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1. Introduccion

Con base en el articulo "6.8 Presentacion y evaluacion del informe final de proyectos o actividades de
fortalecimiento de la investigacidn y extension” de la "Guia para la gestion interna de la investigacidn y la
extension en el Instituto Tecnoldgico de Costa Rica” cuyo inciso c) establece que "..se podrdn aceptar como
alternativos al documento 1 del informe final, otros productos tales como Articulos cientificos en proceso de
aprobacién por una revista indexada o ya publicados”, se decidio presentar como parte del informe final los
siguientes articulos ya publicados:

= Morales, S.; Meza, C. Herramientas de simulacion libres y abiertas para el disefio de unidades de
procesamiento de potencia para sistemas fotovoltaicos, Tecnologia en Marcha, Abril-Junio 2015.

= Chavarria, X.; Biel, D. ; Guinjoan, F. ; Meza, C. ; Negroni, J. Energy-Balance Control of PV Cascaded
Multilevel Grid-Connected inverters for Phase-Shifted and Level-Shifted Pulse-Width Modulations,
IEEE Transaction on Industrial Electronics, Enero 2013

= Meza, C,; Biel, D. ; Jeltsema, D. ; Scherpen, ].M.A., Lyapunov-Based Control Scheme for Single-Phase
Grid-Connected PV Central Inverters, IEEE Transactions on Control Systems Technology, Marzo 2012

Ademas, se presenta un documento en desarrollo que, pretender ser utilizado para fines educativos, con modelos
matematicos de los principales UPP utilizados para convertir distintos niveles y formas de onda de corriente
continua a niveles y formas de onda deseadas en corriente continua.

Los articulos y documento antes mencionados permiten verificar que se cumplieron con los objetivos del proyecto
propuestos, a saber,

= se estudiaron distintas topologias de convertidores de potencia o UPP para sistemas fotovoltaicos,
= se desarrollaron distintas técnicas de controla para convertidores de potencia de sistemas fotovoltaicos,

= se evaluaron y utilizaron distintas herramientas de simulacion para analizar el comportamiento dindmico
de convertidores de potencia asociados a sistemas fotovoltaicos,

= para obtener los resultados experimentales publicados, se dearrollaron plataformas de hardware con
convertidores de potencia.

2. Agradecimientos

Ademas de los investigadores que participaron en este proyecto contribuyeron también las siguientes personas

= Ing. Jeiner Alvarado (egresado de la carrera de Ing. Electrdnica, ITCR),
= Ing. Adrian Gdmez (egresado de la carrera de Ing. Electrdnica, ITCR),

= Ing. Karla Obando (egresada de la carrera de Ing. Electrénica, ITCR).
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3. Anexos

3.1.  Modelos matematicos de unidades de procesamiento de potencia para su control (Documento
en desarrollo para fines educativos)

Una unidad de procesamiento de potencia es un elemento de acople de potencia entre dos subsistemas que
tiene como fin de establecer una forma o nivel de tension y corriente deseado en sus terminales de interconexion.
Esta funcidn se ilustra en la Figura 1, en donde, para este caso concreto, la unidad de acondicionamiento de
potencia debe ser capaz de lograr que las tensiones v; y v, y las corrientes iy e i tengan una forma o nivel
deseados.

iy
. ) . Unidad de

Subsistema 1 . Subsistema 2
o v procesamiento v o
(circuito 1) 1 . 2 (circuito 2)
de potencia

r— o

Figura 1: Diagrama de bloques de una unidad de procesamiento de potencia que sirve de acople eléctrico
entre dos subcircuitos.

Las unidades de procesamiento de potencia (UPP) mas eficientes son aquellas que utilizan dispositivos
semiconductores conmutados. Existen numerosas topologias de UPP que difieren en la cantidad y ubicacidn
de los interruptores y los elementos pasivos de almacenamiento de energia (e.g. inductores y condensadores)
que contienen.

Es posible obtener un comportamiento dindmico deseado en la UPP por medio de un algoritmo que conmute
los interruptores de silicio (e.g. MOSFET) en un momento dado. El punto de partida para el desarrollo de
este algoritmo es un modelo matematico valido de la UPP.

En el presente documento se presenta el diagrama y el modelo matematico de las principales topologias de
UPP utilizadas para conversion de corriente continua a corriente continua.

3.1.1. Convertidor Reductor o convertidor "buck”

En la Fig. 2 se muestra la topologia de potencia conocida como “"Convertidor buck”. Se identificara como P;.
Asi mismo, el modelo basado en interruptores ideales se muestra en la Fig. 3.
Por otro lado, considerando v € {0, 1}, la ecuacidn (1) representa el modelo del convertidor
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Figura 2: Convertidor tipo “buck”
i U= 1 i L lout
o—r—e —— N > o
. +
V il
in IU -0 C= v Vout
e o

Figura 3: Representacion del convertidor tipo “buck” mediante interruptores ideales

[ dii _ wn—vC
dt L
ﬂ ol — dout
dt C
P1 T
di _ v
dt L
% _ L[ — lout
L dt C
Generalizando se obtiene
ﬂ _ uVin
T
P1: dve o
dt — C

cuando v =1

cuando v =0

IS |
+
|

o r\‘g-‘
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3.1.2. Convertidor Elevador o convertidor “boost”

En la Fig. 4 se muestra la topologia de potencia conocida como “Convertidor boost”. Se identificara como P,.

Circuito esquematico

in L l D fout
e A > »—o0
+
Vin Q C =< Vv Vout
(e, O

Figura 4: Convertidor tipo “boost”

Modelo simplificado

El modelo basado en interruptores ideales se muestra en la Fig. 5.

in L i u=20 iout
[ A > ® > O
Vin u="1 C ;: 7a Vout

o o
Figura 5: Representacion del convertidor tipo “boost” mediante interruptores ideales

Modelo promediado

Considerando v € {0, 1}, tenemos

di _ v
gt L. cuando v =1
ave _ —lout
dt C
Py 4 (7)
ﬂ _ Vin—VC
;1“ L cuando v =0
ave _ L[ — lout
L dt C
Generalizando se obtiene
ﬂ = M (1—u) ve
p,.{ dt Ll (8)
dve gyl
dt C C
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3.1.3. Convertidor Reductor-Elevador o convertidor tipo “buck-boost”

En la Fig. 6 se muestra la topologia de potencia conocida como “Convertidor buck-boost”. Se identificara como

P3. ELl modelo basado en interruptores ideales para esta topologia se muestra en la Fig. 7.

iin D iout
o > 7 »—o0
3( L
Vin C ;: Ve Vout
0]
o o
Figura 6: Convertidor tipo “buck-boost”
iin u="1 u=>0 iout
o—>—o . »—oO
L
Vin C ;: Ve Vout
0]
o o

Figura 7: Representacion del convertidor tipo “buck-boost” mediante interruptores ideales

Modelo promediado

Considerando v € {0, 1}, tenemos
d

dt

dve

dt
Ui

dt
dve

L dt

Ps3: <

o
L
—lout

C

vc
L
—lL — lout

C

cuando v =1

cuando v =0
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Generalizando se obtiene
% = u%" +(1— u)VTC
Ps3: dv . | (14)
L | u)l—L _ lout
dt C C

[ o = ] [
X = 1—d L X+
[ - 0

Este sistema tiene los siguentes puntos de equilibrio

OV\‘E‘
| |
QU
+
| —
ﬁgl‘ o
| I
=
=

3.1.4. Convertidor Reductor-Elevador no inversor o convertidor tipo “non-inverting buck-boost”

En la Fig. 8 se muestra la topologia de potencia conocida como “Convertidor buck-boost no inversor”. Se
identificara como Py.

