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Abstract

A fast and robust control strategy for a multilevel inverter in grid-connected photovoltaic system is presented. The multilevel inverter
is based on a dual two-level inverter topology. There are two isolated PV generators that feeding each bridge inverter. The output of each
inverter is connected to a three-phase transformer. The active and reactive powers flowing into the grid are controlled by a sliding mode
algorithm. An alfa—beta space vector modulator is also used. The inverters DC voltages are also controller by a sliding mode controller.
In this way, a fast and robust system controller is obtained. Several test results are presented in order to verify the effectiveness of the

proposed system controller.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Photovoltaic systems had experienced a great amount of
research and development work, making them a feasible
alternative energy resource, on its own or complementing
other energy sources in hybrid energy systems (either
stand-alone or grid-connected). The trend of fast increase
of the PV energy use is related to the increasing efficiency
of solar cells as well as the improvements of manufacturing
technology of solar panels and price reduction (solar pho-
tovoltaic systems today are more than 60% cheaper than
they were in the 1990s). With the increasing development
of renewable energies distributed generation systems, the
renewable electricity from PV sources has become an
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important player. There are several research papers on
the subject, and a good overview of interfacing topologies
can be found at (Carrasco et al., 2006).

Many grid-connected photovoltaic systems use a three-
phase inverter to perform this connection (Chaouachi
et al., 2010; Yu et al., 2005; Kim, 2007). However, the
classical three-phase inverter is very limited concerning its
output voltage levels. It only allows obtaining three
phase-to-phase output voltage levels. To overcome this
problem, multilevel inverters have been proposed. There
are several attractive features that make this kind of power
converters very interesting for the power industry, such as,
reduced current and voltage harmonics on the ac side, high
voltage capability and low dv/d#’s. The topology, modula-
tion strategy and performance of these power converters
have been extensively studied over the last decades. In this
way several multilevel topologies have been proposed
(Colak et al., 2011). The most used are the cascaded
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H-bridge inverter (Hammond, 1997; Antunes et al., 2007),
the neutral point clamped (Nabae et al., 1981), and the
flying capacitor (Meynard and Foch, 1992). Due to this
features many multilevel converters have been used for grid
connected photovoltaic systems (Alonso-Martinez et al.,
2010; Rahim et al., 2010; Ravi et al., 2011; Tsengenes
and Adamidis, 2011).

In addition to the above attractive features of the multi-
level inverters, in medium-power and high-power applica-
tions safety and robustness are also important. In this
way isolated systems in low frequency are used. So, multi-
level converters associate to line-frequency transformer
have been proposed (Blaabjerg et al., 2004; Kang et al.,
2005). One of the interesting multilevel topologies is the
dual two-level inverter topology. The dual inverter connects
to the primary of an open-end three-phase transformer.

There are several controllers for multilevel power con-
verters, such as the sinusoidal PWM extended to multiple
carrier arrangements (McGrath and Holmes, 2002). Other
control techniques have also been used. Space vector mod-
ulation (SVM) is another strategy that has been extensively
used. However, one of the fast and robust techniques is the
sliding mode control (Gao and Hung, 1993). This control
system has also been used to control power converters,
such as, classical three-phase inverters, multilevel neutral
point clamped and other power converters (Silva, 1999).
The modelization of the power converters is also extremely
important. This allows analyzing and developed many sys-
tem controllers. In this way, many models for photovoltaic
generators and their power converters have been presented
(Ishaque et al., 2011; Kim et al., 2009).

In this work, it is presenting the modelization of the dual
two-level inverter in grid-connected photovoltaic system.
Due to the characteristics of the sliding mode control, the
use of this control system is also proposed. Associated to
this controller, an alfa—beta space vector modulator is also
proposed. These systems will control the capacitors volt-
ages and the output currents of the multilevel dual-inverter.
These variables are controlled in order to control the active
and reactive power that will flow to the grid. Standard con-
trol techniques use linear control theory (namely PI con-
trollers) to regulate the capacitors voltages, which
generate the amplitude of the reference currents (Green
et al., 1988). Even the use of PWM modulators presents

additional delays (Vilathgamura et al., 1996). In contrast
with linear regulators, sliding-mode control is particularly
interesting, besides its robustness and system order reduc-
tion, due to its suitability to the power switches’
ON-OFF behavior.

