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Abstract—In this article, a novel continuous control set model
predictive control (CCS-MPC) is proposed for an LC-filtered three-
phase three-level four-wire voltage-source inverter (3P-4W-3L-
VSI). The proposed MPC algorithm provides independent control
of each phase of the 3P-4W-3L-VSI under various unbalanced load
conditions, which shows superior performance under unbalanced
loads. Furthermore, different from conventional MPC methods, the
CCS-MPC achieves fixed switching frequency, hence simplifying
the design of LC filters. In addition, dc offsets are introduced to
the proposed modulation to effectively balance the neutral-point
voltage of the 3P-4W-3L-VSI. Experimental results are presented
to verify the effectiveness of the proposed MPC algorithm.

Index Terms—Continuous control set model predictive control
(CCS-MPCQ), fixing switching frequency, neutral-point (NP)
voltage balance, three-phase four-wire three-level voltage-source
inverter (3P-4W-3L-VSI).
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I. INTRODUCTION

ITH the rapid progress of power electronic technologies,
W voltage source inverters (VSIs) have been widely uti-
lized in distributed generation units, energy storage systems, and
uninterruptible power supplies (UPS). Many control strategies
have been proposed to effectively regulate the VSIs, including
vector control (VC) and direct power control (DPC). For exam-
ple, the VC usually employs proportional-integral controllers,
which suffers from the difficulty of balancing the dynamic and
steady-state control performances [1], [2]. Another example is
the DPC, which possesses fast dynamics. However, it produces
high output current ripples and a variable switching frequency
(VSF), brining challenges to the design of harmonic filters.

In recent years, finite control set model predictive control
(FCS—-MPC) becomes increasingly prevalent in power electronic
and motor drive applications [3], [4], [5], [6], [7], [8], [9].
Compared with the conventional VC and DPC, FCS-MPC has
several advantages, such as the capability of realizing real-time
optimal control while respecting system constraints, excellent
steady-state and fast dynamic performances, as well as the
elimination of PWM block [3], [4], [5], [6], [7], [8], [9]. In
view of these advantages, different FCS-MPC algorithms are
proposed for high-performance two-level VSIs. In [10], a new
FCS-MPC control strategy for the single-phase two-level VSI
has been proposed, which realizes seamless transition between
grid-connected mode and islanded mode. Similarly, in [11],
[12], [13], and [14], FCS—MPC has been applied in three-phase
two-level UPS with high accuracy and fast-tracking ability.
To further improve the VSI performance, different advanced
FCS-MPC algorithms for multilevel VSIs have been studied.
FCS-MPC methods in [15], [16], and [17] are proposed for
three-phase three-level back—back converters in wind generation
systems. In [18] and [19], FCS-MPC algorithms have been
proposed for three-phase three-level UPS with good steady-state
performance and fast dynamic response. Similarly, efficient
FCS-MPC methods are proposed for three-level inverter-fed
induction motor drives to enhance the torque and flux perfor-
mance [20], [21]. In [22], an MPC with offset voltage injection
for achieving the neutral-point (NP) voltage balance of three-
phase three-level converter has been presented, which avoids
employing a weighting factor. Nevertheless, the aforementioned
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FCS-MPC algorithms mainly focus on three-phase balanced
system and thus, may not be effective when three-phase loads are
unbalanced. The circulating currents generated by three-phase
unbalanced loads can result in highly distorted output voltage.

In order to supply nonlinear and unbalanced loads with
improved power quality and stability, three-phase four-wire
voltage-source inverters (3P-4W-VSIs) have been recommended
for three-phase systems. In practice, the 3P-4W-VSIs have been
widely employed in distributed generation systems, electric
vehicles, and active power filters. In [23], anovel VSF frequency
PWM for the 3P-4W-VSI has been presented with low current
ripples and switching losses. Thus, the efficiency of the 3P-4W-
VSI is improved without degrading the output current quality.
Similarly, an advanced control strategy for the 3P-4W-VSI has
been proposed in [24] with improved robustness against dis-
turbance. In [25], a control strategy based on three-dimensional
unbalanced coordinate transformation has been proposed for the
3P-4W-VSI, which achieves good performance with simple con-
trol structure. The abovementioned control schemes can be ap-
plied in 3P-4W-VSIs for both standalone and grid-connected op-
erations. Different control strategies have been proposed under
abnormal grid voltages, such as voltage sags [26], asymmetrical
grid faults [27], and weak grid conditions [28]. Unfortunately,
the abovementioned control strategies are only designed for
two-level 3P-4W-VSIs, and they cannot be directly extended to
three-level 3P-4W-VSIs. To effectively control the three-phase
three-level four-wire voltage-source inverter (3P-4W-3L-VSI),
advanced PWM schemes have been presented in recent years
[29], [30].