Circuito esquematico

lout

D,
—>—F»—o0

[+

~ VC Vout

O

Figura 8: Convertidor tipo “buck-boost no inversor”

Modelo simplificado
El modelo basado en interruptores ideales se muestra en la Fig. 9.
Modelo promediado

Considerando v € {0, 1}, tenemos

Pagina 6



Tecnoldgico
de Costa Rica

TEC

Electronica

Escuela de Ingenieria

iin u=1 L iL u=20 iout

== vc Vout

O O

Figura 9: Representacion del convertidor tipo “buck-boost no inversor” mediante interruptores ideales

[ di _ v
llfjl/t(j L[. cuando v =1
_ " ‘out
it C
Pg : <
i v
gvtc iy L i cuando v =10
_ — ‘tout
L dt C
Generalizando se obtiene
di; Vin Ve
— = u——(1—u)—+—
oo i rot
c _ (1— u)’i _ lout
dt C C

B )] Vin 0
X:|:19d L :|X+|:(L):|d+[_,0u1]
e 0 ¢

3.1.5. Convertidor “Cuk”

En la Fig. 10 se muestra la topologia de potencia conocida como “Convertidor Cuk

(19)

”. Se identificard como Ps.
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fin L1 iL1 C1 LZ iLz lout

VG
Vin Q E DSZ Ve, ;: G Vout

Figura 10: Convertidor tipo “Cuk”

Circuito esquematico
Modelo simplificado

El modelo basado en interruptores ideales se muestra en la Fig. 11.

lin L1 [L1 C1 LZ [Lz lout
- ——»0
Ve

+
=

Vin Vo, == G Vout
u=1\u=0
O O

Figura 11: Representacion del convertidor tipo “Cuk” mediante interruptores ideales

Modelo promediado

Considerando v € {0, 1}, tenemos

di, _ Vo
dt L4
di, _ —va—vg
dt o Ly _
dve, B ‘Q cuando v =1
T
dVC2 _ le_lout
Ps : dt G
591 diy, ve—vg
dt L4
9, _ o
dt o L _
dve, B ‘A cuando v =0
T
dVC2 _ le_lout
L dt G

Generalizando se obtiene

(25)
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[ dih Vin VG
b n o 1
df L4 ( ) L4
di, _ _voa Vo
ps: { Mt L b (26)
Ve _ (1 _ ) Ly + dlﬁ
dt ' 'C1 G
dve, _ i, dow
| dt G G
_ |
X = 27
. 27)
Ve,
(1=d) i
o o 2| |
X = (1—d) d 0 62 X+ O (28)
a § i
0 o) 0 0 G
Este sistema tiene los siguentes puntos de equilibrio
* _dm
I (29)
X5 = lout (30)
Vin
3 = 31
B=1"4 (31)
* Vin
xy =d T4 (32)

3.1.6. Convertidor “Sepic”

En la Fig. 12 se muestra la topologia de potencia conocida como “Convertidor Sepic”. Se identificara como
Pg. Ast mismo, en la Fig. 13 se muestra el modelo basado en interruptores ideales.

Considerando v € {0, 1} se puede derivar el modelo matemdtico de esta topologia, tal y como se indica en
la ecuacidn (33).
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lin L1 [L1 C1 D lout
o T+ >0
V(_‘1 L
w O et
i,

o o

Figura 12: Convertidor tipo “Sepic”

in Ly iy C} u=0 ot
M;Th ° e
VQ L
Vin u="1 2 Ve, ;i Gy Vout
o o

Figura 13: Representacion del convertidor tipo “Sepic” mediante interruptores ideales

[ diy, W
df - L
di, _ o
dt - L _
dvg, _ ~i, cuando v =1
dt CJ
dez _ —lout
dt G
P6 ) diL1 _ Vin — VC1 VCZ
df N L
di, _ —vg
dt - L _
dve, _ lﬁ cuando v =20
dt G
dez — lL1 + ILZ — lout
L dt G
Generalizando se obtiene
’& — @_(1_ )VC1+VC2
df L L
9L g pe
Pg : dt Lz' LZ
R L
1 1
dvg, - )il1+iL2_i07ut
[ dt G G
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_|
X = 35
. (3)
|7C2
(1—d) (1—d) o
0 0 L oL %1"
0 0 g L) 0
X=1 (-d —d 02 02 x+1 (36)
(@d) (19d) —lout
5 & 0 0 o
Este sistema tiene los siguentes puntos de equilibrio
d.i
= (7)
X; = lout (38)
X =T (39)
Vin
F=d 40
Xy 1—d ( )

3.1.7. Convertidor zeta

En la Fig. 14 se muestra la topologia de potencia conocida como “Convertidor zeta”. Se identificara como P7.

Circuito esquematico

fin Q C1 L2 i lout
o—» +I< N
b\) Ve N
Vin L D Ve, =< C2 Vout
i,
O O

Figura 14: Convertidor tipo “zeta”

Modelo simplificado
El modelo basado en interruptores ideales se muestra en la Fig. 15.
Modelo promediado

Considerando v € {0, 1}, tenemos
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Lout

) Vout

Figura 15: Representacion del convertidor tipo “zeta” mediante interruptores ideales

(- diy
dt
dis
dt
dvg,
dt
dve,

. dt

i diy

dt

dis
dt

dvg,
dt

dve,
dt

Generalizando se obtiene

P75

diy
dt
di
dt
dva
dt
dve,
dt

Vin — Vo, — VG,

O

. L cuando v =1
ir,
G
L, — lout
G
Yo
Ly
_VCZ
L _
7 cuando v =10
_lL1
¢C1 .
Ly, — lout
G
i C
SRR
1 1
_ Vo Vo
L L,
i1, i1,
= u=—(1—-d)=
6 ( )Q
_ ILZ — lout
G
ir,
X = i,
Ve,
Vcé

(42)

(43)
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0 L 5 0
? O b | B ae] O (44)
X = (1—(1) d X
-4 4 0 0 0 _?71
0 & 0 0 0 <"
Este sistema tiene los siguentes puntos de equilibrio
o _ diow
X5 = lout (46)
dVin
3 47
* Tn
Xj = —d21 - J (48)

3.1.8. Convertidor Cuadruple Reductor o convertidor tipo “Quad-buck”

En la Fig. 16 se muestra la topologia de potencia conocida como “Convertidor Quad-buck”. Se identificara
como Pg.

