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This paper proposes a discrete space vector modulation and optimized switching sequence model predictive control-
ler for three-level neutral-point-clamped inverters in grid-connected applications. The proposed strategy is based

on cascaded model predictive control (MPC) for controlling the grid current while maintaining the capacitor voltage
balanced without weighting factor. To enhance the closed-loop performance, the external MPC evaluates 19 basic
and 138 virtual vectors (VV) of the proposed space vector method. The optimal control voltage is then selected using
an extended deadbeat method to reduce the execution time of the proposed control algorithm. By using the dis-
crete space vector modulation principle, the VV are synthesized based on switching sequence (SS) and are divided
into negative and positive SSs considering their impact on the neutral point (NP) potential. The inner MPC evaluates
both types of SSs and selects the one that keeps the capacitor voltage balanced. Various controllers are evaluated
and compared against the proposed control strategy. The results show that the proposed strategy improves perfor-
mance without weighting factor, while maintaining a total harmonic distortion of current to be less than 2%. Com-
pared to the modulated MPC which provides the same fixed switching frequency, the proposed controller reduces
the computational burden by over 50% while also providing better NP voltage balance accuracy.

Keywords Three-level inverter, Fixed switching frequency, Model predictive control (MPC), Optimal switching

1 Introduction

Energy shortage and environmental pollution have
become critical concerns. This has led to an increased
focus on the development of renewable energy sources.
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As numerous new energy generation systems and flex-
ible AC transmission devices are integrated into the
grid, inverters have become an indispensable part of
energy conversion systems [1]. In comparison to two-
level inverters, the 3L-NPC voltage source inverters boast
advantages such as lower output harmonics and reduced
semiconductor voltage stress [2, 3]. Consequently, they
have been widely adopted in many product lines in
renewable energy systems. In addition, the advance of
microprocessor technology has enabled the implemen-
tation of novel and computationally intensive control
algorithms for power electronic topologies and electri-
cal drives, such as predictive control [4]. Such control
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algorithms often have higher computational requirement
than the traditional PI-type controllers [5, 6]. Among
these control strategies, the most prominent ones include
deadbeat, lag-based, trajectory-based and model predic-
tive control.

For classic finite control-set model predictive control
(FCS-MPC) [7], optimal control actions are obtained by
predicting system behavior and evaluating cost functions
over all possible states of the converter [8, 9]. FCS-MPC
offers advantages such as fast dynamic response, simplic-
ity in handling nonlinearity and constraints, and a multi-
variable control approach [10, 11]. Nevertheless, its main
drawbacks include the short sampling time requirement,
variable switching frequency and high computation
time. These limit its application in multi-level convert-
ers [12, 13]. To apply to three-level inverters, the classic
FCS-MPC needs to evaluate 27 virtual vectors (VV) in
each control cycle, resulting in poor THD performance
and significant current ripple [14]. It also entails a high
computational workload, posing a challenge for its imple-
mentation on DSP/FPGA control hardware. In the case
of 3L-NPC inverters, MPC employs current and capaci-
tor voltage control objectives for closed-loop control,
whose performance is influenced by the weighting factors
(WFs) [15, 16]. The selected WFs establish the trade-off
between current accuracy and capacitor voltage control,
with higher WF values reducing current accuracy and
lower values increasing neutral point (NP) voltage imbal-
ance. WF selection often relies on empirical methods,
incurring a significant amount of time. Also, classic FCS-
MPC results in variable switching frequency, which com-
plicates the design of filters [17, 18].

Many researchers have made improvements to the
FCS-MPC strategy to address the above issues. Regard-
ing the tuning of WFs, references [19] and [20] use
fuzzy methods and neural networks to obtain the best
WE solution for each operating condition, respectively.
In [21], a fast finite switching state MPC without WF is
proposed, where the selected voltage vectors are used for
tracking the current reference and the redundant vectors
for balancing the DC capacitance voltage. However, the
method is less effective because of the limited number of
states used to control NP voltage.

To address the issue of variable switching frequency
in the MPC strategies, a digital filter is employed in
[22-24] to narrow the switching frequency to a specific
range. In [25], an artificial intelligence method is pro-
posed for online tuning of the WFs and regulating the
average switching frequency. Reference [26] proposes
a modulated MPC (M?PC) strategy to realize capacitor
voltage balance by controlling the duty cycle of redun-
dant vectors. However, this method has the drawback of
imposing a high computational burden and is of limited
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applicability. An effective method to resolve the issue of
variable switching frequency in MPC strategies is to seek
an optimal switching sequence (OSS) instead of a sin-
gle switching state per control period. In [27], six local
OSSs are considered and evaluated in the power control
objectives to determine the global OSS for the next sam-
ple, whereas in [28], OSS-MPC based on two cost func-
tions is proposed to independently control current and
capacitor voltages without WF. However, this method
needs to compute the solution of the relaxation problem
first, followed by the use of non-negative constraints to
solve the OSS, resulting in a high computational bur-
den. Li et al. [29] introduces the use of a cost function to
define the region with the OSS candidates for evaluation,
thereby reducing the computational burden. However,
the execution time is still quite high because of the need
to calculate the duty cycle corresponding to the OSS. To
further reduce the execution time, the deadbeat control
technique is proposed to select the required control volt-
age without evaluation of the voltage control objective
[30, 31]. In [32], deadbeat-predictive torque control with
discrete space-vector modulation is proposed to reduce
the torque ripple and the computational burden of the
conventional predictive torque control method. Never-
theless, a control method that can achieve high control
precision while simultaneously addressing the challenges
related to the absence of WF, fixed switching frequency,
and low computational burden still requires further
research and development.

