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Deadbeat Model Predictive Control with Virtual
Voltage-Vectors to Achieve Constant Common-
Mode Voltage for Three-Level T-type Converters
Considering Dead-Time Effects
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Abstract—Three-level converters have received great
attention in common-mode-voltage (CMV) suppression due to
their potential to achieve zero- or constant CMV. To achieve
constant CMV under the influence of dead time (DT) effects,
the use of model predictive control (MPC) provides the
possibility. However, the fewer candidate vectors lead to a
deterioration in power quality and there may still be some
CMV spikes present. To achieve constant CMV as well as
maintain high-quality current output, a deadbeat model
predictive control with virtual voltage-vector (DB-MPCVV?) is
proposed. First, based on the constant CMV analysis of three-
level T-type converter (3LT2C) considering DT, virtual voltage-
vectors (VV?s) are established. Second, to alleviate the
computational burden, deadbeat (DB) control is used. Finally,
a specific control method based on the 7th current sector has
been proposed to avoid the potential CMV spikes caused by
current polarity misjudgment. Simulation and experimental
results show that the proposed DB-MPCVV? method can
effectively achieve constant CMV while maintaining high
power-quality current output.

Index Terms — common-mode voltage (CMV), dead-time
(DT), virtual voltage-vector (VV?), power quality.

I. INTRODUCTION

OLTAGE source inverter plays an important role in a

wide range of grid-connected photovoltaic (PV), active
power filter and motor drive systems [1-5]. However, its
inherent common-mode voltage (CMV) problem limits its
further development. The large variation in CMV will not
only lead to leakage current, motor insulation failure and
other problems [6-8], but also produce electromagnetic
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interference (EMI) noise which is detrimental to sensitive
electronic components in the whole system, resulting in the
collapse of system. Currently, there are some ways to
suppress CMV [9, 10]. 1) Using active or passive filters. 2)
Inverter topology improvement. 3) Control method
improvement [11-13].

The use of active or passive filters allowed the inverter to
suppress CMVs while considering other performance [14].
However, this method would make the cost and volume of
the entire inverter system unsatisfactory. Topology
improvement may alleviate this problem to some extent.
Topology improvement requires the addition of additional
devices to the conventional inverter topology. For example,
additional switches were added to the three-phase two-level
inverter to form the H7, H8 and H10 topology [15-18]. This
type of topology all share a common feature: They limit the
overall CMV amplitude by operating additional switches
during the zero-voltage-vectors (ZVVs). Further, on the
basis of the H8 topology, diodes or capacitors were added to
obtain a better CMV suppression effect [19, 20]. But the
topology improvements mentioned above could reduce
CMV by up to 66% at the cost of power quality and
modulation index. To optimize the overall performance of
inverter, some improved topologies which consider both the
boost capacity and the CMV suppression were developed.
For instance, in [21], a modified impedance source inverter
was proposed. Its CMV is suppressed to one-sixth of the DC-
link voltage (V) and the output voltage gain is enhanced.
However, the choice of inductors and capacitors in this
topology increases the complexity of the system design and
the system loss inevitably increases. In [22], T. T. Tran et al.
proposed a novel three-phase constant CMV inverter
(CCMVI) based on the switched-capacitor voltage multiplier.
Although the V4. of CCMVI is stepped up to triple of the
input voltage, it is worth noting that the inrush current of the
capacitors and high conduction loss are the main drawbacks.

To reduce the number of additional devices and improve
the CMV suppression ability, many improved control
methods are used in inverters. In [23] and [24], active zero
state PWM (AZSPWM) or near state PWM (NSPWM)
pulse-width-modulation (PWM) strategies were used, the
CMV could be reduced by 66.6%. However, these
modulations exclude the ZVVs thus leading to the
deterioration of total harmonic distortion (THD). To
eliminate this drawback, multilevel inverter topologies can
be used. In [25], an improved virtual space vector pulse-
width-modulation strategy with three-level neutral point
clamped converter (3L-NPC) was proposed, the amplitude
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of CMV was suppressed within £Vq¢/6. To achieve constant
CMV, a six medium and one zero vectors (6MV1Z)
modulation was presented based on 3L-NPC topology [26].
The reference voltage vector (VV) was composed by using
only the medium vectors and the zero vector. Similarly, in
[27], an easy-to-implement 6MV1Z modulation based on a
novel three-level embedded-switch inverter (ESI) topology
was proposed. In addition, discrete space vector modulation
(DSVM) was used in 3L-NPC to achieve constant CMVs
and high power quality current output [28, 29]. However,
these methods do not consider the influence of the dead-time
(DT).

