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Abstract—The implementation of finite-control-set model pre-
dictive control (FCS-MPC) in grid-tied inverters can make
the system to suffer from poor harmonics performance, which
may complicate the AC filter design for compliance with strict
harmonic standards. To overcome this shortcoming, a simplified
modulated model predictive control strategy is proposed in
this paper. This control strategy not only improves current
waveform total harmonic distortion (THD) without introducing
additional weight factor in the cost function but can also shorten
running/computational time without compromising the perfor-
mance of fast current dynamic response. Herein, the detailed
implementation of this control strategy is given, while considering
its application to the current feedback control loop of a three-
phase three-level T-type inverter modulated at constant switching
frequency. Finally, PLECS circuit simulations are used to verify
the feasibility and effectiveness of the proposed control strategy
and to benchmark its performance to the classical FCS-MPC
strategy and the application of a PI-controller.

Index Terms—Finite-control-set model predictive control (FCS-
MPC), modulated model predictive control (MMPC), three-level
T-type NPC inverter

I. INTRODUCTION

HREE-LEVEL neutral-point-clamped (3L-NPC) voltage

source inverters are widely used in motor drives and re-
newable energy systems due to their lower harmonics, smaller
filter size, increased efficiency, and higher power density, in
comparison to the traditional two-level inverters [1]-[3]. The
research [4] has shown that in low voltage applications, the
utilization of a3L-T-type inverter as an alternative for the
conventional diode-clamped 3L-NPC inverter can be advan-
tageous for moderated switching frequencies, e.g., < 12kHz.
The main advantages of the T-type structure are: it requires two
fewer power diodes; with similar design ratings to the diode-
clamped 3L-NPC inverter, it can provide lower conduction
losses (but higher switching losses) [5]. With the increasing
utilization of the T-type circuit technology in solar and motor
drive applications, the interest to the control scheme of this
inverter has gained momentum in both industry and academia
[6]-[15].

Among various control methods, the model predictive con-
trol (MPC) has become a popular topic of research, particu-
larly because of the recent development of high performance
microprocessors [6]. The MPC has many exciting features,
among all it can lead to fast dynamic responses, and it is
an intuitive concept of relatively easy implementation. In
particular, finite-control-set model predictive control (FCS-
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MPC) has been successfully applied to a 3L-NPC inverter
[7]. Without any modulator, the conventional FCS-MPC uses
only a finite number of available switching states to operate
the converter to predict all the feasible future behaviors and
consequent performances to select an optimal switching state.
This runs as an optimization routine minimizing a predefined
cost function to achieve the prioritized control objectives.

A fast-predictive control method (with a faster run-time
implementation) has been presented in [8]. This uses the ana-
Iytical model equations of the system just once in each control
cycle to predict the optimal vector. Interestingly, the number
of voltage vectors involved in the analytical model can also be
reduced from 27 to 3, and by consequence, the computational
efficiency will be greatly improved while using the fast finite-
switching-state MPC (FSS-MPC) algorithm proposed in [9].

A simplified model predictive control (SMPC) strategy is
studied in [10] for a 3L-T-type inverter, which is aimed to
reduce the computation burden while achieving robust and
fast current feedback control, the necessary capacitor voltage
balance and improvements in common-mode voltage (CMV)
generation. With the equivalent transformation and specialized
sector distribution method in [11], the computation time of
the FCS-MPC can be effectively reduced while the system
performance is not compromised. However, since FCS-MPC
utilizes only one switching state for the whole sampling
interval, the controller will generate the output waveform with
a variable switching frequency, which can negatively affect
the generated voltage/current waveform harmonic spectrum,
making the design of harmonic and EMC filters complicated.

Several advanced strategies have been proposed to improve
the output current quality of a 3L-NPC inverter. In [12] and
[13], as an extension of the modulated model predictive control
(MMPC) in a two-level rectifier [16], a current predictive
control with fixed switching frequency was proposed. Based
on [12] and [13], a finite-set MPC strategy with fixed switching
frequency is developed in the grid-tied application [14], which
utilizes the redundant vectors to balance the partial DC capac-
itor voltages. Based on the discrete space vector modulation,
an improved FCS-MPC able to reduce current ripples and to
balance the neutral-point voltage for the 3L-NPC inverter is
studied in [15]. However, an extra computation time for the
FCS-MPC is necessary to realize a fixed switching sequence
and space vector modulation.

