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Abstract—The three-level neutral point clamped converter
(NPC) is one of the most promising topologies for medium-voltage
high-power applications. However, the system stability is
challenged by the DC-link capacitor voltages fluctuation especially
in the presence of fault tolerant operation condition. To solve this,
a novel finite-set model predictive control (FS-MPC) for eight-
switch three-phase NPC converter (ESTP-NPC) in balanced grids
is proposed for fault tolerant operation in this paper. The main
objective of this work is to achieve the DC-link capacitor voltages
fluctuation suppression without adding any additional
components. Specifically, in order to keep the capacitor voltages
balancing, an exact constraint term is introduced into the
normalized cost function used in the ESTP-NPC. Thus, the system
stability can be enhanced, and the DC-link capacitor voltages
fluctuation can be suppressed effectively. Finally, simulation
results are presented to verify the efficacy of the proposed method.
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l. INTRODUCTION

The three-level neutral point clamped converter (NPC) has
been widely applied in industries over the past decades, such as
electrical drives [1], high-voltage direct current (HVDC)
transmission systems [2], and electric railway traction system
[3], etc. In this topology, the bidirectional power flow is
achieved based on charging and discharging of the DC-link
capacitors [4]. Besides, compared to the traditional diode
rectifier, it has following advantages: 1) low-harmonic
distortion of grid-side currents; 2) unity power factor operation;
3) controlled DC-link output voltage. Due to these salient merits,
numerous investigations are devoted toward the application of
three-level NPC in balanced grids [5-6].

As the core component of the grid, the reliable and stable
operation of three-level NPC is the basis of the whole system.
However, the switching devices of three-level NPC are
inevitably damaged during the grid fault [7]. In that sense, the
power quality will be deteriorated, and the whole system has a
destabilizing impact. Therefore, it is significant to investigate
the control method of three-phase NPC especially in the
presence of fault tolerant operation condition.

To solve this, an eight-switch three-phase NPC converter
(ESTP-NPC) for fault tolerant operation is presented to enhance
the system stability. Meanwhile, various control methods are
proposed in [8-10]. In [8], a mathematical model of the three

phase four-switch (TPFS) pulse width modulation (PWM)
voltage-source rectifier (VSR) in rotating d — g frame is firstly

derived. The result relies on using a so-called "reduced Park
Transformation™ on the switching functions. Based on [8], the
modeling, modulation, and control of the TPFS PWM rectifier
under balanced voltage are presented by using space vector
pulse width modulation (SVPWM) method in [9]. In this
method, a capacitor voltage oscillation and deviation is
considered and built in the d — q synchronous frame to facilitate

the controller design. Thus, a capacitor voltage balancing can
be achieved. However, a pulse-width modulator is used in
controller design in [8] and [9], and then, this will be further
complicated in practical application. In order to avoid the using
of pulse-width modulator, a novel control method based on
finite control-set model predictive control (FCS-MPC) for fault
tolerant operation is proposed to reduce harmonic currents and
output power fluctuations under unbalanced grid voltages in
[10]. Although numerical examples are investigated to show the
effectiveness of the aforementioned control methods, there are
barely any studies that address DC-link capacitor voltages
fluctuation for ESTP-NPC especially in the presence of fault
tolerant operation condition.

To solve this issue, in this paper, we aim to achieve the DC-
link capacitor voltages fluctuation suppression for ESTP-NPC
without adding any additional components. Thus, a novel finite-
set model predictive control (FS-MPC) for ESTP-NPC in
balanced grids is proposed for fault tolerant operation. In this
method, in order to keep the capacitor voltages balancing, an
exact constraint term is introduced into the normalized cost
function used in the ESTP-NPC. Thus, the system stability can
be enhanced, and the DC-link capacitor voltages fluctuation can
be suppressed effectively. Finally, simulation results are
presented to verify the efficacy of the proposed FS-MPC
method.

Il. FCS-MPC METHOD OF ESTP-NPC

The common topology of the ESTP-NPC is shown in Figure
I. The ESTP-NPC with eight switches is connected to the three-
phase grid-side voltages through the grid-side input inductances

Ly and input resistances R, .
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FIGURE I. THE COMMON TOPOLOGY OF THE ESTP-NPC

Considering all the possible combinations of (S, , S, ), there

are eight output voltage vectors generated, and the
corresponding vector positions are given in Figure Il. From
Figure 11, the ESTP-NPC output voltage vector can be obtained
to calculate the switching state vector and DC-link voltage as
follows.

v -1

FIGURE Il. VECTOR POSITIONS IN THE a-p PLANE OF THE FSTP-
GCCS.

U

(1)
Where U, is the DC-link voltage, x=a,b,c , and the

switching function ng is defined according to the switching
signals for the switches of each leg as follows:

1, Sy =0n,Sy,, =on, S, =off, S, = off

Sex =1 0, Sgq =0n,S,, =off, S5 =0ff, Sy =0n

—1,Sy, =0ff, Sy, =0ff ,Sy,3 =0n, Sy, =0n

)

The grid-side current dynamics of the ESTP-NPC can be
presented as

L, Jo R,
— =€, -V, —R,i
9 9 9 g9’
dt 3)

Based on the forward Euler approximation method, the
predicted grid-side current can be obtained as follows.
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The block diagram of the proposed FS-MPC for ESTP-
NPC is shown in Figure I1l. From Figure 111, the expression
of active power and reactive power in the stationary
reference frame a — S can be expressed by [11]:

Utk + 1) Ups(k 1)
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fiuture

1
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FIGURE Ill. BLOCK DIAGRAM OF THE PROPOSED FS-MPC FOR
ESTP-NPC

P, (k+1) = Re{e, (k +1)i; (k +1)}

= (eyglgy +C4plas)
ga'g 98798 (5)

QJk+D=hn&“k+DEW+D}

= (Bgplga ~€galgp): (6)

Where e (k +1) is the predicted grid-side voltage.