The aforementioned control schemes for 3P-4W-VSIs utilize
PWM techniques. To improve the dynamic response of the
3P-4W-VSIs, different FCS—-MPC approaches have also been
explored to ensure satisfactory performance. In [31] and [32],
FCS-MPC with current control for the 3P-4W-2L-VSI has
been presented, which can accurately track different current
references under unbalanced loads. In [33], FCS-MPC for
a 3P-4W-2L UPS system has been presented with excellent
voltage reference tracking capacity under unbalanced loads.
Furthermore, FCS—-MPC can be extended to quasi-Z-source 3P-
4W-2L-VSIs with unbalanced loads [34], [35]. Excellent control
performance was reported. Once again, the abovementioned
FCS-MPC approaches are designed for 3P-4W-2L-VSIs. Ac-
tually, Antoniewicz et al. [36] and Mohapatra and Agarwal [37]
deal with 3P-4W-3L-VSIs. They utilize four power switches in
the fourth wire, which increases the cost of the 3P-4W-3L-VSIs.
To our best knowledge, there are few references for 4W-3P-3L
T-type VSIs with MPC.

It is pointed out that all the aforementioned FCS-MPC al-
gorithms apply only one voltage vector in each control cycle,
resulting in VSFs. This brings great challenges to harmonic
filter design and therefore, makes it very difficult to meet the
grid standards on total harmonic distortion (THD) for grid-
connected VSIs. To overcome such drawbacks, some advanced
fixed switching frequency (FSF) MPC algorithms are proposed
for two-level VSIs [38], [39], [40], [41], [42]. For these FSF
MPC methods, there are two or more voltage vectors applied
in every control period. Hence, FSF and better steady-state
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Fig. 1. Topology of the T-type four-wire three-level voltage-source inverter.

performance can be achieved. Similar FSF ideas can be extended
to three-phase three-level VSIs. In [43], [44], [45], [46], [47],
[48], and [49], FSF MPC algorithms for three-level VSIs have
been presented, aiming at output currents tracking and the NP
balancing. Unfortunately, the above FSF-MPC methods [38],
[39], [40], [41], [42], [43], [44], [45], [46], [47], [48], [49] are
only effective for three-phase balanced loads.

Another problem of the existing FSF-MPC:s is the NP voltage
balancing, which requires tedious tuning work for the NP voltage
associated weighting factor in the cost function. Generally,
weighting factor tuning is based on a large amount of experi-
ments. Indeed, some articles propose MPC methods without NP
voltage weighting factor. They realize the NP voltage balancing
by utilizing proper small redundant voltage vectors [50], [51].
Nevertheless, these methods encounter difficulties in balancing
the NP voltage in high modulation or low power factor range.

In order to obtain superior control performance for 3P-4W-
3L-VSIs with unbalanced loads while achieving FSF without
the NP voltage associated weighting factor, a novel continuous
control set model predictive control (CCS—MPC) algorithm is
proposed in this article. The proposed algorithm is developed
for a T-type four-wire three-level VSI. It realizes independent
control of each inverter phase with FSE. Moreover, it produces
satisfying steady-state and dynamic responses under different
unbalanced loads. The NP voltage is effectively balanced by
injecting proper dc offset to the modulated waveforms.

The rest of this article is organized as follows: Section II
presents the topology and mathematical model of 3P-4W-3L-
VSIs. Then, the principle of the proposed CCS-MPC with
modulated voltage vectors is illustrated in Section III. After that,
the experimental evaluations have been carried out in Section VI.
Finally, Section V concludes this article.

