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Abstract

This paper presents a new converter topology for grid connected Hybrid Renewable Energy System (HRES). The proposed topology
named Dual Input Z-source Indirect Matrix Converter (DIZIMC) consists of an Ultra Sparse Z-source Matrix Converter (USZMC)
interfacing PV and Wind Turbine (WT) to the grid. The DC link of the proposed converter is replaced by Interconnection Sources
System (ISS). The ISS operates according to whether the sources produce energy or not. It allows connecting the sources individually
or simultaneously and even isolates them if necessary. In the other hand, the DIZIMC provides several advantages such as reduced
number of IGBTs and compact size inherited from USZMC, the use of Z-sources instead of conventional DC/DC converters keep
the matrix configuration of the global structure. The global model of the proposed system was tested by simulation under Matlab/

Simpowersys environment. The obtained results show clearly freedom in connecting the operational sources, also a better quality of

energy injected to the grid.
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1 Introduction

The perpetual demand for energy is tremendously
increased to meet the daily needs of the human being.
Nevertheless, the conventional resources used are exhaust-
ible and impact negatively on the environment ecosystem,
known as global warming which threats all forms of life
on the planet. In this sense, the world converges towards
the use of renewable energies which are not only available
and inexhaustible but also inhibit the emitting of CO2 gas.
However, these non-conventional resources are naturally
intermittent depending on diverseness of climatic condi-
tions, so that, these sources were emerged under a Hybrid
Renewable Energy System (HRES).

According the literature review, several studies have been
done on HRES whether connected to the grid [1, 2] or stand-
alone with storage systems [3—5], aimed to enhance the per-
formance of HRES by extracting maximum power using
Maximum Power Point Tracking (MPPT) algorithms such
as fuzzy logic [4] and Artificial Neural Network MPPT
algorithms [1]. The authors [3, 4], have proposed different
power management strategies applied to stand-alone hybrid
power system enabling the continuity of energy flow.

A Multi-Objective Particle Swarm Optimization algorithm
is used [6] for an optimal design of multi-source hybrid
system to improve its efficiency by minimizing cost and
the total losses.

The development of power electronics has significantly
contributed for a better integration and exploitation of
HRES as well as on the quality of the energy produced as
dictated by international standard [7].

Since the apparition of matrix converters, numerous
published papers were increasingly carried [8—17], which
substantiates their importance and their benefits that pro-
vide. Their integration in renewable energies systems pro-
vides interesting advantages. The elimination of the DC
link capacitor for energy storage offers a small structure
and improves reliability [10]. The authors [11] have pro-
posed an application of direct matrix converter in a wind
turbine associated with a flywheel energy storage system.
A three level sparse topology has been used in wind gen-
eration in [12], derived from the indirect matrix converter
with a reduced number of switches.
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In the other hand, the disadvantage of matrix con-
verters lies on the transformation ratio that does not
exceed 0.866. To overcome this problem two solutions
are possible. The first is software method which consists
to use the over-modulation strategies [13]. The second
method is a hardware solution that called Hybrid matrix
converter by adding an auxiliary converter as an H-bridge
inverter [14], an auxiliary voltage source [15] and a combi-
nation of Z-source with the matrix converter which called
Z-source matrix converter [16—18].

The paramount challenges hinder the HRES are to
improve performance and reduce cost by minimize num-
ber of power converters used, guaranteeing insensitivity
to variations of voltages sources. So, another type of con-
verter has appeared in order to reduce the number of DC/
DC converters used in HRES by increasing the number of
inputs named Multi-Input DC/DC Converter (MIC) [19].
The MICs are designed to reduce the cost and size of
HRES, centralized control and high efficiency. The MICs
are equipped with DC/DC converter cells and can operate
in different mode buck, boost or buck-boost. There are two
main topologies of MICs: isolated [20] and non-isolated
DC/DC MICs [21-23]. The size of isolated DC/DC MIC
is bigger than non-isolated multi-input DC/DC converter
due to magnetic circuit used to decouple the inputs from
the output. However, in non-isolated multi-input DC/DC
converter the coupling is electrically.