To prevent the short circuit through of voltage converters,
DT control are usually inserted between the gate signals of
two switches in one leg, but the DT may cause unexpected
CMV spikes. To address this issue, model predictive control
(MPC) technology was improved in [30-34]. In [30], the
CMV-generated pattern during the DT between two active
voltage vectors was analyzed and the proposed method not
only allowed all vector transitions without the peak CMVs
but also improved the current THD. However, it is still a
large CMV range (Vqc/4 to 3V /4). In [31] and [32], all the
VV switching combinations that may generate CMV spikes
during DT were pre-excluded, the range of CMV was
significantly reduced. However, the reduced number of the
candidate VVs leads to an increase in the current THD. In
[33], a hybrid VV preselection strategy which makes full use
of the six nonzero VVs was proposed to reduce current THD
and eliminate the effects of current polarity misjudgment
during the zero crossing which also may incur CMV spikes.

From the existing literature reviews, it is clear that there
is a need to offer superior power quality and achieve constant
CMV considering DT effect. Inspired the CMV analysis
during DT of three-level T-type converter (3LT2C) in [35].
A deadbeat model predictive control with virtual voltage-
vector (DB-MPCVV?) is proposed. The DB-MPCVV? has
some features: 1) Virtual voltage-vectors (VV?2s) are
established to improve the power quality of the output
voltage. 2) The deadbeat (DB) control is used to alleviate the
computational burden. 3) The potential CMV spikes are
eliminated by adding the 7th current sector. In summary, the
main contributions can be concluded as follows:

1) Based on the constant CMV analysis of 3LT2C in [28]
and [35], the VV?s considering DT are proposed. Thus, the
reduction on the THD of the output current can be achieved.

2) According to the DB control, the control strategy in
space vector area of each current sector is divided into three
cases, which alleviate the computational burden and full
range utilization of the modulation index.

3) Based on the hybrid VVV preselection strategy in [33],
the 7th current sector is also considered and the theoretical
basis for designing the 7th current sector is also be provided,
the results indicating that this technique could eliminate
CMV spikes caused by current polarity misjudgment.

The arrangement of this article is as follows: Section Il
introduces the CMV problem of 3LT2C topology
considering DT. In Section Ill, model of the 3LT2C is
presented, and the corresponding prediction equation is
established. In addition, this section describes the design and
implementation of the proposed DB-MPCVV? method, and
a block diagram of the DB-MPCVV? is presented.

Simulation and experimental results are presented in
Sections 1V and V, which validate the effectiveness of the
proposed method. Finally, Section VI concludes this article.

II. ANALYSIS OF CMV FOR 3LT2C TOPOLOGY

A. Topology of a Three-Level T-type Converter (3LT2C)
The structure of a 3LT2C VSI topology is shown in Fig. 1

and this topology consists of twelve insulated-gate-bipolar-
transistor (IGBT) power switches and two capacitor dividers.
IGBT Ty and Tys form the horizontal bridge arms, Tx and
Txa form the vertical bridge arms (x = a, b, ).

The state of each phase can be represented by the vectors
"1","-1"and "0", and the switching states of the four IGBTs
in each phase, the output voltage has three voltage levels, as

given in Table I.
Ee
| |

P

+

.
U ==

Fig. 1. The 3LT?C topology.

TABLE |
SWITCHING STATES OF THE 3LT?C TOPOLOGY
Vector T Ty Tua Ty Vout
1 ON (1) ON (1) OFF OFF Vel2
(0) (0)
0 OFF (0) ON(1) ON(1) OFF 0
-1 OFF (0) OFF(0) ON (1) 0) -Ve/2
ON (1)

Since each phase contains three vector states, the 3LT?C
topology has a total of 27 VVVs: six long vectors, six medium
vectors, twelve small vectors, and three zero vectors. The
space voltage vector diagram of 3LT2C is shown in Fig. 2.