Circuito esquematico

Figura 16: Convertidor tipo “Quad-buck”

Modelo simplificado
El modelo basado en interruptores ideales se muestra en la Fig. 17.
Modelo promediado

Considerando v € {0, 1}, tenemos
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[ u="1 LZ lout
,—/l Q C ;: Cz Vout
[e; TJ O

Figura 17: Representacion del convertidor tipo “Quad-buck” mediante interruptores ideales

[ di, v — g
df - L
di, _ va—vg
dt Lz‘
dve, iy — g
dt G ]
dez _ IL2 — lout
dt C
Pg : < . 2
] odu
df L
di, _ —vg
dt ' L
dve, i
T
dve, iy — lout
L dt G
Generalizando se obtiene
[(diy, Vg
df L L4
di, _ Vo _ Yo
. dt N L2 L
Py : dve, _ ’Lz lﬁ
dt C1 G
dve, iy — lout
| dt G
ir,
X = i,
Ve,
Ve,

cuando v =1

cuando v =10

(50)

(51)
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= o
0 0 L _01 P 0
S IR PR I PR 52
ol oy 0 0 0 P
o £ 0 0 0 o
Este sistema tiene los siguentes puntos de equilibrio
X = dion (53)
X5 = lout (54)
X5 =dVy (55)
X =~ (56)

3.1.9. Convertidor Elevador-Elevador o convertidor tipo “Boost-boost”

En la Fig. 18 se muestra la topologia de potencia conocida como “Convertidor Boost-boost”. Se identificara

como Pqg.

Circuito esquematico

[-lg Ly i, D L, iLg Dy iout
. O VG O Ve
Vi + + 2
o —=<R | = Vou
E G E G t
o o

Figura 18: Convertidor tipo “Boost-boost”

Modelo simplificado

El modelo basado en interruptores ideales se muestra en la Fig. 19.

g L u=0 Mu\ag Lout
u=19 u="1
Vin G o R +H G
1T Cz T Vout
o o

Figura 19: Representacion del convertidor tipo “Boost-boost” mediante interruptores ideales

Modelo promediado
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Considerando v € {0, 1}, tenemos
[ d
dt B L4
di, _ Vo
dt a L _
dve,  —i, v cuando v =1
dt G RG
dVCz . —lout
. dt G
Pg : < di, v (57)
dt B L4
di,  _ o~
dt o L _
dv,  i—i,  vq cuando v =0
dt ] G . RG
dve, _ i, — lowt
L dt G
Generalizando se obtiene
[ dif, Vin Ve
&L _ g e
dt T
9, _ v _g_yte
dt L L,
Pg : < dVC1 _ (1 _u)iﬁ_iﬁ_ 78] (58)
dt G G RG
dve, _ (1— )lﬁ _ ot
| dt G G
X = ’Vlg (59)
1
|7C2
—(1=d) o
0 0 L 0 B
0 0 L ={i=d) 0
= g - L L X+ (60)
o (Ed RG ° —(fL
0 L 0 0 -
Este sistema tiene los siguentes puntos de equilibrio
Vin fout
= 61
M= Ra—a2 Ta—ap (61)
o lout
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Vin
« Vi
Xy = (1—d)? (64)

3.1.10. Convertidor Doble Reductor-Elevador o convertidor tipo “Double buck-boost”

En la Fig. 20 se muestra la topologla de potencia conocida como “Convertidor Double buck-boost”. Se
identificara como P1o.

Circuito esquematico

;:CZ Vout

O

Figura 20: Convertidor tipo “Double buck-boost”

Modelo simplificado

El modelo basado en interruptores ideales se muestra en la Fig. 21.

Lout
—»-0

:Cz VOUt

O

Figura 21: Representacion del convertidor tipo ‘‘Double buck-boost” mediante interruptores ideales

Modelo promediado

Considerando v € {0, 1}, tenemos

Pagina 17



TEC Tecnologico Escuela de Ingenieria
de COSta Rlca El_ectrénica
diy, Vo
df N L4
di, _ v
dt - L _
dve, _ “i, g cuando v =1
dt G RG
dVCZ _ _iout
dt G
P1o di, _ v (65)
df L4
di, _ Vo
dt - L _
dve, _ S, g cuando v =0
dt Cj .RC1
dez — _le — lout
dt G
Generalizando se obtiene
diy, Vin Ve
2L g 1
dt o Ty
ﬂ = u@ +(1— )sz
Pyp:q A1 L 7k 66
10 d ( )
7 — —(1—U)lﬁ—ulﬁ— Ve
dt G G RG
dve, - )zﬁ  out
dt G G
_ | i
X = 67
. (87
|7C2
1—d _
O N B
0 0 = = 0 0
Rl I S L A R (68)
0 (L) 3 0 =
0 5 0 0 o
Este sistema tiene los siguentes puntos de equilibrio
dVin fout
[ = 69
T RA—d T = ap (©9)
X5 = “fot (70)
(1—4d)
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vy
S =ao 3) (71)
.
Xy = (1—d)? (72)
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Resumen

Las fuentes de energia renovable, entre ellas la solar fotovoltaica, requieren de circuitos
electronicos que sirvan de interface entre el dispositivo transductor y el dispositivo o sistema
que utilizara la energia. Mas aun, la eficiencia energética y el costo del sistema se pueden ver
comprometidos si este circuito electronico no ha sido disefiado de forma apropiada. Dado que,
por un lado, las caracteristicas eléctricas de los dispositivos fotovoltaicos son no lineales vy, por
otro, los circuitos electronicos mas eficientes son naturalmente discontinuos, se requiere un
andlisis dinamico detallado que permita optimizar el disefio. Dicho analisis debe ser apoyado
por herramientas informaticas de simulacién. En este articulo se hace una comparacion entre
dos herramientas informaticas de simulacion de sistemas dinamicos para determinar su utilidad
en el proceso de disefio de sistemas fotovoltaicos, principalmente en lo que corresponde a
las unidades de procesamiento de potencia. Utilizando como caso de estudio un sistema
fotovoltaico para la carga de una bateria, se determin6 que la herramienta Scicoslab facilita la
simulacion de sistemas dinamicos complejos, presentes en las unidades de procesamiento de
potencia de los sistemas fotovoltaicos.

Keywords

Photovoltaic systems; simulation tools; power converters.

Abstract

Renewable energy sources, including solar photovoltaic, require electronic circuits that serve as
interface between the transducer device and the device or system that uses energy. Moreover,
the energy efficiency and the cost of the system can be compromised if such electronic circuit
is not designed properly. Given that the electrical characteristics of the photovoltaic devices
are nonlinear and that the most efficient electronic circuits for power processing are naturally
discontinuous, a detailed dynamic analysis to optimize the design is required. This analysis
should be supported by computer simulation tools. In this paper a comparison between two
software tools for dynamic system simulation is performed to determinate its usefulness in the
design process of photovoltaic systems, mainly in what corresponds to the power processing
units. Using as a case of study a photovoltaic system for battery charging it was determined that
Scicoslab tool was the most suitable.