II. TOPOLOGY AND MATHEMATICAL MODEL
A. Principle of Proposed CCS—-MPC

Fig. 1 shows the topology of the T-type four-wire three-level
VSI, which contains four legs denoted as leg-a, leg-b, leg-c,
and leg-d. Each leg of phases a, b, and ¢ contains four power
switches, whereas the leg-d is constructed by two capacitors.
In Fig. 1, V,,, and V), represent the dc-link upper and lower
capacitor voltage, respectively. V,,, Vi,o, and V., are output
voltages. i,, ip, and i, are VSI output currents, and i.q, icp,
and i, represent currents flowing through filter capacitors. i,
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TABLE I
RELATIONSHIP BETWEEN OUTPUT VOLTAGES AND SWITCHING STATES OF
PHASE-X
Ta Ta T T Output voltages
1 1 0 0 Vr
0 1 1 0 0
0 0 1 1 ~Viow

iop, and i,. are load currents, iy, indicates the NP current,
Cgqc is the dc-link capacitor, R represents the filter resistance,
and L and C denote the filter inductance and filter capacitance,
respectively.

The relationship between switching states and the output
voltage of phase-x (x = a, b, ¢) is listed in Table I, considering
“O” as the reference voltage. In Table I, “1” means the power
switch is turned ON and “0” represents the power switch is turned
OFF. As listed in Table I, phase-x (x = a, b, c¢) outputs three
different voltage levels including V., 0, and —V),. The current
paths for phase-a under different output voltages and current
directions are shown in Fig. 2. Similarly, currents’ paths for
phase-b and phase-c can be obtained. For simplicity, only the
current paths for phase-a are drawn in the article.

Noticeably, the block diagram for phase-a in s-domain can be
obtained as shown in Fig. 3. Phase-b and phase-c can be obtained
in a similar way.

The relationship between the output voltages and currents can
be obtained from Fig. 1, which is expressed as

Voo = Ldiy/dt + Rig + Ve
Vio = Ldib/dt + +Rip + Vi (1)
Veo = Ldi./dt + Ri. + V.

Currents flowing through the filter capacitors are written as

leq = Cd‘/ca/dt =g — log
ich = CdVep/dt = ip —iop 2
ioe = CdVie Jdt = i — e

As shown in Fig. 1, the output voltage V., (x = a, b, ¢) can
be obtained in terms of the dc-link voltage and switching states,
which is expressed as

Vao = ‘/IlpTal(Tal'i‘l)/Z - ‘/lowTa4<Ta4+1)/2
Voo = VipTo1 (Ty1+1) /2 — ViewTpa(Tpa+1) /2 3)
‘/co - %pTcl(Tcl+1)/2 - Vioch4(Tc4+1)/2~

Switching states 7,1 (x =a, b, ¢) and T4 (x = a, b, ¢) can be
expressed as

1 switch Tzl on

T = {0 switch Toloff (&= ®be @
1 switch 7T'z4 on

Toa = {0 switch Todoff (&= @b ©)
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Fig. 2. Different current paths for phase-a. (a) Output Vy, with i, > 0.
(b) Output Vy, with i, < 0. (c) Output zero with i, > 0. (d) Output zero
with i, < 0. (e) Output — Vo with i, > 0. (f) Output —V,,, with i, < 0.
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Fig. 3. Block diagram for phase-a in s-domain.

Combining (1) and (2), the system state-space representation
can be obtained as

d ip
dt | Vea

Utilizing with Euler forward approximation, the predictive
model at the (k+1)th instant can be obtained as

{z‘x(k + 1) =ip(k)+ 2 (Vao (k) = Vea (k) — Ri(k))
Vea(k 4+ 1) =Veg (k)+22 (14 (k) —ios (k)
r=a,b,c (N

where Ts represents the sampling period.

III. PROPOSED CCS—-MPC ALGORITHMS

For 3P-4W-3L-VSIs, the capacitor voltage references are
given

chil(t) =Vm COS(Wreft)
ch*;;(t) =Vn COS(Wreft - 277/3) (8)
VE(t) = Vi cos(wrert + 27/3)

where V* ..(t) (x = a, b, c¢) represents the phase-x capacitor volt-
age reference, V,,, denotes the magnitude of capacitor voltage
references, and wy.f 1S the reference angular frequency.

The VSI aims to track the capacitor voltage references rapidly
and accurately. Therefore, the cost function is constructed as

gea = (Vi (k+1) =V, (k + 1))
geb = (V33 (k +1) = Vi (k + 1)) 9)
gee = (Vi (K +1) =V, (k+ 1))

There is a control delay when implementing the MPC algo-
rithm using digital signal processors (DSP) [52]. To compensate
the digital control delay, the cost function is formulated as

ea = (Vi (k+2) =V, (k +2))°
geb = (V33 (k +2) = Vo (k +2))° (10)
gee = (VE(k +2) =V, (k+2)).

