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https://doi.org/10.18280/ejee.230404 ABSTRACT

In this article, we propose a new strategy for controlling three-phase inverters of renewable
energy sources, based on the Duty Cycle Modulatiom (DCM) control using the Park and
Fortescue transformation (DCM-dg-dih). Our goals in setting and using this strategy are,
on the one hand, to induce a lower harmonic rate as compared to the SPWM (Sinusoidal
Pulse Width Modulation) strategy and on the other hand, this control technique enables
the inverter to deliver balanced voltages, be it in the event of load unbalance. Our design
is built on the basis of the known mode of DCM control of single-phase inverters. Thus,
the control of our three-phase inverter is carried out by three DCM modules whose set-
points come from the direct, reverse and homopolar strings reconstructed in a Park
landmark. This new strategy was tested on the MATLAB Simulink environment for a load
of 160 kW. The test results show a reduced Total Harmonic Distorsion (THD) of 2.7 times
compared to the THD produced by the SPWM control strategy. In addition, regulation of
the symmetrical components during load unbalance is ensured so that the inverter always
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delivers constant and balanced voltages.

1. INTRODUCTION

In a context of greenhouse gas reduction, the world has
definitely turned to renewable energies to meet ever-
increasing energy needs. The connection of these renewable
energy sources on the alternative electricity grid is mainly
achieved by three-phase inverters whose quality of the energy
produced depends on the control strategies used. The main
problem with these inverters is the presence of harmonics on
its output voltage and the imbalance of this voltage in the
presence of unbalanced loads. Thus, according to these control
strategies, the output voltages of the inverter can be more or
less rich in harmonics, and balanced or unbalanced, depending
on the load imbalance [1, 2].

Benali et al. proposed the strategy called SPWM to control
the electronic switches of three-phase inverters, in order to
control the output voltages of these inverters [3, 4]. This
strategy makes it possible to have voltages at the output of the
inverter. But they found that the voltage supplied by the
inverter was rich in harmonics and that increasing the
modulation index reduced those harmonics.

Habib et al. [5], Samir and Abdellah [6] proposed another
inverter control strategy named SVPWM, in order to reduce
the THD, and in addition, to make the comparison between the
SPWM and the SVPWM. The results of this strategy make it
possible to have a better reduction of harmonics on the inverter
voltages compared to the SPWM strategy. But they did not
take into account the regulation of these tensions.

As for Khaled et al. [7, 8], they proposed the SPWM-dq
control strategy, in order to reduce the THD and to regulate the
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output voltage of the inverter. This strategy is a combination
of the PWM spatial vector technique for switching electronic
switches and the electrical amplitude regulation technique is
realized in the dq reference. This strategy regulates the
electrical quantities in balanced regime, but the THD remains
identical to the SVPWM strategy. In addition, in unbalanced
mode (load), the presence of the reverse component causes
oscillations on the d and q components, causing the voltage at
the output of the inverter to oscillate [9].

To improve the THD and keep the inverter output voltage
balanced even with load unbalance, we propose a new strategy
based on the DCM, the Park and Fortescue transformation
(DCM-dq-dih). The DCM used in this strategy has proven
itself in the field of power electronics, such as the control of
single-phase inverters [10-12].

Thus, for the control of the three-phase inverters, we use
three DCM blocks having the reference signals shifted by 120°
with respect to each other, moreover, these three references
signals must be balanced in order to guarantee the voltage
balance in inverter output. The mains objectives to be achieved
in this new strategy are, firstly, to optimise the quality of
energy by reducing the THD and, secondly, to keep the
voltages balanced even if the load is unbalanced.