This paper proposes a simplified MMPC for a grid-tied
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Fig. 1. Three-phase T-type inverter.

TABLE 1
SWITCHING STATES (z = a, b, ¢)

Sg | Sz1 | Se2 Sz3 | Saa Vn

1 1 0 0 | Vae/2
0 0 1 1 0 0

0 0 1 Vie/2

three-phase 3L-T-type inverter able to reduce the computa-
tional time without affecting the control performance. Differ-
ent from the traditional MMPC studied in [12], the candidate
switching vectors are preselected based on the sector distri-
bution. This simplifies the application of an MMPC in the T-
type circuit. Furthermore, the current total harmonic distortion
(THD) will be reduced at fixed switching frequency without
introducing additional weight factor in the cost function. The
paper is divided as follows. In section II the analytical model
of the three-phase 3L-T-type inverter is derived. In Section
IIT and IV, the detailed implementation of the classic FCS-
MPC and proposed simplified MMPC is given, respectively.
Finally, in Section V a PLECS based simulation of a 3L-T-
type inverter running the simplified MMPC is used to verify
the effectiveness of the proposed method.

II. MODELING OF THE THREE-PHASE 3L-T-TYPE
INVERTER

A three-phase 3L-T-type inverter is shown in Fig. 1. The
basic converter is composed of 12 active switches, two series-
connected DC capacitors C; and Cs, and a L filter at the AC
or grid side. Although the switches S,; and 54 have to block
the total DC voltage V., they can be operated to switch only
the partial DC capacitor voltages or ideally half of V.. The
switches S5 and S,3 have to block the partial DC capacitor
voltages. Note that in Fig. 1, vy, , vgp and vy, represent the
grid phase voltages; while 7,, 7, and 7. represent the output
currents of the inverter; L refers to the filter inductance; and R
is the total equivalent resistance between the inverter and the
grid, mostly defined by the parasitic winding resistances of L.
The switching states and the corresponding converter terminal
voltages are shown in Table I. Each phase of the T-type 3L-
NPC inverter can generate the following three output states
depending upon different switch combinations: ”1”, ”0” and
”-1” states. It can be seen that: (a) in the ”1” state S,; and
Syo are turned ON while S5 and S,4 are turned OFF, and the
phase output voltage from the AC terminal = with reference to

L1

0,1-1)

(1,1,-1)

/'y
/N

/
d10 o,

(-1-L1)

0,-1,1) 1,-1,1)

Fig. 2. Space vector diagram for a three-level T-type inverter.

the terminal n (or the mid-point of the DC-link capacitors) is
Vgn = Vae/2; (b) in the 70" state S,o and S,3 are turned ON
while S, and S,4 are switched OFF, and v,,, = 0; (¢) in the
”-1” state S;4 and S,3 are turned ON while S, and S5 are
switched OFF, and v,,, = —Vj./2. A total of 27 (33) switching
combinations are available for the converter operation, which
are represented in Fig. 2.

According to the current i,, i, and ¢, flow directions in
Fig. 1, the output current dynamics in «-f3 coordinate can be
expressed as:

L% = Van — Vga — Riq 0
LGE = vgn — vgp — Rig
The currents through the capacitor can be expressed as:

dver ¢
Cligtl = c1 (2)
dvea _ .
Cgigtz = 1¢c2

For the digital control implementation of the circuit in a
microcontroller, the model of the inverter must be defined as a
discrete-time model [7]. The derivative of the AC line currents
and the capacitor voltages in the continuous-time model can
be approximated based on the forward Euler approximation
with the analog-to-digital conversion sampling period T as:

diag Niaﬁ[k + 1] — iaplk]

dt Ts ®)
duc _uclk + 1] — uc[k]
@~ “)

Thereafter, (1) and (2) can be re-written in the discrete form:

iplk + 1] = E5Tig[k] + = (van[k] — vga[k])
Vel [k + 1} = Vel [k} + %icl U{Z + 1} (6)
Vc2 [k + 1] = VUe2 [k} + %ZCQU{: + 1}