As shown in (9), it is necessary to predict the capacitor output
voltages of the 3P-4W-3L-VSI at the (k+2)th sampling period.
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From (6), it can be obtained as
in(k +2) =ig(k+ 1)+ (Voo(k + 1) — Vou (K + 1)
—Ri,(k+ 1))
Vew(k +2) =Veu (B + 1)+ %('La:(k +1) —idoe(k+1))
r=a,b,c . (11)

Substituting (7) into (11), the capacitor output voltage at the
(k+2)th sampling period is expressed as

T2 T2 °T, T2R

Taviolb)+ (1= 75 Vel + (T - T2 ) 1)
TS . TS - _

— Ezow(k) - gzw(k +1) z=a,bc. (12)

When the sampling frequency is much higher than the fun-
damental frequency of output voltages, the load currents of
the 3P-4W-3L-VSI can be assumed to be constant within one
sampling period, which is written as

oz (k+ 1) & ipe (k)
Substituting (13) into (12), it can be written as
Ver(k+2) =

T2 T2 oT, TR
TaViolb) + (1= 75 Vel + (T - T2 ) 1)
2,

— Fiom(k)

To minimize the cost function, the following condition should
be satisfied.

r=a,b,c . (13)

rz=a,b,c . (14)

9900 (Voo () _

Voo (k)
99eb (Vo (k) _
vt =0 (15)
99cc(Veo (k) _
OVeo(k)
Combining (10) and (15), following equation is derived:
g = —2(Viu(b +2) = Vi (k +2)) Tl = 0
Dl — —2(Vy(k+2) — Viyk + 2) Gl = 0
0gce(Veo(k)) * cc(k _
OaeelVes() — (Vi (k +2) — Vi, o(k +2)) Sl —(106)

Substituting (14) into (16), the output reference voltage
V0" (k) (x = a, b, c) at the (k)th sampling instant is expressed as
Vio(k) =
2L 2L LC
7‘()9:]{ - T ZL’k 11— — ‘/ca:k
g+ (R )+ (1= 77 Vet
+ F5VL(k+2) z=ab.ec (17)

The capacitor voltage reference V* ., (k+1) (x = a, b, ¢) at the
(k+1)th sampling instant can be obtained by linear interpolation
theory, which is written as

Vee(k +1) = 3V (k) = 3Ve(k — 1) + Vi (k - 2)

(x =a,b,c) . (18)
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Similarly, the capacitor voltage reference V* . (k+2) (x = a,
b, c) at the (k+2)th sampling instant can be obtained as

Ve (k+2) = V5 (k + 1) — 3V (k) + Vi (k — 1)
(x =a,b,c) .
Substituting (18) into (19), it is obtained as
Vi (k+2) = 6V2, (k) — 8V2, (k — 1) + 3V, (k — 2)

19)

(x =a,b,c). (20

Substituting (20) into (17), the output reference voltages at
the (k)th sampling instant are written as

2L 2L LC

(k) = - zk 7.01’]{5 11— — czk

Ve = (R= 3 )ial) + Grin() + (1= 25 ) Vel

S S

LC * * *
r=a,b,c. 20

The second-order derivative of cost function (10) can be
obtained as

02900 (Vao(K) _ 0290s(Vio(K)) _ 0gec(Vio(K))
OV, (F)? OV, (k)? oV, (k)"
9\ 2
=2(ZSC> > 0. 22)

Since (22) is nonnegative, the first-order derivative of cost
function (10) is monotonically increasing, and it intersects with
the zero axis. Thus, the output voltages in (21) are the optimal
voltage vectors.

B. Balancing the NP Voltage

Carried-based pulsewidth modulation (CBPWM) owns a lot
of advantages, such as easy implementation, good steady-state
performance, and so on. Thus, it has been widely utilized in
power converters. To balance the NP voltage for the 3P-4W-
3L-VSI, zero sequence injection based CBPWM is proposed.
For the 3P-4W-3L-VSI, each phase is independently controlled
without coupling between different phases. Thus, only phase-a
of the 3P-4W-3L-VSI is analyzed and the other phases can be
analyzed in a similar way. The principle of CBPWM for the
3P-4W-3L-VSI s depicted in Fig. 4. In terms of the volt-second
balance principle, the duty times of different output voltages are
written as

Tal = %TsvTaO :2‘2}*_‘%)1—‘8’1—’0,;'1‘/?‘0 (V;o>0)
Tal:07Ta0:(1_T?)TsaTa—1:ﬁTs (Va*o<0)
(23)

where T, (z = 10,—1) means the duty times of level z output
voltage for phase-a of the 3P-4W-3L-VSI.

