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ABSTRACT Finite control set-model predictive control (FCS-MPC) has been used in power converters
due to its advantages, such as fast dynamics, multi-objective control, and easy implement. However, due to
variable switching frequency, the harmonics of inverter output current spread in a wide range of frequency.
Furthermore, a large amount of computation is required for the implementation of the traditional FCS-MPC
method. Here, an improved FCS-MPC algorithm with fast computation and fixed switching frequency is
proposed in this paper for two-level three-phase inverters. First, according to the principle of deadbeat
control, the inverter voltage vector reference can be constructed. Then, the operation durations and sequences
of different voltage vectors are determined according to the location of the inverter voltage vector reference
and the cost functions of different voltage vectors. In this algorithm, the operation durations of different
voltage vectors are arranged inversely proportional to their cost functions. Compared with the conventional
fixed switching frequency FCS-MPC control, the number of sectors involved in the FCS-MPC calculation
can be reduced from 6 to 1, which greatly improves the computation efficiency. Moreover, the delay due
to digital implementation is effectively compensated in the proposed algorithm. Finally, experimental tests
are carried out to verify the advantages of the proposed method in terms of both steady-state and dynamic
performance.

INDEX TERMS Finite control set-model predictive control (FCS-MPC), harmonics, fixed switching
frequency, cost function, deadbeat control, delay compensation.

NOMENCLATURE L Filter inductance
UgN Inverter output voltage of phase A R Loads
UpN Inverter output voltage of phase B uy, Neutral point voltage
UeN Inverter output voltage of phase C
Ug a component of inverter output voltage
ug B component of inverter output voltage I. INTRODUCTION
ig Inverter output current of phase A Due to the increasing awareness for environmental problems,
ip Inverter output current of phase B renewable energy sources such as photovoltaic, wind and
ic Inverter output current of phase C biomass power generation have been widely used nowa-
ig a component of inverter output current days. As the interface between renewable energy sources and
ip B component of inverter output current loads or power grids, inverters act as the core of the renewable
|2 Dc-link voltage energy generation system and they directly affect the perfor-
E;. Dc power supply voltage mance of the whole distributed generation systems [1]-[6].
Ric Equivalent resistor of the dc input side According to the circuit structure, inverters can be usu-
Si—a,b,c  Switching states ally divided into voltage-source inverters and current-source
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inverters. Two-level voltage-source inverters are widely used
in renewable energy generation systems due to its simple
control. Many control strategies have been proposed in order
to improve the performance of the two-level voltage-source
inverters. Among these control strategies, voltage oriented
control (VOC) and direct power control (DPC) are two widely
used control schemes. For the VOC scheme, good steady-
state and dynamic performance can be obtained. However,
the tune of the proportional integral (PI) parameters is a
tedious process [7], [8]. Furthermore, the control implemen-
tation is complicated. For DPC control, it can directly set the
voltage vectors according to the power errors between the
power references and the actual power [9], [10]. The dynamic
performance can be improved. However, the inverter output
current harmonics are large. Thus, high sampling frequency is
essential in order to reduce the current harmonics and achieve
good steady-state performance. Furthermore, due to variable
switching frequency, harmonics of inverter output current
spread in a wide range of frequency, which makes the filter
design difficult.

In order to address above mentioned issues, model predic-
tive control (MPC) was proposed, which shows lots of advan-
tages such as simple control and multi-objective control.
Considering the specific applications, the MPC algorithm has
been further developed, such as continuous model-predictive
control and finite control set-model predictive control (FCS-
MPC). The FCS-MPC is widely used and the basic principle
is to construct a multi-objective optimization cost function
in order to judge the inverter’s states and determine the
appropriate switching combinations [11]-[21]. Specifically,
the switching states that can result in the minimum cost
function will be chosen and applied in the next switching
cycle. The FCS-MPC algorithm shows advantages of easy
implementing and the online optimization because the opti-
mal switching states can be directly determined according
to the minimal cost function [11]-[21]. Thus, the FCS-MPC
algorithm has been widely used in many applications, such
as three-phase grid-connected inverters, motor drives, mul-
tilevel converters and matrix converters especially with the
quick developing of high performance digital signal proces-
sor (DSP) [11]-[21]. However, the output ripple by using
the FCS-MPC is large since only one voltage vector is used
per every control period. Furthermore, the output voltage and
current harmonics spread in a wide range of frequency due
to the variable switching frequency of the FCS-MPC, thus,
the filter design becomes difficult [22]-[26].