The dual two-level inverter topology has also been used
in other applications such as the control of an open-end
winding induction motor (Stemmler and Guggenbach,
1993; Shivakumar et al., 2002) or the static synchronous
compensator, STATCOM (Babu et al.,, 2011). Further-
more, this topology, based on cascaded two level inverters,
has also been used for grid-connected photovoltaic systems
with line-frequency transformer (Grandi et al., 2009). The
control strategy proposed in this paper can also be used
in the aforementioned applications. In the control of an
open-end winding induction motor it is not necessary to
control the capacitor voltage since both inverters are sup-
plied by a DC voltage source. In this way, the system con-
troller is simplified since it is only used to control the AC
currents, being the references usually given in a dq referen-
tial. In the STATCOM application it is necessary to con-
trol, both, the AC currents and the DC capacitor voltage.
In this way, the control strategy proposed in this paper
can be used without any modification.

2. Model of the photovoltaic system

The grid connected photovoltaic system is composed by
a PV string a DC/DC converter, two three-phase bridge
inverters and three-phase low frequency transformer with
the open winding configuration on primary side and sec-
ondary side connected to the grid (Fig. 1). The multilevel
inverter based on two two-level three-phase voltage source
inverter is presented in Fig. 2. This topology requires two
isolated PV sources. Each PV source is connected to each
of the inverter capacitors. At the output of the inverters
is connected a three-phase transformer with the primary
in open winding configuration.

2.1. PV array
The model of the PV array used in this system is

based on the classical voltage—current characteristic
equation of a solar cell (Gow and Manning, 1999; Simoes
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Fig. 1. Grid-connected photovoltaic system.
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Fig. 2. Multilevel dual-inverter configuration.

et al.,, 2009). In this way, considering the standard
current voltage-curve with 5 parameters the following
current equation is given by:

q(V + Rslpy) V + Rslpy
Ipg =1 — 1 —_— -1 - — 1
i k 0 |:exp ( nkT]Vcell Rsh ( )

where I; denotes the current due to the solar radiation, I,
the saturation current, ¢ the electron charge, k the Boltz-
mann constant, 7 the temperature, Rg the series resistance,
Ry, the shunt resistance, N,.; the number of series cells in a
module and » the ideality factor (n e 1, 2).

2.2. Dual-inverter model

To obtain the dual-inverter model, ideal power switches
will be considered. In this way, according to Fig. 2, the fol-
lowing six switching functions o;; i€ {1, 2} je {1, 2, 3} can
be obtained:

if S;is ONAS; is OFF

1
0y = . . = . (2)
0 if S;is OFFAS; is ON

Assuming ideal power switches, the output voltage of
the dual-inverter is given by:

U1 2 -1 -1 V11 1 2 -1 -1 U721
1%} =—| -1 2 -1 V12 75 —1 2 —1 [%))
U3 -1 -1 2 V13 -1 -1 2 U3

=01 Ve
{1)1] 01, ¥ col (4)

vy = o Vo

Applying the Clark—Concordia transform (5), a new
model for the output voltages can be obtained, as expressed
by Eq. (6).
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Fig. 3. Output voltage space-vectors of the dual inverter.



V. Ferndo Pires et al. | Solar Energy 86 (2012) 2106-2115 2109

> a1 || ;1 ||

{va} N 3 " v o ’ v v U2
v 1 _ 1L 1 _ L

’ 0 V2 V2 U31 0 V2 V2 U3

(6)

From this last model it is possible to verify, that consid-
ering Ve,1 = Voo, and according to the switching states,
19 different output voltage levels can be obtained. Fig. 3
presents the dual inverter voltage vector plot in a «ff space
for the different output voltages:

Considering the transformer as an equivalent RL circuit,
the following state space model of the dual inverter in the
three-phase reference frame can be obtained:

Ch T -2 0 0 0 07 i
1) 0O -2 0 00 i
L
d
; R
— 13 = 0 0 -0 0 13
dt L
Vol 0 0 0 0 0 Vcol
L Vco2 L 0 0 0 0 04 L Uco2
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From Eq. (6) it is possible to verify that this model is
non linear and time variant. In this way, applying a Park
transformation (8), a new model denoted by Eq. (9) is
obtained. This new model is also non linear but time
invariant.

[id] 2 [cos(wt) cos (wt —Z)  cos (wt — ) 1.1

. : : 2n : 2n
i 3| sin(wt) sin(wt —%)  sin (of +Z) i
(8)
. _R _ Y1
iq L w L L Iq
: _ _R _ % Y .
d| i w L T L Iy
. 41 g1
dt | veo Col Cor 0 0 Ucol
g %q2
Ucon & - 0 0] Llocn
1
+ 0 0 0 Vs
0 1 0
L Usq
+ 0 0 _ 1 (9)
Co I
1
0 0 0 ~ % Ipi

This last model will also be used to obtain the sliding
mode controller for the dual inverter.