-11-1 01-1 110

Fig. 2. Space voltage vector diagram of 3LT2C converter.
The CMV of the 3LT?C topology could be defined as (1):

Vo, = (VAN +VZN +Ven ) )
where Vcm is CMV. Van, Ven, and Ven are the voltages
between points A-N, B-N, and C-N, respectively.
According to the definition of CMV, all CMV values are
listed in Table II. Obviously, to reduce the variation range of
CMV, it is necessary to limit the use of VVs. It may be
observed that in order to obtain a constant CMV, it is a good
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TABLE II
Relationship between the VVs and CMV

Voltage vectors CMV

111 Ve

011,101,110 5V4/6

100, 010, 001, -111,1-11,11-1 2V4ol3

000, 01-1, -110, -101, 0-11, 1-10, 10- Va2

1
-100,0-10,00-1,1-1-1, -11-1, -1-11 Vo3
0-1-1, -10-1, -1-10 Va6
-1-1-1 0

choice to use six medium vectors and one zero vector
(6MV1Z: 000,01-1,-110,-101,0-11,1-10,10-1) [26].

B. CMV Problem Considering Dead-Time.

Semiconductor devices are non-ideal switches, the DT is
inevitably needed in practical application to prevent the
shoot-through faults. New switching states will be generated
during DT and Fig. 3 depicts the new six switching states
(DT, X = 1-6). When the inverter is operating in one of the
six switching states, the CMV spikes may occur and this
needs to be analyzed in conjunction with the output current
of inverter. The sectors and current directions are
summarized in Table 111

DT,(1100) DT5(0110)
14 DT, D)
0100
0000 0010
DT, @ DT,
R~
DTe(0011)
Fig. 3. The new switching states during DT in 3LT%C.
TABLE Il
CURRENT SECTOR DIVISION
Sector Current Sector Current
1 i1a>0, ib<0, ic>0 4 1a<0, ib>0, ic<0
2 ia>0, ib<<0, ic<0 5 ia<0, ib>0, ic>0
3 12>0, k>0, ic<0 6 12<<0, ib<<0, ic>0

Taking the second current sector and the VV "01 -1 to
000" as an example [DT type: phase A (DTs), phase B (DT1),
phase C (DTs), the direction of output current: i.>0, i,<O0,
ic<0], as shown in Fig. 4, the Van is 0.5Vqc, Ven iS Ve, Ven 1S
0.5Vqc, so that the CMV is 2Vqc/3, not 0.5V, there isa CMV
spike.

Vew=2Va/3  Van=05Vee Ven=Vae Von=0.5V
Fig. 4. The converter output phase voltages during DT (i, <0, i, > 0, ic <0).
To address this CMV spike issue, a novel MPC method,
called CMV elimination (CMV-EL), is proposed in [35]: the

candidate VVVs are redesigned by pre-excluding the VVs that
would cause CMV spikes during the DT from 6MV1Z, only
three or five VVs are included to perform optimization in
every control period.

(@) (b) ©
Fig. 5. The candidate vectors of CMV-EL in current sectors. (a) Sectors 1
and 4, (b) Sectors 2 and 5, (c) Sectors 3 and 6.

Although this CMV-EL method could effectively solve
the DT problem, it also has the following drawbacks: 1) Due
to the insufficient number of VVs used for the current

tracking, the phase current THD is poor. 2) The polarity
misjudgment of currents during the zero crossing also may
cause some CMV spikes.

I1l. DEADBEAT MODEL PREDICTIVE CONTROL WITH
VIRTUAL VOLTAGE-VECTOR (DB-MPCVV?)

A. Discrete Model of 3LT?C Topology with RL Load

To predict the future state of current, a discrete-time
model of the 3LT?C topology with RL load is developed. As
shown in Fig. 1, according to Kirchhoff’s law, the circuit
equation of the 3LT2C topology with RL load can be derived
as follows:

d_l — _E I + Vdc
dt L 2L
where | = [i,, ib, ic]", represent three-phase inverter output
current, U represent the VVs, such as [1 -1 0]",[1 0 1] " in
Fig.2. The state-space equation of (2) is expressed as follows:

{;((t) — AX(t) + Bu(t) @)
y(t) =Cx(t)

The state matrix A, input matrix B, and output matrix C in
(3) are expressed as follows:

U )

_R 0 O Vee 0 0
L L 2L,
A=l 0 -—— O B=| 0 % 0
L & 2L,
0o 0 —-— 0 0 =
i L 2L
(1 0 0
C=|0 1 0 4
0 0 1

Eq. (3) needs to be discretized by using the Du Hamel
formula. Therefore, its discrete-time prediction model can be
derived as follows:

