4

X/
*

Scientific
Research
Publishing

()

<
X8

%

Open Journal of Energy Efficiency, 2022, 11, 55-70
https://www.scirp.org/journal/ojee

ISSN Online: 2169-2645

ISSN Print: 2169-2637

A New Control Approach of a Three-Phase
Inverter Two Levels

Francois Yongal, Colince Welbaz, Theodore Louossil, Noél Djongyang?!*

'Department of Renewable Energies, National Higher Polytechnic School of Maroua, University of Maroua, Maroua, Cameroon

“Department of Fundamental Sciences, National Advanced School of Mines and Petroleum Industries, University of Maroua,

Maroua, Cameroon

Email: yongafrancois@gmail.com, welbacolince@yahoo.fr, *noeldjongyang@gmail.com

How to cite this paper: Yonga, F., Welba,
C., Louossi, T. and Djongyang, N. (2022) A
New Control Approach of a Three-Phase
Inverter Two Levels. Open Journal of Energy
Efficiency, 11, 55-70.
https://doi.org/10.4236/0jee.2022.113005

Received: January 27, 2022
Accepted: September 4, 2022
Published: September 7, 2022

Copyright © 2022 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

[ONom

Abstract

In this paper, we present the study, modelling and simulation of the duty
cycle modulation (DCM) based on SVPWM control technique using Mat-
lab/Simulink software. It is one of the most advanced control techniques of
space vector modulation (SVM), which can be used for controlling static
converters or for controlling electrical machines to achieve better dynamic
performance. DCSVM is a control technique that generates control signals
for the two-level voltage converter as well as for the intermediate times. The
main advantage of this control technique is the reduction of the number of
calculations, especially for the trigonometric functions and the generation of
the reference voltage. In order to reduce the computational effort, we have
designed a DCSVM controller that is able to faithfully reproduce the same
vectors and output quantities as a classical SVM. In order to test the func-
tionality and validity of the DCSVM control, we have developed different
simulations that result in a total harmonic distortion (THD) of the voltage
and current of 41.19% and 15.19% respectively with fundamental values of
61.51 V for the voltage and 2.80 A for the current; in contrast to the SVM
which gives 47.27 V for the voltage and 2.01 A for the current with THDs of
77.16% for the voltage and 16.00% for the current. This results in an im-
provement in the distortion rate of around 25.5%. The results obtained are
very satisfactory. The DCSVM is a real competitor to the SVM and its vari-
ous variants.

Keywords

Inverter, SVM (Space Vector Modulation), DCSVM (Duty Cycle Space
Vector Modulation), Harmonic, THD (Total Harmonic Distorsion)

DOI: 10.4236/0jee.2022.113005 Sep. 7, 2022 55

Open Journal of Energy Efficiency


https://www.scirp.org/journal/ojee
https://doi.org/10.4236/ojee.2022.113005
https://www.scirp.org/
https://doi.org/10.4236/ojee.2022.113005
http://creativecommons.org/licenses/by/4.0/

F.Yonga et al.