To achieve these purposes, the remaining sections of the
paper are organised as follows: In section 2, we develop the
tools and methodology for implementing the new strategy.
Then, in section 3, simulations of the new control strategy are
performed, and results are presented and interpreted. Section
4 is devoted to the conclusion of the article. Section 4 is
devoted to the conclusion of the article.


https://crossmark.crossref.org/dialog/?doi=10.18280/ejee.230404&domain=pdf

2. IMPLEMENTATION
METHODOLOGY

TOOLS AND

The structure of our system, as illustrated in Figure 1, shows
that it mainly consists of a renewable energy source, the
DC/AC inverter, the filter, the load, and the acquisition and

control chain.
Anti-harmonic
filter
Acquisition and
control chain

Figure 1. Block diagram of island production

Renewable
energy

Three-phase
inverter

Network (load)

2.1 Three-phase inverter modelling

The modelling of the three-phase inverter here consists of
determining the output voltage equations as a function of the
DC voltage and the switching states of the electronic switches.
Figure 2 shows a schematic diagram of a three-phase inverter.
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Figure 2. Diagram of the three-phase inverter

At any time,
Vi, =V =V
V23 = Vzo _Vso 1)
Vi = V3 =V

where, V;, represents the difference in potential between phase
i and point 0. And V;; represents the difference in potential
between phase i and phase j. With i,j=1, 2, 3.

Considering 'n' the neutral point of the alternating load, and
if in addition, the network is balanced, we can write [13]:

\/1n + V2n + V3n = O (2)
or,
1
Vin =2 (V12 - V31)
3
1
V,, = g (V23 - V12) (3)
1
Vi = 5 (V31 - V23)

Then (1) in (2) gives (4):
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1
Vi, = 5(2\/10 —Vy _Vso)

1

V,, = 3 (Vi +2V, — V) (4)

- Vzo + 2V30)

1
Vy, = é (\/10

where: V;, represents the difference in potential between
phase i and neutral. With i=1, 2, 3. Let d; be the state of the
switch K;.

If d; =1, then the upper switch is closed and the lower
switch is open.

If d; = 0, then the upper switch is open and the lower
switch is closed.

We can therefore establish a relationship between the
voltage V;, and control de-vices d;.

1
VDC (di _E) (5)
Then by combining Eq. (5) and Eq. (4) we obtain:
Vi, 2 -1 -1jd
V2n =—2x-1 2 -1 dz (6)
Vs, -1 -1 2|d,

We can therefore build the voltages of V,,,, V,, and V5, by
acting on controls d;. And these controls can be carried out by
our DCM.

2.2 Modelling of the acquisition and control chain of the
three-phase inverter

This modelling consists in establishing the interdependence
relationships between the electrical quantities, from the
acquisition of electrical quantities to the control of electronic
switches.

2.2.1 Modelling of the acquisition chain

This modelling is based on Fortescue's principle, which
allows us to establish the relations between the network
magnitudes (voltage and intensity) and the direct, inverse and
homopolar sequences: these relations are as follows [5, 13];

Yad Ya
Yo :[Md] Ys
_YC,d Ye
_YA,i Ya
e, :[Mi] Ye (7)
Yei Ye
Yan Ya
YB,h :[Mh] Ye
_YC,h Ye

where, Y, 5 ¢ is the voltage or current vector and M is the
Fortescue matrix.



. 1 a a
M,=>|a> 1
3 2
a a’ 1
. 1 a®> a
Mi=2la 1 a’ (8)
a® a 1
111
1
M, =1 1 1
3
111

where, M;, M; and M, represent respectively the Fortescue
matrices of the direct, inverse and homopolar chains.

The real parts of these matrices are extracted by the
R_blocks in order to transform them into a Park landmark. The
direct and inverse chains being three-phase, and the
components of these chains being offset by from each other,
they can be easily processed in Park's continuous marker. But
the zero sequence chain appears as a disturbance in Park's
marker, because all its components are in phase. Its 120°
components must also be out of phase with each other so that
they can be easily processed in this benchmark. Thus, the
matrice M, *allows us to shift these components.