Many strategies have been proposed to improve the per-
formance of the FCS-MPC strategy. For instance, an online
optimizing duty cycle control was proposed for three-phase
active-front-end rectifiers [22], where a constant switch-
ing frequency was achieved in the FCS-MPC and the har-
monic spectrum of the inverter output currents concentrated
on multiple switching frequencies. However, this method
is complex since instantaneous current variations need to
calculate in the determination of different voltage vectors.
To address variable switching frequency of the FCS-MPC,
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an optimal switching sequences direct power control was
proposed in [23], which accomplishes a constant switching
frequency FCS-MPC control for two-level grid-connected
converters. In [24], a multiple-vector direct model predic-
tive power control was proposed for the grid-side back-to-
back converter control. However, both methods discussed
in [23] and [24] actually show heavy computational burden
and occupy large computing resources. Similar researches
can be found in [25] and [26], where FCS-MPC algorithms
with fixed switching frequency have been used in H-bridge
back-back converters and matrix converters respectively.
However, both shows heavy computation burden considering
the practical implementation.

Considering the renewable energy applications, the com-
putation burden of FCS-MPC method needs to relieve in
order to meet the inverter design requirements such as fast
response and good steady-state performance. For instance,
the code implementation duration of FCS-MPC algorithm
should not occupy large percentage of switching period in
order to accommodate other functions such as phase-locked
loop, islanding detection protection, or maximum power
point tracking algorithm, which are commonly required for
grid-connected distributed generators. Usually the implemen-
tation duration is expected to limit within 100 us for the
IGBT-based inverters. However, when FCS-MPC algorithms
are practically implemented in DSP, the online calculation of
the predictive model and the cost function evaluation are nec-
essary in order to online search the optimal voltage vectors,
which will be time-consuming. For example, at least
52 ps is estimated to implement the FCS-MPC algorithm for
the three-level three-phase inverters [27]. Therefore, in order
to achieve a satisfied inverter response speed and output
current waveform, it is essential to effectively relieve the
computational burden of the algorithm especially the burden
for predictive model and online optimization [28]. To address
this, many algorithms have been proposed [29]-[31]. For
instance, a low-complexity FSC-MPC with quick voltage
selection and fast duty cycle calculation was proposed in [29]
for three-phase two-level converter. It requires only one-step
prediction to directly allocate the best voltage vector. Another
fast FCS-MPC algorithm for multilevel cascaded H-bridge
converter was presented, which can effectively reduce com-
putation burden [30]. In [31], a FCS-MPC-based deadbeat
solution for three-phase two-level inverter was presented,
which may relieve the calculation burden compared with the
traditional FCS-MPC. However, all these algorithms adopt a
variable switching frequency, which will result in the spread
of the converter output voltages or currents harmonics in a
wide range of frequency.

In order to reduce the output harmonics, fixed switching
frequency seems necessary. This paper presents an improved
FCS-MPC with fast computation and fixed switching fre-
quency, which shows advantages in the two-level voltage-
source three-phase inverters. Firstly, the voltage vector
reference can be constructed with a deadbeat control. Then,
different voltage vectors are determined and effectively
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applied in the predictive model and cost function optimiza-
tion. With the proposed algorithm, the number of sectors
involving in calculation of FCS-MPC is reduced from 6 to 1,
which greatly improves the calculation efficiency. Further-
more, in order to reduce the influence of the digital control
delay, the delay compensation is adopted in the proposed
FCS-MPC with two step prediction. Finally, an experimental
platform of a two-level voltage-source three-phase inverter
was constructed. Both steady-state and dynamic experimental
results are provided to verify the effectiveness of the proposed
method.
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FIGURE 1. Structure of two-level three-phase inverter generation system.

II. PRINCIPLE OF THE PROPOSED FCS-MPC

A. MATHEMATICAL MODEL OF TWO-LEVEL

THREE-PHASE INVERTERS

The two-level three-phase inverter topology for renewable
energy power generation application is shown in Fig.1. This
system contains renewable energy sources (such as photo-
voltaic, wind power), a two-level three-phase inverter, filter
inductances and loads. In this system, the renewable energy
source can be represented by the dc power supply E,4. contain-
ing the dc input equivalent resistor Ry.. The two-level three-
phase inverter will transform the output dc power produced by
E 4. to the load. As shown in Fig.1, u,y, upy and uy represent
the inverter output voltages, i, ip and i, represent the inverter
output currents, L is filter inductance, V. is the dc-link bus
voltage and R is the load.