In this paper, a new converter topology for grid connected
HRES is presented. This topology aims to reduce size and
cost by reducing number of power switches. The proposed
converter allows connecting AC and DC sources to the grid
through a Dual Input Z-source Indirect Matrix Converter
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(DIZIMC) as shown Fig. 1. The DC link of the proposed
converter is replaced by an ISS. This last is based on matrix
converter fundamentals that connects any input sources
to the inverter side, besides offering a degree of freedom
in case of post fault operation. In order to preserve matrix
structure, Z-sources are used instead of DC/DC converters.

The framework of this paper encompasses the follow-
ing elements: in Section 2, each parts of the studied system
are displayed. Section 3 describes the different ISS oper-
ations modes. Then, Section 4 unveils Z-source converter
and shows its operating mode. Section 5 offers the control
strategy of the proposed DIZIMC. Furthermore, Section 6
discusses the simulation results. Finally, Section 7 recapit-
ulates the conclusions determined of this paper.

2 Studied system description
The main structure of the studied system is presented in
Fig. 2 where the proposed DIZIMC is integrated. The AC
and DC sources consist of wind generator based on a perma-
nent magnet synchronous generator (PMSG) and PV gener-
ator respectively. The model of WT generator used is given
in [4, 24], while that of PV generator is that given in [2—4].
DIZIMC formed with ultra-sparse rectifier stage which
converts the AC voltage source to DC voltage. To bal-
ance the resulting DC voltage and that of PV generator,
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two Z-sources are inserted. In order to connect these two
DC voltage sources simultaneously or individually to the
two-level inverter stage, an ISS based on power switches
is added to DC link voltage. An LCL filter is inserted
between the grid and the two-level inverter stage.

3 Analysis and operation of the ISS

The basic idea of the ISS is to connect any input voltage
sources to the output side, inspired from matrix converter
principles. The ISS allows connecting two sources to DC
bus, simultaneously or individually, even isolates them
if necessary. It can also be expanded to several energy
sources and the insert of storage elements is viable. The
ISS composed by four IGBTs and four diodes as it is
depicted in Fig. 3.

The full operating modes of the proposed ISS are

detailed bellow.

* Mode I: when the renewable resources are not suffi-
cient to product the electrical energy, the both must
be isolated. To this end, all IGBTs should be OFF as
it is shown in Fig. 3(a).

* Mode 2: when only the WT is producing electri-
cal energy, it should be connected individually. So,
only the IGBTs §, and S, are fired and all diodes are
blocked as it is shown in Fig. 3(b).

* Mode 3: in this case where only PV array is producing
electrical energy, it should be connected individually.
Thus, only IGBTs S, and S, are fired and all diodes
are reverse biased, as it is illustrated in Fig. 3(c).

* Mode 4: when both sources are producing electrical
energy, they must be connected simultaneously by
firing all IGBTs. In this case, all diodes are blocked
as it is illustrated in Fig. 3(d).

It is to note that the diodes are inserted in this structure

to avoid short circuit of DC voltage sources.

The mathematical model of ISS is presented by matrix

below:

(K0 Koo O
i) \o kK, 0 K )i

i,, and i, are DC currents generated by PV array and
WT respectively, i, is the ISS output DC current and X to
K, are the control signals of IGBTs S| to §,, respectively.
The ISS depends on whether the sources produce
energy or not. The flowchart of the control strategy of ISS

is shown in Fig. 4.

Foremost, the generated of voltage and current of PV
array and those generated by WT are measured. Then, the
powers produced by both sources are calculated. If the both
sources are producing power K, to K, are equal to 1. If only
WT is producing power K, =K, =1 and K, =K, = 0. If only
PV array is producing power K, =K, =0and K; =K, = 1.
Else if the both sources are not sufficient to product the
electrical energy K, to K, are equal to 0.

