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Abstract—This paper proposes a model predictive control
(MPC) strategy for a nested neutral point-clamped (NNPC) con-
verter to control output currents and voltages of flying capacitors.
The NNPC converter is a four-level converter topology for medium-
voltage applications with interesting properties such as operating
over a wide range of voltages (2.4-7.2 KV) without the need for
connecting power semiconductor in series, high quality output
voltage, less number of components compared to other classical
four-level topologies. A discrete-time model of the converter is pre-
sented and all the control objectives are formulated in terms of
the switching states. During each sampling interval, the predicted
variables are assessed by the cost function and the best switching
state which gives minimum value for the cost function is selected
and applied to the converter gating terminals. The performances
of the NNPC converter and predictive control scheme are veri-
fied through MATLAB/Simulink simulations and their feasibility
is evaluated experimentally.

Index Terms—DC-AC power conversion, finite control-set
model predictive control (FCS-MPC), multilevel converter.

I. INTRODUCTION

ULTILEVEL voltage source converters (VSCs) are suit-
M able candidates for high-power and medium-voltage
(MV) applications. The main features of these configurations,
as compared with the two-level VSC, are their capabilities to re-
duce: a) harmonic distortion of the ac-side waveforms, b) dv/dt
switching stresses, ¢) switching losses, and d) minimize or even
eliminate the interface transformer [1]—[5]. In addition to stan-
dard multilevel converters such as neutral point-clamped (NPC),
flying capacitor (FC), and the cascaded H-bridge; a number of
variants and new multilevel converters have been proposed in
the literature [6]-[16]. Among all of these multilevel converters,
the four-level NNPC converter [16], shown in Fig. 1, has many
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interesting properties such as operating over a wide range of
voltages (2.4-7.2 KV) without the need for connecting power
semiconductor devices in series, equal voltage stress for all the
switches (one-third of the dc voltage), less number of compo-
nents in comparison to the other four-level converters.

The MV NNPC converter is suitable for many applications
such as: STATCOM, train traction, ship propulsion, regenerative
conveyors, wind and photovoltaic energy conversion systems,
and general MV motor drive applications (pumps, fans, etc.) [1].
In these applications, there are two main important issues for an
NNPC converter: control of output currents and FC voltages.

The finite control set model predictive control (FCS-MPC)
has recently emerged as a new control tool in power electronics
and drives. This scheme offers a conceptually different approach
to control the power converters while eliminating the need for
linear regulators and SVM/PWM modulators [17]. In this ap-
proach, the control goals are expressed as a cost function and
its minimization is used as a criterion to choose the best switch-
ing state which would be applied to the converter during next
sampling interval.

In this paper, a FCS-MPC strategy is proposed to control the
NNPC converter. The discrete-time model of the load currents
and FC voltages is presented. The future behavior of the control
variables for all the possible switching states has been obtained.
A cost function is defined to assess the predicted variables.
The switching state which minimizes the cost function value is
selected and applied to the converter directly. The performance
of the control scheme is verified by simulation and experimental
results.

II. PREDICTIVE CONTROL OF THE NNPC CONVERTER
A. Operation of the NNPC Converter

The NNPC topology, as shown in Fig. 1, is a combination
of a FC topology and a neutral point-clamped (NPC) topology
named NNPC converter which provides a four-level output volt-
age. To ensure equally spaced steps in the output voltages, the
capacitor C'z; and Czy, x = a, b, c are charged and should be
maintained at one-third of the total dc-link voltage.

Four output levels can be achieved from the six distinct
switching combinations. The list of switching combinations is
shown in Table II. It should be noted that all switch devices are
rated for one-third of the dc-link voltage. Another advantage of
the NNPC converter is the redundancy in switch combination
to produce output levels. For example, two redundant switching
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Fig. 1 NNPC converter.

TABLE I
SWITCHING STATES OF THE FOUR-LEVEL NNPC AND CONTRIBUTION OF THE AC-SIDE CURRENTS TO THE FC VOLTAGES

Sy1 Sza Siz Sza Sas Sue Uy Vel Ve g2

1 1 1 0 0 0 Vde No Impact No Impact

1 0 1 1 0 0 Charging (i,, > 0) No Impact
Discharging (i,, < 0)

0 1 1 0 0 1 2 Discharging (i,, > 0)  Discharging (i,, > 0)

Charging (i, < 0) Charging (i, < 0)

1 0 0 1 1 0 g Charging (i, > 0) Charging (i,, > 0)
Discharging (i,, < 0) Discharging (i,, <0)
0 0 1 1 0 1 No Impact Discharging (i,, > 0)
Charging (i,, < 0)
0 0 0 1 1 1 0 No Impact No Impact
TABLE II

states (as can be seen in Table I) are able to generate voltage
levels of 2/3v4. and 1/3v4.. Each redundant state provides a
specific charging and discharging current path for each FC. This
is a specific feature of redundant switching states that can be
used to achieve voltage balancing of the capacitors. The main
technical challenge is to identify the best redundant switching
state to achieve this.