According to different switching combinations, each
phase of two-level three-phase inverters shown in Fig.1 has
two operation statuses, which can be represented by
“P” and “N”. Take phase A as an example, switching state
“P” means that the switch S,; is on and the switch S, is off,
thus the output voltage of phase A with respect to the point
N is V4. Switching state “N” indicates that the switch S,
is off and the switch S,, is on, thus, the output voltage of
phase A with respect to the point N is zero. Assuming the
variables S, Sp and S, represent the switching states of each
phase, where ““1”” stands for the inverter output connected to
the positive dc-link voltage, and “0”” means that the inverter
output is connected to the negative dc-link voltage. Switching
states of two-level three-phase inverters can be represented
by §; = [S.SpS.17T, with j = 0,...,7. According to out-
put switching combinations, totally 8 voltage vectors can
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be generated. Voltage vectors generated by the inverter are
illustrated in Fig.2.

(NPN)z, u, (PPN)
& L, (k)
(NNN)z¢
NPP 0
(NPP) U, P u, (PNN)
v VI
\'
(NNP) u, U, (PNP)

FIGURE 2. Output voltage vectors for two-level three-phase inverters.

The output phase voltages uqy, upy and u.y with respect
to the point N can be expressed as:

UgN Sa
uN | = | Sp | Vac (H
UcN Se

For three-phase balanced systems, the voltage uy;, between
the dc-link negative point N and the load neutral point n can
be derived as:

_ UgN + UpN + UcN
3

Thus, the inverter output voltage ugy,, up, and uy, with
respect to the point n can be derived as:

@

UNn =

Uan UagN UNn
Upn | = | upN | + | Unn (3)
Ucn UcN UNn

According to current reference direction in Fig.l,
the inverter output currents of the two-level three-phase
inverter can be expressed as:

di, .
LE = Ugn — Rla
L Ri 4)
— = up, — Ri
dr bn b
di, .
LE = Ucp RlC

By combining (1), (2), (3) and (4), the output currents of
the inverter can be calculated as:

dTia] v, [2 =1 =178 g[i
— | ip | == —1 2 -1 Sp | +=1 i
el 3Ll 1 2| s | L

©)

From the equation (5), it can be found that the inverter out-
put currents can be obtained by different inverter switching
states and the dc-link voltage.

The mathematic model of the three-phase inverter in three-
phase static abc reference frame needs to be transformed into
the static af reference frame and the corresponding transfor-
mation matrix C3/; (invariant amplitude transformation) can

VOLUME 5, 2017



Y. Yang et al.: Fast and Fixed Switching Frequency Model Predictive Control With Delay Compensation

IEEE Access

be written by

) 1 —1/2 —1/2
Capn =~ 0 V32 =V32 (6)
V2 1V2 0 1V2
Combination (4), (5) and (6), it can be derived as:
di
LS — oy — Riy
d.t @)
dlﬁ .
G = ug, — Rig

where i, and ig represent the a component of the output
current and the B component of the output current in the
ap reference frame, respectively. u, and ug are the a compo-
nent of the output voltage and the 8 component of the output
voltage in the af reference frame, respectively.

Assuming the sampling time is relatively small, the dis-
cretization of (7) by using forward Euler approximation can
be derived as:

plak D =ia® o R

ig(k + 17;S—i (k) (®)
% = ugn(k) — Rig(k)

where T is the sampling time.
The future load currents at the (k+1)th instant can be
predicted by using (8) as:

L

i+ 1) = 22 [gn (k) — Rigg ()] + i ()
L
L ©)
iplh+ 1) = (k) — Rig(l] + ig(h)

According to the deadbeat control, the inverter output cur-
rents will reach their references in one sampling period and
can be expressed as:

gtk +1)=1i%(k+1)
ipk + 1) = ig(k +1)

In order to achieve the inverter currents tracking with
respect to the reference in the next sampling time, the inverter
desired output voltages in the a8 coordinate reference can be
obtained by using (9) and (10) as:

(10)

W (K) = S+ 1) — ia0)] + Rig (0
7,
L . . (1n
g, (k) = i[l}(k + 1) —ig(k)] + Rig(k)

where u, (k) and u;n(k) are the a component and 8 compo-
nent of the desired output voltages at the (k)th instant.