1. Introduction

The increasing use of power electronic components in electrical networks has an
impact on power quality [1]. Depending on the type of load and the user’s needs,
the signal provided by solar inverters must be of very high quality [1] [2]. In
general, there is a close relationship among efficiency, cost and complexity. This
relationship is evident when analysing the main parameters obtained in each de-
sign [3]. Parameters include harmonic distortion rate, current leakage and effi-
ciency. In an on-grid photovoltaic (PV) system, proper inverter control is ne-
cessary to achieve moderate power loss, low total harmonic distortion (THD),
safety and reliability of the grid [4] [5]. Different types of control mechanisms,
including linear mechanisms (proportional-integral (PI), proportional-resonant
(PR), repetitive, dead time control, etc.) and non-linear techniques (sliding
mode control (SMC), space vector modulation (SVM), prediction, etc.) [3] [6]
[7] [8] are available in the literature. Modulation theory has a major research
area in signal transmission, signal processing, Analog-to-Digital Conversion
(ADC), Digital-to-Analog Conversion (DAC) and control of power electronic
converters and continues to attract considerable attention and interest [9] [10]
[11]. The switching modulation which includes Sigma-Delta Modulation (SDM),
Pulse Width Modulation (PWM) and Duty-Cycle Modulation (DCM) is a type
of modulation widely used for industrial applications [11]. Other recent works
that present a signal modulation technique with attracting features have been
reported [12] [13]. Among them, the duty cycle modulation (DCM) method ad-
dressed in [14] has the particularity of producing fewer harmonics [15]. Another
peculiarity of the DCM is its modulation frequency which is a function of the
amplitudes of the modulating signal. The work of [16] presents the DCM as an
efficient tool in the modulation of transmission signals via high quality results.
However, the work in [12] presents an application of the DCM in the control of
a single-phase inverter. The results presented show that it is necessary to use a
transformer in order to have a fundamental signal with an amplitude higher
than its reference. This control strategy, initiated since 2005 [14] for industrial
instrumentation purposes, has led to other scientific work [17] [18] which has
proven its reliability and efficiency. Given that the theoretical study, based on
virtual simulations, has already been successfully carried out in recent works, on
a new topology of IDCM (inverters with duty cyclic modulation) [2]. This scien-
tific paper deals with a new control approach applied to a three-phase inverter
based on controller with duty cycle. This strategy is called duty cycle space vec-
tor modulation (DCSVM). In this paper, we present the modeling and simula-
tion of new control technique, as alternative to the classical SVPWM, imple-
mented with duty cycle regulator using Matlab/Simulink software, in order to
use it for the command or control of static converters. In order to test the feasi-
bility of DCSVM controllers, simulations have been carried out, the results ob-
tained agree perfectly with those obtained with a conventional SVPWM control-

ler. The remaining part of this paper is organized as follows: The inverter system
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configuration used for the study is presented in Section 2. Section 3 is devoted to
a brief description of different control techniques and analysis of proposed
DCSVM strategy. Section 4 includes simulation results and discussion. Finally,
we end with a conclusion where we highlight the value of this best-performing

ordering strategy is giving in Section 5.

2. Presentation of the Studied System

Figure 1 shows the configuration of a block diagram of the solar PV system
based inverter electric power supply system as consisting of an interconnection
of solar PV array, a backup battery with the maximum power point tracker
(MPPT) buck/boost converter, an inverter, a filter, a load and a control system
that uses specified control algorithms.

In this paper, we will axe our work on the command of an inverter with a
DCSVM as an alternative the conventional SVM control. The solar array can be
assumed to deliver power to the load through an “optimized inverter”. The op-
timization of inverter involves conditioning the unregulated solar array dc supply
(at its maximum power operating point for given sun radiation) to predeter-
mined voltage/current and frequency values required by both the load and the
back-up battery on charge [14] [17] [18] [19]. In Figure 2, we show the structure

of the three-phase two-level inverter to be controlled.

Solar PV - MPPT -> Inverter | filter Load

Array (buck/boost) (DC/AC)

t

Control system

Battery

Figure 1. The configuration of a block diagram of the solar PV system.
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Figure 2. Structure of the three-phase inverter controlled.
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In the following, we will apply our control strategy to the structure shown in

Figure 2 and discuss the results obtained from the simulation.

3. Theory of Control Techniques
3.1. Space Vector Modulation

The space vector modulation technique (SVM ou SVPWM: Space Vector Pulse
Width Modulation) is a variant of the pulse width modulation control which is
based on the vector representation of the voltages in the complex plane [4] [20]
[21] [22]. SVM control technology is used for conventional single-phase and
three-phase inverters [12] [23]. It applies well to neutral point voltage balancing
problems, making it flexible and also reducing switching losses in switches [12]
[14] [24] [25]. From the three-phase inverter in Figure 2, we will measure the
current and voltage in one phase of the inverter. Various PWM techniques have
been developed for industrial applications. The most commonly used PWM
schemes for three-phase voltage inverters are Space Vector PWM (SVPWM) [5]
[6] [20] [22]. The principle of vector modeling consists in reconstructing the
voltage vector from eight voltage vectors [5]. Each of these vectors corresponds
to a combination of the state of the switches of the three-phase voltage inverter.
It does not rely on separate modulation calculations by each inverter arm [20]
[22]. The Construction of the output vectors of the three-phase inverter and the
different states of the inverter are given in [5] [22]. This technique follows the
following principles:

A reference vector is calculated globally and approximated over a modulation
period T3