B. Mathematical Model of the NNPC Converter

The FCS-MPC approach is an optimization algorithm that
eliminates the need for linear regulators and can be easily im-
plemented on the current digital control platforms. This method
requires the discrete-time model of the converter and load. In
this section, the mathematical model of the NNPC converter is
explained.

In order to perform the optimization algorithm and select
the optimal control action, all the control variables should be
expressed in terms of measured quantities, parameters of the
system, and switching states of the converter.

1) Model of Load Currents: Referring to Table II, the voltage
in any phase x of the NNPC inverter with respect to the negative

POSSIBLE SWITCHING STATES OF THE NNPC CONVERTER WHEN (z = a, b, ¢)

Sz Sy2 Syz Sza Ses Sus Vg

1 1 1 0 0 0 Vde

1 0 1 1 0 0 Vde — Vexl

0 1 1 0 0 1 Vel + Vex2

1 0 0 1 1 0 Vde — Vezl — Vez?2
0 0 1 1 0 1 Ve

0 0 0 1 1 1 0

point of the dc-link N can be expressed in terms of switching
states and FC voltages as follows:

UpgN = S:rlvdc + (S’D2 - 1>'UC$1
+ (823 — Dvees + (1 = Sp1) (Vo + vow2)
r = a,b,c (1)

where v.;1 and v.,o are the FC voltages for phase x.
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By applying Kirchhoff’s voltage law to Fig. 1, the inverter
voltages can be expressed in terms of load currents as follows:

diyg
= (Rfa + Ra,)ioa, + Lfazi + Un N

dt
. diob
un = (Rpp + Rp)iop + Lfbﬂ +U,N
. dioe
UeN = (Rfc + Rc)loc + Lfcﬁ + Un N (2)

where Ry, Ry, and Ry, are filter leakage resistances of
phases a, b, and c, respectively. L¢,, Ly, and Ly, are filter
inductances of phases a, b, and c, respectively. R,, R, and R,
are load resistances of phases a, b, and c, respectively. 7,4,
1ob, and i, are load currents of phases a, b, and c, respectively.
vp N 1S the voltage between load neutral and negative dc-rail

1
UnN = g(UaN + vy N +U(:N)
VUgn = UgN — UpN
= a,b,c. (3
The expression (2) can be simplified to
. di
Vo = (Rf +R)10 +Lfa (4)
where
T
Vo = [v(m Ubn vcn}
i0 == [ioa iob ioc}T
Ry = Ry, = Ryp = Ry
Ly = Lya=Lysy = Lyc
R = Ra:Rb:Rc- (5)

The continuous-time expression for the load current can be

derived from (4) as
di 1 .

To implement the control algorithm in the microprocessor-
based hardware, the continuous-time model should be converted
to discrete time. In this paper, the backward Euler method is
considered to approximate the first-order derivative given in
(7). This is demonstrated as follows:

dip iy (k4 1) —i,(k)
dt T,
where T is the sampling time. By substituting (7) into (6) and

shifting into one future sample, the discrete-time model of the
output current can be obtained as [18]

(N

i (k+1) =K, vo (k+1)+ K, i, (k) 8)
where
T
K’Ir == -
Lf + (Rf + R)TS
L
K = f . )

" Ly +(Rf +R)T,
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Equation (8) shows that the output current prediction in
(k + 1) requires the measured load current value and the pre-
dicted converter output load voltage. The prediction of the load
voltage uses the 216 (6%) possible switching states and the mea-
sured FC voltages (see (1)).

2) Model of FC Voltages: The voltages of FCs should be reg-
ulated in the NNPC to ensure equally spaced steps in the output
voltages, otherwise the semiconductor device voltage stress in-
creases. In this section, the model of FC voltages is presented
in terms of the NNPC switching states

t
veat (£) = vewr (0) + / i (1) dr
0+
t
vors () = vews (0) + / i00s (7) dr
0+
r = a,b,c. (10)

Referring to Table I, the capacitor currents are directly related
to the three-phase output currents as follows:

1opl = (Szl - S:z:?) log
iC.T,Z = (S:t5 - ST()) ZO’I‘
r= a,b,c. (11)

The discrete-time model for FC voltages can be obtained from
(10) as

Ts .
Voz1 (k + 1) = VCz1 (k) + C 10zl (k)
zl
Ts .
VCz2 (k + 1) = VCz2 (k) + C 1Cz2 (k)
2
= a,bc (12)
where
iCJ:l (k) - (Sgrl - S:nZ) -ioa:(k)
iC.zZ (k) = (STS - Sl()) 'io.z (k)
Tz = a,b,c. (13)