B. DELAY TIME COMPENSATION

With the model predictive control, the time sequence can be
illustrated in Fig.3. At the (k)th sampling time, the inverter
currents are sampled with analog to digital converter (ADC),
and at 71, the ADC process is completed. At f,, main algo-
rithms will be implemented, thus, the operation times and
sequences of different voltage vectors can be determined.
Then, the switching signals for power electronic devices of
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the inverter are generated at the (k 4 1)th instant. Therefore,
voltage vectors adopted at the (k)th instant will be updated
and applied for the (k + 1)th instant.

In order to eliminate the control delay due to the digital
implementation, the voltage vectors need to be determined at
the (k + 1)thinstant [16], [32], [33]. By time shifting (11) one
step forward, the predictive voltage model can be obtained as:

ok 1) = i3k +2) — halh+ D]+ Righ + 1)

s

L
u:;n(k +1)= F[iZ(k +2) —igtk + D]+ Rig(k + 1)

(12)
Combining (9) and (12), it can be derived as:
L
ur,(k+1)= F[i:;(k +2) —ig(k)]
s RT; . RT
+(2 — —)Rig(k) + (—— — Dugn(k)
L L L
kA1) = ik +2) = ip()]
’ RT; . RT;
+2- JRig(k) + ( — Dugn(k)
L L (13)

where ug,(k) and ug,(k) are the a component and 8 compo-
nent of selected voltage vectors at the previous instant.

The a component of the current reference i’'(k + 1) and
the B component of the current reference iZ(k + 1) at the
(k 4+ 1)th instant can be constructed by the values at the
present, one past and two past current references according
to linear interpolation theorem. Thus,

{ij;(k +1) =305 = 3igk = D+ ik =2) g
i;(k +1) = 31;(/6) — 31’2(1( - D+ i;(k —-2)

Similarly, the a component current reference i;(k + 2) and
the 8 component current reference i; (k + 2) at the (k + 2)th
instant can be obtained as:

{ij;(k +2) =3+ D =3 +igk =1 g
ik +2) = 3i5(k + 1) = 3i5(k) + i5(k — 1)

C. ALGORITHM PRINCIPLE

In order to achieve fast and accurate tracking of given cur-
rents, the current tracking cost function of the conventional
FCS-MPC based on voltage model can be expressed as [31]:

g =|ul,(k + 1) — ugn(k + 1) +

whu(k + 1) — ugn(k + 1)
(16)

where ug,(k +1) and ug,(k + 1) represent the inverter voltage
vectors to be applied.

According to (3), (6) and the inverter switching states, the
inverter voltage vectors ugq,(k + 1) and ug,(k 4+ 1) can be
derived as:

_12 } Satk + 1)

uank +1)7] 2 [1-172

|:uﬁn(k+ 1)] - 3V"“[o V3/2 =32 ?78:3
a7
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where S, (k+ 1), Sp(k+ 1) and S.(k + 1) represent the inverter
switching states at the (k + 1)th instant, respectively.

According to (13), (16) and (17), it can be found that
the predictive model and the cost function adopted by the
traditional FCS-MPC require on-line calculation and eval-
uation for all these eight voltage vectors. With the rule
to achieve the minimum cost function, the voltage vector
for the next control cycle is chosen. With the conventional
FCS-MPC, the output current ripple of the inverter is large
and harmonics spread in a wide range of frequency. In order
to set the harmonic spectrum of the inverter currents fixed
at multiple switching frequencies, the proposed FCS-MPC
with fixed switching frequency is used. Taking the first sector
as example, as illustrated in Fig.2, the current tracking cost
function g for the active voltage vectors uy, up and zero
voltage vectors ug or (u7) are g14, &1», and g1, respectively.
The operation time for the voltage vectors u, up and ug or (u7)
in each control cycle is #14, t1 and #;., respectively. Since
the operation time for each voltage vector is inversely pro-
portional to the cost function, larger current tracking cost
function leads to smaller operation time for each voltage
vector. Thus, the operation time of different voltage vectors
can be derived as:

ha = Ts(1/81a)/((1/81a) + (1/816) + (1/81¢))
ne = Ts(1/216)/((1/g12) + (1/g16) + (1/81¢))
tie = Ts(1/810)/((1/81a) + (1/816) + (1/81))
Ts =1la t+ tp + tic

