‘ S-FCS-MPC ]
AC filter inductor 10 mH 1F .
DC-link filter capacitor 1650 uF(two 3300 uF /400 V series)
Sampling frequency 10 kHz = ::c
P of PI regulator 3.6 0 0.1 I I I ' 0_I15 I ' I ()5_2
1 of PI regulator 0.015 Time(s)
Rated power 6 kW &

v MRS USROS S USRI SO M

—f

sequence of the first sector in Table 2. When the system 10 C-FCS-MPC  S-FCS-MPC |
enters a steady state, the number of the switching transition N 8 L 7 1
between the adjacent active vectors is strictly limited to one. As ? 6 P" 45
shown in Figure 4, when the vector is switched from (1,0—10) X 8
to (1,1—10), there is only one power switch change, and the 4 7.5
number of the switching transition is one. Thus, the average 2| 6?5
switching frequency defined by Equation (13) controlled by
the S-FCS-MPC is also reduced, which means fewer switching N l l ' 0{1 l l ' l 02
losses in this topology. Time(s)

In order to compare the switching frequency of the semicon-
ductor switches of the VIENNA rectifier in these two predictive
control methods, the average switching frequency of the six
semiconductor switches of the VIENNA rectifier is defined as
follows [25]:

6
WO ®
=1

where f,,(§) represents the average switching frequency of the 7th
semiconductor switch.

Figure 7a shows the comparison between the average
program execution time consumed by C-FCS-MPC and S-FCS-
MPC, respectively. It can be seen that the average execution time
of the S-FCS-MPC is about 1.1x107>s, while that of the C-FCS-
MPC is about 2.6X10™s. In other words, the average execution
time of the S-FCS-MPC algorithm is only a half of that of the
C-FCS-MPC algorithm. This effective shortening of program
average execution time is helpful into shortening the control
cycle of the system so as to achieve precise control performance
of the control target.

Figure 7b shows the comparison between the average switch-
ing frequency in C-FCS-MPC and S-FCS-MPC. The switching

(b)

FIGURE 7 Comparison between S-FCS-MPC and C-FCS-MPC. (a)
Average program execution time and (b) average switching frequency

FIGURE 8 Experimental prototype

losses of power devices depend on the number of switching
device operations [34] and the switching frequency [35]. There-
fore, there are two main methods to reduce the loss of switching
devices: (1) reducing the switching frequency, that is reduc-
ing the reduce number of switching in a single cycle [35]; (2)
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FIGURE 9  Steady-state experimental waveforms under S-FCS-MPC. (a)
Input phase voltage, phase current and DC-link voltage. (b) Input phase
voltage, phase current and line-to-line voltage. (c) THD analysis of input
current.

changing the switching sequence in a cycle to the number of
switching actions [34]. In this paper, the method of reducing the
switching frequency is adopted to reduce the switching losses.
It can be seen from Figure 7b that the average switching fre-
quency of the six semiconductor switches of the VIENNA
rectifier based on the S-FCS-MPC algorithm is lower than
that based on the C-FCS-MPC algorithm. This proves that the

_ Voms

#10ms/div)
(b)

FIGURE 10 Dynamic response waveforms of given current step. (a)
Input phase voltage and phase current under C-FCS-MPC and (b) input phase
voltage and phase curtent under S-FCS-MPC

S-FCS-MPC strategy can reduce the average switching fre-
quency, thus helping to reduce the switching losses and improve
system efficiency.

A power converter prototype, as shown in Figure 8, was built
to further verify the effectiveness of the proposed S-FCS-MPC.
The control platform consists of a full digital signal processor
(DSP) system based on TMS320F2812 and a sampling and con-
ditioning circuit. The experimental parameters are the same as
the abovementioned simulation parameters.

Figure 9 shows the input phase current, phase voltage, line-
to-line voltage, DC-side voltage, and THD analysis of input
current with C-FCS-MPC. Specifically, Figure 9a shows the
input phase voltage, phase current, and output DC-link volt-
age under the S-FCS-MPC. It can be seen that the input phase
current is in phase with the input phase voltage resulting in
a 0.99 input power factor obtained by experimental measure-
ment. Moreover, the output voltage is maintained constant at
a set value of 200 V. Figure 9b shows the input phase voltage,
phase current, and line-to-line voltage. It can be seen that the
input line-to-line voltage is a five-level waveform, which verifies
the multi-level feature of VIENNA rectifier. Figure 9¢ shows
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FIGURE 11 Dynamic response waveforms of DC-link voltage and input
current when the load steps from 60% to 100%; (a)with C-FCS-MPC and (b)
with S-FCS-MPC

the harmonic analysis of input current under the S-FCS-MPC.
The THD is 2.36%, which is also lower than 5% of the grid-side
criterion as mentioned in [28].