X(k +1) = Gx(k) + Hu(k) 5)
y(k+1) =Cx(k+1)
where G =eATs, H =-Al(l - G) B, T; represents the sampling
time.
B. Virtual
Control
The basic principle of discrete space vector modulation

Voltage-Vectors Syntheses and Deadbeat
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(DSVM) is that, in each sampling period, VV?s can be
synthesized by applying several VVs for prefixed time
intervals [36]. Therefore, the number of VV?2s depends on
the number of copies divided at each sampling period. If one
sampling period is evenly divided into N parts and the
switching restrictions between VVs are not considered, the
definition of VV?s is as follows:

Vvir — Z TjereaI (6)
i=1,2,3
Where V7% is expressed by
real TS
Vj I :[VO’VI""’V7]' Tslzﬁ (7

Fig. 6 shows the virtual voltage vector diagram of the
3LT2C. If N=3, 37 VVs can be synthesized in Fig. 6. Itis
worth noting that if all 37 VVVs are used as candidate vectors,
the computational burden will be enormous. Therefore, it is
necessary to reduce the number of candidate vectors.

1-10(Vs)

0-11(Va)

Fig. 6. The virtual voltage vector diagram of the 3LT?C.

To facilitate the implementation of the proposed DB-
MPCVV? method, the VV? diagram will be divided by
current sector. As shown in Fig. 6, the yellow area is the VVs
that can be involved in the first current sector.

Fig. 7 shows the control strategy for the first current sector.

As shown in Fig. 7(a), there is a limitation of VV switching
in the first and fourth current sector, so the VV?2 synthesis
needs to be reconsidered. In Fig.7 (b), since Vs and V4 can’t
be switched with each other, the VVV2s at D, E would not be
synthesized. Similarly, Ve and Vo can’t be switched with
each other, so the VV? at point F can’t be synthesized. In
addition, the VV? synthesis at point C could be realized in
two schemes: [V4, Vo, V5] and [Vs, Vo, V4]. In order to avoid
the situation where V4 and Vs are adjacent to each other, so
the two synthesis schemes need to be adopted alternately
with each other.

As shown in Fig. 7(b), the use of V\?s would be presented
in three cases. M :The pink area. Since VV?2s cannot be
synthesized at point D and E, the CMV-EL strategy will be
used in this area. @: The cyan triangular area. When the
reference VV stays in this area, the VV?2s on the three
vertices will be used as candidate vectors. @: The blue
trapezoidal area. Since the VV? at point F cannot be
synthesized, the VV?s at the four vertices will be used as
candidate vectors when the reference V'V stays in this area.

J
AN 10-1(Vy)
Lo o
£1000 7%, I 000(Vo)
N 11-10} i
‘Q (Vi) 1-10(Vs)
vy
0-11(Vs)
(@) (b)

Fig. 7. Control strategy for the first current sector. (a) Candidate vectors in
sectors 1 and 4. (b) VV area division in the first current sector.

It is known that control-delay always exists in practical
application. To alleviate the delay effects, a simple solution
of determining the reference VV at the (k+1)th instant [28]
and the reference VV can be obtained as follows:

Vo(k+1) = (R+TL)i;(k +1)_TLi;(k)

L L. ®)
Vy(k+1) = (R+_|_—)|;(k +1)—T—|;(k)

sl sl

The reference current i*«(k +1) (x = a,8) can be obtained
by the Lagrange extrapolation theorem as follows:

{i; (k+1) =31’ (k)-3i, (k-1 +i,(k—-2) ©)
iy (k+1) =3i,(k)=3i (k=1) +i,(k-2)

In this way, the coordinates of the reference VV in the
af0-stationary frame also can be obtained. The coordinates
make it possible to know the location of the reference VV
and thus select the adjacent vectors in that location.
Therefore, the number of candidate vectors is reduced.

To verify the effectiveness of DB strategy in reducing
computational burden, four control methods were selected
for comparison. This verification is based on MATLAB and
the operation is to run the cost function of different control
methods 100,000 times, then monitor the calculation time
through profiler.

Computational burden

CMV-EL 0.987

6eMV1Z 1.416

DBIMRCVV 1.472

Conventional MPQ | 3.524

0 0.5 1 15 2 25 3 35 4
Time(s)

Fig. 8. The comparison of computation burden.