Introduccién

La energia solar es abundante y el proceso de conversidn a energia eléctrica puede llegar
a tener un impacto ambiental muy bajo. Los sistemas solares fotovoltaicos permiten el
aprovechamiento de la radiacion electromagnética producida por el sol por medios eléctricos.
La tecnologia fotovoltaica es hoy en dia bastante madura y en muchas regiones del mundo su
costo es comparable con el de las fuentes de energia tradicional.
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U.P.P. Carga

Dispositivo
FV

N I S

Figura 1. Diagrama de blogues representativo de un sistema fotovoltaico (U.P.P.: Unidad de Procesamiento de
Potencia).

Un sistema fotovoltaico esta conformado por uno o varios dispositivos fotovoltaicos (celda,
panel o conjunto de paneles) y una unidad de procesamiento de potencia (ver figura 1). Las
caracteristicas eléctricas de un dispositivo fotovoltaico hacen necesario el uso de un circuito
electrénico, denominado unidad de procesamiento de potencia (UPP), para aprovechar de
forma optima la energia que éste genera. Sin la UPP, el dispositivo fotovoltaico generaria menos
energia de la que potencialmente puede producir. Esto se debe a que un dispositivo fotovoltaico
presenta un punto de méaxima generacion de potencia definido por un par de valores de tension
y corriente determinados, tal y como se puede apreciar en la figura 2. Una de las tareas de la
UPP es posicionar en todo momento el punto de operacion del dispositivo fotovoltaico en su
punto de maxima potencia. La otra tarea de la unidad de procesado de potencia es lograr que
la carga que esta siendo alimentada por el dispositivo fotovoltaico reciba un nivel de tension
y corriente adecuado (ver figura 1). Cargas tipicas en sistemas fotovoltaicos son baterias,
motores, luminarias o la misma red eléctrica.

==
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Figura 2. Curvas de voltaje vs. corriente y voltaje vs. potencia de un dispositivo fotovoltaico tipico a temperatura e
insolacion constantes. El circulo rojo indica el punto de maxima generacion de potencia.

Como se puede deducir de la figura 2, las caracteristicas eléctricas de un dispositivo fotovoltaico
son no lineales y en algunos casos la unidad de procesamiento de potencia también puede
tener caracteristicas eléctricas no solo no lineales sino también discontinuas. Esta situacion
requiere de un analisis detallado del sistema que, dada su complejidad, debe ser apoyado
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por simulaciones numéricas. El uso de simulaciones numéricas permite realizar experimentos
virtuales para probar potenciales soluciones y sistemas, reduciendo significativamente el
tiempo de disefo y los errores en la implementacion final.

El presente articulo tiene como objetivo identificar un conjunto de herramientas de simulacion
que pueden apoyar el proceso de disefio de sistemas fotovoltaicos, con un especial enfoque
en el disefio de las unidades de procesamiento de potencia. Como se comentara mas adelante,
enfocarse en el andlisis del comportamiento eléctrico de las UPP implica estudiar los transitorios
del sistema que normalmente tienen una duracion en el orden de los milisegundos. En
consecuencia, las herramientas de simulacion que se desean identificar no son aquellas que se
utilizan para determinar el desempefio de un sistema fotovoltaico en periodos de meses o afios,
en estos casos ya hay varias herramientas maduras que logran obtener excelentes resultados
(Turcotte et al., 2001). Por otro lado, este documento se concentra Unicamente en herramientas
que sean de acceso libre y abierto, no solo porque representan una opciéon mas econémica que
las pocas alternativas comerciales existentes, sino porque, dado el caracter particular y reciente
del sistema que se quiere estudiar, es necesario contar con herramientas lo suficientemente
flexibles que permitan la modificacion y alteracion de algunas de sus rutinas y modelos.

El presente articulo esta estructurado de la siguiente forma: primero se presentan las
caracteristicas eléctricas de los principales sistemas que se quieren simular, esto es, el
generador fotovoltaico y la unidad de procesamiento de potencia. A partir de la caracterizacion
de dichos sistemas se obtiene un conjunto de requerimientos que la herramienta de simulacion
de software debe cumplir. Luego, se presenta un conjunto de herramientas de software
que cumplen de forma total o parcial los requerimientos identificados en la seccion anterior.
Finalmente, se muestran los resultados de una simulaciéon prueba de sistemas fotovoltaicos
con las herramientas seleccionadas y se discutira cual es la mas apropiada para el enfoque
planteado.

Caracteristicas eléctricas de los principales componentes de un sistema fotovoltaico

Generador fotovoltaico

El efecto fotovoltaico convierte la radiacion electromagnética en energia eléctrica. Un dispositivo
fotovoltaico es aquel elemento que se disefia y construye con el objetivo de aprovechar al
maximo el efecto fotovoltaico. Una de las caracteristicas mas Utiles de estos dispositivos es su
alta escalabilidad en potencia, esto es, que es posible generar potencias en un amplio rango
desde unas decenas de miliwatts hasta gigawatts. Por ejemplo, la celda fotovoltaica mas comun
es una oblea de silicio dopada de forma especial que puede generar entre 100 mW a 1 W. Es
posible obtener potencias de entre 10 a 250 W construyendo matrices de celdas eléctricamente
conectadas, normalmente en serie, conformando lo que se denomina un moédulo o panel
fotovoltaico. De igual forma, es posible conformar matrices de paneles fotovoltaicos para llegar
a generar hasta decenas de gigawatts.

Existen distintos tipos de tecnologias de celdas fotovoltaicas, las cuales, tal y como se
menciona, por ejemplo, en Zinsser, Makrides, Schmitt, Georghiou y Werner (2007), Cereghetti,
Realini, Chianese y Rezzonico (2003), Friesen y colaboradores (2007a), Friesen y colaboradores
(2007b), Chianese y colaboradores (2007) y Friesen y colaboradores (2010), responden
eléctricamente de forma distinta a condiciones ambientales, y por lo tanto su comportamiento
eléctrico responde a modelos matematicos distintos. Por otro lado, el modelo general
presentado en Meza y Ortega (2013) es lo suficientemente amplio para abarcar la mayoria de
las tecnologias fotovoltaicas disponibles en la actualidad. La expresion matematica de este
modelo es la siguiente:
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lpy = A(S; T, va) — @(S,T,vpy, ppy) (1)
En donde
* i, es lacorriente del generador fotovoltaico.
* v, eslatension del generador fotovoltaico.

S es la intensidad de radiacion solar.

T es la temperatura.

° p, esun conjunto de n parametros que dependen de las caracteristicas constructivas
del dispositivo.

El modelo descrito en la ecuacion (1) se puede adecuar a distintas tecnologias por medio de
los siguientes parametros:

* P, {vav P, -} cada tecnologia tiene un valor de p , y un numero de parametros
determinados.

e |a funcion vy la funcion pueden ser distintas para cada tecnologia.

Es importante destacar que el anterior modelo pretende representar propiedades comunes que
tienen las distintas tecnologias fotovoltaicas en su comportamiento eléctrico, esto es,

e lafuncion ®(S, T, vey, ppy) €s siempre positiva y estrictamente creciente con respecto a

v .
pv

. /1(5, T, ppv) es siempre positiva y mayor que (S, T, Vpy, Ppv ).