C. Model Predictive Current Control of the NNPC Converter

The proposed predictive current control scheme is shown
in Fig. 2. It uses the discrete-time model to predict the future
behavior of the variables to be controlled. The predictive control
consists of the following steps:

1) Measurements: As a first step in the implementation, the

FC voltages and load current are measured at kth instant.
2) References calculation: The reference load current val-
ues are obtained based on the application employing the
NNPC converter. For example, in the grid-connected ap-
plications in wind and photovoltaic energy systems, the
references are generated such that grid-side active and
reactive power can be controlled. In motor drives, the
reference currents are generated to regulate the torque
and speed of the machine. In order to keep the general-
ity of the paper, the references are chosen as user defined.
Since the cost function performs the comparisonin (k + 1)
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Fig.2  Proposed MPC control scheme for an NNPC converter.

sampling instant, the references should be extrapolated to
future state. The following fourth-order Lagrange extrap-
olation [19] is used here

in(k+1) = 4i, (k) — 61 (k— 1)

FAT (k—2) i (k—3). (14)

3) Prediction of output currents and FC voltages: The pre-
dictive model of the NNPC converter given in (8)-(13)
uses the measured capacitor voltages and load currents at
kth instant to predict the output currents and FC voltages
at time (k + 1).

Cost function optimization: A cost function is defined
with two control objectives. The first one is to minimize
the error between the predicted load currents i, (k + 1)
and their references i’ (k + 1), and the second one is
to regulate the FC voltages. These control objectives are

represented as follows:
Gtrack (k + 1) =

4)

z=a,b,c
15
Geap (k+1) = 15)
2
" 2
)\,cap . Z {Z [’U(w — Vegi (k‘ —+ 1)] }
r=a,b,c li=1
where A, is the weighting factor and
1
== dc- 16
Uez = 3Vde (16)

To calculate the weighting factor to control the capacitor
voltages, the following equation has been employed:
iO.ﬂ

*
/U(i.’lf

)\cap = a7
where i, ,, is the nominal (rated) output current and v}, is
the reference value of the FC voltages.

The importance of the capacitor voltages balancing can be
substantiated with the main objective of load currents regulation

by the weighting factor A.,,. The final cost function is defined
as follows by combining the above two sub cost functions:

g (k + 1) = Gtrack (k + 1) + YJeap (k + 1) . (18)

The main objective for the control algorithm is to achieve the
cost function values close to zero. During each sampling inter-
val, 216 predictions obtained for the load current are compared
with its extrapolated reference. Similarly, the 216 predictions
for each capacitor voltage are used by the cost function. The
switching state which produces minimum value for the cost
function during kth instant is selected and applied during the
next sampling interval.

III. SIMULATION RESULTS

In order to show the performance of the proposed FCS-MPC
strategy for the NNPC four-level converter, simulation studies
have been carried out in MATLAB/Simulink environment for
a 5-MVA/7.2-kV converter. The parameters of the system are
shown in Table III. The effectiveness of the predictive controller
to generate output voltages, regulate load currents, and control
voltage of FCs is analyzed during both steady-state and transient
interval.

A. Steady-State Analysis

Fig. 3 shows the reference current, the predicted current, and
the output current in a half cycle that shows output current
can follow the predicted current. Fig. 4 shows the simulation
results in the steady state with balanced references (i, = 7;, =
i), =340 A = 0.85 p.u. at 60 Hz) and balanced loads (R, =
Ry, = R, =10 Q = 1 p.u.) for a sampling time of Ty = 50 us.
According to (17), the weighting factor A, is calculated which
is equal to 0.1. Both reference currents and output currents are
shown in Fig. 4. The voltage of FCs in the steady-state condition
is shown in Fig. 5.
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TABLE III
PARAMETERS OF THE STUDY SYSTEM (SIMULATION)
Converter parameters Values Values (p.u)
Converter rating 5 MVA 1.0
Output voltage 7.2kV 1.0
Flying capacitors 1000 pF 4.0
Input dc voltage 12.5kV -
Output frequency 60 Hz 1.0
Output inductance 5.5mH 0.2
Output load 1022 1.0
(A)
300 ¢ iou*
— loa
400 L — loa
300 ¢ 1
200 : 1
100 f - - ]
0 H ' I I i i . I T
Fig. 3  Reference current, predictive current, and output current.
‘qul and fn:l' (A)
500 F 3
250
0
=250
=500

0.13 0.14

Time ( Sec )

0.12

Fig. 4 Reference currents and output currents; steady-state simulation.