According to the comparison results, it can be seen that
DB strategy greatly reduces the computational burden
compared to conventional MPC, with a small difference
compared to 6MV1Z. Although there is a certain
computation gap compared to CMV-EL, the THD
performance is another important rating criterion. This
would be presented in the simulation and experimental
sections.
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C. DB-MPCVV? Strategy

As described in cases @ and @) above, three or four VVs
are the optimal candidate VVVs when the reference VV stays
in the corresponding area. Taking case @ as an example, the
VV?3s of the three vertices of the triangle are [V1,Vs,Vs],
[Vo0,Vo,Vs], [Vo,V5,Vs]. These three candidate vectors will
be evaluated by the cost function, so as to select the most
appropriate one. The cost function in this paper is as follows:

X, = Gx(K)+HV,
X, =Gx + HV,,

(10)
X(k+1) =Gx, + HV,,
I(k+1) = y(k +1) = Cx(k +1)
gv) =[1(k+D)— 1" (k+D)|’ (11)
Vbest = arg min g(\/|) (12)

i=1,2,3
where Vi, Viz, Vis represent the three candidate VVs. 1" is the
reference current.

| 4 ; T3 ; T3 ; Ts/3;
v Vi

I ref |
L| (V1VsVs)

alV
TR (VVeVs)
...... x
|
| V"—y >
tk+1 t

Fig. 9. Current tracking comparison of the conventional MPC and the DB-
MPCVV2,

The current under the action of three VV?s is shown in Fig.
9. If only one VV is used in sampling period, Vo would be
the best choice; if use three VVs, [V1, Vs, Vs] would be the
best choice. Obviously, the use of Vs could help to track
the reference current better in one sampling period, so the
DB-MPCVV? method have a better power quality.

Fig. 10. Area number of VVs.

To identify the area where the reference VV stays in, the
area needs to be numbered. As shown in Fig. 10, the yellow
axis is divided into six parts (do: -3, -2, -1,1 ,2,3). The area
between the red lines is labeled as 3,2,1,0, -1, -2 (d1) and the
blue are numbered as 3,2,1,0, -1, -2 (d»), so that each area
has a coordinate number [do, d1, d2], such as [111], [212],
[202] in Fig. 10.

D. The 7th Current Sector Control Strategy

The polarity misjudgment of output currents during the
zero crossing may resultin CMV spiking problems. To solve
this problem, the identification method of current sector in
[33] is adopted in this paper. As shown in Fig. 11, an
additional current sector has been added between the
adjacent current sectors, the 7th current sector (1-2, 2-3, 3-4,
4-5, 5-6, 6-1), and the w is the distance from the intersection
of the current with the 7th sector to the horizontal axis. The
width of the 7th current sector is controlled by w, and the
calculation of w can be referred to [33].

The 7th %urrent sector

A
6-1 1-2 2-3 3-4 4-5 5-6 6-1:
¥ v \
cUrremlizisiLis(e
- > -t > - L -
sector | '//—_\\ //_\\
/ ia >< ib NG
4 G L LN R
W ot
A L L \\ B ]

Fig. 11. The 7th current sector.
The current variation per vector acting period on o/f0-
stationary frame can be expressed:

T .
Ai, ==L (-Ri, +V,))
by (13)
Ai, = —[1(—Riﬁ +V,)
where Tq is the vector acting period, Ai(,) and Aig are the

current variations. V(, and V) are the output voltage of
3LT2C.

s 0 3
Al TA
C Aiﬂ = Aib ,C=§ _l ﬁ E (14)
A | | Al 203 3 3
’ : 1 B2
3 3 3

Then by using inverse Clarke transform (14) on the a0
components, Eq. (13) can be transformed into Eq. (15).

T
Ai, =2V, —Ri
a L (\/a a)

N = EL Y, VBRI

Ty 1_ B o
Al =V, J3V,) - Ri]

Vi and V) can be obtained based on coordinate
transformation, which are given as:

Va :E(Va_lvb_lvc)
3 2 2 (16)
2.3, 3

v, =SBy Xy

B 3( 2 b 2 C)

Assuming the DC-link voltage Vg is 120V and the
reference current amplitude i is 6A, so the parameter ranges
during the 7th current sector are as follows:

{VX €[60,0,-60]

i, €[5.2,0,-5.2] n

x=a,b,c
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As shown in Fig. 7(b), taking the first current sector as an
example, when current sector 1-2 is reached, the reference
VVs required are 01-1 (Vi), 10 -1 (Ve), 1-10 (Vs). The
parameter ranges are as follows:

V. |<60
[V, +/3v,| <120 (18)
[V, —3v,| <120

According to Eq. (15), where T1=20us, R=5Q, L=12mH,
then the Aix=a,b,c) max can be calculated as 0.143A. w should
be larger than Aixmax, so that w could be chosen as 0.15 A.