Existen tecnologias fotovoltaicas que tienen asociadas capacitancias parasitas (Friesen et al.,
2007). En este caso, es necesario agregar al anterior modelo un componente dinamico de la
siguiente forma, tal y como se indica en Meza, Virtuani y Chianese (2010):

lpy = /1(5, T, va) — &(S, T, vpy, pPV) — C(vpy, pPV)vpv @)

La funcion C(vpv,ppv) es normalmente no lineal y dependiente de Vo,

Con base en los anteriores modelos, podemos afirmar que la simulacion del transiente eléctrico
de un sistema que utilice un dispositivo fotovoltaico deberia ser capaz de:

e Resolver funciones matematicas no lineales.

e Preferiblemente resolver funciones implicitas. Nétese que segun la ecuacion (1), existe
la posibilidad de que la corriente del dispositivo fotovoltaico aparezca tanto en la parte
derecha como en la parte izquierda de la ecuacion. Dependiendo de cémo sea la forma
de , sera posible despejar 0 no la corriente con funciones matematicas fundamentales. En
algunos casos, utilizando funciones matematicas como la funcion de Lambert W (Sharma,
2009) se puede despejar la corriente. En este caso, el sistema de simulacion deberia ser
capaz de resolver esta funcion o permitir su programacion.

e Resolver ecuaciones diferenciales no lineales, en el caso en que se utilice el modelo
dinamico de la ecuacion (2).

Unidad de procesamiento de potencia

Como se mencion¢ anteriormente, una unidad de procesamiento de potencia de un sistema
fotovoltaico tiene dos objetivos principales:
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1. Lograr que el dispositivo fotovoltaico esté siempre posicionado en el punto de operacion
de maxima potencia.

2. Lograr que la carga tenga un nivel de tensién y corriente determinados.

Dichos objetivos se obtienen por medio de dos elementos: el convertidor de potencia y el
subsistema de control. El convertidor de potencia se entiende en este documento como el
circuito electréonico conformado por componentes pasivos (inductores y capacitores) y activos
(transistores, diodos, etc.), que permiten convertir niveles de tension y de corriente. Algunos de
los dispositivos activos del convertidor de potencia son controlados por medio del subsistema
de control, el cual, con las mediciones de las variables eléctricas del convertidor de potencia,
los valores de referencia y un algoritmo de control, genera las sefiales de control. La figura 3
muestra el diagrama de blogues de una unidad de potencia.

Convertidor
de
Potencia
Sefial de
Control
Subsistema
de
Control
Medicion de corrientes y
tensiones

Figura 3. Diagrama de bloques de una unidad de procesamiento de potencia.

Figura 4. Circuito de un convertidor de potencia tipo reductor.

La gran mayoria de los sistemas fotovoltaicos utiliza convertidores de potencia conmutados.
Estos convertidores consisten de capacitores, inductores, diodos y transistores (usualmente
MOSFET). Estos ultimos operan de forma conmutada con el fin de obtener menores pérdidas
en el proceso de conversion. Un convertidor de potencia se puede modelar matematicamente
por medio de un conjunto de ecuaciones diferenciales que describen el proceso de carga y
descarga de los elementos que almacenan energia dentro del circuito, esto es, el inductor
y el capacitor. Por ejemplo, las ecuaciones que describen el comportamiento dinamico del
convertidor reductor que se muestra en la figura 4 son las siguientes:

di,  vin V¢
a DL
de _ iL lout
dt ¢ C
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En donde
* i es la corriente en el inductor L.
* v_es latension en el capacitor C.
e v es latension de entrada al convertidor.
e | _eslacorriente de salida del convertidor.
* u es la senal de conmutacion del convertidor.

Notese que en este caso u es discontinua, esto es, solo puede tomar los valores 0 0 1. En
algunos casos es conveniente utilizar el modelo promediado del convertidor, descrito por las

siguientes ecuaciones:
X, 1
<=[-1x
X, U

0 —=| (071 [
k=l Plet|u|+]T|d
Z 0 C 0

C

En este caso d sustituye a u, en donde d es una senal continua comprendida entre Oy 1. Es
importante destacar que la simulacion del modelo promediado no permite ver los efectos del
rizado de conmutacion en el sistema.

El subsistema de control es el encargado de conmutar los transistores del convertidor de
potencia o equivalentemente de generar la sefal u. La senal u también puede obtenerse a la
salida de un generador de anchura de pulso en el caso en el cual el subsistema de control
genere la sefal d. Para generar esta senal, el subsistema de control puede utilizar un algoritmo
empirico, ecuaciones diferenciales lineales 0 no lineales o ecuaciones en diferencia (sistemas
discretos).

De esta forma, para la UPP, el sistema de simulaciéon debe ser capaz de:

e Resolver numéricamente ecuaciones diferenciales lineales, no lineales, continuas y con
discontinuidades.

e Resolver ecuaciones en diferencia.
e Permitir programar algoritmos empiricos (redes neuronales, l6gica difusa, entre otros).

Finalmente, seria de mucha utilidad que el algoritmo o las ecuaciones dinamicas del subsistema
de control pudieran exportarse de forma sencilla, para ser implementados en un microcontrolador
0 un sistema de prototipado rapido.

Herramientas de simulacion

Scilab/Scicoslab: Scilab es un programa computacional cientifico para calculos numéricos,
que provee un poderoso entorno de computacion abierta para aplicaciones cientificas y de
ingenieria. Scicos permite realizar modelados y simulaciones en forma grafica de sistemas
dinamicos, lo cual se ejecuta bajo Scilab. Scilab y Scicos han sido desarrollados por el Instituto
Nacional Francés para la Investigacion en Ciencias de la Computacion (INRIA), desde 1990.
Ademés del conjunto de funciones predefinidas de Scilab, un grupo de investigadores ha
desarrollado nuevas e importantes funciones con propdsitos educativos (por ej., Pendharkar,
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2005 y Meza, Andrade-Romero, Alavarez y Coelho, 2010) y para el disefio de sistemas de
control avanzados (por €j., Delebecque, 2000). Scilab ha sido utilizado en una amplia variedad
de aplicaciones en investigacion, tales como la identificacion de fuentes de contaminacion en
rios, descrita en Chancelier, Cohen, Maldinery y Pacard (1996) y en la mejora de las maquinas
de prueba para friccion, mencionado en Dongping, Dongijie y Qiang (2007). Siendo un software
cientifico altamente sofisticado y gratuito, ha podido ser utilizado ampliamente para propdsitos
educativos, tanto en paises industrialmente desarrollados como en vias de desarrollo.

Python: es un lenguaje de programacion de propdsito general orientado a objetos disefiado
para ser interpretado, esto es, estda compuesto de un conjunto de instrucciones que deben ser
convertidas a operaciones ejecutables por el computador. Esto hace que el lenguaje se pueda
aprender de forma sencilla ya que el cédigo creado se puede probar y depurar de forma rapida
y facil.