4 Z-source inverter

The combination of DC/DC converter and inverter pro-
vides a high AC voltage output rather than a conven-
tional inverter. Thus, more natural way through a specific
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command and replacing the DC/DC converter by a network
impedance of LC type arranged in "X", called Z-source
inverter [25, 26], as it is illustrated in Fig. 5.

It uses the switches of the inverter to adjust the volt-
age of the DC link bus V., accordingly the control of
the inverter is slightly modified by introducing short cir-
cuit moments of one or more arms of the inverter which
are realized during the freewheel phases of the inverter.
The active states of the inverter remain unchanged.
The network impedance of the Z-source have a symmet-
rical structure where C, = C, = Cand L, = L, = L which
implies that the voltages across the capacitors and induc-
tors are identical V, =V, = V., V,, = V,, = V,, also the
currents in the inductors i,, =i, = i,.

Let V:,(, be the maximum input voltage of the inverter,
the I;M maximum output voltage of the inverter. The mod-
ulation index m is defined by Eq. (2):
m= 2AV M )

Vdc

The amplification of the DC stage b is defined by Eq. (3):
b=V, IV,, €))

where ¥, is the input DC voltage of the Z-source stage.

Three operation modes are distinguished. The first
mode, active states of the inverter are applied and the
diode D, is forward biased. So, the inverter is seen from
the Z-source as a current source. From equivalent circuit
in Fig. 6(a), one has:

V,=V,-V., “)

Vy=Vo—V, =2xV . )

The second mode, D, is ON and zero states of the
inverter are applied i.e., freewheeling operation. Hence,
the inverter is seen from the Z-source as an open circuit as
it is shown in Fig. 6(b). In the last mode, as it is shown in
Fig. 6(c), Dy, is reverse biased and an arm of the inverter is
short-circuited, which implies a zero voltage output of the
Z-source continuous stage, one has:

V, =V, (©)
V,=0. (7
According to Egs. (4) and (6), the average voltage across

the inductance over one switching period is given by Eq. (8):
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With, Ty = T, + T,, T, time of the active states of the
inverter and 7, time of the shoot through.

Rearranging the equation above gives Eq. (9):
Ve _ T,

Ze , 9
Vo TL-T ®

The voltages across the capacitors can be calculated
from Eq. (9) as follows:

S—— 10
el (10)
According to Egs. (5), (7) and (10), the average input
voltage of the inverter over one switching period is calcu-
lating by Eq. (11):
CTx0+Tx(xV.~V,) _ T

<V, >= = V,=V.. 11
de T T;_T in C ( )

s

z

According to Egs. (3) and (5), the maximum input volt-
age of the inverter can be written as follows:
T

V. =V.—V, =2xV.—V =
de C L C in 7;_]-;

Vi =bxV,. (12)

From Eq. (12), the amplification ratio of the continuous
stage is equal to:

= = >
T-T L1-2xd. . 13)
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5 Control strategy of DIZIMC

DIZIMC is composed of an ultra sparse Z-source matrix
converter combined with the Interconnection Sources
System. Hence, the control of the proposed DIZIMC is
reduced to the control of USZMC because the control of
ISS, detailed in Section 3, depends on whether the sources
produce energy or not.

It is well known that the Space Vector Modulation
(SVM) is the suitable control strategy for the matrix con-
verter topologies because of its numerous advantages such
as a better waveforms quality. This is why it is chosen as
modulation strategy for the USZMC.

To apply the SVM method, the input currents of the
rectifier stage and the output voltage of the inverter stage
reference vectors must be constructed. Their expressions,
derived from Fig. 7, are given by Eqgs. (14) and (15):

2. (. 2w . Ar .