(18)

Note that each operation time lies within the range [0, T5].
By using the FCS-MPC with the fixed switching frequency,
the sector cost function in the first sector can be expressed by

Ha 11p e
Gy =2 1b Lol 19
1 ngla"‘ nglb+ nglc (19)

Similarly, the operation time of different voltage vectors
can be derived. For example, define the current tracking cost
functions for the active voltage vectors uy, uz and the zero
voltage vectors ug or (u7) are g4, g2p and go., respectively.
Also, the operation times for us, u3 and ug or (u7) in each
control cycle are fp4, t2p and ty., respectively. The operation
time for different voltage vectors in the sector 2 can be
expressed by

tra = Ts(1/824)/((1/824) + (1/82p) + (1/82¢))
tap = Ts(1/826)/((1/824) + (1/82p) + (1/82¢))
e = Ts(1/82¢0)/((1/824) + (1/82) + (1/82¢))
Ty =tyg + top + 12

(20)

The sector cost function for the sector 2 can be expressed

as:
ha p e
Gy = — — — 21
2 T, 82 + T, g2 + T, 8¢ 2D

Similarly, the sector cost functions for the sector 3, 4, 5,
and 6 can be obtained and denoted as G3, G4, G5 and Gg,
respectively. The sector which shows minimum sector cost
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FIGURE 3. Time sequences of the model predictive control as the digital
controller.

t. /4 t,/2 1,2 t./2 t,/2 t,/2 't /4

la

FIGURE 4. Operation time and sequences of different voltage vectors for
Sector 1.

function is selected and its voltage vectors will be used in the
next control cycle [25], [26].

In order to reduce harmonics of the inverter output voltage
and current, the operation time of different voltage vectors is
symmetrically distributed. Zero voltage vectors ug and u7 are
utilized with the same operation time. In addition, in order
to minimize the switching loss, only one-phase devices are
switched at every switching period. Assume that the reference
voltage vector is located in the sector 1, as illustrated in Fig.1,
the sequence of operation voltage vectors is arranged as:
NNN-PNN-PPN-PPP-PPN-PNN-NNN. Thus, the operation
time and sequences of different voltage vectors are illustrated
in Fig.4.

With the conventional fixed switching frequency FCS-
MPC, for each of six sectors, the predictive model, the current
tracking cost function, operation time and the sector cost
function need to be calculated. Specifically, for each sector,
two active voltage vectors and one zero voltage vector are
required. Thus, the computational burden is high. In order
to reduce computational load, a fast and fixed switching
frequency FCS-MPC has been adopted. The candidate volt-
age vectors are determined according to the location of the
reference voltage vector uj‘qf k+1) = ul,(k+1)+] u;gn(k +1)
derived from the equation (13). For instance, if the reference
voltage vector u;‘ef(k + 1) is located in sector 1, as illustrated
in Fig.2, the operation time of candidate voltage vectors can
be determined by (18). Furthermore, the operation sequences
of different voltage vectors are arranged as Fig.4. Thus, the
number of sectors involving FCS-MPC is reduced from 6to 1,
which greatly improves the computation efficiency.

In order to facilitate the control implementation,
the inverter current references in static af coordinate
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Three-phase inverters
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FIGURE 5. Diagram of the proposed FCS-MPC control strategy for
two-level three-phase inverters.
TABLE 1. Experimental parameters.
Parameter Description Values
Es (V) Dc input voltage 200
Ry (Q) Dc input equivalent resistor 0.1
w* (rad/s) Given angular frequency 314.16
C (uF) Dc-link bus capacitor 1000
R (Q) Loads 20
L (mH) Filter inductance 12
fs (kHz) Sampling frequency 16
Ty (ps) Dead time 2

reference are transformed into dg rotating coordinate refer-
ence and expressed as:

i | _[cos®* —sin0* ||}
[17§i| - [ sin9* cos 9* iy (22)

where i and if% represent the a and B component current
references of the inverter, ij and ié represent the inverter
d-axis and g-axis current reference, 6* represents the given
value of phase angle and can be expressed as 0* = w*t,
o* is the given current angular frequency. Fig.5 illustrates
the control strategy of the proposed FCS-MPC for two-level

three-phase inverters.

