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Abstract: - The purpose of this paper is to develop a control and regulation method for the input DC voltage of
a five level neutral point clamping (NPC) inverter feeding a induction motor. In this context, the authors
propose in the first part, the control strategy of three-phase pulse width modulation rectifier, they propose the
virtual flux-based direct control (DPC_VF) with vector modulation (SVM), this method is applied for the
enhancement of network power quality by compensation of harmonic currents produced by an non linear load,
and good regulation of DC-bus voltage. The second part of the paper is dedicated to the presentation of the
model of the three phase, five-level NPC voltage source inverter with its space vector modulation (SVM)
control method. The performance of the proposed strategy in terms of out-put voltage and THD has studied
successfully and shown using MATLAB/Simulink.
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1 Introduction voltage of several levels and to improve the quality
Inverters are widely used in various industrial of the output Vpltage, as well as to overcome the
applications such as power conditioning system for problems associated with two-l@vel inverters, [7],
renewable energy and variable speed drives system [81, [9], [10]. Howevgr, the multﬂevel Iverters can
because of their ability to control the magnitude and be developed by either using multiple 3-phase
frequency of the output voltage, [1], [2], [3]. The bridges or by increasing the number of switching
use of a conventional two-level inverter in the field devices per phase, in order to increase the number of
of high power applications is not appropriate levels, [11].The advantages of .mul'tilevel .inverter
because numerous industrial applications have are the dv/dt stresses on.the sw1tch1ng devices are
begun to require high power apparatus in recent reduced due to the smqll 1ncrem§njc in voltage steps,
years, [4]. Some medium voltage drives and utility reduced electromagnetw compatibility (EMQ) when
applications require medium voltage and megawatt oper.ated at hlgh_ voltage, smaller rating of
power level .For a medium voltage grid, it is semlconQuctor devices apd beFter feature of output
troublesome to connect only one power voltage in term of less.dlst'ortlon, lower harmonics
semiconductor switch directly, also for reduce the contents and lower SW}tC_}llng losses. Furthermore,
harmonics in the inverter output voltage and to meet the complex phas'e Shlmeg transformers that are
the voltage rating of the power devices the multi- needed in th§ multlpplse inverters at hlgher lqvel are
level structures are used as an alternative in high not necessarily required, thus helps in reducing the
power and medium voltage situations, [5], [6]. cost, [12], [13].

The concept of multilevel inverter has been
introduced since 1970. the research was able to face
the handicaps presented by the classical structure,
the term multilevel began with three level converter
subsequently several multilevel converter topologies
has been developed, such as floating diode,
floating-capacitor, and cascaded inverters. The aims
of these structures are make to generate an output

The Space Vector Modulation (SVM) technique has
gained wide acceptance for many AC drive
applications, due to a higher DC bus voltage
utilization (higher output voltage when compared
with the SPWM), lower harmonic distortions and
easy digital realization. In recent years, the SVM
technique was extensively adopted in multilevel
inverters since it offers greater numbers of
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switching  vectors for  obtaining  further
improvements of AC drive performances. However,
the use of multilevel inverters associated with SVM
increases the complexity of control algorithm (or
computational burden), in obtaining proper
switching sequences and vectors, [14], [15], [16]. In
this work, the input DC power supply of the
multilevel inverter comes from a PWM rectifier
with constant switching frequency.

In recent years, PWM rectifiers have been widely
used in a variety of industrial applications due to
their advanced qualities, such as absorption of
sinusoidal current with low harmonic distortion and
the possibility of operation with a power factor unity
possibility of regeneration energy and DC-bus
voltage control over a large range, [17], [18].

Many control strategies have been proposed for
these PWM rectifiers. They can be classified into
two categories [6-8], voltage oriented control
(VOC) analogue to the vector control of electrical
machines, and direct power control (DPC) analogue
to the direct torque control of electrical machines. In
this article we are interested in the application of
Direct power control based on virtual flux with
vector modulation (DPC-VF-SVM) , [19], [20]

In our case, in order to ensure better control of the
voltages of the five-level inverter with NPC
structure and obtain better performance, we propose
a new type of frequency changer using a three-phase
voltage rectifier with pulse width modulation .

Indeed, voltage rectifiers are taking an increasingly
important place on the market today. They are
mainly used as input stages for inverters in variable
speed drives. The structure of the three-phase
voltage rectifier with pulse width modulation makes
it possible to obtain a minimum of harmonic
distortions on the input current while ensuring an
adjustable rectified voltage.

To this end, the expected objectives of this
research work can be summarized in the following
points:

1. Proposal for new frequency converters
having the PWM three-phase voltage rectifier as an
input stage of five-stage inverter with NPC structure
and supplying a induction motor.