In this paper, a discrete space vector modulation and
optimized switching sequence model predictive control-
ler (DSVM-OSS-MPC) strategy is proposed. The main
contributions of this paper include the following three
aspects:

(1) Controlling grid current based on the cascade MPC
while maintaining capacitor voltage balance with-
out WF, thus eliminating the cost of WF selection.

(2) Achieving superior current tracking accuracy and
NP voltage balance. To improve the closed-loop
performance, DSVM is used to achieve a new space
vector with 157 voltage vectors instead of the 19
basic vectors used in classic MPC. The additional
138 vectors are virtual and synthesized using the
OSS which considers the impact of each vector on
NP voltage and the reduction of switching commu-
tation.

(3) Significantly reduced computational burden is
achieved. To avoid the exhaustive search for the
optimal control solution among the 157 SS candi-
dates, the extended deadbeat method is used in the
outer MPC to reduce the closed-loop control to a
sub-optimal problem. The inner MPC then focuses
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on the redundant SSs to select the optimal solution.
Therefore, the proposed control strategy offers the
benefit of delivering accurate current response and
maintaining capacitor voltage balance, while simul-
taneously exhibiting characteristics of no WF influ-
ence and reduced computational burden.

The rest of this paper is organized as follows: the clas-
sic MPC method is presented in Sect. 2, while Sect. 3
introduces the basic principles of switching sequence
MPC. Section 4 provides a detailed description of the
proposed DSVM-OSS-MPC, including the extension
of the space vector based on the DSVM and OSS, the
selection method of the optimum voltage vector, and the
optimization of the capacitor voltage balance. In Sect. 5,
experiments and simulations are carried out to verify the
effectiveness and superiority of DSVM-OSS-MPC. The
conclusions are given in Sect. 6.

2 Classic FCS-MPC strategy for 3L-NPC
Figure 1 presents a 3L-NPC inverter connected to the
grid. The DC-side of the converter consists of two capaci-
tors supplied by a DC voltage v4.. At the AC-side, the
converter is connected to the three-phase sources (e,
ey e.) through the RL filter and injects three-phase cur-
rents (i, i, i;) to the grid. Each phase of the three-level
NPC consists of four switches S,; with x € {a,b,c} and
1< i <4, and generates up to three switching levels
Sy € {—1,0,1}. Considering the three legs, the inverter
can generate 27 switching states S,,..

with 1 <j <27. To obtain the optimal state for the
next sample with the MPC, the dynamic response of the
system due to each switching state candidate S, is pre-
dicted and evaluated.

{" 3L-NPC
a
Vdc 15
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g function : vh(k+1) 27 model | <+—vy(k)

Fig. 1 Grid-connected 3L-NPC converter and flow diagram
of the classic FCS-MPC strategy
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From the modeling approach described in [33] and
considering the variables given in Table 1, the grid cur-
rents, and the sum and difference in the dynamics of
the DC-link voltage in the afly reference frame can be
expressed as:

dt SaSp _ SgSy
NG V3

1 2 2 1
d 1 —(s —S)——SS
L—iup :Exlsaﬁ‘F [Zﬁ B o /3200y %3 — eap — Riag

(1)
Ci1 = —Spgiap + 2idc ()

2

C?’CZ = _%

2 2 . 1 T .
[Sa —Sp _Sasﬁ]laﬂ = g aplepSy
(3)

where ¥, =vc; 4+ v, and xy,=vc;—V, are the sum and
the difference of the upper and lower DC-link voltages,
respectively.

To ensure correct converter operation, x, must be near
zero or at least one order of magnitude lower than x;
[33]. In addition, the averaged duty cycle S is defined
within [—1, 1], and therefore the third term located
on the right-hand side of (1) can be assumed to be two
orders of magnitude lower than the second term. With
this consideration, the inductor current dynamics can be
approximated by:

L%iaﬂ = —eug +u— Riyg (4)
where u = % %S, is the output voltage vector of the
inverter, iaﬁ is the output current vector, and €8 is the
grid voltage vector. From [34], the current predictions
at k+1 in the o— axis and B— axis which are noted as
& (k + 1) and ig (k + 1), are given by:

{i{i(k+ 1)} _ <1 B RTs> [iu(/o} N Ts[uak) —ea(k)}

k+1) |~ L) Lipt) | " L [uptk) —eg(k)
(5)

where i(k) is the measured current at the k sample, while

e(k) and u(k) are the measured grid voltage and inverter
output voltage at the k sample, respectively.