Python se ha extendido ampliamente en los ultimos afos debido sobre todo a las siguientes
ventajas:

e Eslibre y abierto y esta incluido en la gran mayoria de las distribuciones de Linux.

e Esta disponible para la mayoria de los sistemas operativos (Linux, Unix, Windows, Mac
0OS). Un programa escrito para un sistema se ejecuta en los otros sin necesidad de
modificarlo.

e Es mas facil de aprender y produce cédigo mas facilmente entendible que otros lenguajes
de programacion.

e Python y sus extensiones son faciles de instalar.

Existen numerosas librerias y extensiones para Python. Una de las mas utiles para la simulacion
de sistemas dinamicos es SciPy, que es una colecciéon de algoritmos para el calculo numérico,
procesamiento de datos y operaciones matriciales, optimizacion y estadistica, entre otros. El
usuario puede utilizar estos algoritmos de una forma sencilla e intuitiva y de modo muy similar
a otros lenguajes comerciales para uso cientifico, como Matlab.

Una de las grandes ventajas de usar Python con SciPy es, ademas de las ventajas de Python
anteriormente mencionadas, que funciona como una forma flexible y util de integrar librerias
compiladas en otros programas como C, C++ y Fortran. Por estas razones, Python y SciPy
se han usado para el modelado de sistemas dinamicos en multiples y variadas aplicaciones,
como el modelado de sistemas celulares (Olivier, Rohwer y Hofmeyr, 2005) y convertidores de
potencia (Meza y Ortega, 2013).

Prueba de simulacién y discusion

Con el fin de probar las herramientas de simulacion identificadas, se utilizé un caso de estudio
de un sistema fotovoltaico para la carga de una bateria. Este sistema se muestra en la figura
5y consiste de un panel fotovoltaico que alimenta a una bateria por medio de un convertidor
de potencia reductor. Las ecuaciones dinamicas que describen el comportamiento eléctrico de
este sistema son las siguientes:

ipv (xl) _ uxz

C C
ux, FE 3)

Xp =————

L L
ipv (xl) =A- (p(xl)

.721=
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Figura 5. Circuito esquematico del caso de estudio utilizado para evaluar las herramientas de simulacion.

en donde CP() = we“"lw y se considera que la radiacion S y la temperatura T son
constantes. El cuadro 1 muestra el valor de los parametros utilizados para la simulacion.

Cuadro 1. Parametros del sistema descrito por la ecuacion (3) para su simulacion.

Parametro Valor Unidades
() 0.0022 A
A 1.2 A
o 0.2 1V
E 12 V
L 47 mH
C 0.1 mF

Como se puede observar en la figura 5, existe un subsistema de control que genera un ciclo
de trabajo d que luego es es utilizado por un modulador de anchura de pulsos para generar la
sefial u que controla la activacion del transistor. El subsistema de control también esta definido
por medio de un conjunto de ecuaciones diferenciales que se muestra a continuacion.

u=K2x +Kow
(1.) - X‘l
Xy =X —X] (4)

en donde los parametros K,y K se utilizan para ajustar el comportamiento dinamico del sistema
en lazo cerrado.

El subsistema de control debe asegurar que de [0,1]. De esta forma, el modulador de anchura
de pulsos, comparando d con una sefial moduladora triangular o diente de sierra con una
amplitud de 1, puede generar u. La expresion matematica que describe la operacion del
modulador de anchura de pulsos es la siguiente:
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1 [1+ t +1
m=——|—- — -
_{1sid>m
~ Wsid<m

en donde representa la funcién maximo entero (floor) que se define de la siguiente forma:
|x] = max{k € ZVv k < x}

esto es, la funcién maximo entero aplicado a una variable x devuelve el maximo nimero entero
K no superior a X.

Llegados a este punto, es importante destacar que existen dos sistemas que se pueden
analizar y estudiar. Uno que considera unicamente el comportamiento eléctrico del sistema de
la ecuacion 3 promediado en los periodos de conmutacion del transistor y otro que si toma en
cuenta los efectos del sistema debido a la conmutacion. Tal y como se menciond anteriormente,
el primer caso se obtiene de la ecuacion 3 sustituyendo u por d. A continuacion, se presentan
los resultados de simulacion para ambos casos.

Las condiciones iniciales y los parametros para el método numérico utilizados se muestran en
los cuadros 2 y 3, respectivamente. Los parametros del subsistema de control utilizados fueron
K,=0.1y K,= 0.75 con una sefial de referencia x; = vy, = 24V.

Cuadro 2. Condiciones iniciales (cuando {=0) del sistema descrito por la ecuacion (3) para su simulacion.

Variable Valor

X =V 31.51

X, =1L, 0
w 0

Cuadro 3. Parametros para el método numérico utilizado para resolver las ecuaciones diferenciales del sistema

simulado.
Parametro Valor
Maximo error absoluto permitido 1x108
Maximo error relativo permitido 1x108
Paso de integracion maximo permitido 0.001
Tiempo de simulacion 0.6
Cantidad de datos tomados en el tiempo de simulacion 1x10°
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Simulacién con Python

Se utilizd la version 2.7.3 de Python con la extension Numpy (ver 1.6.2) y las bibliotecas SciPy
(ver 0.10.1) y Matplotlib (ver 1.1.1). El programa que describe el sistema a simular consisti¢
en unas pocas lineas de coédigo que utiliza, principalmente, el solucionador de ecuaciones
diferenciales incluido en la biblioteca SciPy. Dicho solucionador esta tomado de la coleccion
de métodos numéricos descritos en la librerfa ODEPACK para Fortran. Este solucionador de
ecuaciones diferenciales permite resolver numéricamente ecuaciones diferenciales ordinarias
de tipo rigidas o stiff, que en varias ocasiones estan presentes en sistemas dinamicos de
convertidores de potencia. Los resultados de simulacion del sistema promediado pueden
observarse en la figura 6, los cuales se corresponden con el comportamiento esperado.

0.8

0.6
=
1.4

0.2

o 0.1 02 0.3 0 05
Figura 6. Resultados de simulacion del sistema de la Figura 4 descrito por las ecuaciones 4 y 5.

Se pudo comprobar que Python y sus extensiones existentes no permiten de forma sencilla y
directa simular sistemas dinamicos que deben realizar funciones guiadas por distintos periodos
de tiempo. Este es el caso de la simulacion del sistema en estudio tomando en cuenta las
conmutaciones del transistor. En este sentido, es importante destacar que, en la mayoria de
los casos, el subsistema de control es disefiado a partir del modelo promediado del sistema.
Esto ocurre, por ejemplo, cuando se utilizan controles proporcionales e integrales tal y como
el que esta indicado en la Ecuacion 4. Bajo estas condiciones, se parte del supuesto de que
la sefial generada por el control d permanecera constante durante un ciclo de conmutacion
del transistor. Mas aun, el subsistema de control deberia recibir las sefiales promediadas
0 muestreadas de tal y como se indica en la figura 7. Si bien es cierto, los mencionados
requerimientos no representan mayor problema para el andlisis dinamico del sistema o para
el disefio del subsistema de control, si dificultan su implementacion en Python. Como se
dijo anteriormente, la dificultad radica en la necesidad de definir subsistemas que operan a
distintos instantes, a saber, el sistema de ecuaciones diferenciales que es resuelto a un paso
de integracion dado y el sistema de promediado o muestreo de datos que debe resolver en un
periodo de conmutacion del transistor.
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Figura 7. Subsistema de control que genera un ciclo de trabajo d para un modulador de anchura de pulsos.