2. Development of control algorithms for the

three-phase voltage rectifier PWM carried out by
virtual flux-based direct control (DPC_VF) with
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vector modulation (SVM) allowing operation on a
unit power factor on the network side and an
adjustable output voltage in the two three-phase and
two-phase markers.

3. Application of these algorithms for slaving
the DC bus voltages of the frequency inverters
offered.

Some other relevant studies can be found in
[34], [35], [36], [37], [38].

2 Virtual flux based direct power
control strategy

The increasing use of control systems based on
industrial power electronics involves more and more
disturbance problems at the level of the electrical
power supply networks. Thus, a regular increase in
current harmonic distortion and unbalance rates can
be observed, as well as an important consumption of
reactive power, [21]. Several solutions for reducing
harmonic current in electrical power supply
networks have been proposed. One of the interesting
solutions is the use of a PWM rectifier, [22].

Ts .
f}m 4,3} ‘ .
C

A fo b

Load

Figure 1:

Three-phase PWM rectifier system

Many control strategies have been proposed for
PWM rectifier, among them Direct Power Control
(DPC), this command is developed by analogy with
the direct torque control (DTC) of induction motors.
It consists in controlling the instantaneous, active
and reactive powers, instead of the torque and flux
through two internal loops, [23], [24].

In this paper the virtual flux-based direct control
(DPC_VF) with vector modulation (SVM) will be
presented. This control strategy provides a high
power factor and a quasi-sinusoidal waveform of the
currents absorbed with a low THD while keeping
the advantage of a control without line voltage
sensor
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The structure of the DPC VF with vector
modulation (SVM) is given by the following figure
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Figure 2: Basic diagram of DPC_VF with space
vector modulation (SVM)

The virtual flux based approach has been proposed
to improve the voltage-oriented control Here, it will
be applied for instantaneous power estimation. The
voltage imposed by the line power in combination
with the ac-side inductors are assumed to be
quantities related to a virtual ac motor as shown in
Fig. 2. Thus, R and L represent the stator resistance
and the stator leakage inductance of the virtual
motor and phase-to-phase line voltages; Vab , Vbc,
and Vca would be induced by a virtual air-gap flux

The components of the virtual flux are calculated
from the following equations, [25]:

A di
= L—=)dt 1
¢La J.(usa + dt ) ( )
by = [, + L9 g ()
R dt

We can write:

¢?La = L'ia +Iusadt (3)
b, =Li, +jusﬁdt “4)

Estimation of the instantaneous power based on
the virtual flux, [22]:
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¢1={¢La}: jea 5)

P p Ieﬂ_

e ¢Sa _ J-usa
¢C_|:¢sﬂ}_ Iusﬂ_ (©)

The voltage equation is written in the following
form, [26]:

_ e
€ =R|+E(Ll+¢c) (7

In practice, the resistance R can be neglected,
which gives

_dy
3 =E<LI +¢C) (®)

Using complex notation, instantaneous powers
can be calculated as follows, [26]:

p= Re(e.f*) 9)

q= Irn(e.f*) (10)

The line voltage can be expressed according to the
virtual flux as follows, [26]:

N dg . dg -
pint)_ ZPL giwt 4 i et - SO qwt
(ge™) e e = e+ jug,

(11)

So the instantaneous active power is calculated
by, [26];

d . .
?td ig + W g (12)

ﬁ:

For a balanced three-phase sinusoidal voltage
system, we have, [26]:

dfj—td:o:ﬁ:w%iq (13)

Which means that only the component of the
current orthogonal to the flux vector that produces

the instantaneous active power

Similarly, the instantaneous reactive power can be
calculated as follows, [26]:
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¢Ld i, + Weh i, (14)

o)
||

dgy

at =0=q=wd iy (15)

The power estimator must use the quantities
related to the stator a_f:

_ dg dé
T~ + i, + i) (16)

_= |d g ,

ei {(ﬁL T JW(¢La+J¢L,;)}(Ia—JIﬁ) (17)

What allows to give, [26]:

. dg dg | - i

p :T;a"a +7tLﬁ s +W(¢La'ﬂ _¢Lﬂ'a) (18)
. dg| . dg] . ' '
q= _ditLa'lf’ +ditLﬁ o +W(¢La|a +¢Lﬁ'ﬂ) (19)

For sinusoidal and balanced line voltages, the
derivatives of the flux are zero. Instantaneous active
and reactive powers are calculated as follows, [26]:

b=wlgLis—d i) (20)
6=wlgiy + i) @1)
3 Multilevel inverter

Multilevel inverters have been attracting attention
in recent years due to high power quality, high
voltage capability, low switching losses and low
Electro Magnetic Interference (EMI) concerns; and
have been proposed as the best choice in several
medium and high voltage applications, [27], [28] ,
[29]. Among different topologies, the Neutral Point
Clamped (NPC) inverter has received much
attention, [30]. In this structure, diodes called
floating diodes are associated with each phase,
which serves to apply the different voltage levels of
the DC source.

