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Experimental Evaluation of PWM Control
Technique for an NPC Inverter to feed an
Asynchronous Machine Using DSP Controller
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Abstract— This paper discuses modelling and control of an a
neutral point clamped (NPC) inverter called three-level inverter
witch operates with the PWM switching pattern using DSP.

The mathematical model of the (NPC) inverter is carried out using
the conversion and connection functions for an easier
understanding of the system operation. Simulation results using
matlab program are reported in this paper.

The performance obtained for the drivers of an asynchronous
machine fed by this inverter are interesting. Finally, an analysis
and experimental results validate the effectiveness of the proposed
control solution.

Key words— Pulse Width Modulation (PWM), Total harmonic
distortion (THD), Neutral Point Clamping (NPC), Multilevel
Inverter, Digital Signal Processor (DSP), IGBT, Matlab simulink,
Machine asynchronous.

I. INTRODUCTION

P to now, many studies have been presented on

multilevel inverters including many topologies, but
the (NPC) inverter topology is famous one and attracting
many researchers over the world.
The three-level inverter (NPC) shown in fig.1 has been
introduced to enhance the handling capacity of power
electronics using currently switching devices without any
problematic connections like transformer or series
connections [1]. This topology of inverter is suitable for
high voltage and high power inversion because the forward
blocking voltage capability for giving devices is double and
also due to its ability to synthesize wave forms with better
harmonic spectrum and low switching frequency [2].

In this paper, the mathematical model of the NPC inverter is
done using the conversion and connection function for an
easier understanding of the system operation according to
the possible combination of switching states of the
switching device on one leg.

The control technique applied to the NPC inverter is studied.
This paper present also in detail the control systems of the
inverter in order to produce inverter output for application
using Texas Instruments Microcontroller (DSP).

This work was supported in part by LATAGE research laboratory,
University Mouloud Mammeri, of Tizi-Ouzou, 15000 Algeria.

Hakim Denoun is with the Electrical and Computer Engineering
department at Mouloud Mammeri University of Tizi-Ouzou, Algeria, P.O.
Box 17, Tizi-Ouzou, Algeria, Tel:+213555185198; email
akim_danoun2002dz@yahoo.fr). Nacereddine Benamrouche is with the
Electrical and Computer Engineering department at Mouloud Mammeri
University of Tizi-Ouzou, Algeria University, P.O. Box 17, Tizi-Ouzou,
Algeria, (tel : +213772314992; email : benamrouchen@yahoo.fr).

ISSN: 1998-4464

218

DSP is new generation of controller with a main frequency
of 150MHz. The speed and the features of this DSP make it
in excellent choice for the digital control of an inverter.
Experimental results obtained from NPC inverter and to
feed an asynchronous machine will be presented.
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Fig.1. Power circuit of NPC inverter

The NPC multilevel inverter uses capacitors in series to
divide up the DC bus voltage into different voltage levels.
To produce m-levels in the phase voltage, an m-level NPC
inverter needs m-1 capacitors on the de bus. A three- phase
three-level NPC inverter is shown in fig.1. The dc bus
consists of two capacitors C. For a dc bus voltage Uc, the
voltage across each capacitor is Uc/2 and each device
voltage stress will be limited to one capacitor voltage level
Uc/2 through clamping diodes [3],[4].

Il. CONTROL MODEL OF A THREE-LEVEL INVERTER

A. Different configurations of the inverter

To describe the different sequences of the inverter
function, let us consider the possible states of the first leg
switches fig.2.

The three-level inverter has the advantages that the blocking
voltage of each switching device is one half of dc-link
voltage whereas full dc-link voltage for two- level inverter.
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Fig.2. Different configurations of a leg

B. Complementary command

We define the complementary control of the inverter
leg as follows [5] :

Bk1 = Bka
Bk2 =Bks

It was demonstrated [5] that the command given by
relationship (1) is the one which .gives the three levels
Uc, O, -U., in a optimum way.

Table 1 shows the state of the switches and the
corresponding output voltage of the inverter. Where V,
(k =a, b, ¢) is the potential of the leg.