As shown in Fig. 2, it can be summarized as follows:

1) The dc-link upper capacitor is discharged with i, > 0 or
charged with i, < 0 when the phase-a output voltage level
is 1, and the corresponding dc-link lower capacitor volt-
age will increase or decrease due to the constant dc-link
voltage.
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Fig. 4. Principle of CBPWM for phase-a. (a) Vo > 0. (b) V4o < 0.

TABLE 11
INFLUENCE ON THE DC-LINK VOLTAGE WITH DIFFERENT OUTPUT LEVELS
AND PHASE-A CURRENT

Output i Vip Viow
level
>0 decrease increase
1 <0 increase decrease
>0 remain remain
0 <0 remain remain
>0 decrease increase
-1 <0 increase decrease

2) The dc-link upper and lower capacitor voltages keep un-
changed when the output voltage level is zero.

3) The dc-link lower capacitor is discharged with i, > 0 or
charged with i, < 0 when the phase-a output voltage level
is —1, and the corresponding dc-link upper capacitor volt-
age will decrease or increase due to the constant dc-link
voltage.

Based on the above analysis, the influence of i, and the output
voltage level on the dc-link upper and lower capacitor voltages
are summarized in Table II.

The carrier waveform frequency of CBPWM is much higher
than the fundamental frequency of the output voltages of the
3P-4W-3L-VSI. According to (23), the NP current influenced
by the phase-a current ixp  is expressed as

2|Vaol

INPq = lq-

Vie 24)
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Thus, the total NP current i,, influenced by three-phase
currents is obtained as

an - Z 'LNPx - ‘

z=a,b,c

Vaolia + [Viol ib + [Vio| ic). (25)

In Fig. 1, the dc-link upper and lower capacitor currents can
be expressed as

. (26)
fep = Cyo Do

In terms of (26), the NP current i,,;, of the 3P-4W-3L-VSI is
obtained as

. dV,
{ lel = C’d(: tup

. AVigw AV View — V4 dAVA
inp = Clc dlg ~Cae—gp = Cee e dt g = Ce déz;

where AVyp represents the voltage difference between the
dc-link upper capacitor voltage and the dc-link lower capacitor
voltage.

From (27), it can be obtained as

1
AVNP - a /'andt

Substituting (24) into (28), the influence on AVyp , for phase-
a in the current cycle is expressed as

1 [t 2|v
/ | ao| Zadt
C’dc t1 Vgic

where T, means the period time of phase-a current.

As seen in (29), the voltage difference AVyp, in the period
time become zero if the positive cycle and negative cycle of
phase-a current are symmetrical, which means the NP voltage
will fluctuate with fundamental frequency. The same conclusion
can be obtained for phase-b and phase-c. When zero-sequence
current /g, is injected into phase-a of the 3P-4W-3L-VSI, the
influence on AVpy, for phase-a in the current cycle is expressed

as
1 /“”w 2l
ig + Lo )dt
C(dc ty Vdc ( dC)

Lot 2|vg|
Cdc / V;lc desa

where /4.5, is the sum of phase-a dc offset current and the
injected zero-sequence current /..

From (30), it can be found that the NP voltage can be effec-
tively controlled by injecting a proper zero sequence current.
According to (21), the output reference voltages with injecting
zero sequence currents at the (k)th sampling instant is expressed
as

(28)

AVpa = (29)

AVvNPa =

(30)

Vi (k) = (R - 2L> (i (k) +Lacz (K))

T
2L LC
+ Tslox(k) + <1 — T82>Vca:(k)
LC * *
+3Vg;(k—2)) x =a,b,c. (31)
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As seen from (31), the NP voltage of the 3P-4W-3L-VSI
can be effectively controlled by injecting proper zero sequence
voltages [22]. This gives new output voltage references at the
(k)th sampling instant as shown as

rzfa(k) -
Vi (k) =
ref(,( )

where V¥ efa, V5o, and V¥ et indicate the new output voltage
references, Voffsetas Voffsetd, and Vogset o represent the offset
voltage that is injected to control the NP voltage.