Moreover, abundant modulation techniques and
control have been developed for multilevel inverter.
Among them, space vector modulation is
recognized as the most powerful and most used,
[31].
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3.1 Modeling of five-level inverter

Figure 3 shows the structure of the five-level
inverter with NPC structure, each of the three arms
of the inverter is composed of eight controlled
switches, and six floating diodes. The controlled
switches are unidirectional in voltage and bi-
directional  current, they are conventional
associations of a transistor and an antiparallel diode.
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Figure 3: Structure of the five-level inverter with
floating diodes

These switches must not be opened or closed
simultaneously, in order to avoid a short circuit of
the DC source of the input of the inverter, or the
opening of the inductive circuit of its load.

The floating diodes (six per arm) ensure the
application of the different voltage levels at the
output of each arm. The continuous input bus is
composed of four capacitors (Ci, C,, C3 and C,),
making it possible to create a set of three capacitive
middle points. The total voltage of the DC bus is vqc;
under normal operating conditions, it is uniformly
distributed over the four capacitors, which then have
a voltage va./4 at their terminals.

For each switch, Txi (k=1, 2,3,4,i=1... §,x=a
b et ¢) a switching function is defined as follows:

- {Ol-lf T .|s ON 22)
if Ty is OFF

The switch commands of the lower half-arms are
complementary to those of the upper half-arms:

Fai =1—Fui-a) (23)
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Table 1 summarizes the correspondence between
the states of each arm, the states of its switches and
its voltage output.

State of the switches of an arm Output
Txkl| Txk2 | Txk3| Txk4 | Txk5| Txké [Txk7 Txk8| voltage

Switching

State

2 0| o 1 1 1 1 o]0
1 ol o | o | 1 1 1|1 ]o Ve
ol ol o | o 1 11|
0 (V+V)

We define five connection functions, each
associated with one of the five states of the arm:

Feik = Feixk Feaxk Feaxk Feax
Feaxk = Feauk Feaxk Feaxk Fesx
Feaxk = Feaxk Feaxk Fesx Feoxk (24)
Feaxk = Feaxk Fesxk Feoxk Ferx
Fesxk = Fesx Feoxk Ferx Fesx
The potentials of the nodes a, b and ¢ of the

three-phase inverter at five levels with respect to the
point "o" are given by the following system:

Ves +Veq
Vaok Fclak Fc2ak FCSak I:c4ak FcSak Vc3
Vook | =| Febk  Feaok  Feaok  Feabk  Fesok 0
Vcok I:clck Fchk FcSck I:c4ck FcSck “Ve2

— (Ve +Ve2)

(25)

Thus, the input currents of the inverter are
expressed as a function of the currents of the load
1ak, 1ok and ik by means of the connection functions
of the half-arms by the following relations:

I = Fakalak + Fokalok + Fecale
I3k = Faslak + Fokalox + Fexalex
Ik = Fakalak + Fokalbk + Fexalex (26)
e = Faiak + Fowrok + Ferlec
ok = Fakolak + Fokolbk + Fexolek
The five-level inverter has 5° = 125 states,

identified by the combination of states of the three
arms. But in these 125 vectors there are redundant
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vectors, that is to say similar, among the 125 vectors
we find 61 different vectors.

Figure 4: Vector diagram of the five level inverter.

There are 60 discrete positions, distributed over
four hexagon, in addition to a position in the center
of the hexagon. Some positions are created by
several redundant states. From the outer hexagon to
the inner hexagon, the positions of the voltage
vector are created by one, two, three and four
redundant states. The position of the center of the
hexagon, which corresponds to a zero output
voltage, is created by redundant states. We thus
distinguish, [32]:

24 positions with one redundancy, 18 positions with
two redundancies,12  positions with three
redundancies and 6 positions with four
redundancies.

The 61 positions of the output voltage vector
divide the vector diagram into six triangular sectors.
Each sector is composed of 16 triangular regions of
Figure (4) so there are 96 triangular regions in the
complete vector diagram.