The VV?s are used in the first to sixth current sectors,
while a new control method is required in the 7th current
sector. As shown in Fig. 12, there are same vector switching
between Figs. a and b, just as shown in circles of the same
color, so these vectors can be used in 1-2 and 4-5 current
sector. Similarly, vectors that are available for the 7th current
sector are summarized in Table 1V.

ity

U
@) (b)

Fig. 12. Available candidate vectors in sectors 1-2 and sectors 4-5.
E. Implementation

The control block diagram of the DB-MPCVV? method is
shown in Fig. 13. To compensate the delay effects, a delay
compensation algorithm in [33] can be used as follows:

i, (k +1) = cosgi, (k) —sin gi, (k)
{iﬂ (k+1) =singi, (k) +cosgi, (k)
where @ = wTs , w is the output angular frequency of the
inverter, and T is the vector acting period.

(19)

R
!

g3 ety
Ve —

’ B u”}:[ %}
T ‘ Delay compensation [Eq.(19)] ’—»

Switching Sequence

Cost Function

Current sector judgment
[Fig. 11]

Minimization [Eq.(11)] Tth Surrent ———

T Table IV 4_15‘9“‘” WWos current sector
o8 BBy
a5

CMV-EL el

[Fig. 5]
bret Reference VV [EQ.(8)]

Fig. 13. Control block diagram of the DB-MPCVV2,

At the beginning, the proposed DB-MPCVV? method
requires a judgment of current sector. If it is the 1st-6th
current sectors: the reference VV position is used to
determine which case it belongs to, and then CMV-EL
method or DB control is implemented. For the 7th current
vector, the candidate vectors in Table IV would be used.
Finally, the cost function selects the optimal switching
sequence.

TABLE IV
Available Candidate Vectors in the 7th Current Sector

7th Sector Available vector switching
1-2, 45 -110, 000, 1-10 01-1,10-1 -101, 0-11
2-3, 5-6 10-1, 000, -101 -110,01-1  0-11,1-10
6-1, 3-4 01-1, 000, 0-11 -110,-101  10-1,1-10

IV. SIMULATION VERIFICATION

To verify the effectiveness of the proposed DB-MPCVV?
method and observe the CMV performance, a simulation
model is built based on MATLAB/Simulink and the DC-link
voltage (Vqc), sampling time (Ts) and dead-time are set to
120 V, 60 us and 2 us, respectively.

A. DB-MPCVV? Method with Different Loads

Fig. 14 shows the simulation results of the three-phase
current, THD and CMV with different loads and the three
cases in Fig.7 are also included. Overall, it can be seen that
the CMV can be maintained at a constant 60V (Vqc/2) when
different loads are used.

Figs. 14 (a), (b) and (d) [case @ and @] are the results of
DB method and their THDs are maintained at around 1.5%,
1.4%, and 0.7%. Furthermore, there are some varying
degrees of fluctuations on their THD values. This is because
the 7th current sector is added to the proposed method, fewer
available vectors in the 7th current sector result in a large
difference between the reference VV and the candidate V'V,
and this difference is related to the load. Therefore, the THD
values of a, b fluctuates greatly, and the THD of d is
relatively stable. It is worth noting that the CMV-EL method
is used in ¢ [case D] and fewer candidate VVs make its THD
value fluctuation large.

In summary, the proposed DB-MPCVV? method uses two
control methods considering vector area division, thus
enabling control over the full range of modulation index.
Although the output current THD fluctuates, it is still at a
low level. And this DB-MPCVV?2 method also could achieve
constant CMV when use different loads.