Three phases of the 3P-4W-3L-VSI will together influence the
NP voltage. Thus, the injected zero-sequence voltages of three
phases can be set to the same, which is set as

Va*o (k) + Voffsem,(k)
‘/b*o ( ) + ‘/Offsetb(k)
V* ( ) + V;)ffsetc(k)

(32)

‘/I)ffseta = Voffsetb — V:)ffselc = Voffset- (33)

The injected zero sequence voltage V,gser should satisfy the
following condition:

Vr;klax < V;o + V;)ffset < Vmax

Vnﬁax < Vb* + Vofser < Vmax

V* < V + %ffset < Vmax

max —

(34)

where V¥ .« means the maximum amplitude of three-phase
output voltages.

In terms of above analysis, the offset injection voltage Vi gset
can be expressed as (35) in terms of AVyp. As shown in
(34), it can be observed: 1) the zero-sequence current Vgrset
is positive when the upper capacitor voltage is larger than the
lower capacitor voltage; and 2) the zero-sequence current Vi get
is negative when the upper capacitor voltage is smaller than the
lower capacitor voltage

Vd *
V < deX
offset —
‘/:j *
-2t Vinax

(AVhp <0)

(35)
(AVip > 0).

Following the above analysis, the control strategy for the
T-type 3P-4W-3L-VSI is depicted in Fig. 5. As shown Fig. 5,
the output voltage references of the VSI can be obtained by the
proposed CCS—-MPC according to the VSI output currents, load
currents, and output capacitor voltages. Then, the pulses of the
VSI power switches can be obtained by sinusoidal pulsewidth
modulation. The proposed CCS—-MPC can be easily imple-
mented using common microcontrollers shown in Fig. 5.

IV. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed CCS-MPC with
modulated voltage vectors algorithm, an experimental platform
is built based on a DSP TMS320F2808, and PWM pulses are
extended by a complex programmable logic device EPM7256.
It is shown in Fig. 6. The output voltages (V.q, Vep, Vo) are
sampled by LEM voltage sensors, and the inductor currents (i,
ip, i) and the load currents (i,q, Iob, ioc) are sampled by LEM
current sensors. Detailed experimental parameters are listed in
Table III.

The testing conditions of the proposed CCS—-MPC algorithm
are listed as follows:
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Fig. 5. Control strategy for the T-type 3P-4W-3L-VSI.
TMS320F2808
CPLD EPM7256
Fig. 6. Experimental platform.
TABLE III
EXPERIMENTAL PARAMETERS
Parameter Description Values
Ve dc input voltage 260V
Cue dc filter capacitor 1000 pF
L Filter inductance 3 mH
C Output filter capacitor 4.7 uF
R Filter total resistance 0.01Q
§A Sampling frequency 16 kHz

Condition 1: The amplitude and the frequency of output voltages
are set to 120 V and 50 Hz without loads (R, = R, = R. =
o (), respectively.

Condition 2: The amplitude and the frequency of output voltages
are set to 120 V and 50 Hz with balanced resistance loads (R,,
=Ry, = R. = 60 ), respectively.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 4, APRIL 2023

AN
' o+ =

N

LLE

l VCG

@

VANIVANGVAN
= L

AN AN AN

~
&
o
1L
ly

(b)

Fig. 7. Nonlinear loads. (a) Single-phase nonlinear load. (b) Three-phase
nonlinear load.

Condition 3: The amplitude and the frequency of output voltages
are set to 120 V and 50 Hz with balanced resistance loads (R,,
=Ry, = R. = 30 ), respectively.

Condition 4: The amplitude and the frequency of output voltages
are given as 120 V and 50 Hz with unbalanced loads, respec-
tively. The phase-a is with nonlinear load shown in Fig. 7(a)
(C,, =100 uF, R,, = 23 ), and phase-b and phase-c are with
resistance loads (R, = R. = 30 Q).

Condition 5: The amplitude and the frequency of output voltages
are set to 120 V and 50 Hz with nonlinear load displayed in
Fig. 7(b) (C,, = 100 uF, R,, = 23 Q), respectively.

Condition 6: The amplitude and the frequency of output voltages
are kept the same with Condition 1, the balanced resistance
load is stepped from 60 to 30 €.