3.2 SVM of the five-level inverter with
floating diodes

Space vector modulation is a technique where
the reference voltage is represented as a reference
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vector to be generated by the inverter, [33] . SVM
processes signals directly in the two-phase plane. It
assumes that one works in the context of a
numerical control and that a regulation algorithm
has already determined the desired components
Vref ak and Vref Pk

The components projected on the two axes making
60°
between them are standardized by:

Vrefk .
Ve €OS(@y ) — sin(gy)
\% Sfdlk = \/3
” \E Vac
3 4 (27)
2 v .
vsh _ 3 e sin(gy)
ref 2k — \/EV
< Vdc
3 4

_ N i

i k k
In each sector S,, componentsv X andv X,
are given by:

s/ _ 1 _
Kk = ! z ; i 7
Vref 1k —4Mk(cos[¢k - (S 71)§j*fsm[(pk ~(Sy ,1)3

s/ -
Vre%(Zk =4M k(%sm[‘pk 7(Sl|< 71)%)}
(28)
To determine the number of the triangle in a

sector S|, the following two integers are to be
defined:

Sk s
Iy :lnt(VrefklkJ
S¢ - S|
Lk = lnt(vrerk)
Where, 'int' is a function that gives the integer

part of a given real number.
The triangular regions of the five-level inverter.

(29)

Vo

4

Vrefﬁk

- B P .
< 14/ N \ Jkk
A00)  BLD) C20W,5,DG0) EG0) Vak

Figure 5: Coordinates of the different vertices of
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the triangles in a sector S}

if the reference vector is in the parallelogram formed
by the vertices G, H, K and L, as shown in Figure (5), the
following two conditions must be verified:

Ve 1s in the triangle (GHK) if:

sl sl sl i
K K k .Sk 30
Vief 1k *Vref 2k <hk *lak +1 (30)

V e 18 in the triangle (KHL) if:

s! s! sl sl
K K k .Sk 1
Vet 1k *Vref 2k = hk thx +1 @D

To calculate the application times and as an
example, if the reference vector is in the triangle 10

A?%) it can then be reconstituted from the three

s) s) s
. Ak AK Ak .
adjacent vectors V", V" and V, 0 using the
following relation:
K ASk K ASk ko ASk
VXAIOtfl() +VyA10t¢l(J +VZA1(JtZAlO =V, T,
32)
S A% Ak (
A A A
0 10 4110 =T,

Sy Sk Sk
A A . . .
Where )10, t, and t;* are the application times

st sl sl
ALK AK AK .
of the vectors V", Vy""* and V, " respectively, and

X, ¥ and z are the vertices of G, H and K
respectively.

A?'Ig) is number of the triangle 'i' located in a

sector S}
To calculate the application times, equation (32)

sl

is decomposed according to the two axes Vlkk and
Si

Vzkk as follows:

1 1 1 1 1
Sk Sy Sk S, Sy

S,
Aj54A10 AffrAL AffAl _
Vxl tx +Vy1 ty +Vzl tz _VreflTs
SIS SRVTS IS S
sz ty +Vy2 y +V22 1, =VietaTs (33)
1 1 1
A

Sk Sk k
A A
t10 tym tyo _Ts

The  substitution of vector coordinates

A% NN N A% A% . :
VARLIS VAU Vy 10 =/ 10 and V, 1 =V, 1n equation

(33) makes it possible to calculate the application
times of these vectors as follows:
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Sl
A% _ (v Sk Sk
ty - Vreflk_llk s

Sk | |
0 (Vo - 15 T (34)

4 Results and analysis

In this paper, instead of using a classic rectifier to
feed the five-level inverter , we use a PWM
rectifier. The latter improves the quality of the
output DC voltage of the rectifier with a reduced
switching frequency. Additionally, its input AC
voltage and current are very less polluted than those
of classic rectifier.

The first part of the simulation was dedicated to
investigating the performance of the PWM rectifier
based virtual flux estimator with vector modulation
(SVM). The second part of the simulation was
devoted to testing the performance of a 5-level
Neutral point clamped inverter with DPC-VF-SVM
Rectifier as power source.

For the validation of the proposed DPC strategy
PWM rectifier, the system has been modelled and
built in MATLAB/SIMULINK software
environment and tested under various conditions.