B. Transient-State Analysis

Transient analysis is carried out with the sampling time
T, = 50 ps and the output frequency 60 Hz. The load is con-
sidered to be R, = R, = R. = 10 . Step change from ¢}, =
ity =i, =340 A=0.85p.u. to i}, =i, =i, =200 A =
0.5 p.u. is applied. Fig. 6 shows the simulation results when
step change in the reference input has been applied att = 0.15s.
Fig. 7 shows the voltage of FCs during the transient state. Figs.
6 and 7 show that the currents can track the references well and
voltages of the capacitors are well regulated.

C. Dynamic Behavior of the Capacitor Voltages

To show the dynamic behavior of the FCs, assume that the
NNPC converter is operating in normal condition and suddenly
at t =0.15 s, the control of the FC voltage is deactivated
(Acap = 0) and at t = 0.3 s the capacitor voltage controller

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 12, DECEMBER 2015
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Fig. 5 FC voltages; steady-state simulation.
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Fig. 6 Reference currents and output currents; step changes in reference cur-
rents from 340 A (0.85 p.u.) to 200 A (0.5 p.u.).
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Fig.7 FC voltages; step changes in reference currents from 340 A (0.85 p.u.)
to 200 A (0.5 p.u.).

reactivated again (A.,, = 0.1). Fig. 8 shows that when the
controller is deactivated, the capacitors start diverging and when
the controller reactivates the capacitor voltages converge to
nominal values.

D. Performance Comparison Between FCS-MPC and the
Classic Controller for the NNPC Converter

To compare the performance of the FCS-MPC strategy, a
classic current controller (PI) with the SPWM scheme has been
developed for the NNPC converter. The SPWM scheme is the
strategy presented in [20] and the simulation parameters are the
same as shown in Table III. Fig. 9 shows the output current
and the reference current for one phase. Comparison between
Figs. 6 and 9 shows that the dynamic response of the FCS-MPC
strategy is much improved. In Fig. 6, when the reference current
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Fig. 9 Reference current and output current with SPWM scheme and PI
controller; step changes in reference currents from 340 A (0.85 p.u.) to 200 A
(0.5 p.u.).
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Fig. 10 FC voltages with SPWM scheme and PI controller; step changes in
reference currents from 340 A (0.85 p.u.) to 200 A (0.5 p.u.).
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Fig. 11 Dynamic performance of the capacitor voltages with SPWM scheme

and PI controller.
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Fig. 12 Experimental setup for the NNPC converter.

TABLE IV
PARAMETERS OF THE STUDY SYSTEM (EXPERIMENTAL)

Converter Parameters Values

Converter rating 5 kVA

Flying capacitors 1000 pF
Input dc voltage 400 V

Output frequency 60 Hz

Output inductor 5 mH

Output load 10 Q2

50047 2 4 5008 3900 5000 Swp

IUH

T ™

7

it e oo

Fig. 13 Experimental results, steady-state predictive current, and output
current.

changes, the output current will change almost instantly; while
in Fig. 9 it takes about two cycle for output current to track
the reference current. Fig. 10 shows FC voltages, which with
SPWM strategy the voltage ripple are almost four times the
FCS-MPC strategy.

Fig. 11 shows the FC voltages with and without controller
and as can be compared to Fig. 8, the dynamic behavior of the
FC has been improved by FCS-MPC strategy.

IV. EXPERIMENTAL RESULTS

The feasibility of the proposed converter is evaluated experi-
mentally. Fig. 12 shows the experimental setup for the proposed
NNPC converter. The parameters of Table IV were used for
experiments as a scaled-down prototype.

Figs. 13—15 show the performance of the proposed converter
under the steady-state operation. Fig. 13 shows the inverter ref-
erence current, the predictive current, and the output current for
phase a. Fig. 14 shows the output currents of the inverter in the
steady-state operation, and Fig. 14 shows the voltage of FCs
when the reference currents are i, =, =i,. = 10 Aand R,
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Fig. 14  Experimental results, steady state: a) output currents and FFT of phase
a and b) voltages of FCs, m = 0.9, PF = 0.9.
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Fig. 15 Experimental results, transient state, step change in reference currents
from 10 to 5 A: a) output currents and b) voltages of FCs.
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=R, = R. = 10 Q. Fig. 15 shows the performance of the pro-
posed MPC for the NNPC converter under transient condition
when reference currents change from ¢, =}, =i;. =10 A
toi, =i, =i, =5 A.

V. CONCLUSION

An FCS-MPC strategy for an NNPC converter is proposed.
A discrete-time model of the converters is presented, and all
the control objectives are formulated in terms of the switching
states. The load currents and FC voltages are regulated during
each sampling interval with the help of the cost function. The
best switching state which minimizes the cost function is se-
lected and applied to the converter. The requirements for the
linear PI regulators and complex modulation stage have been
eliminated. The simulation and experimental results are in a
close relation and they validate the proposed control technique
and power converter.
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