)

Table I: Switches states and corresponding voltage

Bia Bk Bis B Vi
0 0 1 1 -Uc?
0 1 0 1 Unknown
1 0 1 0 0
1 1 0 0 Ucl

C. Model control of the three-level inverter - Connection
functions

It defines the state of the switch. it equals 1 if the switch
is ON and O if the switch is OFF. The connection
functions of the three-level inverter are related by the
following relation.

Fiu=1-F
Fk2 = 1 - Fk3 (k = 11 21 3) (2)
Therefore, the branch voltages Vam , Vem ,Vem are
expressed as follow :

VAM = Fll. FlZ . UCl - F13- F14- UCZ

VBM = F21. F22 . UCJ_ - F23- F24- UC2 (3)
VCM = F31. F32 . UC1 - F33- F34- UCZ
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However, the output phase voltage of the inverter can be
deduced from the relation (3) as follow:

Va=(2Vam - Vem -Vem) /3
Vg =(2Vam - Vem - Vam) /3 4)
Vc=(2Vem - Vam - Vew) /3

And these equations can be rewritten using the voltage
branches which give :

VA 1 2 -1 -1 F11F12 F13 F14
Vs |= 5 -1 2 -1KkFRyFy UCI - F23F24 Ucz ®)
Vc -1 -12 F31F32 F33 F34

In most applications, AC machines are preferable to
DC machines due to their easy and more robust
construction without any mechanical switch. DC motors
have been used in the high-performance domain, with
requires fast and precise torque control. However, due to
the advancement in micro-and power electronics, high-
performance control of ac motors can now be
implemented at a reasonable cost.

The vector control concept has become a standard tool
for high-performance control us ac motors. The ultimate
objective of vector control is to enable decoupling control
of torque and flux similar to the control of a separately
excited dc motor.

In the case of squirrel cage induction motor drive
systems, the direct and indirect methods of vector control
have been applied. The direct method requires the
difficult task of flux acquisition for field orientation.

The indirect method is basically a free forward slip
frequency control scheme that does not require flux
acquisition. Both methods provide decoupling control of
torque and flux. However, the indirect method is gaining
popularity due to simplicity of implementation and which
is applied in this paper.

I1l. PWM STRATEGY AND SIMULATION RESULTS

The parameters of PWM control technique are defined
as: Amplitude modulation index m, and the frequency
ratio m.

m, = An 1A (6)

ms= f./ (7)
Where A, is the peak amplitude of the control signal,
while A is the peak amplitude of triangle signal (carrier).
m; is the ratio between the carrier and the control
frequency.

The one carrier PWM three level inverter algorithms is :

qVTEf-1|S Up)jBll =1B,,=0
quef.l| > Up)etvref.l < (=% Bll = 812 =0 (8)
(JVref.ll > Up)etvref,1> 0=B,=B,=1

Where: V¢ is called modulating signal

U, is the carrier signal
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Table Il: shows the truth table of the algorithm [5].
A B B11 B12
0 0 1 0
0 1 0 0
1 1 1 1
1 0 1 0

Where:

A=1when V)0 if not A=0

B=1 when |V, |>U, if not B=0
The logical expressions of By; and By, are:

B,=B,=B+A .

B :_813 =AB ®)

The synoptic diagram of the proposed simulation of the
strategy is shown in fig. 3 [6], [7].
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Fig.3 Synoptic of the proposed PWM strategy

To illustrate the performance of the three-level PWM
inverter, the systems was investigated through computer
simulation under no load. Fig.4, shows the phase voltage
at m=24 and m,=0.8 with a sinusoidal triangle PWM and
contains harmonics greater which can be easily filtered
and the results are much better than conventional two—
level inverter. The comparisonof the reference sinusoidal
signal with the triangular waveform is done in the
PWM generator of the DSP to generate the control
signals for the switching devices along with the inverted
signals with the required dead band.

By taking the following parameters:

R=22 Q, L=340mH, m=24, m,=0.8. Uc/2= 30V,

f =50Hz.

The obtained simulation results are illustrated by fig.4, 5,
6,7, 8.
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Fig.4 Control pulses for m=24 m,=0.8
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Fig.4 shows the simulation sequences of upper-arm.

Fig.5 shows the line voltage Vab. it has five voltage
levels 2Uc/2,Uc/2,0,-Uc/2,2Uc/2.

Fig.6 shows the output voltage of the first phase of the
inverter.