The main electrical parameters of the system are
given in tablel.
Table 1. Parameters of the power circuit

Line resistance R=0.25 Q
Line inductance L=10 mH
The capacitor C=5mF
Load resistance Ren=100 Q.
Source voltage frequency 50 Hz
Peak amplitude of line voltage | /2 220 V.
DC-Voltage Reference Vyc= 600 V

The simulation results obtained are illustrated in
the figures below:
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Figure 6: Performance of the DPC_VF SVM of a
PWM rectifier: DC output voltage (a); Active and
reactive power (b); Voltage and current waveforms
of phase 'a' (¢); Power Factor (d)
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Fundamental (50Hz) = 5.505 , THD= 0.55%
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Figure 8: Line current harmonics spectrum

The DC voltage follows its reference well with a
certain transient overrange (Figure 6.a), The active
and reactive powers estimated follow perfectly their
references (Figure 6.b). The absorbed currents are in
phase with the grid line voltages that provide a unity
power factor (Figures 6.c and d).The line current is
substantially sinusoidal with a low harmonic
distortion ratio THD equal to: 0.55% (Figures 7 and
8).

To test the robustness of the proposed technique
(DPC VF SVM) and in order to show these
dynamic performances, we have varied the reference
DC voltage from 600 V to 700 V at t=0.5s, we
notice that the active power and the line current
increase when the voltage continues reached its new
reference, while the reactive power and the DC
voltage remain locked to their references (Figures
9). This is due to the good regulation of the DC
voltage. The results show that the proposed solution
allows the use of this topology to compensate for

the harmonic current and the reactive power in high-

power utilities.
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Figure 9: Performance of the DPC_VF_SVM
of a PWM rectifier during a variation of the
reference voltage from 600V to 700V at t =
0.5s: DC output voltage (a); Active and
reactive power (b); Voltage and current
waveforms of phase 'a' (c); Power Factor (d)

Fig. 10 shows the cascade control scheme for a
three-phase electrical network, a two-level rectifier,
a five-level inverter and an induction motor. The
rectifier and the inverter are controlled in vector
modulation.
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Figure 11: Switching pulse generation using
SVM control

Figure 10: Cascade control diagram three-phase

network - 2-level rectifier - 5-level inverter -
Induction Motor SVM by DPC-VF-SVM Rectifier as DC source is

The charging currents for five level inverter using

shown in figurel2, three phase current is obtained

and each is having a phase delay of 120°. We notice
The proposed cascade control model is
implemented in MATLAB/SIMULINK software.

that these currents are sinusoidal which gives a low

rate of harmonic distortion.
Figure 11 show switching pulse generation using
SVM control. This simulation results show that the

proposed SVM technique significantly out-performs 310
the traditional PWM in terms of decreasing the g & [T AAMAR AR AaR Rk a A
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Figure 12: Charging currents for the five-
level inverter
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Figures (13) and (14) show the output voltages of
the first phase and the FFT plot for out-put voltage
of five level NPC inverter fed by DPC-VF-SVM
rectifier. From the figure it is clear that output THD
obtained from the SVM technique result in less
distortion.

The simulation results confirm that the use of
five level NPC inverter using SVM control fed by
DPC-VF-SVM rectifier gives enhanced
fundamental output with better quality i.e. lesser
THD.
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Figure 13: Output voltages for the five-level
inverter
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The induction motor (IM) is supplied by a five-level
floating diode inverter, which is supplied by a three-
phase PWM voltage rectifier as an input stage in
order to improve the spectrum of output voltages.
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Fig. 15. Results of Five-Level inverter fed induction motor
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The speed curve shown in Figure 15(a) has three
sections; transient state section from 0 to 0.24 s, no
load operation section from 0.24-1.5 s and a section
for load (10 N.m) operation applied at 1.5 s. The
torque curve presented in Figure 15(b) has three
sections; transient state section from 0 to 0.25 s, no
load (0.00 N.m) operation section from 0.25-1.5 s
and a section for load (10 N.m) operation applied at
1.5s. It can be observed that speed and torque time
responses are better when the motor is fed by five-
level inverter. The inverter output current
waveform of five-level inverter is almost sinusoidal
contains less harmonics and less torque fluctuations
thus, a better motor dynamic response is obtained.
The results have showed that when five level
inverter supplied by a three-phase PWM voltage
rectifier as an input stage is used the harmonic
currents and voltage distortions are reduced and
torque fluctuations are less.

5 Conclusion

In this paper, in the first part a robust DPC
control was presented, based on virtual flux
estimator for a better control of the PWM rectifier.
The effectiveness of this control was obtained by
correcting the active and reactive power at the same
time and it can be found that its are independent of
each other. Moreover, the result shows that the THD
of the source current is 0.55% and this control
ensures a power factor equal to unity. The second
part has presented a study of five level inverter
topologie controlled by space vector PWM, which is
supplied by a three-phase PWM voltage rectifier as
an input stage, feeding an induction motor. The
results have showed that five level inverter gives
reduced harmonics current and voltage distortion
and less torque fluctuations.
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