Table 1 System variables and parameters

Variable Description

egp=1eq eB}T Grid voltage vector in afy reference frame
iop=lig g}
Sapy =15 S )1

Inductors currents in afy reference frame
Averaged duty cycles in afy reference frame

Ve Vo DC-link capacitors voltages

L,CR Smoothing inductor, DC-link capacitor

and Line resistance
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For NP voltage balance, the capacitor voltages v ,(k+1)
and v, (k+1) related to the capacitors C; and C, at the
k+1 sample are predicted as:

Hk+1D] [vatk) Liey (k)
= + 6)
yk+1) ] [ ve) Lei (k)

where v, (k) and v,(k) are the measured capacitor volt-
ages at the k sample. i (k) and i, (k) are the currents
flowing through the capacitors at the k sample and are
given by:

i1 (k) = ige(k) = Y Hiyix(k)

x=a,b,c (7)
ie2(k) = ige(k) + Y Hoxl(k)
x=a,b,c
[ Lifs, =1 [ LifS,=-1
where HIX_{ 0, otherwise’ and Hyx = { 0, otherwise®

The standard cost function for tracking the current
reference and regulating the capacitor voltage balance is
defined in [35], given by:

g= (iptk+1) — &k + 1))2 + (ij;(k +1) — i'g(k + 1))2

F g (P (k +1) = Ay k+ 1))

(8)
where i¥ (k + 1) and iz (k + 1) are the current reference
components at instant k+1, and A, is the WF. For time
delay compensation [36], the evaluation of (8), (6), and
(5) is considered at k+ 2 rather than k+1.

To obtain good performance when using (8), an appro-
priate trade-off needs to be achieved between tracking
current and balancing capacitor voltage. Since A, is a
function of the operating point and a parameter of the
system, the design of A\, is not trivial [15]. In addition,
the unified cost function which provides a single optimal
solution does not guarantee that both individual control
objectives are optimized [37]. An alternative method to
simultaneously track the current and control the capaci-
tor voltages without the need for WF is to use a cascaded
MPC approach [15, 37].

3 Basic principle of the SS-MPC

The cascaded SS-MPC approach is proposed in [28] for
controlling the grid current and the capacitor voltages of
the three-level inverter without the use of WF, as shown
in Fig. 2. The outer MPC determines the suboptimal SS
candidates which satisfy the current objective, whereas
the inner MPC selects between the suboptimal candi-
dates, with the SS ensuring capacitor voltage balance.
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e.
&
eﬂ

Fig. 2 Grid-connected 3L-NPC converter and flow diagram
of the SS-MPC control strategy

Maintaining the capacitor voltages to be balanced
requires the control of the NP voltage O, which is defined
as v,=Vg-V.. Considering that the system is balanced
and the DC-link voltage is constant, the dynamic of v, is
given by:

dve(t) _ l
it ~ C

lo(t) )
The NP current i, is obtained by:

. T,

lo = ’Sjabc’ tabcs (10)

where [Sape |= [|Sial |Sib| [Sic] " and iape = [ia, i, ic] ™.
From Fig. 3, the analysis of the 27 switching state can-
didates of the three-level NPC is divided into four cate-
gories of vectors: zero using black dots; small using red
dots; medium using blue dots; and larger using green

[NP ( \ [PON]
2-1/10ON] /
~1-10A1-100
Uy 11 J'P'L(g](ﬂ o Un
NPP * * PNN
[ [NOOT ™ 41 /u\_ 61 7 [ONN] I ]
4-TIL4- 11N Ot 76-T1N6-1V
Ugs™, 5] U6
Uy [-O-QR]‘; -------------------- 3 [POPL_..5 4
NOPT\ [NNOJ* 5-1I ONOI]I [PNO]
50 %/ 5-IV
Us Llis Uje
[NNP] [ONP] [PNP]

Fig. 3 Grid-connected 3L-NPC converter space vector diagram
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Table 2 Classification of small vectors

Type Switching states (S,
Sabcp [POQ], [PPO, [OPOY, [OPP], [OOP], [POP]
Suben [ONN], [OON], [NON], [NOOJ, [INNOJ, [ONO]

dots. Except for the zero-voltage vectors, only the small
vectors can connect the inverter terminals to the same
type of DC-link potential. A switching state S, is called
P-type and noted as S,;. p when only the positive terminal
of the DC link is connected to the grid, and N-type S, n
when connected to the negative terminal. The classifica-
tion of small vectors according to the type of switching
states S, p and S, is given in Table 2. Using (10), the
direction of NP current can be defined.

For example, by applying the P-type [O,PO]T and its
associated N-type redundancy [N,O,N]T, the associ-
ated NP current according to (10) are i,=i, and i,=-i,
respectively. With an appropriate distribution of several
switching combinations within the sampling period, it
is possible to control the current as well as NP voltage
potential.

The order of the converter applying several S, within
the control period is known as SS and the controller is
called SS-MPC. In PWM and SVM modulation meth-
ods, various SS dispositions are reported in the literature.
Since SVM is synthesized based on the space vector, it is
easier to implement SS-MPC based on SVM than PWM,
and it provides a simpler identification of small voltage
vectors to control the NP voltage.

To synthesize SVM, the space vector presented in Fig. 3
is divided into six sectors, and each sector is further
divided into four regions or sub-sectors. For a 3L-NPC,
the total number of regions is 24 and each region has
three switching states with one or two small vectors. For
instance, region II within sector 1, noted as 1-II, has one
medium and two small vectors. Considering SVM based
on a symmetric pulse pattern, an SS applied over a con-
trol period is given by:

N {ul [tﬂ,uz [tﬂ,ug[ts],uz [1:22:|:u1 B} } (11)

where u; (i=1, 2, 3) is the vector related to the it switch-
ing state of a subset. ¢; (i=1, 2, 3) is the duration of the it
switching state in a subsection and satisfies the following

formula:
h+ty+ts=T; (12)