All half-bridge switches have an identical state at the centers and at the ends
of the period. A combinatorial analysis of all the possible states of the switches
makes it possible to calculate the voltage vector (v,, V,), according to the Sys-
tem (1). [6] [20]

L 11y
v, F 2 2| "
Vﬂ 3 \/§ \/§ BN

07 T e

The vector Vv, is approximated over the modulation period, by the genera-
tion of an average vector developed by the application of the vectors. It consists
in considering the three-phase system globally, and in applying a Concordia
transformation to it to be brought back to the plane (v, vﬂ) [5] [20] [22]. The
sampling time can then be represented as a single vector in this plane [6]. The
major drawback of SVPWM is the enormous computational time required for its
implementation due to the trigonometric functions used to determine the times
Trand Ty [20]. When PWM is used to control solid state switches, a relatively
high frequency carrier is required to reduce current and voltage ripple and THD
[8]. This increase in frequency leads to switching losses [12] [19] on the one
hand, and to thermal stress at the switches on the other hand [8] [20], hence the
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interest of improving it by using the duty cycle regulator. Recent literature [12]
[13] [14] [15] presents the duty cycle modulation (DCM) method as a signal
modulation technique with interesting characteristics and the particularity of

producing fewer harmonics.

3.2. Duty-Cycle Modulation (DCM)

In the past, inverters were controlled only using PWM (pulse width modulation)
based drivers, but nowadays it is also done from drivers based on the DCM [2].
The DCM is a modulation in which an input signal x is transformed into a train
of switching wave where duty cycle and period of the modulated signal vary si-
multaneously according to control signal [14] [16] [26]. Initially invented and
patented by Biard et a/ in 1962, the realization of classical DCM circuit requires
at least two integrated circuits and seven passive elements [23] [27]. Initially
proposed for instrumentation problems, they are today used in many sectors
such as ADC [14] [28], DAC [17], control of electronic power converter [13]
[29], digital signal transmission [26], power quality [30] [31] [32] and optical
transmission [7]. Figure 3(a) shows the basic electronic circuitry of the DCM
while its mathematical model is described by Equation (2).

This structure, although functional and allowing low-frequency operation, has

some drawbacks, among which: The non-linearity of the function linking the

C R

s o X (t (D)

R, R
K0 o AN ANA
(a)
Xm
Ton
—>
t(s)
7TOFF B
(b)

Figure 3. Duty cycle modulation (a) Electronic circuit of duty cycle mod-
ulator; (b) Example of duty cycle modulation output signal [3] [26].
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duty-cycle to the control signal and the dependence of the duty-cycle on the

values of the passive components [11].

u(t) = e, (L x(1) +(1-a)x(t) with & = Rlile
2 =u(t) —u(t)" =u(t) - uc (1

+E,if ¢(t)> 5
Xm(t,x(t))z{ Eif £(t)20 2)

—E, otherwise
el 1 (o, 1), 14()

The high level time 7, the carrier period 7, the duty cycle R, and the low

level time 7,sgive as shown in Equation (3) [3].

—~
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~
>
—~
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~— |~ —
+
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N
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) E) J
)2+((05+1)E)2 3)

This modulator has the advantage of being simpler than a PWM modulator.
Its period T, and duty cycle a are defined by [29]:

)
) ] (4)
)2

Its minimum or central period and duty cycle (for x(t)=0xt=0) are given

by:

Yl ((l—a X(t)) - E
(( a+1)E
= R and o, = R,
R +R, R +R,

T,(0)=2RCIn (1+ 2%}

(5)

a==
2

The DCM method discussed has the particularity of producing harmonics.
Another particularity of DCM is its modulation frequency which is a function of
the amplitude of the modulating signal. The major drawback is the imperative
need to use a low-pass filter to eliminate the high frequencies. Subsequently, a

new, simpler and better control strategy is proposed to combine the advantages

DOI: 10.4236/0jee.2022.113005 60 Open Journal of Energy Efficiency


https://doi.org/10.4236/ojee.2022.113005

F.Yongaetal.

of SVM and DCM.