1 1 1 1

M ==la a a 9)
3 2 2
a> a® a

2.2.2 Calculator modelling

The calculator (Ca), illustrated in Figure 9, will allow us to
regulate the symmetrical components. Its modelling takes into
account the filter placed at the output of the inverter, all this in
a Park reference. Figure 3 represents this harmonic filter.

Ry L;

1% _
f c __

Figure 3. Filter diagram

In the Park frame, this filter is modeled as follows [14, 15]:

. di )
Ve =sz|d+Lfd—;—a)|q+vGI
(10)
=Rqi, + L

+CU| +V
t q

where Vg, and V,, represent the forward and quadrature
voltages at the input of the filter, V; and V, represent the
forward and quadrature voltages at the output of the filter. R,
and Ly, The resistance and inductance of the filter. I, and i,:

The direct and quadrature currents flowing through the filter,
and w: The pulsation of the electrical quantities.
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The equations of this filter can be written by including the
symmetrical components.
For the direct chain we have:

. diy .
Voar = Relgq + Ly T_a)'q,d + Vi
di (11)
=Ry,  +L, —<4
dt

Vaar = Relga T oy g +Vqq

For the reverse chain we have

di

Vyir = Ryig; + L ﬁ—wiq,i +Vy,

d,if
di, (12)
=Rqi,; +L;

v —2 iy, +V,,

q,if — f q,i

For the homopolar chain we have:

thf_RfIdh+L t +th
di, (13)
+L ——

Rf q,h dt

\Y

q.hf q,h

These equations also allow us to synthesize PI regulators.

Thus, our calculator will compare the voltagesV,andV of
each chain to the setpoint voltages V*, and V", of the same
chain, and the same reasoning is applied to the currents. This
strategy is illustrated in Figure 9.

2.2.3 Modelling of the duty cycle modulator (DCM)

Principle of operation. The DCM is a relaxation oscillator
whose principle is derived from that of a tantalum vase. It
works by charging and discharging a capacitor [1, 16]. To this
end, it provides double feedback as shown in Figure 4.

R1
—AMA—

R2

X(t)

Prrd

Figure 4. Diagram of the DCM

Analysis and equations. Expressions can be expanded as
follows [17]:

X X
e*:Rl R, :R2x+R1xm
1,1 R+R, (14)
Rl RZ
e =U.

These equations can also be summarized as follow:



e (1) = AX(D) + aX,, ()

e(t)y=e"—¢€"
X,, (t) = Esign(s(t)) (15)
du (t) 1 1
— = (t)+=x_(t
&t R, c()+T m (1)
where,

=g R agiire (16)

R, +R, R, +R,

Our DCM is therefore characterized by [17]:
Its period T (x, &),

_ (BX)* ~(L-2)E)*
T(x,a),, =7log [ (A% (@ —DE)? } ()
Its duty cycle R,, [1].
_Tu(X )
me T(X, @), (18)

Iog{(l—a)x—((l+a)E}
@l-a)x—((e¢-1DE

n= ; : (19)
,09[(&) ~(@-)E) }

(Bx)* = (e —DE)*

In linear form, Eq. (19) can be re-written as follows [17]:

= ax 1

m = E(1+a) log(it—Z) + 2 (20)

Figure 5 shows the variations of R,,, and R,,, given by Eqns.
(19) and (20), as a function of the input voltage x(t). With
0=0.6 and E=15 V.