Focusing on half-sampling time, several dispositions
of SS are possible using the vectors uj, up, and uz. The
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total number of possible dispositions of switching states
in an SS per region increases with the number of redun-
dant vectors. To regroup the SS in each region into two
types, the nature of an SS is exclusively defined by the
type of its small vectors. For example, in region 1-1V, if
a P-type small vector [PPO] is used, the number of pos-
sible dispositions of P-type SS are [PON-PPN-PPO],
[PON-PPO-PPN] [PPO-PPN-PON], [PPO-PON-PPN],
[PPN-PPO-PON] and [PPN-PON-PPO]. In this work, to
reduce the switching losses within a control period, the
switching effort is restricted. In the first restriction, the
switching state per phase (S,) cannot change between P
and N and vice-versa. In the second restriction, only one
phase of an applied three-phase switching state (S,;.) can
change. In such a case, the candidate SSs in subsector
1-IV are PON-PPN-PPO for the P-type and PPN-PON-
OON for the N-type. The same principle is used for all
the SSs of sector 1 as given in Table 3.

However, the type of the optimal SS, which is applied
between two consecutive samples and selected by the
inner MPC, can change between the P-type and N-type.
For example, considering the previously applied SS of
1-1I-P, the next optimal candidate SS selected by the
inner MPC is either 1-II-P or 1-II-N if the required con-
trol voltage is in sector 1-II. Between two consecutive
samples, two phases of the inverter can change. In this
scenario, the second restriction is not respected, which
will lead to an extra switching effort.

To synthesize the applicable OSS during each sam-
ple, the conduction time associated with each switch-
ing state within a control period has to be calculated.
Various online methods are proposed for obtaining
the OSS and the related duty cycle as a function of the
resulting current and power errors of the primary term
of the cost function [26—29]. Even though they provide
an optimal duration candidate for tracking the control
objectives, these methods result in a higher computa-
tional burden.

Table 3 The switching sequence of sector 1

Sector Switching sequence type Switching sequence
1-l p 000-POO-PPO
N ONN-OON-0O00
1-Il p PON-POO-PPO
N ONN-OON-PON
1l p PNN-PON-POO
N ONN-PNN-PON
1-IvV P PON-PPN-PPO
N OON-PON-PPN
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4 Proposed DSVM-0OSS-MPC strategy

An offline approach provides an alternative solution
to tune the SS candidates without increasing the com-
putational burden of the MPC algorithm. In this paper,
DSVM based on virtual vectors is used to synthesize the
OSS without the need for the online evaluation of the
related switching durations.

4.1 DSVM based on virtual vectors

To improve controller performance, the number of vir-
tual vectors is selected so that the closed-loop perfor-
mance is similar to the one achieved under MPC-PWM
[38]. The virtual vector noted u, is synthesized by its cor-
responding SSs as given by:

Uy = Z diu,'

i=1,2,3

(13)

di+dy+ds=1 (14)

where u; is the basic vector and u, is the virtual vec-
tor. d; is the duty cycle of vector u; calculated as d;=t; /
T,. By substituting the coordinates of the three basic and
virtual vectors in (13), Egs. (13) and (14) are developed
into a system of three equations. The resulting system is
solved offline for obtaining the d; associated with each ;.

To expand the number of voltage vectors of sector
1-1I from 3 vectors to 6, 10, 19, and 28, the region is fur-
ther divided as presented in Fig. 4. In [36], the expanded
region consists of three actual and three virtual vectors,
as shown in Fig. 4a. To select the appropriate extended

u

(d)
Fig. 4 Subsector 1-ll virtual vector arrangement.an,=6.b n,=10.¢c
n,=19.d n,=28
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configuration, the current THD, the average switching
frequency (ASF), and the complexity of implementing
MPC when n, increases are considered. To select the
suitable expanded region, the MPC with 6, 10, 19, 28
vectors per region are compared with MPC-PWM, as
shown in Fig. 5. As seen, when n, =6, the resulting ASF
is lower than that of MPC-PWM, and for a closed-loop
control with the lowest ASF and complexity, the suit-
able configuration is n,=6. However, the resulting cur-
rent THD is higher than that under MPC-PWM for the
different operating currents.

To achieve a similar current THD as under MPC-
PWM, the switching frequency needs to be increased.
However, this can be challenging to implement in a
low-cost digital processor because of the high com-
putational requirement. For #,=10, 19, and 28, the
resulting current THD and ASF are similar to the val-
ues under MPC-PWM. Thus, to obtain performances
that are equivalent to the ones achieved under MPC-
PWM, the possible candidates are n,=10, 19, and 28.
Considering that for n,€ {10, 19, 28}, the improvement
of the current THD and the reduction of the ASF are
negligible, MPC-DSVM with n,=10 represents the sce-
nario for achieving a similar closed response to that of
MPC-PWM, without imposing excessive implementa-
tion complexity.