IIl. EXPERIMENTAL RESULTS

In order to verify the effectiveness of the fast and fixed
switching frequency FCS-MPC, experimental tests were
carried out for both steady-state and transient conditions,
and compared with the traditional FCS-MPC strategies. All
strategies are implemented on a 32 bit DSP (TMS320F2808)
from Texas Instruments. In the test, a programmable dc power
supply is used to emulate renewable energy sources. Main
experimental parameters are shown in Table 1.

A. COMPARISON OF EXECUTION TIME
In order to verify the effectiveness of the proposed FCS-MPC,
execution time for three FCS-MPC strategies are compared.
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FIGURE 6. Execution time for different FCS-MPC strategies. (a) Execution
time for ADC process and other auxiliary tasks; (b) Execution time with
the traditional FCS-MPC; (c) Execution time with the fixed switching
frequency FCS-MPC [26]; (d) Execution time with the proposed FCS-MPC.

These FCS-MPC strategies are: the traditional FCS-MPC
method with only one voltage vector for each control cycle
based on the cost function (16), fixed switching frequency
FCS-MPC method discussed in [26], and the proposed
FCS-MPC in this paper. In the test, an input/output (I/O)
port of DSP is used to capture the duration of high level
as the execution time of different FCS-MPC. The crystal
frequency of a 32 bit DSP (TMS320F2808) is 100 M and
the time interval is 62.25 us. Fig.6 (a) shows the measured
execution time for ADC process and other auxiliary tasks.
Fig.6 (b) represents the measured execution time when exe-
cuting with the traditional FCS-MPC. Fig.6 (c) shows the
measured execution time with the fixed switching frequency
FCS-MPC method discussed in [26]. Fig.6 (d) shows the
measured execution time with the proposed FCS-MPC in this
paper.

As shown in Fig.6, it takes about 9.2 us to implement
ADC process and other auxiliary tasks. The execution time
for the classical FCS-MPC algorithm is about 17.8 us
(27 us —9.2 us). For the conventional fixed switching
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FIGURE 7. Steady-state experimental waveforms with the traditional
FCS-MPC under case 1. (a) Output line voltage and current without delay
compensation; (b) Phase A harmonic spectrum without delay
compensation; (c) Output line voltage and current with delay
compensation; (d) Phase A harmonic spectrum with delay compensation.

frequency FCS-MPC method, it needs about 34 us
(432 pus —9.2 pus), and it is only requiring about
24.2 us (33.4 us —9.2 us) to execute the proposed fixed
switching frequency FCS-MPC algorithm. From the above
analysis, it can be concluded that the execution time of the
classical FCS-MPC algorithm is shortest, and the execution
time is about half of the execution time using the conventional
fixed switching frequency FCS-MPC method. Compared
with the two fixed switching frequency, the execution time of
proposed method is about 71.2% of the execution time using
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FIGURE 8. Steady-state experimental waveforms with the fixed switching
frequency FCS-MPC [26] under case 1: (a) Output line voltage and current
without delay compensation; (b) Phase A harmonic spectrum without
delay compensation; (c) Output line voltages and currents with delay
compensation; (d) Phase A harmonic spectrum with delay compensation.

o

the classical fixed switching frequency FCS-MPC method,
which greatly improves the computation efficiency.

B. STEADY-STATE RESULTS
For the steady-state performance evaluation, the experimental
condition considered to evaluation three FCS-MPC algo-
rithms is set as followings:

Case 1: The reference current for d-axis current and the
g-axis current are set as iy = 4 A and iy = 0 A, respectively.
And the inverter output current frequency is 50 Hz.
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FIGURE 9. Steady-state experimental waveforms with the proposed
FCS-MPC under case 1. (a) Output line voltage and current without delay
compensation; (b) Phase A harmonic spectrum without delay
compensation; (c) Output line voltage and current with delay
compensation; (d) Phase A harmonic spectrum with delay compensation.