Figure 10a,b shows the comparison of the dynamic response
waveforms between the S-FCS-MPC and C-FCS-MPC in a
VIENNA rectifier. The two control algorithms were all tested
under the same condition of suddenly adding the given current
value from 2.8 to 5.8 A. Comparing Figure 10a and Figure 10b,
it can be seen that the input current under the C-FCS-MPC
needs 15 ms to track from 2.8 to 5.8 A, whereas that under the
proposed S-FCS-MPC only needs 2 ms. The comparison result
confirms that the dynamic response performance in terms of
the input current of the proposed S-FCS-MPC is superior to
that of the C-FCS-MPC.

Figure 11 shows the dynamic response waveforms of DC-
link voltage and input current between the C-FCS-MPC and the
proposed S-FCS-MPC method when load steps from 60% load
to 100% load. It can be seen that the DC-link voltage under C-
FCS-MPC needs 560 ms to recover the set value, however, the
DC-link voltage under the proposed S-FCS-MPC method only
needs 150 ms to recover the set value because of the reduced
calculation time under the same test condition, which steps
from 60% load to 100% load. The comparison result shows that
the dynamic response of S-FCS-MPC has a better performance
than C-FCS-MPC.
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FIGURE 12 Dynamic response waveforms of DC-link voltage and input
current when the load steps from 100% to 60% (a) under C-FCS-MPC, (b)
under S-FCS-MPC
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FIGURE 13  Neutral point voltage under S-FCS-MPC

Figure 12 shows the dynamic response waveforms of DC-
link voltage and input current under the C-FCS-MPC and the
proposed control method when load steps from 100% to 60%.
It can be seen that the DC-link voltage under C-FCS-MPC
needs 560 ms to return to the set value, whereas that under
the proposed control method only needs 150 ms to return
to the set value when load steps from 100% to 60%. The
compatison results reveal that the S-FCS-MPC features a faster
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performance of this system.
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b 5 | CONCLUSIONS

FIGURE 14  The comparison of program execution time. In the figure,
(1) represents the execution time of A/D conversion, (2) represents the
execution time of other programs, (3) represents the execution time of
predictive calculation and traversal optimization, (4) represents the free time.
(a) Execution time of C-FCS-MPC and (b) execution time of S-FCS-MPC

dynamic response than the C-FCS-MPC because of the reduced
calculation time.

Figure 13 shows the neutral point voltage under S-FCS-MPC.
It can be seen that the voltage amplitude U, of capacitor C} is
the same as the voltage amplitude U, of capacitor Cj. And the
sum of the two voltages U, + U, is close to zero. This proves
that the neutral point voltages of the two DC-side capacitors ate
balanced with using the proposed method.

Figure 14 shows the experimental test waveforms of the exe-
cution time for each part of the code through a GPIO output
under the C-FCS-MPC and S-FCS-MPC. As can be seen from
Figure 14a, in the case of a control petiod of 100 us, the A/D
conversion of C-FCS-MPC algorithm takes =17 us, the exe-
cution time of other programs such as the voltage outer loop
control takes ~15 us, and the prediction calculation and traver-
sal optimization process in C-FCS-MPC takes 58 ps. As can be
seen from Figure 14b, under the same conditions, the execution
time of A/D conversion and other programs such as the voltage
outer loop control in S-FCS-MPC is the same as that in C-FCS-
MPC, but the predictive calculation and traversal optimization
process in S-FCS-MPC only takes 21 us, which is less than that
C-FCS-MPC.

A simplified FCS-MPC based on fast vector selection method to
decrease the time consumed by MPC algorithm in a VIENNA
rectifier has been presented in this paper. The proposed method
in a VIENNA rectifier exhibits a low input current THD, a high-
power factor, as well as a constant DC-link voltage with fewer
redundant vectors and calculational load. Moreover, this algo-
rithm has featured a faster dynamic response in terms of input
current and DC-link voltage compared with C-FCS-MPC. The
average switching frequency has been effectively reduced due
to fewer switching times in a subset sector using the proposed
method, this means less switching losses. The computational
load has also been effectively reduced, which makes it very
suitable for practical application.
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