Considering the case with n,=10, the expanded space
vector is presented in Fig. 6a. Focusing the analysis on
the subsector 1-II for instance, the number of virtual vec-
tors synthesized based on three basic vectors is equal to
seven as presented in Fig. 6b, and each virtual vector is
synthesized according to Table 4. Knowing that a subsec-
tor has two types of SS (as seen in Table 3), each virtual
vector u, can be decomposed into P-type and N-type SSs
as illustrated in Fig. 7. Hence, the expanded space vec-
tor presented in Fig. 6a has a total of 157 vectors divided
into 19 basic vectors and 138 virtual vectors. Since the
total number of candidate vectors is 6 times the number
of states generated by 3L-NPC, it is anticipated that the

2 , 2
13 15 =
: THD/THDjspc-pwa Z
- £
1<
= =

gt L 15

T / <

I~ =

2.5 10.5%

e ASF/ASFyipcpwm :

0

%10 14 18 22 26
n,

Fig.5 Current THD and switching frequency change with n,
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us U2 up

Uss Ums U

(b)
Fig. 6 Proposed extended space vectors. a The distribution map
of virtual vectors in the expanded space vector. b candidate basis
and virtual vectors in a region 1-lI

Table 4 The synthesis method of virtual vector

Virtual Synthesis method Virtual Synthesis method
vector vector
Uy diug +dyUsy+ 3l Uy JUs1+3Usp+ 3 umy
2 1 1 1 2 1
Uy SUsi+gUsatgUmi  Uys gUs1T3Us2t5Umi
] ] 1 1 2
Yva FUs1+5Us Uvg Lusi+gUsa+ 3 Umg
1 1 1 1
Uvs FUs1+5Um Uy Tug+ S ums

computation time will be excessive when using the clas-
sic optimization approach. To implement a control algo-
rithm with a reduced computational burden, it is crucial
to reduce the optimization problem to evaluate only the
SS candidates which satisfy the optimal control voltage.

4.2 Outer and inner MPCs

To obtain the OSS control action for the next sample, the
cost function given in (8) is developed as a function of
voltage control objectives. Using the unified optimization
method, the cost function is given by:
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(a) (b)
Fig. 7 Type of switching sequences: a P-type switching sequence
of sub-sector 1- II. b N-type switching sequence of sub-sector 1- I

g= (uf; — um)z + (uz — uvﬁ)z + idc(v{)’(k + 1))2
(15)
ul (k) L | itk +1) —ig(k) iq (k) eq (k)
i | = 2 (B0 5l e lae ] + (56
(16)
where uy (k) is the reference voltage components, and v,
is the NP voltage potential given by:

3
1 . , .
W+ 1) = 2> lSialia + [Siplip + ISiclie) + vo(k)
i=1
(17)
Using the cascaded MPC method, the first primary
term of (15) is used by the outer MPC as given by:

2
Souter = (u; - uvot)2 + (u?; - ”vﬂ) (18)

The evaluation of (18) requires 157 cycles of calcula-
tion which is difficult to achieve, especially with stand-
ard digital control processors. To obtain the optimal
vector with the lowest computational requirement,
an extended deadbeat method is developed. The main
idea is to define the boundaries associated with each
candidate voltage vector in the expanded space vec-
tor, and use the coordinates of the reference to identify
the region which is associated with the optimal control
action.

Considering sector 1 in Fig. 6a, the vectors are pro-
jected in the reference formed by the three axes L,
L,, and L4 as illustrated in Fig. 8. As seen, L, is paral-
lel to the axis noted as [ONN-PPN], L, is parallel to
the axis noted as [OOO-PON], and L, is parallel to
the axis noted as [PNN-PPO]. It can also be seen from
Fig. 8 that each virtual vector is the center of a smaller
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000 (0,0,0)
PPO,OON (6,6,0)
POO,ONN (0,6,-6)
PPN (12,12,0)
PNN (0,6,-6)
PON(6,12,-6)
u,(4,8,-4)

Fig. 8 Schematic diagram of optimized voltage vector selection

hexagon, i.e., the region defined by each small hexa-
gon corresponds to a given optimal voltage vector.
Assuming that the reference voltage vector is u* as rep-
resented by the light blue vector in Fig. 8, the virtual
vector u, which is the center of the light blue hexagon
is the optimal control voltage.

In general, the coordinates of the reference vector are
given by:

12+/3uc%, (k
L1=¢‘;%5U (19)

18u; (k) + 6+/3uf; (k)

Ve (20)

_6v/Bujs (k) — 18u; (k)

v (21)

3

In the case where the reference vector u” exceeds the
maximum modulation range, " is scaled back into the
converter operating region as illustrated by the green
vector in Fig. 8 and is given by:

* |#4max |
u* (k) = { Z*(//? PRGIK

”*(k)|‘ > |Umax| 22)
(k) otherwise

where |umax| is the module of the maximum voltage
vector.

With the coordinates of the reference voltage, two
steps are needed to determine the optimal control volt-
age. The first step is to localize the smaller sector and
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Fig. 9 Type of subsectors or regions: a A type. b B type

the second is to find the corresponding smaller hexa-
gon. For the first step, each small sector is defined by
the boundary conditions in three axes. For example,
the voltage reference is within the small sector 1-II, if
L,<6, L,>6, and L;>-6. The second step is to deter-
mine the small hexagon with the small vector adjacent
to the vector reference. It should be noted that two dis-
positions of small sectors are possible in a sector, and
the distribution of virtual vectors depends on the type
of disposition as presented in Fig. 9. The error, AL,
between the reference voltage and the center of a given
small sector is defined by:

ALy Li(u*) Ly (tucenter)
ALy | = | La(u®) | — | La(tcenter) (23)
ALz L3(u™) L3(tcenter)

*

where L, (&), Ly(’), and L, (') are the coordinates of %’
on L, L,, and L, respectively. Li(#cener)s Ly(#center)> and
L(Ueenier) are the coordinates of ..., 00 Ly, Ly, and Ly
respectively. When the reference voltage is adjacent to an
actual vector, u,, u, Or u, the new center used to evalu-
ate (23) is associated with a small sector and is given by
Ucenter = (Uy+ 1y +1,)/3. In summary, the rules for select-
ing the optimal control voltage are given in Table 5.