3.3. New Proposed Command

The principle of the DCSVM control is based on the advantages of the DCM
control and the classical SVM control. The implementation of the DCSVM
strategy is carried out in the following steps:

Step 1: Determination of reference voltage (v,, v ﬂ)

The generation of vectors in the Concordia landmark (d, ¢) from the three-

phase signals (V,y, Vgy, Vey ) is given by the Relation (6):

2 Ven _ Ven
Vo =5 Van =~

A 0
Vq :?(VBN _VCN)
Van
R I
v 30 Vi -3)!
CN

Step 2: Cartesian to polar transformation
The system of equations gives in Equation (8) transforms corresponding ele-

ments of the two-dimensional Cartesian coordinate arrays d and ¢ into polar

2 2
p =g +Ve

v (8)
6 =tan (—q]
Vd

Step 3: Generation of control signals and intermediate times

coordinates (p, 0).

The Simulink model is used to determine the control signals for switches 7.,
Tyeand T, and the intermediate times 73, 75 and 7;.

Furthermore, assuming that the reference voltage vector V.ris synthesized
from the two basic vectors, the operating time of two basic vectors can be calcu-

lated according to the volt-second equilibrium principle [29].

T, =\/§(er* Tstin[e—@J

Vdc

Vref - kTC (9)
T, =~3 T, |sin| —-6
2 [{vdc Sj (3 ]
To=T-T,-T,

With: 77 and 7:: times allocated to vectors V, and V,, 7;: time shared be-
tween the two null vectors V,; and V,, and 7« half-carrier time period.

After determining the times 7i, 75 and T, the time of the closing all keys to
the rack at work is determined. In each sector the switching time of each key is

different and is expressed in (10):
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for 6 = 0,%};weget:8 =1

for 6 = E,Z—n};weget S=2
133
12n
for 6 = ?,n]weget S$=3
Z 4 (10)
for 6 = n,?n};weget:S:4
for 6 = 4—“,5—n]weget S=5
133
15n
for 6 = ?,Zn}weget:8=6

Step 4: Generation of the output voltage V.
The formula for determining output voltage (which should be achieved by
modulation) V,.rdepending on the standard vector of boundary voltages and the

closing time of the key:

T, T
Vg =aV,+pV, wherea=—and f=

12
Ts Ts

(11)
Substitute Equation (10) into Equation (8):

V. :ﬁ[\\%j{sin[e—(k—%ﬁ]+sin[%—eﬂ (12)

Where the voltage modulation ratio can be expressed as:

Vi :ﬁm{sin[e—@jﬂin(%—eﬂ (13)

V
And: m=—"
dc

This modulation offers very good performance and generates fewer current
harmonics [5]. However, in practical implementation, the determination of the
sequences does not involve a calculation of the tangent of the vector angle which
causes undesirable singularities. This led us to consider DCSVM as the best duty
cycle modulation technique for generating SVPWM signals. In the following, the
DCSVM control strategy is applied to the structure shown in Figure 2 and the

results obtained from the simulation are discussed.

4. Results and Discussion

The simulation work is developed using Matlab/Simulink software in the case of
a three-phase two-level voltage converter. The output signal of the DCSVM is
then used to control the switch of the three-phase inverter and the parameters of
simulation are giving to Table 1.

Using conventional SVM control, the control signals for the switches (S1, S2,
S3, §4, S5, S6) are shown in Figure 4.
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Table 1. The parameters and simulation conditions.

Parameters Description Values/Units
DC voltage source Ve 100V
Internal resistance Ron 1.8 mQ
Snubber resistance R 0.9 MQ
Snubber capacitance G 5 uF
Load resistance R=R=R 20 Q
Load inductance Li=L=1IL 20 mH
Modulation factor m 0.9
Switching frequency f 60 Hz
Carrier frequency Ir 8 kHz
Half-carrier time period T; 0.5 ms
| | H I o, e e
i Il

1
0.05 01

1
5 0.02

0.025 0.03 0035 0.04 0.045 0050 005 001 0015 0.02 0025 0.03 0.035 0.04 0.045 005

08 ﬂ ﬂ
0.6

04
0.2
0

0.01 0.01

1 1 L Il 1 1 1 1
5 .03 0.035 0.04 0.045 0.05 0 0.05 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

T T

T T 1
0.
0.
0.
0.
0

N DO

0.05

1 1 1 1 1 1 1 Il L L L 1 1 L 1 1 L
0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0 0.05 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Figure 4. Control signals of the switches (S1, S2, $3, S4, S5, S6) with SVM control.