3. Maximum power point tracking

The power delivered by a PV system changes with the
voltage and current across the array. So, in order to deliver
the maximum power of a PV system, it is needed to imple-
ment a maximum power point tracking algorithm. Several
maximum power point tracking algorithms have been
developed. Among them, algorithms such as perturb &
observe, incremental conductance, constant voltage and
current, parasitic capacitor, sliding mode and fuzzy logic
has been studied and presented. In this work, it was used
the classic perturb & observe algorithm (Enrique et al.,
2010; Chu and Chen, 2007; Messai et al., 2011). The output
of this algorithm gives the duty cycle of the Boost
converter.

4. Dual inverter controller

The goal of the system controller is to accomplish volt-
age regulation of the inverter capacitors. This is accom-
plished by controlling the active and reactive power that
flows into the grid. Due to the characteristics of sliding
mode controllers, such as response speed and robustness
to external perturbations, this controlling methodology
has been adopted. This sliding mode controller will be
designed considering first a selected sliding surface and
then the control law driving the state of the system onto
the sliding surface.

From Eq. (9) it possible to verify that capacitors volt-
ages can be controlled by acting in the inverters switches
(variables 41, 2, 741 and y,,). However, capacitors volt-
ages are also controlled by the three-phase output currents.
In this way, considering inverter output currents and volt-
age capacitors as controlled outputs, the system dynamic
equations written in phase canonical form are
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Analyzing Eq. (10) it is possible to verify that i, current
has a strong degree of zero (Gao and Hung, 1993), and
capacitors voltage vc,; and v, have a strong degree of
one. In this way, considering i, ,.,r=0, and considering

_ dvcol ref I v, .
S2(€veyis €015 1) = koot rer — Vcor) ks =57 — ks ¢+ ks g feian = 0

_ dvcod rep I
S3(ev&,27 €mn, t) - k4(UC02ref - UCOZ) + k5 Zt” - kS (1;1:72 + k5

the feedback errors the following sliding surfaces can be
obtained:

S (eiq7t) =k (iqref - iq) =0

Ugq
Vo

Cor

where iy =iy, iy =i, ip = —iyand ip = —i,.

Considering Egs. (9) and (14) new sliding surfaces
related with the capacitors voltage can also be obtained,
as presented in the following equation.

(15)

id2:0

These sliding surfaces can be represented as difference
between a iy ., and i; as can be seen by the following
equations:

Sa(eueyrs€01,t) = iq1_rey — i1 = 0

Sa(err e0ns1) = ka(vcorrer = veor) + k3 (W B %) =0 { S3(€uyns€025t) = iar_rer — i =0 (16)
S3(€vepyr €02, 1) = ka(Vcorrer — Vcoa) + ks (% - %) =0 Where
(12> idl_rejf _ {kz Vcﬂlcollgleref*vaﬂ + VCOUI!,CO] dUC;]trE_/ - VCU;:PH]}
From Egs. (9) and (12), new sliding surfaces can be a2 ref = *{k“ VC”ZC”Z,E:'ZZ’” —vaz) 4 VonCo Rean VC"LZ.{”*”}
obtained as presented in the following equation. ’ a7
S (€vcs €01 1) = ka(Vcot ey — Vo) + ks TG 4y M — ey 8 = 0 13
S3(€vc,,2, en, l) _ k4(vC02ref _ UCoZ) + kS dvc:;ref + kS zxdzlfg::qziq _ kS [g_f,[zz -0 ( )

Based in steady-state power balance equations, and the
fact that the steady state mean value of the capacitors cur-
rent is zero, the following equations can be obtained:

To obtain sinusoidal currents the voltage controllers can

only enforce the amplitude of the inverter currents that is
injected to the grid and in phase with the grid. In this
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way, the sliding surfaces presented in (16) and (17) will only iy| [cos(wt) —sin(wt)] [ig 19
control thq currents ampl@tude. Ther.efore, since the cur- ig]  Lsin(wr) cos(wr) | i, (19)
rents amplitudes are continuous variables a steady state
will appear. So, the sliding surfaces related with the voltage . . ) '
capacitors will be increased by adding a new state variable, Su(€ins 1) = (ia_rey COS(1) — iy yes sin(wt)) — iy =0 (20)
as can be seen by the following expression: Sg(eig,t) = (ia_rer SIN(F) — iy oy cOS(wE)) —ig =0

. k2 V co1Co1 (UCol ref —VCo dvcol re

i ey = —[21Efmtn)  Ve p  Veto (11 — v -

) 18
. Ka V02Co2 (02 ref —tco 22Con doCo2re :
la_ref = — [ 4ol ,E:;j roten) | Vchdeuz LC; L — V‘”ﬁj’m + k7 [(Vcol rey — UCol)dt:|

From Eq. (18) it is possible to verify that the control
strategy only depends on one system parameter (C,). This
parameter is multiplied by other values and, since it pre-
sents a very small value, its impact is very small.