Fig.7 shows the Va analysis spectral. The voltage
spectrum shows that the harmonics are grouped into
multiple frequencies centered around the frequency
switching families. the most important harmonics are
numbered number 23 and 25.

Fig.8 shows the voltage Vam. It shows three levels of
output voltage of an arm Uc/2,0 , -Uc/2.

Fig.9 shows the evolution of the amplitude of the
fundamental output voltage V4 versus the rate setting m..
Fig.10 shows the curve of the harmonic versus content in
terms of m,. We note that the harmonics decreases as m,
increases.

1V. ASYNCHRONE MACHINE MODEL AND
RESULTS

SIMULATION

A. Electrical equations

The equations of induction machines are defined by the
state equation as follow:

d—X:AX+BU
dt

where X=| | U= (10)
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B. Mechanical equations
Ce =3/2 PyM (irgisqg — Isq ir)
_ M L
=3/2 I:)p L_ (dra lsg - |sd¢rq) (13)
r
do,
J= it +fon=C-C; (14)

C. Decoupling control by compensation

Fig.11 shows the block diagram of a decoupling control
which is governed by the equations (15) and fig.12 is the
block diagram of the indirect field oriented induction
motor drive system. The power supply is characterised by
a PWM voltage source inverter. The motor is controlled
according to the principal of the orientation of the rotor
flux which is aligned along the d-axis.

q)dr = q)r
dg =0

Vg = Vg - femy
With :

(GLstr)p-i- R,L% + R,M2,

Vg = 2

sd

(GLSLZr}J+ R,L% +R,M? i
L2 ™

Vg = (15)

MR
LT

Femy = osoLsisg +

=0

2

_ M :
Femq - - wSGLSISd - L_ (O (I)r + LZ_TrISq
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To illustrate the performance of the three-level PWM
inverter, the systems was investigated through computer
simulation under no load. Fig.11 shows the phase voltage
at m=21 and m, =0.9 with a sinusoidal triangle PWM and
contains harmonics greater which can be easily filtered
and the results are much better than conventional two —
level inverter. Fig.12 shows the speed variation at no
load.
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Fig.12 Block diagram of the indirect field oriented
induction motor drive system fed by three — level
PWM inverter with Pl controller.
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Fig. 14 speed at no load

V. EXPERIMENTAL TESTS OF THE NPC INVERTER

The schematic diagram of the converter circuit
implemented is given in fig.15. It has two parts, the
control circuit and the power circuit.

The shaded part is the control circuit containing the
DSP controller TMS320LF2407 that generates the
PWM signals and also provides soft start function

[8].

-
Power circuit of
inverter

DSP Processor
TMS320LF2407

DsP |
emulator

Fig.15.a DSP TMS320LF2407 implementation diagram
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Interface
card

Fig.15.b Experimental bench

Later on, the three-level inverter was implemented using
DSP TMS320LF2407 and its performance was studied.
A comparison is made of the results obtained through
simulation and experimental work under the same
operating conditions. To verify the theoretical results
obtained on the three-level inverter, we designed and
built the various circuits forming the full inverter.

A power circuit formed by two arms, formed by twelve
transistors 1.G.B.T and eighteen diodes connected in anti-
parallel. The generated control signals were obtained

using several control cards such as conditioning,
monitoring, D/A conversion cards.
Fig.15 Shows the D.S.P. TMS320LF2407

implementation diagram and experimental bench.

The DSP programming was based on the software
developed by Texas Instruments “Code composer”.
The control algorithm has been written in assembly
language in order to optimize the whole tasks of
operation and communication between the DSP, the
converter and the Load [10] [11] [12] [13].
After the construction of the various circuits, the three-
level inverter was tested in the laboratory; it functioned as
an inverter supplying a passive load formed by a
resistance and an inductance. The oscillographic results
obtained are given in fig.16, 17 , 18, 19.
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Fig.16 Vam Vvoltage (15V/Div)
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Fig.19 Control pulses (1v/Div)

For a triangulo-sinusoidal strategy, a cyclic ratio equal
to 0.8 and the index of modulation equals 24 were taken.
Fig.16 clearly shows the Vay voltage variation. The
waveform of the voltage is similar to that obtained from
the simulation, the difference in the zero level of the
voltage that is a little shifted. This is due to the imbalance
of the midpoint.