T
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Figure 5. Variation of the duty cycle depending voltage

The furnace series of its output signal X, (¢, x, ) [17]:

> 211Int
Xk(t,x,a) =Co(x) + zcn (x) cos( T
n=1

m

) (21)

where,

C,(x) = (2R, (x, @) ~1)E

C.(x)= (E) sin(nHRm(x,a)m 51 (22)
IT
Oscillating frequency F (x, a),, [11]:
Fx,a), = . 2
RCl og{(ﬂx)z ~((-a)’ } (23)
(5x)" - ((a-DE)
for x(t)=0, we have,
FO,a),, = L
2RC.Iog[(l_a)} (24)
(a-1)

Figures 6 and 7 show the frequency and pulse variations as
a function of the sinusoidal input signal. With R =R, =
10KQ, R, =82KQ, C=0.8096nF , E =15V et x(t)
differs from -10 V to 10 V.

x10%

Frequency(Hz)
»
[}

-10 -5 0 5 10
Input voltage x(volt)

Figure 6. Curve of changes in frequency depending on the
input voltage

—Reference voltage
10 | |ll———control pulses
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o
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Time (seconds) x10°3

Figure 7. Reference voltage and control pulse curve

We can see that the frequency and therefore the duty cycle
of the DCM impulses, varies with the input signal x(t), which
is an advantage for this modulator.

We can thus summarize the blocks of the acquisition and
control chain in Figure 8 below:

Figure 8. Block diagram of the acquisition and control chain



The blocks of each chain are then processed sequentially,
starting with the Fortescue transformations (M,,M;, My,).
Then the real part of each chain is extracted using the R,
blocks. This real part is further transformed in a Park frame of
reference in order to be regulated by the Ca calculator block.
Finally, the results from the Ca block undergo inverse Park
operations, allowing us to restore the reference signals for the

Calculator

i REIRS
'

V

o=

9

MRC modulator block. Finally, the blocks M*, and M*,~*
allow us to process the homopolar component in Park's
reference frame, without it appearing as a disturbance.

Each chain must be processed at the same time, but
independently, hence the parallel processing of chains. The
completeness diagram of our strategy is given in Figure 9.
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Figure 9. Diagram of the three-phase inverter with DCM control

3. SIMULATIONS AND ANALYSIS OF RESULTS

Virtual simulations are performed on the MATLAB
Simulink environment to compare the SPWM and DCM
control modes, and to analyse the control and regulation of the
symmetrical components as well as the behaviour of the
inverter in the face of variations in balanced and unbalanced
loads.

3.1 Case 1: Comparison of DCM control versus SPWM

The goal here is to choose a modulator which has a reduced
THD. because the THD reduction makes it possible to reduce
the size of the harmonic filter placed at the output of the
inverter. This comparison will be made at the same modulation
frequency (fpwm = focu = 50KHZz), and at the same values
of the input voltage (x). and the frequency of the reference

voltage (SPWM) is f,,, = 50 Hz. this simulation exploits Eqns.

(21), (22) and (23). Figure 10 shows us the frequency
variations of the SPWM and DCM modulators and their THD.

315

We notice that at x(t)=0 V, the SPWM and DCM modulator
have the same oscillation frequency of 50 KHz and the same
THD of 147.97%, as shown in Figure 10-a. And at x = +10V,
the DCM produces a THD of 248.96, while that of the SPWM
is 715.74, i.e. 2.7419 times greater than that of DCM. This is
due to the fact that, the frequency of the DCM modulator is
variable, and that of the SPWM is fixed.

3.2 Case 2: Control of the regulation of symmetrical
components

Here, we are testing the inverter's ability to maintain its
output voltage constant and balanced in the face of balanced
and unbalanced loads. The main features of this inverter are its
power of 160 kW, its DC voltage of 700 V and its AC voltages
of 230 V (single voltage) and 400 V (compound voltage).

3.2.1 Inverter against variations in Balanced Loads
Simulations are made for power (load) variations, as shown
in the following Table 1.



At t=0.15 s, we can see that the load power increases from
80 kW to 160 kW, thus the load current increases from 115 A
to 230 (Figure 11-b), and the voltages of the direct chain
(Figure 11-c and 11-d), the inverse chain (Figure 11-e and 11-

SPWM RESULTS

f), the homopolar chain (Figure 11-g and 11-h) and load
voltage (Figure 11-a), undergo the slight transient oscillations.
Then at t=0.157, these voltages are regulated to their set values.
These small oscillations are due to the load variation.