Then, a cost function is defined as a criterion to select the
optimal switching states

* 2 * 2
f=:%-%(k+n\4¢Qg—ng44), -

Where Py(k +1) and Q, (k +1) are the predicted active

and reactive power, P’ and Q; are the reference active and
reactive power.

1. THE PROPOSED FS-MPC METHOD WITH DC-LINK
VOLTAGES FLUCTUATION SUPPRESSION

In traditional FCS-MPC method, the capacitor voltage
oscillations and deviations will result in a destabilizing impact
[12-13]. To resolve this defect, a novel FS-MPC for ESTP-NPC
in balanced grids is proposed for fault tolerant operation as
follows. More specifically, in order to keep the capacitor
voltages balancing, an exact constraint term is introduced into
the normalized cost function used in the ESTP-NPC.

The continuous-time model of capacitor voltages can be
expressed as follows:

1t
Um0)=UcAON+E;L+kAﬂdﬂ

Uc,(®) =ucz(0)+cizj;icz(r)dr, o
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Where U, (0) (x=1,2) represents the initial value of

capacitor voltages, and i, (x=1,2) represents the current
flowing through the capacitors.

The discrete form of (8) can be obtained as
T, .
Uci(k+1) =Ug (k) + C—'c1(k),
1
T .
Uco(k+1)=Uc, (k) +C_'cz(k),
2 )

Where C, (x=1,2) represents the capacitor, and T,
represents the sampling period.

Thus, the cost function can be redefined to achieve the
capacitor voltages balancing control.

* 2 * 2
fo =[Py =Py (kD) +]Q; ~Qy (k+1)

+2¢ Uca(k +2) ~Ug, (k +1)°,

(10)

Where A, represents the weighting factor for DC-link

capacitor voltages balancing control. In this paper, an empirical
tuning method is adopted to obtain the appropriate weighting
factor [14-15]. Besides, the cost function given in (10) is
evaluated for all available switching states. The optimal
switching state which minimizes the cost function is selected
and applied to the ESTP-NPC. Thus, the capacitor voltage
balancing can be achieve, and the system performance can be
enhanced. In order to verify the efficacy of the proposed scheme,
the system simulation results will be given as follows.

IV. SIMULATION RESULTS

The system simulations are implemented in
MATLAB/Simulink environment. The system parameters are
given in Table I.

TABLE I. SYSTEM PARAMETERS

input resistance Rg 0.01Q
input inductance |-g 11mH
DC-link capacitor C, /C, 4400 uF
load resistance R oad 50Q
phase voltage peak €y 100V
grid frequency f 50Hz
DC-link reference voltage Uy 500V / 550V
sampling period T, 30us
weighting factor Ade 0.3
PI controller Kp =0.04 K,=0.38

To further evaluate the steady-state and transient-state
performances of the proposed FS-MPC method for the ESTP-
NPC, the simulation results are presented in Figure IV — Figure
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V. As shown in Figure IV(a) and Figure V(a), they show that
the active/reactive power of the ESTP-NPC is able to track the
reference value accurately. The phase-a grid-side current is
always in phase with phase-a grid-side voltage during the
steady-state and transient-state, and shown in Figure 1V(b) and
Figure V(b). Noted that the THD of grid current is 2.25%
before the stept =2.5st0 2.00% after the step in DC-link
voltage reference. Besides, as shown in Figure 1V(c) and Figure
V(c), it can be clearly seen that the DC-link voltage performs
well without any overshoot or undershoot. The capacitor
voltage waveforms are presented in Figure 1V(d) and Figure
V(d). From aforementioned results it can be concluded that the
effectiveness of the proposed FS-MPC method with DC-link
capacitor voltages fluctuation suppression can be confirmed in
the steady-state and transient-state.
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FIGURE IV. SIMULATION RESULTS: STEADY-STATE PERFORMANCE
OF PROPOSED FS-MPC FOR THE ESTP-NPC (a) GRID-SIDE
POWERS (b) GRID-SIDE VOLTAGE AND CURRENT (c) DC-LINK
VOLTAGE (d) DC-LINK CAPACITOR VOLTAGE
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FIGURE V. SIMULATION RESULTS: TRANSIENT-STATE
PERFORMANCE OF PROPOSED FS-MPC FOR THE ESTP-NPC (a)
GRID-SIDE POWERS (b) GRID-SIDE VOLTAGE AND CURRENT
(c) DC-LINK VOLTAGE (d) DC-LINK CAPACITOR VOLTAGE

V. CONCLUSIONS

In this paper, an improved FS-MPC method with DC-link
voltages offset suppression for the ESTP-NPC is presented by
using a single step prediction horizon. In the proposed method,
the ESTP-NPC fault tolerant structure is reconstructed from the
conventional three-level NPC for medium-voltage, high-power
applications. Meanwhile, in order to keep the capacitor voltages
balancing, an exact constraint term is introduced into the
normalized cost function used in the ESTP-NPC. Thus, the
system stability can be enhanced, and the DC-link capacitor
voltages fluctuation can be suppressed effectively. The results
confirm that the efficacy of the proposed method.
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