Since the voltage capacitors are not always equal and
the output three-phase currents of the inverter 1 is the in-
put of the three-phase currents of the inverter 2, then the
final current reference is the average value of iz ,.r and
iz rer- Considering the final current reference iy .5 the in-
verse Park transformation (19) and i, ,.r = 0 in (11) the
final switching functions (20) can be obtained.

The control strategy must guarantee that the system tra-
jectory moves towards and stays on the sliding surface
from any initial condition. In order to achieve this strategy,
the following stability condition must be achieved:

Soc (eiw I)Soc(7eioc7t) < 0 and Sﬁ (eiﬁvt)sﬂ(eiﬂvt) < O
(21)
To ensure the sliding surface (21), the switching law

must be select according to the conditions expressed in
the following equation.

Table 1
Output voltage vectors for the dual-inverter.
Vg V.
1.6V 12V —-0.8V —-04V 0 04V 08V 1.2V 1.6V
14V - - 7 - 6 _ 5 _
0.7V - 9 - 8 - 3 - 4
0 11 - 10 0 - 1 - 2
-0.7V - 13 — 12 - 17 — 18
—-14V - - 14 15 - 16 -
Aot
3
/T.ﬂ "
2 2
1 1
D =2 = 0 £ 2¢ 3s 3: = ~* o g 2 S=

(a) seven level hysteretic comparator

Fig. 4. Hysteretic comparators used at the

(b) five level hysteretic comparator

output of the sliding mode controller.
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The condition expressed by (22) will be ensured by
switching strategy. This strategy must select a specific
dual-inverter output voltage. According to the state of
the switches there are 19 different output voltage levels.
Fig. 3 and Table 1 show the output voltage vectors that
can be used in this power converter topology.

The number of voltage levels related with V, is bigger
than the number of voltage levels related with V. In this
way, to implement this system, a seven-level and a five-level
hysteretic comparators (with hysteresis ¢ in order to limit
the maximum switching frequency) at the output of the
sliding mode controller (20) is used. Fig. 4 presents these
two hysteretic comparators. The output of these compara-
tors are the integer variables /, and Ag (4, € {3,2;1;0;—1;
—2,-3}, A€ {2;1;0; —1;=2}) corresponding to seven and
five selectable levels. These integer variables are related
with the desired V;, and Vs voltages. According to variables
/5 Zp and Table 1 the switches that must be on are accu-
rately selected.

5. Results

The multilevel dual-inverter with the proposed control
system was implemented in Matlab/Simulink, using the
SimPowerSystems toolbox. The voltages of the inverters
capacitor have been set to 40 V. Fig. 5 shows the output
voltage of the dual-inverter. From this figure it is possible
to verify the multilevel operation of this power converter
with the proposed controller. Fig. 6 shows the three-phase
output currents of the dual-inverter. This figure shows that
the current ripple is small. Since the grid voltage is synchro-
nized with the output voltages of the dual-inverter, from

L A B

Voltage [V]

-80
002 0025 003 0035 004 0045 005 0.055 006 0065 007
Time [s]

Fig. 5. Output voltage of the dual-inverter.
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Fig. 6. Output currents of the dual-inverter.
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Fig. 7. Output voltage of the dual-inverter for a sudden change of the PV
generator.
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Fig. 8. Output currents of the dual-inverter for a sudden change of the PV
generator.
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these last two figures it is also possible to verify that the
inverter output currents are in phase with the grid voltage.

Figs. 7 and 8 show the time behavior of the output volt-
age and currents of the dual-inverter for a sudden change
of the PV generator. This sudden change is very fast in
order to test the system controller. As can be seen by these
figures, the system controller presents a fast response. The
output voltage still presents the multilevel operation. The
current amplitudes of the output currents suddenly
increase in response to the change of the PV generator
power. The ripple of the inverter output currents still
remains very low. Fig. 9 shows the time behavior of the
capacitor voltage V¢,;. From this figure it is also possible
to verify the fast response of the system controller. At time
0.08 s there is a sudden change on the PV generator power,
but the capacitor voltage practically maintains their initial
value.