Condition 7: The amplitude and the frequency of output voltages
are kept the same with Condition 1, the balanced resistance
load is stepped from 30 to 60 €.

Condition 8: The VSI operates in Condition 4, then, the phase-a
load is suddenly changed from nonlinear load to no load.

Condition 9: The VSI operates in Condition 5, then, the phase-a
load is suddenly changed from nonlinear load to no load.

A. Steady-State Experimental Results

The steady-state performance of the proposed CCS-MPC
algorithm has been evaluated. Fig. 8 displays the steady-state
output voltages (V.4, V1), phase-a load current i,,, the dc-link
upper capacitor voltage V,,, and Fast , (FFT) of the phase-a
voltage V., under Condition 1, Condition 2, and Condition 3.
The waveform of phase-c output voltage V. is very similar to the
phase-a output voltage V., with only a phase shift. Furthermore,
the waveforms of phase-b and phase-c load currents (i, and i,.)
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Fig. 9. Steady-state experimental results with nonlinear loads. (a) and
(b) under Condition 4. (c) and (d) under Condition 5.

are very similar to the phase-a load current i,, with only phase
shifts. Thus, the experimental waveforms of V., i,p, and i, are
not shown. The following points can be observed from Fig. 8:
1) output voltages are sinusoidal with the THD less than 3%
under different loads, 2) the amplitude of output voltages is well
controlled at 120 V under different loads, 3) the dc-link capacitor
voltages are well balanced at 130 V with the peak-to-peak
ripple less than 10 V, and 4) main high-order harmonics are
concentrated at the sampling frequency and its multiples such
as 16 and 32 kHz, indicating an FSF. Fig. 8 demonstrates that
the proposed CCS—-MPC has excellent output voltage reference
tracking capacity while maintaining a well-balanced NP voltage
and an FSF.

The corresponding experimental results with nonlinear loads
under Condition 4 and Condition 5 are depicted in Fig. 9. The
following conclusions can be drawn from Fig. 9:
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1) The output voltages are sinusoidal, and the THD values of
phase-a output voltage under nonlinear loads are 4.30%
and 4.95%, respectively. Compared to linear loads shown
in Fig. 8, THD values become larger due to nonlinear loads
with higher low-order harmonics, such as fifth and seventh
harmonics.

2) The amplitude of output voltages is well controlled at
120 V.

3) The dc-link capacitor voltage is well balanced with the
peak-to-peak ripple less than 15 V.

B. Dynamic Experimental Results

To further verify the validity of the proposed CCS—-MPC
algorithm, some dynamic tests have been carried out. Fig. 10
displays the dynamics of the output voltages (V.,, V), phase-a
load output current i,,, and the dc-link upper capacitor voltage
Vup under Condition 6 and Condition 7. The corresponding
dynamic responses under Condition 8 and Condition 9 are shown
in Fig. 11.

It can be seen from Figs. 10 and 11 that 1) the output
voltage waveforms remain sinusoidal under load step change,
and 2) the upper capacitor voltage is well controlled at the
desired voltage during dynamics. Therefore, it can be concluded
that the proposed CCS—-MPC endows strong robustness for load
disturbances due to its fast dynamic response.

C. Experimental Results of Deadbeat Control

Deadbeat control (DBC) is widely utilized in power convert-
ers due to its simplicity and easy implementation by DSPs.
DBC for the four-wire inverter proposed in [53] is utilized to
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compare with the proposed CCS-MPC algorithm, which can
provide balanced sinusoidal output voltages under balanced
and unbalanced loads. Each output voltage reference of the
3P-4W-3L-VSI at the (k)th sampling instant can be obtained
in terms of DBC law, which is expressed as

V;“*efa(k) :‘/c*a (k)+RZa(k)+L( ( ) a( ))/TS

Viers(k) = Vi, (k) + Riy (k) + L4, (k) — 4, (k) /Ts

r*efc(k) = ‘/c*c (k) +R7’c(k) +L(’L ( ) c(k))/TS
(36)

i (k) = ioq (k) + C(Vey (k) — c o(k))/Ts

ip(k) = igy (k) + C (Ve (k) — Vi (k) /Ts 37

ie(k) = e (k) + C(Vee(k) = Ve () /Ty

where i* (k) (x = a, b, c) represents phase-x inductor current
reference at the (k)th sampling instant.