Taking u* represented in Fig. 8 as an example, with the
coordinates L, =3.6, L,=7.3, and Ly=— 4.5, u* belongs
to sector 1— II which is an A-type disposition. The adja-
cent center to the reference control voltage is obtained
by rounding up u* and the resulting coordinates are (4,
8, -4). With the coordinates of u* and v .y AL is (-0.4,
-0.7, -0.5). From Table 5, the optimal voltage vector is u,,,
which is synthesized by applying u,, u,, and u, during the
duty cycles 1/3, 1/3, and 1/3, respectively.

The optimal voltage control provided by the outer MPC
is used by the inner controller for the NP voltage balance.
The cost function of the inner loop is defined as:
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Table 5 Rules for selecting the optimal control voltage
The output boundaries Duty cycle
voltage vector
Atype B type d, d, d,
Uy ALy <=3 Al,<—-3 1 0
u, AL3>3 Aly<—3 0 1
u, AL,>3 AL >3 0 0 1
u, —3<Ali<—1 AL <0 23 16 /6
AL,<0 —-3<AL,<~1
ALy<0 0<AlL,
Uy, AL <0 ALy<—1 12172 0
ALy<—1 AL,<0
0<AlL, AL,<0
Uy AL, <0 0<AL, 120 172
0<AL, AL,<0
Aly<—1 1<ALs
Uy —1<AL <1 - 1<AL <1 1/3 1/3 1/3
- 1<AL<1 - 1<AL<1
—1<AL;<1 —1<AL<1
Uys 0<AL, AL, <0 /6 2/3 /6
AL,<0 0<AL,
1<AL;<3 —-3<Al3<—1
Uy 0<AL, 1<AL, <3 6 1/6  2/3
1<AL,<3 0<AL,
ALy<0 0<AlL,
u, T<AL 0<AL, 0 12 2
0<AL 1<AL,
0<ALy AL;<0
3 2
1 . , .
Gimner = | = D_ tilISialia + ISiplip + ISiclic) + vo(k)
i=1

(24)
The optimal vector can be either a basic or virtual vec-
tor, and so is selected from the 157 vectors. In the case
where it is a virtual vector, the inner MPC selects the type
of SS that ensures a better NP voltage balance. The pro-
posed DSVM-OSS-MPC uses the whole extended space
vector with 157 compared to 19 for the classic MPC, and
therefore a better current accuracy can be achieved.
The block diagram of the proposed strategy is shown
in Fig. 10 and the algorithm is described by the follow-
ing main steps.

Outer MPC | Siber. Suven L | Sway |
Enquiry  [“dip,dop,dsp. | Optimization | D PWM S| |
ALLALALY | Data Form | dindonds Eq.(24) Seee| !
|2y
Optimal Sector vei(k),vea(k)
Eq.(19) - Eq.(23 =
u‘ﬁ((kﬂ) { Inner MPC
¥
eqifktl RN
Ex;:ectedl Vollt?ge ikt Delay le Coordinate Au—u—)l" K).ip(k). (K
vee O]rggifg)amn ii(k+2)| compensation e transformation

oK)
Reference current
generation

Fig. 10 DSVM-OSS-MPC control block diagram

ea(k).ex(k).e (k)
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(1) Measure iqﬁ(k), eaﬁ(k), v, (k) and v, (k).

(2) Apply the optimal switching sequence.

(3) Predict iyg(k+1), e p(k+1), iy g(k+2), and ug, g(k +2).
(4) Calculate L, L, and L, associated to u, ﬂ(k+ 2).

(5) Use the coordinates of u(’;ﬂ(k+ 2) to select uaﬁ(k+ 2).
(6) Select N- or P-type SS which minimizes g .,

5 Simulation and experimental results

For validation purposes, the effectiveness of the proposed
controller is compared with the classic MPC [33], the
FS-MPC without WF (WMPC) [21], and the M?*PC [26].
The parameters of the system used for the evaluation are
given in Table 6 and the controller operating sampling
frequency is 10 kHz.

Table 6 System parameters

Parameter Grid-Connected
Simulation Experimental

Ve DC-link voltage 800V 1oV
Em Line-line voltage (RMS) 380V 50V
C DC link capacitors 500 pF 2200 uF
f Fundamental frequency 50Hz 50 Hz
R Resistance 0.1Q 05Q
Lo Reference current 15/30 A 3/6 A
L Filter inductance 5 mH 7 mH

iy i —x:,—id—x;—iq

"
WYY v

!
i
I

-
10F
ss o mm ams
310 0.72ms
20
=30 o
-40 -
(©)
40 3
30F 3
20 24
a o~
K10 S 0.83ms
20} 5
30+ 0
“4h35 047 049 051 0.53 0ss V.49 0.495 0.5 0.505 0.51
Time(s) ¢ Time(s)

Fig. 11 Comparative evaluation of the current response. a Classic
MPC. b WMPC. ¢ M?PC. d DSVM-OSS-MPC
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5.1 Simulation results and discussion

The comparative evaluation of the four control strategies
with a current step change from 15 to 30A is presented
in Figs. 11, 12. As seen from Fig. 11 M?*PC provides the
fastest response with a time response Z,,=0.72 ms, i.e.
faster than £,4,=0.83 ms with the proposed controller.
However, compared to the respective response times of
ty@=1.57 ms and £, =1.64 ms with MPC and WMPC,
the proposed DSVM-OSS-MPC presents a faster
dynamic response.