Aunque es posible escribir cédigo en Python para atender el requerimiento anteriormente
mencionado, los autores consideran que resulta innecesario dado que, como se indica a
continuacion, existen otras herramientas que resuelven el anterior problema de forma muy
sencilla.

Simulacién con Scicos

Para esta simulacion se utilizé la version 4.4.1-1 de Scicoslab y la version 4.4.1 de Scicos. Al
igual que en el caso de Python + SciPy, Scicoslab y Scicos utilizan el paquete ODEPACK para
la resolucion numérica de ecuaciones diferenciales ordinarias.

Scicos permite definir un sistema dinamico por medio de un diagrama de bloques, con lo cual el
caso de prueba se defini¢ tal y como se muestra en las figuras 8 y 9. En la figura 8 se muestra el
modelo del sistema promediado que se corresponde con el sistema simulado utilizando Python
descrito en la seccion precedente. Por otro lado, la figura 9 muestra el diagrama de bloques
del sistema con el modulador de anchura de pulsos. Este sistema no se pudo simular en Python
por las razones anteriormente expuestas, no obstante, gracias a la flexibilidad que ofrece la
definicion del sistema con bloques, este si se pudo realizar en Scicos.

El resultado de la simulacion en Scicoslab + Scicos con los parametros de simulaciéon de el
cuadro 3 se muestra en las figuras 10y 11. Noétese que para el modelo promediado se obtuvo la
misma respuesta dinamica en Python y en Scicoslab (Figura 6 - Python y Figura 10 - Scicoslab).
Asi mismo, en la figura 11 se muestra un comportamiento promedio similar al de las figuras 6 y
10, pero en este caso es posible ver el rizado en la tension del dispositivo fotovoltaico debido
a la conmutacion del interruptor (ver figura 12).
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Figura 8. Diagrama de bloques del sistema promediado, equivalente a la simulacion realizada con Python.
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Figura 10. v,y u obtenidos de la simulacion con Scicoslab + Scicos, para el sistema de la Figura 5 con el modelo

de la Figura 8.
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Figura 11. vy, obtenido de la simulacion con Scicoslab + Scicos, para el sistema de la Figura 5 con el modelo de la
Figura 9.
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Figura 12. Rizado de la tension Ve, mostrado en la Figurali.

Conclusiones y recomendaciones

En el presente articulo se ha utilizado un sistema fotovoltaico para cargar una bateria, como
un caso de estudio que permita probar la versatilidad de dos herramientas de simulacion de
sistemas dinamicos, a saber, Python + SciPy y Scicoslab + Scicos. Dichas herramientas son
abiertas y libres y pueden ser utilizadas en las plataformas informaticas mas comunes.

Tanto Python como Scicoslab permitieron realizar simulaciones del sistema dinamico promediado,
no asi del sistema completo conformado por el control y el modulador de ancho de pulso,
elementos presentes en los sistemas fotovoltaicos convencionales. En este apartado, el trabajo
con Scicoslab se pudo realizar de forma sencilla, debido principalmente a que permite el
desarrollo de simulaciones que requieren funciones guiadas por distintos periodos de tiempo.
Esto ultimo, si se quisiera desarrollar en Python, exigiria un esfuerzo importante en programacion.

Pese a que Python es muy versétil debido a que permite integrar numerosas librerias para
el calculo numérico de manera sencilla, el desarrollo de procesos de simulacion con cierto
nivel de complejidad exige una inversion importante de tiempo en la etapa de programacion.
Por otro lado, Scicoslab brinda un ambiente grafico que facilita el proceso de definicion e
implementacion de sistemas dinamicos complejos, en los cuales es posible manejar diferentes
tiempos de procesamiento, como, por ejemplo, para la resolucibn numérica de una ecuacion
diferencial ordinaria y el proceso de conmutacion del transistor, ambas situaciones presentes
en las unidades de procesamiento de potencia de los sistemas fotovoltaicos.
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Energy-Balance Control of PV Cascaded Multilevel
Grid-Connected Inverters Under Level-Shifted and
Phase-Shifted PWMs

Javier Chavarria, Domingo Biel, Member, IEEE, Francesc Guinjoan, Member, IEEE,
Carlos Meza, Member, IEEE, and Juan J. Negroni, Member, IEEE

Abstract—This paper presents an energy-balance control strat-
egy for a cascaded single-phase grid-connected H-bridge multi-
level inverter linking n independent photovoltaic (PV) arrays to
the grid. The control scheme is based on an energy-sampled data
model of the PV system and enables the design of a voltage loop
linear discrete controller for each array, ensuring the stability of
the system for the whole range of PV array operating conditions.
The control design is adapted to phase-shifted and level-shifted
carrier pulsewidth modulations to share the control action among
the cascade-connected bridges in order to concurrently synthesize
a multilevel waveform and to keep each of the PV arrays at its
maximum power operating point. Experimental results carried
out on a seven-level inverter are included to validate the proposed
approach.

Index Terms—Cascaded H-bridge inverters, discrete-time con-
trol, grid-connected PV systems, multilevel modulations.

I. INTRODUCTION

LOW-CARBON society is a current political trend in
developed countries which promotes, among others, the
connection of photovoltaic (PV) systems to the electrical grid.
These systems can contribute to clean electricity production as
they are harmless for the environment and reduce the depen-
dence on polluting fossil fuels such as coal, oil, gas, and nuclear.
In addition, the power scalability of PV generation facilitates its
large-scale penetration and leads to grid-connected applications
ranging from few kilowatts of small residential PV systems
primarily installed on roofs to several megawatts of large-scale
PV power plants.
Nevertheless, since the cost per watt of the PV system is
still high compared to other energy sources, current research
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focuses on both reducing manufacturing costs and increasing
the energy production of the overall system. In particular, the
power conditioning stage interfacing the PV modules to the grid
has caught the attention of researchers since it must account
for maximum power extraction from the energy source and
an optimal energy transfer to the grid [1]. In this concern,
string and multistring power conditioning architectures have
been proposed over the last two decades to improve the features
of the central-inverter-based one [2]-[6].

Among the power converter topologies adopted in the afore-
mentioned architectures, multilevel inverter ones are being
investigated as an interesting option for grid-connected PV
systems [7]-[19]. In particular, the cascaded H-bridge mul-
tilevel inverter (CHB-MLI) topology, as shown in Fig. 1, is
particularly attractive for grid-connected PV applications for
the following reasons [2], [8], [10].

1) The output voltage level required for grid power injection
can be achieved without the use of a transformer as
the voltage boosting is shared between the dc series
connection of PV modules and the cascade connection of
H-bridge outputs.

2) This topology allows the connection of independent
strings of PV modules to the input dc links of the power
stage. Since the dc link voltages can be independently
controlled, the maximum power extraction of a reduced
number of PV modules can be accomplished with the help
of maximum power point tracking (MPPT) algorithms.
This improves both PV system reliability and energy pro-
duction when the PV modules operate under mismatching
conditions such as in the case of partial shadowing.