Fig. 12 below displays the steady-state output voltages (Vq,
V), phase-aload current i, the de-link upper capacitor voltage
Vup, and FFT of the phase-a voltage V., under Condition 3 and
Condition 4. From Fig. 12, the following observations can be
made: 1) output voltages are sinusoidal with THD values 2.70%
under Condition 3 and 4.57% under Condition 4, and 2) the
dc-link capacitor voltages of the 3P-4W-3L-VSI are controlled
at 130 V with the peak-to-peak ripple less than 10 V. Comparing
Fig. 12 with Fig. 8, it can be concluded that the proposed CCS—
MPC owns better steady-state performance, which illustrates the
effectiveness of the proposed MPC.

D. Parameter Sensitivity Evaluation

In practice, the filter inductance L and the filter capacitor C
vary with respect to operating environment, such as temperature
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Fig. 12.  Steady-state experimental results for deadbeat control in [53]. (a) and
(b) under Condition 3 (c) and (d) under Condition 4.

and frequency. To evaluate the robustness of the proposed CCS—
MPC algorithm, the real filter parameters of the 3P-4W-3L-VSI
have been changed. The filter inductance change rate AL and
the filter capacitor change rate AC are defined as

AL = Ll 50 100% 38)
AC = Lc‘fm % 100% (

where L, and L,,, mean the actual filter inductance value and the
model filter inductance value used in the MPC algorithm, respec-
tively. C,. and C,, represent the actual filter capacitor value and
the model filter capacitor utilized in the CCS—-MPC algorithm,
respectively. In the system, model filter L,,, and C,, are kept as
L,, =3 mH and C,, = 4.7 uF, whereas the actual filter L, and
C, are changed under different operations. Parameter sensitivity
of the phase-a output voltage THD Condition 3 for the proposed
CCS MPC is listed in Table III. The following observations can
be made from Table III: 1) the THD value decreases or increases
with increasing or decreasing the real filters L, and C,, 2) the
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TABLE IV
PARAMETER SENSITIVITY EVALUATION
AL -50%  -30%  -10% 0% +10% +30% +50%
THD 3.38% 298% 2.63% 236% 228% 2.01% 1.87%
AC -50%  -30% -10% 0% +10% +30% +50%
THD 3.32% 295% 2.63% 236% 226% 198% 1.81%
TABLE V
DIFFERENT MPCS COMPARISON
MPCs Complexity Loads THD  Switching Dynamic
frequency response
MPC high unbalanced  high VSF fast
[33] loads
MPC high unbalanced  high VSF fast
[34] loads
MPC high balanced low FSF fast
[44] loads
MPC low balanced low FSF fast
[46] loads
Proposed low unbalanced low FSF fast
MPC loads

THD value is less than 4% with high-quality output voltages
even with 50% filter parameter variation, and 3) the THD value
has almost kept unchanged with filter parameters varying in
the range from —10% to +10% that is usually considered as
the practical condition. From Table IV, it can clearly illustrate
that the proposed CCS—-MPC endows strong robustness for filter
parameters.

E. Comparison of Different MPC Algorithms

The performance of different MPC algorithms has been eval-
vated and is listed in Table V. Noticeably, term “complexity”
refers to the execution time when implementing different MPC
algorithms. In terms of complexity, supplying loads, THD,
switching frequency, and dynamic response, it can be found
that the proposed MPC has excellent performance. Thus, the
proposed CCS-MPC of T-type 3P-4W-3L-VSI can be applied
in distributed generation systems in the future.

V. CONCLUSION

A new MPC with modulated voltage vectors is proposed for
LC-filtered four-wire three-level VSI in this article. Compre-
hensive experiments are carried out to verify effectiveness and
correctness. Some conclusions are summarized as follows:

1) Itcontributes to producing satisfying control performance
under three-phase unbalanced loads while achieving NP
voltage balance and FSF.

2) Output voltages are sinusoidal with THD less than 5%
under linear or nonlinear loads.

3) The proposed CCS-MPC is robust to load disturbances
due to its fast dynamic response.

4) The proposed CCS-MPC has strong robustness for filter
parameters, and the THD value is less than 4% with high
quality of output voltages even with 50% filter parameter
variation under linear loads.

In a word, the proposed CCS-MPC of 3P-4W-3L-VSIs has
wide application prospects in distributed generation systems.
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