III. THE CLASSIC FCS-MPC FOR THE3L-T-TYPE
INVERTER

A. Control Strategy

The feedback current control of the inverter based on the
FCS-MPC technique is known for utilizing only a finite
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Fig. 3. Block diagram of conventional FCS-MPC [6].

number of possible switching states that can be generated
by the power converter during the optimization routines. This
method can predict well the behavior of the modeled system
variables and specific performance indexes for each analyzed
switching state [6]. Herein, the reasoning is that each current
ia,3 and v.1 o prediction is evaluated with respect to its
references i;, 5 and v ., in a cost function, and the switching
state that generates the minimum deviation (or error) value is
selected to be applied in the next sampling time.

The block diagram of this control strategy for the 3L-T-
type inverter is shown in Fig. 3. The main control objectives
are the regulation of the AC line currents and the balance of
the DC-link partial voltages. The FCS-MPC method uses the
discrete-models of the system developed in Section II, i.e., the
AC currents and DC-link capacitor voltages analytical models,
and all the 27 possible switching states to predict the future
behavior of the controlled variables.

B. Cost Function Design

The defined cost function has two objectives: (a) to mini-
mize the error between the predicted load currents i, [k + 1]
and their references i}, 5[k + 1], and (b) to balance the DC-link
capacitor voltages. These control objectives with the weighting
factor \y. are represented as follows:

G =lig[k +1] —ia[k + 1] + |iz[k + 1] —iglk + 1]|+

7
)\dc|vcl [ki + 1] — UCQ[k + 1]| ( )

IV. PROPOSED MODULATED MODEL PREDICTIVE
CONTROLLER FOR THE 3L-T-TYPE INVERTER

The proposed simplified MMPC includes a suitable modu-
lation scheme in the cost function minimization. Fig. 4 shows
the block diagram of the MMPC. Similar to the FCS-MPC
strategy, it uses the prediction of the AC line currents and
capacitor voltages based on (5) and (6), respectively. At
every sampling time and depending on which one of the six
current sectors the system operates, the MMPC evaluates the
parametric predictions of the two active and two redundant
small vectors, and finally solves the cost function separately
for each prediction.

ol
y v |
Vector valk] |
Preselection valkl |
PR

Ivc1[k+llﬁﬁiaﬂ'_‘|k+u TTdi[km .
Valkl el i k1] dkH1]  Soflk+1]

|
| Cost Function Minimization
|

) |

Sap'lkt1] |

" Model Time interval |

ch’ prediction calculation 4 |
(> Veop Th+114

cap k1] |

| T |

- Veaslk] I

igp [k+]] [ Voltage reference | |

| - calculation laplk] MMPC |

(1,1,-1)

Sector I1

Il (1,0,-1)
b o (1)
\

0,0
v,
50,

Sector V

©-1,1)

(b)

(-1-1,1) (1-L,1)

Fig. 5. Sector allocation and candidate voltage vectors for the T-type 3L-NPC
inverter. (a) Sector allocation, (b) candidate voltage vectors.

A. Vector Pre-selection

The converter voltage vectors are divided into six sectors
according to the input three-phase current polarity as shown
in Fig. 5(a), and the candidate voltage states to be applied in
each sector are shown in Fig. 5(b). Based on the conventional
space-vector modulation, if the target vector is located in one
triangle, then its vertice vectors are used to realize the target
vector. One of the three nearest vectors forming the triangle in
question is always the redundant vector pointing to the center
of the active hexagon. To reduce the number of the processed
switching vectors, the candidate switching states (S,, Sp, Se)
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TABLE II
FEASIBLE SWITCHING VECTORS IN SECTOR I

S (52.5§.52)  (Sa,Sb,Se)
0 0, 0, 0) O, -1, -1)
1 0,0, 1) 0, -1, 0)
2 O, 1, 0) 0, 0, -1)
3 ©, 1, 1) (0, 0, 0)
4 (1, 0, 0) (1, -1, -1)
5 (1,0, 1) 1, -1, 0)
6 (1, 1, 0) (1, 0, -1)
7 (1,1, 1) (1, 0, 0)
(-

Fig. 6. Synthesis of equivalent reference voltage vector in two-level equivalent
space vector diagram.

for six active vectors and two redundant vectors in each sector
can be obtained by:

S; = 82 +0.5[sign(iy) — 1], = € {a,b,c} (8)

where (59, 5P, SY) is the basic switching state. sign(i,) = 1
when i, > 0, otherwise sign(i,,) = —1 . Taking sector I as an
example, the eight candidate switching states are summarized
in Table II. The candidate switching sates in another sector
can be pre-selected in the same way.