DCM RESULTS
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Figure 11. Voltage and current curves of the inverter in balanced operation

Table 1. Power variation in balanced mode

Times (s) [0,0.15] [0.15,0.3]

Power of Phase a (kW) 160/6 160/3
Power of Phase b (kW)  160/6 160/3
Power of Phase ¢ (kW) 160/6 160/3

3.2.2 Simulation of the inverter in the face of load imbalances

Simu

lations are made for power (load) variations, as shown

in the following Table 2.

From t=0.15 s to t =0.2 s, we see that the power of phase b
goes from 53.3333 kW to 0 kW, and the powers of phases a
and c remain at 53.3333 kW. Thus, the current intensity of
phase b increases from 230 A to 0 A, and the current intensities
of phases a and c remain at 230 A(Figure-12-b). And the
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voltages of the direct chain (Figures 12-c and 12-d), reverse
chain (Figures 12-e and 12-f), homololar chain (Figures 12-g
and 12-h), and load voltage (Figure 12-a) remain almost
constant and regulated at their set values. From t=0.2s to
t=0.25, we observe slight oscillations on the voltages, this is
due to the load pick-up of phase b.

Table 2. Power variation in unbalanced mode

Temps(s) [0,0.15] [0.15,0.2] [0.2,0.3]
Power of Phase a (kW)  160/3 0 160/3
Power of Phase b (kW) 160/3 160/3 160/3
Power of Phase ¢ (kW) 160/3 160/3 160/3
Results
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Figure 12. Curves of inverter voltages and currents in unbalanced mode

4. CONCLUSION

This article was devoted to the presentation of a new control
strategy which consists of the duty cycle modulator (DCM),
the Park (dqg) and Fortescue (dih) transformation, for optimal
control of three-phase inverters. The principle of this strategy
is to exploit the DCM in order to reduce the THD of three-
phase inverters. And also, to exploit the transformation of
Fortescue to regulate the symmetrical components (dih) in
order to keep the output voltage of the inverter balanced. To
test the effectiveness of the strategy, we have compared DCM
and SPWM first on their THD by exploiting their Fourier
series decomposition. The results of this test, show us that the
DCM has a better THD. And secondly, the whole strategy
((DCM-dg-dih) was tested on balanced and unbalanced loads.
And the test results show us that the output voltage of the
inverter remains constant and balanced even when there is a
load imbalance.

In future research works, it would be interesting to
transform the virtual reality study into realistic
implementation. It would also be nice to use the smart
regulators to optimize the results. And finally, it would also be
very interesting to optimize the synchronization of the
inverters on the interconnected networks by exploiting this
strategy.
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NOMENCLATURE

DCM

Duty Cycle Modulation

PWM Pulse Width Modulation

SPWM  Sinusoidal Pulse Width Modulation

SVPWM Space Vector Pulse Width Modulation

Dq Park Components (direct and quadrature)

dih Fortescue Components (Direct, reverse and
homopolar)

M Matrix

| current
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a
T(x,a)
F(x,a)

voltage

Direct Current

Total Harmonic Distortion
resistance

inductance

capacitor

calculator

frequency

The real part

direct, direct voltage
quadrature, direct voltage
direct, reverse voltage
quadrature, reverse voltage
direct, homopolar voltage
quadrature, homopolar voltage
direct, direct current
quadrature, direct current
direct, reverse current
quadrature, reverse current
direct, homopolar current
quadrature, homopolar current
Filter direct voltage

Filter quadrature voltage
Direct Fortescue matrix
Reverse Fortescue matrix
Homopolar Fortescue matrix
Nonlinear Duty Cycle Modulator
Linear Duty Cycle Modulator
Signal to modulate

Signal modulated by the DCM
The time constant

Constant without dimension
Constant without dimension
DCM period

DCM frequency