L,=() (la +exp(j —)i, +exp(j —)lcj , (14)
3 3 3

v, = %[VA +exp(j 2?”)% +exp(j 47”)%) . (15)

5.1 USZMC rectifier stage control

In order to control the USZMC rectifier stage, the vec-
tor expressed by Eq. (14) is used. The projection of this
vector on the two axes of the sector where it is located
leads to generate the applied control vectors (two active
and one null vectors) as it is shown in Fig. 7(a). These vec-
tors will be applied during a duty cycles, d,, d; for active
vectors and d,, for the null vector, respectively, defined by
Egs. (16), (17) and (18):

d =m, sin(g—e,.), (16)
d; =m,sin(9,) , 17)
dy =1-dy—d, . (18)
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Fig. 7 (a) Input current hexagon, (b) Output voltage hexagon

Where: 6, is the angle of the reference space vector of the
input current belongs to [0, 7/3] with respect to the lower
axis of the actual sector, m, = 1 is the modulation index of
the rectifier stage.

The null vector produced by the rectifier stage can be
eliminated due to the redundancy with that inverter stage.
Therefore, the switching sequence of the rectifier stage
consists only of two adjacent current vectors. The duty
cycles d, and d; are rescaled as follows [14]:

d
dt=——, (19)
"d, +d
d
df =—2>—. (20)
d, +d;

Since the ultra-sparse matrix converter has just one
IGBT and four diodes on one arm of the rectifier com-
pared to the conventional indirect matrix converter four
IGBTs and four diodes (Fig. 8). The control signals S, and
Sy, are combined by the logical function "OR" to generate
the control signal of the single IGBT S,,.

5.2 USZMC inverter stage control

The control of the USZMC inverter stage is derived from
the reference voltage space vector expressed by Eq. (15).
The applied control vectors and their corresponding duty
cycles are synthesized by the same way as that used for the
reference current space vector. However, the null vectors
will be used in this stage. It is well known that, in the case
of a two-level inverter, there is eight possible switching
states, six active vectors (V,F;) and two null vectors
and V,, (Fig. 7(b)). Only two active and one null vector will
be used in a single switching period. The corresponding
duty cycles, d, and d,, for the active and d,, for the null vec-
tors, are computed using Egs. (21), (22) and (23):
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=
1

Sr2
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Fig. 8 An arm of the rectifier stage: in the left indirect matrix converter,
in right ultra-sparse matrix converter
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d, =m,sin(6,), 2)
dy=1-d,-d,, (23)

where the modulation index m, expression of inverter
stage is given by Eq. (24):

m =By (24)
Vdc l

where 0, is the angle of the space vector of the output volt-

age belongs to [0, /3] with respect to the lower axis of the

sector, V. is the DC link bus voltage, V, is output voltage

of the inverter.

A slight modification in the duty cycle of the null vector
of the USZMC inverter stage should be done. This modifi-
cation consists of introducing shoot through duty cycle @_,
resulting by the inserted Z-source at the DC-link bus, in
the control of the inverter stage expressed by Eq. (25)
derived from Eq. (13).

a =21 (25)

The new expression of d,, is given by Eq. (26):
dy=1-d,-d,—d.. (26)

5.3 Switching sequence of USZMC

To synthesize the control of USZMC, switching sequences
of both rectifier and inverter stages are used. After calcu-
lating the duty cycles of rectifier stage and those of inverter
stage, a double sided symmetrical switching sequence
is applied at each 7,. The resulting switching sequence
should have a minimum switching number. One can be
note that there are thirty six possible switching sequences
which can be applied to USZMC. Here, one situation is
taken as an example to explain the switching sequence
construction process.

Considering that the both current and voltage reference
vectors are lying in sector 1, vectors /; and 1, will be applied
to the rectifier stage during duty cycles dyR and d JR, respec-
tively, the switching sequence will be I, - I, - I,. For the
inverter stage, vectors V,, V,, V,and V, will be applied during
duty cycles d,, d, d,and d_, respectively, and the switch-
ing sequence will be V,-V,-V, -V, -V-V, -V, -V,-V,,
as it is summarized in Fig. 9.
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6 Simulation results and discussions

In this section, the performances of the proposed system
are analyzed by simulation under the Matlab/Simpowersys
environment. The simulation parameters of the system are
shown in Appendix.