Once the sector is determined, the origin of a reference
voltage vector can be changed to the center voltage vector
of the selected hexagon v.. Since v, has two switching state
realizations, it can be split into its two realizations, namely v
and v9. This is done by subtracting the center vector of the
selected hexagon from the original reference vector, as shown
in Fig. 6. In Fig. 6 v, is the original reference voltage vector
and 00 is the corrected reference voltage vector seen from
the location of the center vector v..

In order to implement a SVM algorithm in the MMPC, the
space vector diagram of each sector shown in Fig. 6 is divided
into 6 triangles (denoted as A,, with n € {1,...,6}), where
each triangle A,, is composed of two equivalent active vectors
v? and v? and the two equivalent zero vectors v and vS. For
the implementation of the SVM, a symmetrical pulse pattern
is adopted in this work. An example of this sequence for the
A of sector I is defined in Fig. 7.

(100)

(10-1) 1-1-1) (0-1-1) (1-1-1) (10-1)

(100)

Fig. 7. MMPC switching pattern in the A1 of Sector L

B. Converter Voltage Reference Calculation

Based on (5), the current predictions can be rewritten as:

{ia[k +1] =gk +1) — Tu0 k]

9
iglk + 1] = i3[k + 1] — Z=v§[k] ©)

where (¢, ig) represents the evolution of the system, when

the redundant vector v, is applied. (° vg) is the corrected

a®

reference voltage vector v, which is defined by:

v
v
0 0

where (v{, U?g) and (v9,, U?B) are two candidate voltage
vectors selected by the MMPC algorithm, and d; and d; are
their associated duty cycles.

Assuming that the predicted currents match the current
references, the voltage references (v}, v;) can be defined as:

i (Vi — Vza) + dj(“?a — Vza)

4 (00
" ) (10)
di(vig — v2p) + d;(Vj5 — v2p)

O RO

{vj;[k:+1]:TLS(ig[k—i-l}—ij;[k—i—l]) an
vplk +1] = £ (i3k + 1) — i3k + 1))

C. Current Predictions

According to Table II, the current predictions are calculated
for each one of the candidate adjacent vectors (v?, v?) con-
sidering both vectors applied in one sampling interval:

{zi R (GRS R | R,
ik +1] = iZlk+1] - %di(vg [k +1] — v.plk])
i [k+1] =i [k + 1] = Pod; (0] [k + 1] — v [k]) 13
ik +1] = i3 [k + 1) — Z2d; (03 [k + 1] — v2p[k])
where
(Zvj) = (1’ 2)7 (273)’ (3a4)7 (4’ 5)) (576)’ (67 1)- (14)

D. Duty Cycle Calculations

The duty cycles are calculated based on the voltage refer-
ence derived from (11) for each one of the two active vectors:

{v% =d;i(v2, — via) + dj(v?a —Vza) + Vza (15)

vg = di(vis — vzp) + dj(v)5 —vp) +v2p
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TABLE III
SIMULATION PARAMETERS

Variables Parameters Value
Ve DC voltage 700 V
Vg Grid RMS voltage 220V

Cq, Co Partial DC capacitance 470 pF
fq Grid frequency 50 Hz
R Parasitic resistor 0.1 Q

L Inductive filter 600 pH

Solving the above equation, the duty cycles for each pair of
vectors can be defined by:

d~ _ (UE_Uzﬂ)(vga_Uza)_(vz_vzo‘)(v-?ﬁ_vzﬂ)

e e o N
d: = (V5 =v28) (Vig —Vza) = (Vg —Vza) (Vig —vzp)

J ('U?a 7vza)(U?57v26)7(v2ain°‘)(’Ugﬂivzﬂ) .