From Fig. 12, with both 15 A and 30 A operating cur-
rents, the NP voltage with classic MPC and WMPC is
higher with a value equal v,,)=9.2 V and v,,, =82V,
respectively. While the proposed strategy and M?PC
ensure a better balanced capacitor voltage with the
peak NP voltages of v,,=53 V and v,4=52 YV,
respectively.

To provide a fair comparison on the steady-state
performances of different control methods, the four
controllers are operated at the same ASF. The ASF of a
3L-NPC inverter is defined as

4
ASF = % Z ZASF,,i

n=a,b,c i=1

o(c

(25)

where ASF,; denotes the switching times of the ith IGBT
of n-phase in one second.

The comparative evaluation of the four control strat-
egies is made with a similar resulting ASF (2 kHz)
and the results are presented in Figs. 13 and 14,
where the sampling frequencies of the classic MPC,
WMPC, M?PC and DSVM-OSS-MPC are 15 kHz,
15 kHz, 6 kHz, and 6 kHz, respectively. It can be
noted that the four control strategies provide simi-
lar output current THD when operating at a similar
average switching frequency. The current THD with
classic MPC, WMPC, M?PC and DSVM-OSS-MPC
are THD,=2.15%, THD,=2.16%, THD,=2.32%,

.45 0.47 0.49 0.51 0.53 0.55
.51 0.53 0.55 Time(s)
d)

045 047 049 0.
e
Fig. 12 Comparative evaluation of the NP voltage. a Classic MPC. b

WMPC. ¢ M?PC. d DSVM-0SS-MPC
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dlom =W
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T T

435 0.47 049 051 33 0.5 M0 20 0 20
Time(s) iy (A)
40 4
30 30
20 22
Z10 10
:% 0 = 0
210 -10|
20 20
30 -30

4hzs 047 049 05T 053 0.554% 20 o
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@)
Fig. 13 Comparative evaluation of the steady state current response.

a Classic MPC. b WMPC. ¢ M?PC. d DSVM-0SS-MPC

20 40

(50Hz) = 30.01, THD= 2.15% Fundamental (50Hz) =29.97, THD=2.16%

0 5 10 15 20 25 3 5 10 15 20 25 30
Frequency (kHz) Frequency (kHz)
a

Fundamental (50Hz) =29.93, THD=2.32%

()
Fundamental (50Hz) =29.95, THD=2.31%

Seee

Maél%h]

PeeSs

fi=6kHz

o=khinalel

0 5

10 15 20 25 3 0 5 10 15 20 25 30
Frequency (kHz) Frequency (kHz)
@

©
Fig. 14 Current spectrum. a Classic MPC. b WMPC. ¢ M?PC. d
DSVM-0SS-MPC

and THD 4 =2.31%, respectively. However, compared
to MPC and WMPC, both the proposed controller and
M?PC strategies operate at a fixed switching frequency
of 6 kHz.

5.2 Experimental results and validation

The simplified diagram and a picture of the experimental
set-up are presented in Fig. 15. The converter parameters
and the grid voltage are given in Table 6. The different
control algorithms are implemented in a real-time plat-
form and further details can be found in [34].
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VetV labe:Vabe

1E+

Filter

Voltage
regulator

Grid DC-Source

Main cirauit
“Current
sensor

Fig. 15 Experimental system structure diagram. a Simplified
diagram. b. Experimental set-up photograph

The comparative evaluation of the four control strat-
egies at the same sampling frequency (fs=10 kHz) is
shown in Fig. 16, where the ASF of the classic MPC,
WMPC, M’PC and DSVM-OSS-MPC are 1.712 kHz,
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1.704 kHz, 4.330 kHz, and 3.815 kHz, respectively. The
operating average switching frequencies with M*PC and
the proposed method are over twice those with the clas-
sic MPC and WMPC. These results show that the current
THD with MPC, WMPC, M?PC and DSVM-OSS-MPC
are THD(=4.40% THD =4.46% THD=153%,
and THD 4 =1.57%, respectively. Compared with classic
MPC and WMPC, the proposed control strategy pro-
vides a lower current THD. With the classic MPC and
WMPC, the converter operates at a variable switching
frequency with the average value lower than 5 kHz while
both M?PC and DSVM-OSS-MPC are operating at a
fixed switching frequency of 10 kHz.

The comparative evaluation of the four control strate-
gies at a similar average switching frequency (ASF=3
kHz) is shown in Fig. 17, where the operating sampling
frequency of the classic MPC, WMPC, M?PC, and
DSVM-OSS-MPC are 18 kHz, 18 kHz, 7 kHz, and 8
kHz, respectively. The four control strategies show simi-
lar current THD, ie., THD=2.43%, THD,=2.50%,
THD,=2.76%, and THD 4 =2.71%, respectively. With
MPC and WMPC, the converter operates at a variable

|

“/‘\{ /f\\/ >\W\/\

1
0.04 Tlm %s) 0. 06 03:2 0.08 0.09 0.1

.