B. Current THD and Predicted Current Error

1) THD Comparison with Different Load Frequency and
Current: Same load (L:12mH, R:5Q) is considered for the
proposed DB-MPCVV? method and the existing control
method for comparison. The current THD values are shown
in Fig. 15 for various output frequency with four control
methods. It can be observed that CMV-EL and 6MV1Z with
fewer candidate vectors have higher THD values, while
conventional MPC with more candidate vectors has smaller
THD values. In addition, VV2s could enhance the current
tracking capability of control method, so that the proposed
DB-MPCVV?2 greatly reduces THD, and even outperforms
conventional MPC at 30, 40, 60 Hz.
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Fig. 14. Simulation results of the three-phase current, THD and CMV with different loads. (a) L:10mH, R:5Q. (b) L:13mH, R:5Q. (c) L:20mH, R:5Q.
(d) L:30mH, R:2Q.
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Fig. 15. THD comparison with different frequency.
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Fig. 16 shows the THD comparison of four control
methods under different load currents. Similarly, the
proposed DB-MPCVV? method has the lowest THD value.
In conclusion, the proposed method has good power quality
for different magnitudes and frequencies of the output
current.
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Fig. 16. THD comparison with different load current.
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2) Current Error Comparison: Fig. 17 shows the percent-
ages of the current errors obtained by using four control
methods. The error expression in [37] of the current error is
defined as the absolute difference between the load and
reference currents normalized to the respective rms value of
the load current references as:

L3 Sio-i)
> RMS(i; (k)

gq=a,b,c

Error (%) = x100% (20)
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where the N is 20000, per fundamental period of the current.
ig(k) and i"4(k) are the kth instant load and reference current.
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Fig. 17. Current errors comparison.

Compared with 6MV1Z and conventional MPC, the DB-
MPCVV? has little difference in current error and it may be
observed that the DB-MPCVV? method yields slightly
higher current errors than the conventional MPC within
150us to 210us. An explanation of this is as follows: The VV
action time in the 7th sector is one sampling period (1s),
unlike the VV2s which act on 1/3 of the sampling period, this
would result in a significant difference between the
candidate VV and the reference V'V, as shown in Fig. 18. If
the vector action time in the 7th sector is reduced by half
(0.5s), the difference will decrease, thereby enhancing the
current tracking ability, just like DB-MPCVV?-1 in Fig.17.

Candidate vector
in 7th sector(1s)

]
.
.
o W D-value
v
(Y
Reference vector

Fig. 18. Action time improvement of the candidate vector.

V. EXPERIMENTAL VERIFICATION

A. Hardware Setup

To observe the steady- and dynamic-state performance of
proposed DB-MPCVV? method, experimental verifications
are given on a hardware prototype of a three-phase 3LT2C
converter in the laboratory. The hardware setup is shown in
Fig. 19.

Computer
// I | \d,uxml ad

Fig. 19. Experimental setup and designed converter.

TABLE V
PARAMETER SPECIFICATION
Parameter Description Values
Vie(V) DC-link voltage 120
f 4(Hz) Frequency 50
Cac(mF) DC-link capacitance 2
L(mH) Inductance 12
R(Q) Resistance 5
N DSVM parts 3
Ts(us) Sampling time 90
Ta(us) Dead time 2

The control strategy is referenced by Fig. 13 and it is
implemented on a 32-bit float-point digital signal processor
(DSP-TMS320F28335, Texas Instruments). The 3LT2C
converter consists of six IMBH50D-060 (600V/50A) IGBTs
and six 2MBI150U2A-060 (600 V/150 A) IGBTs for
vertical and horizontal bridges from FUZI company. A high-
precision series voltage divider and a full differential
isolation amplifier OPA4340 are used to measure the current
and CMV. The parameters are shown in Table V.

The experiment is performed mainly with two purposes.
1) Compare the steady-state CMV and THD performance
with existing methods. 2) Compare the dynamic response
and CMV performance with existing control methods when
the amplitude and frequency of the load current change.

B. Steady-State Performance

Figs. 20 and 21 depict the steady-state performance of the
three-phase current and CMV by using four control methods.
As shown in Figs.20 (a) and (c), the THDs of CMV-EL and
6MV1Z are 3.74% and 2.54%. These two methods obtain
constant CMVs by selecting specific vectors, thus resulting
in a significant reduction in candidate vectors. Therefore, the
current THD value is high. The conventional MPC has
sufficient candidate vectors, so its THD value is only 2.17%.
In Fig.21, due to ignoring the DT effect, the CMV of
6MV1Z did not remain constant and there were some V /6
CMV variation, like conventional MPC. Moreover, there is
a misjudgment of current polarity in CMV-EL, so some
CMV spikes (red dashed ellipse) were presented in Fig.21
(a). Regarding the proposed DB-MPCVV? the CMV
remains constant due to the addition of the 7th current sector.
In addition, the VV?s which are synthesized by actual
vectors are used to reduce the current THD to 2.28%.