80 E i : 1 : : :
N M G
40 ; ;
> : :
@ 5 :‘
SRR F— F RS— e demsecns TR FERRR—
=) ' H
> " h ' :‘ i ' i
20 ,,,,,,,,.,,,,,,,,A,,,,,,,,} ,,,,,,,, } ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
S ——
i i i i i i i

0
004 005 006 007 008 009 01 011 012
Time [s]

Fig. 9. Capacitor voltage of the dual-inverter for a sudden change of the
PV generator.

60 T T T T T T T T T

1 CNEErE fressetionoced A——- L p— CARERER S p -

Voltage [V]

R o T S

{1 A RPN R S R S USSP S .

0 i i i i i i i i i
002 004 006 008 01 012 014 016 018 02 022
Time [s]

Fig. 10. Capacitor voltage of the dual-inverter for a sudden change of the
reference voltage.

Figs. 10 and 11 show the time behavior of the capacitor
voltage and three-phase currents of the dual-inverter for a
sudden change in the voltage reference. At time 0.06 s the
voltage reference increases with a step change from 40 V
to 50V, and at 0.12's deceases with a step change from
50 V to 40 V. From these last figures it is possible to verify
the fast response of the system controller. When the voltage
reference changes from 40 V to 50 V the dual-inverter out-
put currents will became zero. All the energy supplied by
the PV generator will stored in the capacitors, until the
capacitor voltage reach the desired value (50 V). When
the capacitor voltage the output currents will change from
zero to their final value (condition where all the energy sup-
plied by the PV generators will be transferred to the grid).
When the voltage reference changes from 50 V to 40 V the
dual-inverter output currents will suddenly increase. In this
situation, the energy that is transferred to the grid is the

AE—r—r—

Current [A]

0
002 004 006 008 01 012 014 016 018 02 022
Time [s]

Fig. 11. Output currents of the dual-inverter for a sudden change of the
reference voltage.

Current [A]

15 I i i I I i i
001 0015 002 0025 003 0035 004 0045 005
Time [s]

Fig. 12. Output currents of the dual-inverter for a sudden change of the
control parameter C,.
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Fig. 13. Capacitor voltage of the dual-inverter for a sudden change of the
control parameter C,,.
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Fig. 14. Experimental result of the output voltage of the dual-inverter.

CH1=20v
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Fig. 15. Experimental result of the output currents of the dual-inverter.
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Fig. 16. Experimental result of the capacitor voltage.

sum of the energy from the PV generator and the capacitor
storage energy. In this way, the capacitor will be discharged
and rapidly decrease their voltage to the desired value.
When the voltage capacitor reaches the reference voltage,
the dual-inverter output currents will suddenly decrease
to the final amplitude.

In order to verify the robustness of the system the fol-
lowing test, where the value of the system parameter C,
used in the sliding surface was changed, was conducted.
Figs. 12 and 13 present the time behavior of the dual-inver-
ter output currents and capacitor voltage V,; where, at
time 0.03 s, a 15% change in the parameter value C,; was
considered. The obtained results show that this change
does not have impact on the system’s response.

A laboratory prototype was built in order to verify this
system behavior in a real environment. Fig. 14 shows an
experimental waveform of the dual-inverter output voltage,
where the expected behavior can be confirmed, namely the
multilevel operation of the power converter. Fig. 15 shows
the experimental three-phase waveforms of the dual-inver-
ter output currents. These currents are balanced with a low
THD. Fig. 16 presents the experimental DC link voltage of
the first power converter (V¢,1), where it is possible to
confirm its stability.

6. Conclusions

A new system controller for the dual converter topology
in grid-connected photovoltaic system has been presented.
This topology uses two insulated PV generators and a
three-phase open-end winding transformer. In this way,
the system controller must perform the regulation of DC
links in both sub converters. The proposed system control-
ler uses a fast and robust sliding mode controller. The reg-
ulation of the voltage capacitors is obtained by the control
of the inverter currents amplitude that is injected to the
grid and in phase with the grid. For the generation of the
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proper multilevel waveforms a space-vector modulator was
used. Since this topology allows obtaining 19 different out-
put voltage vectors, a five and seven level comparators have
been used to implement the sliding mode controller. The
power converter system with the proposed controller has
been implemented and verified by numerical simulations.
From the obtained results it was possible to verify the effec-
tiveness of the proposed control system. These results also
show good performance both in steady state and transient
conditions.
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