Fig.17 shows the change in the voltage of the first phase
V. Both V, voltage obtained in Pc simulation and
experiments almost the same.

The Vg Voltage was presented in fig.18.

Experimental control pulses were shown in fig.19.

Both voltages (Vam, Va, Vag, B11) of three level inverter
obtained in pc simulation and experiments almost the
same.

VI. SIMULATION AND EXPERIMENTAL RESULTS OF AN
ASYNCHRONOUS MACHINE FEED PWM

The block diagram of inverter
machine is represented in fig.20.
For the verification and test of PWM modulation
circuits fed asynchronous machine described above, a
reduced power model has been realised in research lab
BT’s . From INTERNATIONAL RECTIFIER
(IRGBCA40F), power diode from THOMSON
(BYT30PI 1000) were used. The load is a three-phase

feeding asynchronous
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1KW asynchronous machine with rated parameters given
below:

AY 220/380V 4, TA 2,7 A

2830 Tr/ min, 50 Hz.

The no-load test of asynchronous machine measures the
rotational losses of the motor and provides information.

The Inverter carrier sequence 830 Hz ,la = 2A, Uab =
50V.

The algorithms are implemented more easily by
numerical circuits. The proposed control circuits are
shown along with the power circuit. The PWM is
proposed to control this inverter [10], [11].

Two > | Three
A uct
rect [ Filter| > Level
'T‘ Uc2
] fiers +——>| Inverter
Transformer
A A%
PWM Control

Fig.20 Block diagram A.M fed PWM

004 0045 005 0055
time [s]

B Limt
off
Vols/Div
Probe
¢ ™
Next Page

1A/Div
Fig.21 Load current

The graphs presented in Fig.21 and Fig.22 are
showing simulation and experimental line current and
phase voltage. The line current generated by three-level
inverter has low harmonic components even though
the Switching frequency of the active devices is very low.

50V

Va

Sim.

0025 003 0035 004 0045 005

0.02

time [s]

ISSN: 1998-4464

224

Volume 8, 2014

CHL
Coupling
Dc
Va

Bi¥ Limit
Off
Volts/Div

Exp.

Frobe
« N

Next Page

25V/Div
Fig.22 Load voltage

V1I. CONCLUSION

This paper presents the analysis and design of a
digitally controlled inverter (NPC) and asynchronous
machine fed by this inverter based on DSP control
application. DSP TMS3201f2407 is programmed to
produce gate pulses by comparing a triangular carrier
wave in high frequency and a sinusoidal reference wave
in 50 Hz.

Simulation and experimental results show the
feasibility of such a  system. The low commutation
frequency of three-level inverters permits a realisation of
an optimal control by relatively simple tools . With a
high number of semiconductors devices, current quality is

improved and weight reduced by avoiding heavy
current filters.
The control voltage was controlled by

microcomputer in a much more sophisticated manner
than that described here. This work open new ways for
future research because the inverter can be controlled by
numerical signal. The obtained results are satisfactory
because the output harmonic components phase are fewer
than those obtained in conventional two-level inverters at
the same switching frequency. Experimental results using
the DSP confirm those obtained in numerical simulation.

APPENDIX

MACHINE PARAMETERS

Rated current 6.4A/3.7A+
Rated voltage 220/380V
Rated Power 1.5Kw
RatedSpeed 1420 rev/mn
R, 4.85Q

R 3.805Q

Lo L 0.274Q

M 02580

J 0.031

F 0.00114

Py 2
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PI Controller parameters

P 0.35
| 11
NOMENCLATURE

S, I suffixes denoting stator and rotor, respectively

d, q suffixes denoting axes rotating synchronously

with the rotor

p differential operator, d / dt

L, L, apparent self inductance par phase of stator and

rotor

M apparent mutual inductance

c leakage factor (LsL,-M?3)/L; L,

R, Ry resistance of stator and rotor coils per phase

J rotor inertia

B coefficient of friction

Py number of pole pairs

O, rotor electrical angle

s stator electrical frequency

o rotor electrical frequency

®m rotor mechanical frequency

Om slip frequency

m, modulation index

ms frequency ratio (carrier to reference)

Ce electromagnetic torque
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