Fig.7 (a) shows the experimental waveforms of output line
voltage u,p, upe, phase currents i, and i, under case 1 when
using the traditional FCS-MPC without delay compensation,
and Fig.7 (c) shows the corresponding results with delay
compensation. Fig.7 (b) and Fig.7 (d) show the harmonic
spectrum of phase A current without delay compensation and
with delay compensation, respectively. With the fixed switch-
ing frequency FCS-MPC [26], the corresponding results are
illustrated in Fig.8. With the proposed FCS-MPC, the corre-
sponding results are illustrated in Fig.9.
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The steady-state experimental results show that three
different FCS-MPC algorithms with delay compensation
improve the steady-state performance. Specifically, with the
traditional FCS-MPC method, the total harmonic distor-
tion (THD) of inverter phase A current is reduced from 8.85%
to 7.67%. The corresponding THD of phase A current with
the fixed switching frequency FCS-MPC algorithm [26] is
reduced from 5.78% to 4.11%, and the corresponding THD of
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phase A current is decreased from 5.92% to 4.13% by using
the proposed FCS-MPC algorithm. These results show that all
three methods can track the current references successfully
with sinusoidal output currents. As shown in Fig.7, phase
A current harmonic spectrum is scattered over different fre-
quencies, which makes the filter design difficult. However,
as illustrated in Fig.8 and Fig.9, with the fixed switching
frequency FCS-MPC, the phase A current harmonic spectrum
is mainly concentrated around the switching frequency and its
multiple switching frequencies such as 16 kHz, 32 kHz and
48 kHz, which is very similar to using traditional space vector
pulse width modulation (SVPWM) method and beneficial to
the filter design. As displayed in Fig.8 and Fig.9, the two fixed
switching frequency FCS-MPC methods show almost similar
steady-state performance.

C. DYNAMIC RESULTS

In the dynamic performance evaluation, two test conditions
are considered to evaluate the performance of the fixed
switching frequency FCS-MPC algorithm [26] and the pro-
posed FCS-MPC.

Case 2: The d-axis current reference is jumped from i} =
2.4 Ato i; = 4 A, while the g-axis current reference and the
output frequency of the inverter are kept constant as: i; =0A
and f* = 50 Hz, respectively.

Case 3: The d-axis current reference is suddenly reduced
from i, = 4 Atoi; = 2.4 A, while the g-axis current
reference and the output frequency of the inverter are kept
the same with the case 2.

Fig.10 (a) and Fig.10 (b) show the experimental wave-
forms of d-axis current iy, g-axis current i,, phase cur-
rents i, and i, under case 2, respectively. Fig.10 (c) and
Fig.10 (d) presents the corresponding results under case 3.
Fig.10 (a) and Fig.10 (b) show that it takes about 4 ms to reach
the given currents by using both fixed switching frequency
FCS-MPC methods. As shown in Fig.10 (c) and Fig.10 (d),
the d-axis and the g-axis current of the inverter achieve the
current references within about 2 ms for a step change of
current magnitude from 4 A to 2.4 A. As shown in Fig.10,
both fixed switching frequency FCS-MPC methods show
very good and almost similar dynamic performance.

IV. CONCLUSION
The paper presents a fast and fixed switching frequency

FCS-MPC algorithm with delay compensation, which is
applied in two-level three-phase inverters. Steady-state and
dynamic experiments for three different FCS-MPC controls
have been carried out, and the following conclusions are
drawn:

(1)The proposed FCS-MPC control with delay compensa-
tion greatly improves steady-state performance.

(2)The proposed FCS-MPC control makes harmonic spec-
trum of output current of the inverter mainly concentrate
around the switching frequency and its multiple switching
frequencies.

(3) Compared with the traditional fixed switching
FCS-MPC, the number of sectors involving in FCS-MPC is
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reduced from 6 to 1, which greatly improves the computation
efficiency.

(4) The inverter with the proposed FCS-MPC control
has good steady-state and dynamic performance, and has
almost similar performance compared with the classical fixed
switching frequency FCS-MPC method.

In a word, the fast and fixed switching frequency FCS-
MPC combines the advantages of the FCS-MPC and the
SVPWM method. The proposed algorithm eases real-time
implementation on industrial real-time platform due to
greatly reduced computation time compared with the classi-
cal fixed switching frequency FCS-MPC. Therefore, the pre-
sented method has a good application prospect in distributed
generation systems.
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