In summary, the proposed DB-MPCVV? method is able
to achieve constant CMV while obtaining a better current
power quality in steady-state.

THD=3.74% | (3A/div) — | frHD=217% | (A/div) I

t (34ms/div) t (3.4ms/div)
@ (b)
THD=254% | (3A/div) —_i2|[THD=2.28% | (3Adiv) —
lc
A
X (N
t (3 4ms/div) t (3.4msldiv)
© ()

Fig. 20. Steady-state performance of the load current (50 Hz). (a) CMV-
EL. (b) Conventional MPC. (c) 6MV1Z. (d) DB-MPCVV?2,
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Fig.21. Steady-state performance of CMV. (a) CMV-EL. (b) Conventional
MPC. (c) 6MV1Z. (d) DB-MPCVV2

C. Dynamic Performance

1) Dynamic Response of the Load Current: Fig. 22 depicts
the dynamic process of load current changing from 3 to 6A.
From the CMV experimental results, it can be seen that the
proposed DB-MPCVV? remains constant, while the CMV-
EL also exhibits some slight CMV spikes, and conventional
MPC have Vg/6 CMV variation. In terms of current
dynamic response, conventional MPC has a response time of
0.73 ms due to its sufficient candidate vectors, while 6MV1Z
and CMV-EL have the response time of 0.92 and 1.42 ms,
respectively. It is worth noting that the proposed DB-
MPCVV? has the slowest current response (2.03ms), which
is mainly caused by the use of DB control. The explanation
is as follows:

Taking a sector as an example [see Fig. 23 (a)], when the
load current is increased by using the DB control, the
reference VV would shift from area B to area A. However,
the candidate vectors in area A could only make the current
changes according to the slope of the Change-point [see Fig.
23 (b)]. Therefore, compared to other MPCs that can freely
choose vectors, the dynamic response time of DB-MPCVV?
would be longer.
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Fig. 22. Dynamic response process of the load current from 3 to 6A. (a)
CMV-EL. (b) Conventional MPC. (c) 6MV1Z. (d) DB-MPCVV?,
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Fig. 23. The dynamic response of DB-MPCVV.

2) Dynamic Response of the Load Frequency: Fig. 24 shows
that the CMV and dynamic process of the reference current
has a step change in the frequency from 30 to 60 Hz. From
the experimental results of current tracking, it can be
obviously observed that the current controlled by the
proposed DB-MPCVV? follow the reference current change
as fast as those controlled by the conventional method for
step changes. In addition, the CMV of proposed DB-
MPCVV? also could keep constant in the dynamic process
of frequency change. In terms of power quality, the THD
performance of the four methods at 30 Hz are 3.34%, 2.24%,
2.53% and 1.85% respectively, while the THD performance
at 60 Hz are 3.72%, 2.28%, 2.38% and 2.02%, respectively.
It can be seen that the proposed DB-MPCVV? has good
power quality in both cases.

In conclusion, the proposed DB-MPCVV? method still
has good power quality and constant CMV during the
dynamic process. Furthermore, it is also need to note that the
use of DB control reduces the computational burden but this
also increases the dynamic time response and a good solution
should be defined as a compromise between the two.
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Fig. 24. Dynamic response of the frequency from 30 to 60Hz. (a) CMV-
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VI. CONCLUSION

In this article, a DB-MPCVV?2 control method for 3LT2C

topology is proposed to achieve constant CMV and improve
power quality. By analyzing the vector switching in the
current sector considering DT effect, the proposed DB-
MPCVV? establishes VV?3s, thereby improving the power
quality of the load current. And the DB control is introduced
in this paper to solve the high computational burden caused
by VV2s. Moreover, a unique the 7th current sector control
is used in DB-MPCVV? to solve the CMV spiking problem
caused by current polarity misjudgment. The simulation
results show that the DB-MPCVV?2 method could maintain
constant CMV under various loads. In addition, the good
power quality of the DB-MPCVV? method under different
current magnitudes and frequencies is also verified. The
experimental results demonstrate the effectiveness of the
proposed DB-MPCVV? by comparing it with the existing
methods from both steady-state and dynamic aspects. It is
suggested the proposed method be applied to motor drive or
PV grid-connected system in future work.
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