It is well known that the renewable sources have a ran-
dom behavior because of climatic conditions. In the aim to
test the performances of the proposed structure, a scenario
including all possible situations should be defined. To this
end, the chosen scenario is as follows: from 0.4 s to 1.1
s PV array is generating power. WT is generating power
from 0 s to 0.28 s and from 0.6 s to 1.1 s. From 0.28 s to 0.4
s and from 1.1 s to 1.2 s no power is produced.

Fig. 10 represents the control signals of the ISS switches
based on the scenario defined previously.

The average active power P, and average reactive
power Q,, of the PMSG are shown in Fig. 11. The reactive
power is not null because any control strategy is applied to
the PMSG of this system.

Average output power of the ISS P, which is the input
power of the inverter and the average inputs power of the
ISS which are the power generated by PV array P, and
the output power of the rectifier P, are depicted in Fig. 12.

As it can be seen in this latter, from 0 s to 0.28 s only
WT is generating power. In this mode, the WT is the only
source connected by the ISS. When no source delivers
power from 0.28 s to 0.4 s, ISS isolates the both sources
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Fig. 9 Switching sequence of the inverter stage and the rectifier stage
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Fig. 10 Control signals of the ISS
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from the grid and the inverter is OFF because there is no
power to inject to the grid. From 0.4 s to 0.6 s, only PV
array is generating power. The ISS connects it individu-
ally. When both sources simultaneously are generating
power from 0.6 s to 1.1 s, in this case ISS connects them
simultaneously and both P, and P, are injected to the
grid. Finally, since no source delivers power between 1.1 s
and 1.2 s, the ISS disconnects the both sources.

Regarding the power injected to the grid, the displace-
ment of the grid currents and voltages should be inspected.
The injected current to the grid is in opposit phase with its
corresponding voltage, as it is illustrated in Fig. 13. This
means that the produced active power P, is injected to the
grid. This opposition phase appears more clearly when the
two sources are connected simultancously. When the sys-
tem operates in post fault i.e., only one source is connected,
the obtained results show that the power factor is not equal
to —1, this is why the grid provides a reactive power Q,.
However, O, is compensated, without using any power con-
trol at the grid side, when the both sources are connected
simultaneously as it is illustrated in Fig. 14. A power analy-
sis is done in every part of the system in the stable range of
power generators and summarized in Table 1.
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Table 1 Power analysis
Times (s) 0-0.28 0.28-04 04-0.6 0.6-1.1 1.1-1.2
P, (MW) -1.44 0 0 -1.46 0
0, (Mvar) 0.506 0 0 1.065 0
P, (MW) 0 0 0.616 0.55 0
P, (MW) 1.405 0 0 1.43 0
P, (MW) 1.375 0 0.596 1.927 0
P, (MW) -1.291 0 -0.545 -1.78 0
0, (Mvar) 0.436 0 0.945 -0.112 0

In order to analyze the quality of the grid power
injected, a spectral analysis of the currents injected to the
grid is performed. When both sources are connected, the
THD value of the grid current is 1.64 %, as it is shown in
Fig. 15. Fig. 16 represents the THD value of the current
injected by the WT that is equal to 2.43 %. In the case
where only PV array is connected to the grid, THD value
of injected current is equal to 3.41 % as it is shown Fig. 17.
One can be conclude from the obtained THD values that
the international standards are respected since they are
lower than <5 %.
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7 Conclusion

In this paper, dual input z-source indirect matrix con-
verter for hybrid PV-wind turbine grid connected gen-
erator is presented. The proposed converter structure
allows connecting both sources, individually or simul-
taneously depending on whether the sources produce
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