Thereafter, the duty cycle of the selected center voltage vector

d, can be calculated:
d,=1—d; —dj. (17)

E. Cost Function Minimization

A single-objective predictive controller regulates the grid
currents using the following cost function:

G =G, + G,
Gi zdi\/(ii —i%)2 4 (i — )2
Gj Zdj\/(ii —i%)2 4 (i —i%)?

The pair of vectors with the minimum value of G is selected
to be applied for the associated duty cycles d; and d;.

(18)

E. Capacitor Voltage Balancing

Negative and positive small vectors v and v$ have an oppo-
site effect in the current injected at the neutral-point terminal
n. The ratio between the negative and positive duty cycles are
redistributed as a function of the following imbalance index:

Vel — Vc2

Avy = ——=
Vel + Ve2

19)

which is bounded between (-1, 1). Thus, duty cycles of v8 and

v are calculated as follows:
1-A
dz = ——d. (20)
1+A
df = %dz Q21

V. SIMULATION RESULTS

To validate the effectiveness of the proposal MMPC applied
to the 3L-T-type inverter, PLECS based simulation results
are presented during both steady-state and dynamic-state test
conditions. These results are compared with the ones ob-
tained with the same inverter employing the classical FCS-
MPC strategy or the traditional PI-controller. The simulation
parameters are shown in Table III. To have a reasonable

20
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Fig. 8. Steady-state simulation waveforms showing the grid currents, the
output terminal voltage vao0, and phase current harmonics for implementation
of (a) the proposed MMPC, (b) the conventional MPC, (c) the PI-controller.

comparison between the proposed and the classical predictive
control methods, a shorter sampling time 7 is considered for
the traditional predictive controller, where T = 1/60000 s,
while a T; = 1/20000 s is defined for the proposed MMPC
and Pl-controller. The switching frequency of the MMPC
and Pl-controller is the same as the sampling frequency,
fsw = 20kHz.

A. Results During Steady State Operation

The steady-state waveforms for the three-phase grid cur-
rents, the inverter generated terminal voltage a with reference
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Fig. 9. Dynamic-state simulation waveform for grid current i, and its

reference i, _rer (@) proposed MMPC, (b) conventional MPC, (c) PI-controller.

to the grid neutral terminal o, and the current harmonic
spectrum obtained with the proposed MMPC, the conventional
FCS-MPC, and the PlI-controller are shown in Fig. 8, where
the magnitude of the reference current is set as 20 A. From the
current spectrum analysis, one can observe that the proposed
MMPC produces a current with a constant switching frequency
of 20 kHz, while the FCS-MPC control has a variable switch-
ing frequency, which is mostly lower than 20 kHz. Finally,
the implemented FCS-MPC method presents a higher value
of THD compared to the proposed MMPC, and the AC line
current ripple for the MMPC is slightly lower than that of the
PI-controller.

B. Results During Dynamic State Operation

To demonstrate the performance of the proposed control
strategy in terms of dynamic response, transient analysis is
carried out with all control methods. Fig. 9 shows the results
for grid current ¢,, and its reference 7, _ref, Where a step-change
in the AC line current reference 7, yof from 20A to 40 A is
applied at the instant of ¢ = 0.2 s. In every case, it is observed
that the grid current 7, can effectively track 7, _ye¢. The results
also attest that the proposed MMPC can have an excellent
dynamic response as the conventional MPC. As expected both
predictive controls tracking performance are much faster than
the one achieved by the PI-controller.

VI. CONCLUSION

This paper has proposed a simplified modulated model
predictive control (MMPC) with fixed switching frequency
for a three-phase 3L-T-type inverter. This control method
implements a MMPC with sector pre-selection, where the
number of finite switching states is reduced, and the running
time (or computational effort) required by the cost function
calculations of the optimization loop is reduced. Compared
with the classic FCS-MPC, it solves the problem of the
converter generation of a wide spectrum of voltage/current

harmonic content without affecting the control performance
in terms of fast dynamic response. PLECS based simulations
have verified the effectiveness and superiority of the proposed
MMPC method.
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