DT B —

! 1 | 1 Il 1 1 1 Il
0.01 0.02°0.03  0.04 _.0.05  0.06 007 0.08 0.09 0.1
Fundamental (50Hz) = 6.009 . THD= 4.46%

—= 1.2F 3
= ok ]
55 0.8 1
<
= 0.4 ]

0
=3 10 FrguenC\}%kHz) 20 - >
=
&
<

0y 03 3 2

T|me(s)
P )

L=
Z 3 P ,-\
=

-5,4-

-1 THT 000 005004 ? 006007 008 000 0.1
. Tlmc s) I v
S
5 ag-

St
= 1 1 1
= TOT 007 005 00F 005006 007 005 00901
Fundamental (501—13 5995, THD=1.57% -

=04 1
£.03 f5=10kH: ]
%002 S m z E
= 0-(1) - . ]
= 6 10 Frequency (kHz) -0 -
z .
=5
@2
<

00 0.5 ] T35 2

T
u(r()j(;(s)

Fig. 16 Output current, capacitor voltage, current spectrum, average switching frequency, with ASF 1.712 kHz, 1.704 kHz, 4.330 kHz, and 3.815 kHz

respectively. a Classic MPC. b WMPC. ¢ M?PC. d DSVM-0SS-MPC
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Fig. 18 The experimental results at the same operating sampling
frequency. a current THD with the four control methods, b ASF
with the four control methods

switching frequency while M*PC and DSVM-OSS-MPC
operate at a fixed switching frequency of 7 kHz and 8
kHz, respectively. To achieve a similar current THD as
with M?PC or DSVM-OSS-MPC, the sampling frequency

of MPC and WMPC has to be increased, which is chal-
lenging to implement in low-cost digital processors.

The above results are further summarized in Fig. 18.
The proposed controller results in a low current THD
similar to the value under M?PC. However, the oper-
ating average switching frequencies with M?PC and
the proposed method are almost twice those with the
classic MPC and WMPC. When the resulting switch-
ing frequency is approximately the same with the four
controllers as shown in Fig. 19, the proposed approach
operating at 8 kHz sampling frequency results in slightly
higher current THD than the values with MPC and
WMPC since those are operating at 18 kHz sampling
frequency. However, implementing MPC and WMPC
at such a high sampling frequency can be challenging
because of the computational requirement. Therefore,
the proposed DSVM-OSS-MPC which has the low-
est computation time is a suitable solution to improve
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Fig. 19 The experimental results at around the same average
switching frequency. a current THD with the four control methods,
and b ASF with the four control methods
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closed-loop performance in a scenario where a low-cost  character-
digital processor is used. istics
The dynamic responses of the current and capaci- Vv <19V < 1%V, <1%Vy, <19%Vy,
tor voltages are shown in Fig. 20. As seen, the DC bus  Calculating 4341 ps 36.28 pis 53.62 ps 23.26 ps
time

voltages remain balanced when the reference current is
changed from 3 to 6 A. Compared with the classic MPC
and WMPC, M?PC and the proposed control strategy
have faster response time.

To extract the computation times of the four control
methods, each control algorithm is implemented in the
TMS320F28379 DSP, and the digital output is set to a
high voltage level when the algorithm is running and
reset to a low voltage level when the processing is com-
pleted. The computation time required by each control-
ler is presented in Fig. 21. As can be seen, the proposed
strategy requires the lowest computational time of 23.26
ps, compared to 53.62 us for M?2PC, which provides
almost the same closed-loop performance for the same
operating switching frequency.

The comparative study of the four control methods is
summarized in Table 7. Compared with the classic MPC
and WMPC, the proposed method significantly improves
the accuracy of the current tracking, and the current har-
monics are mainly concentrated on the fixed frequency.
Compared to the M?>PC method, the proposed control
strategy achieves similar control accuracy and THD per-
formance. It's worth highlighting that the computation
time of the proposed strategy is significantly shorter than
the other methods, leading to a substantial reduction in
computational burden. In addition, the proposed strategy
limits the capacitor voltage imbalance to be less than 1%.
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6 Conclusion

In this paper, a DSVM-OSS-MPC strategy operating
with a fixed switching frequency is investigated for the
control of a 3L-NPC inverter. The strategy is based on
a cascaded MPC approach for controlling the grid cur-
rent and balancing the capacitor voltages without any
WE. To improve control precision, an optimal voltage is
selected from the basic and virtual vectors of the pro-
posed extended space vector method. In the proposed
algorithm, the outer MPC employs an extended deadbeat
method to output the optimal control voltage, reducing
the execution time of the proposed control algorithm.
The inner MPC evaluates the optimal vector and its
potential redundancy, and selects the vector that mini-
mizes the NP voltage. Additionally, each virtual vector is
creatively synthesized as an OSS by using the DSVM and
considering its impact on the NP voltage and the inverter
switching commutations. The simulation and experimen-
tal results indicate that compared to the classic MPC and
WMPC control algorithms, the closed-loop performance
of the proposed algorithm is improved, and the current
THD is maintained below 2%. The computational burden
of the proposed strategy is reduced by over 50% com-
pared to M2PC with similar closed-loop performance,
making it the most efficient option among all the com-
pared methods.

It is evident that the proposed strategy offers the bene-
fits of precise current response, capacitor voltage balance,
absence of WF influence, and low computational burden.
These characteristics render it suitable for application in
3L-NPC inverters. In future work, we will further explore
and optimize this strategy in practical engineering applica-
tions while researching potential extension and enhance-
ment to address the evolving challenges in grid-connected
renewable energy generation.
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