After the application of the DCSVM, we obtain the control signals of the
switches (S1, S2, S3, S4, S5, S6) and the intermediate times (73, 75, 7p) shown in
Figure 5 and Figure 6.

Figure 7 shows the voltages (V,, V5, Vo) and currents (4, #, Z) at the output of
the inverter controlled by the SVM command.

The voltage and current signals in the load using the DCSVM control are
shown in Figure 8 and Figure 9.

Figure 10 shows the voltage curve 1, between phases a and b at the terminals
of the inverter for the SVM and DCSVM controls.

The spectral analysis of the voltage and current signals using the Simulink
POWERGUI FFT analysis tool with the SVM and DCSVM controls is shown in
Figure 11 and Figure 12.

We note that the total harmonic distortion (THD) of the voltage and current
give respectively 77.16% and 16.00%, with fundamental values of 47.27 V for the
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0 0.05 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

1 1 1 1 1 1 1 1
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=
[e)]
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0 005 0.01 0015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0 0.05 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05

Figure 5. Switch control signals (S1, S2, S3, $4, S5, S6) with DCSVM control.

%10
T

8

Intemediate times (T,, T, T,)

0.034 0.036

0.038 0.04 0.042 0.044 0.046 0.048 0.05

Time (s)

Figure 6. Intermediate times (73, 73, 7o) with DCSVM control.

voltage and 2.01 A for the current in the case of the SVM control. The THDs of
the voltage and current are too high compared to the limits set by the standard
IEC 61000. Figure 13 and Figure 14 show the vectors generated by the SVM and
DCSVM controls.

In Figure 13(a) and Figure 14(a), the voltage vectors are the same in the case
of SVM and DCSVM. In Figure 13(b), the current vectors approach a circle
with the SVM. On the other hand, the current vectors with the DCSVM give a
hexagon (Figure 14(b)), expected that the DCSVM command is more precise
than the SVM command. Table 2 compares the results of the DCSVM with
those of the SVM command.

After applying the DCSVM technique to the inverter of Figure 2, we obtain
the total harmonic distortion (THD) of the voltage and the current give respec-
tively 41.19% and 15.19% with fundamental values of 61.51 V for voltage and
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Figure 10. Voltage ( Vas): (a) with the SVM control and (b) with the DCSVM control.
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Figure 11. Harmonic spectrum of voltages (a) and currents (b) with the classical SVM.
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Figure 12. Harmonic spectrum of voltages (a) and currents (b) with the DCSVM.

2.80 A for current. Unlike DCSVM, SVM give 47.27 V for voltage and 2.01 A for
current with THDs of 77.16% for voltage and 16.00% for current. This results in
an improvement in the distortion rate of around 25.5%. These results show that
the energy losses generated by the production of harmonics are recovered and

materialized by the increase in voltage and current in the case of DCSVM.
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Figure 13. Output vectors of the three-phase inverter with the SVM control.
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Figure 14. Output vectors of the three-phase inverter with the DCSVM control.

Table 2. Comparison of the results obtained at the output of the inverter.

Fundamentals
Controls THDV (%) THDI (%)
Voltage Current
SVM 77.16 16.00 47.27 2.01
DCSVM 41.19 15.19 61.51 2.80

5. Conclusion

A new SVM control technique based on DCM has been developed using Mat-
lab/Simulink software. We presented the principles of SVPWM and DCM fol-
lowed by the description of the DCSVM (Duty Cycle Space Vector Modulation)
strategy. Then, the structure of the DCSVM control and the implementation of a
simulation model were presented. The simulation results obtained are better
than those of the classical SVM control for similar simulation conditions. It is
noted that the THDs of the voltage and current give 77.16% and 16.00% respec-
tively, with fundamental values of 47.27 V for voltage and 2.01 A for current in
the case of the SVM control. The THD of the voltage and current is too high

compared to the limits set by the standard. The voltage vectors are the same in
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the case of SVM and DCSVM and the current vectors approach a circle with
SVM. On the other hand, the current vectors with the DCSVM give a hexagon,
since the DCSVM control is more accurate than the SVM control. However,
many studies can still be conducted and we suggest an experimental verification

of the proposed approach.
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