3) Like other multilevel inverter topologies, the CHB-MLI
allows the synthesis of staircase ac output waveforms
with lower total harmonic distortion (THD) compared to
those generated by two-level-based inverters, thus releas-
ing output filter requirements for the compliance of grid
harmonic standards. Depending on the operation power
level, this synthesis can be carried out either at the funda-
mental frequency [20] or at higher switching frequencies
using multicarrier-based modulations [8], [10], [21], [22].

As shown in Fig. 1, the control strategy of the CHB-MLI
requires a set of voltage controllers to ensure independent
voltage control of each PV array, a current controller driving
the injected grid current to assure overall power transfer at

0278-0046/$31.00 © 2012 IEEE
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Fig. 1. Grid-connected PV multilevel inverter.

unity power factor, and multilevel modulation to synthesize the
staircase output voltage with low THD.

Except in the recent work of Cecati et al. [12], which
suggests a fuzzy control approach to implement an extended
version of this strategy allowing reactive power control,
the aforementioned controllers have been typically designed
by continuous-time linear control techniques. For instance,
continuous-time PI voltage controllers can be found in [15] and,
more recently, in [16] whose design follows the guidelines sug-
gested in [23]. However, as pointed out in [24], these designs
do not address system stability for the whole irradiance and
temperature operating ranges since the nonlinear parametric
dependence of the system resulting from the nonlinear current
to voltage characteristics of the PV arrays is neglected.

Regarding output current control and multilevel modulation
techniques, nonlinear current controllers based on sliding mode
control and multiband hysteresis modulations operating at a
variable switching frequency have recently been reported [18],
[25]. However, linear PI or proportional-resonant (PR) current
controllers [26], [27] and fixed-frequency multicarrier-based
pulsewidth modulations (PWMs) are preferred in low-power
applications to facilitate the design of the reactive components.
In this regard and to the author’s knowledge, only phase-shifted
PWM (PS-PWM) has been applied to the CHB-MLI for grid-
connected applications [15], [16], [19].

Collecting previous results [18], [19], [24], the work here
reported presents the design of a discrete-time linear voltage
controllers for independent voltage control of each PV array,
thus ensuring system stability for the whole irradiance operat-
ing range. Assuming a linear PR current controller, this paper

also describes the design of the control signals driving each H-
bridge for PS-PWM to further extend the results to level-shifted
carrier PWM (LS-PWM).

This paper is organized as follows. The PV system modeling
and the control strategy definition are presented in Section II.
Section III focuses on the energy-balance control approach
and sets controller design criteria. Section IV addresses the
generation of control signals driving the PV inverter switches
for PS- and LS-PWMs. Several different tests carried out on
a seven-level inverter prototype linking three independent PV
arrays to the grid are presented in Section V for both modula-
tions to experimentally verify the proposed approach. Finally,
Section VI draws the conclusions of this work.

II. SYSTEM MODELING AND CONTROL
STRATEGY DEFINITION

The grid-connected PV multilevel inverter under study is
shown in Fig. 1. It comprises n PV generators and a power con-
ditioning unit, including n full-bridge inverters whose outputs
are series connected to the grid. Each PV generator is connected
at the input of one full-bridge inverter. This section introduces
the formal mathematical modeling of the system and the control
strategy to be designed.

A. PV Generators

All PV generators are formed by an array of series-connected
PV panels with identical PV cells. The current-to-voltage rela-
tionship of the kth PV generator can be extrapolated from the
PV cell model of Prince [28] as follows:

vCk

Z-PVk:ng:_Isatk<e(7”"VTk)_1) 5 k’Zl,...,’I’L (1)

where ¢py and vy are the output current and voltage, re-
spectively, of the kth PV generator, I, represents the light-
induced current, 7, stands for the emission coefficient, Is4f 1S
the reverse saturation current, and Vpy, represents the thermal
voltage of the semiconductor material. This model assumes
that each generator can operate at different irradiance and
temperature levels, i.e., each generator can exhibit a different
maximum power point (MPP) at any time.

B. Power Conditioning Unit

As for the variables in Fig. 1, the kth cascaded bridge can be
modeled as follows if no losses are considered:

k=1,2,...,n

k=1,2,....n 2)

VHk = UKVUCE,
lHk = UklL,

where wuy stands for the control signal of each full-bridge
inverter, which is assumed to operate under three-level mod-
ulation, thus restricting the values of the control signal to u;, €
{—1,0,1}. The lossless operation of each inverter cell can be
derived in terms of instantaneous power since, from (2), the
following identity holds:

VOkIHE = VHELL- 3)
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The output voltage of the cascaded inverters v is given by

n n
v = ZUHk = ZukUCk. €]
k=1 k=1

Finally, the system dynamics can be modeled by the following
set of differential equations:

dvcr . )
Cr—— =ipvk — UkiL,

dt
E upvor — Vg(t

k=1,....n (5a)

dZL (Sb)

where v, represents the grid voltage, which is assumed to be
purely sinusoidal, i.e.,
vg(t) = A sin(wgyt) (6)
with w, being the grid angular frequency. It is worth noting that
the dynamic description of the PV system is given by (1), (5),

and (6) and involves the nonlinear i—v relationship of the PV
arrays.

C. Control Strategy

The control of the multilevel inverter must achieve the fol-
lowing goals.

1) Operation of each PV generator at its own MPP indepen-
dently of the ambient conditions to assure the maximum
power extraction of each array.

2) Transfer of the overall dc power to the grid. This is
performed by the output current iy, (¢) which must be
injected to the grid with low harmonic distortion at unity
power factor.

3) Synthesis of a multilevel steplike ac wave voltage vy (t)
at the output of the cascaded converter.

The following paragraphs summarize the control strategy of
the system according to the block diagram in Fig. 1.

The first goal requires the design of a voltage control loop
per array which regulates the corresponding capacitor voltage
vy, to a reference value given by the MPPT algorithm (v¢,, in
Fig. 1) at any time. This paper assumes that the aforementioned
reference signals come from conventional Perturb & Observe
MPPT algorithms [29].

With regard to the second goal, the injection of the dc power
in phase with the grid entails the control of the output current ¢y,
(i.e., the design of a current loop) to track, with a fast transient
response and zero steady-state error, a current reference i},
given by

i (t) = K(t)vg(t) = K(t)A sin(w,t) (7
where the current amplitude K (¢)A must be time varying to
deal with the time-varying input dc power. When the output

current reaches this reference, the transfer condition of the
overall average power over a grid period can be formulated as

mT,
ZZPVk T)vek(T) dr
(m nT, k=
mT,
= 7119 / K(7) (A sin(w,7))* dr.  (8)
(m-1)T,

However, since the temperature and irradiance vary slowly
within a grid period, so does the input dc power. Therefore, the
average dc power can be approximated as

1 mTy n n

T E ipyirvUCk AT &~ E LPVE(m-—1)VCk(m—1).
g - -
(m-1yT, F=1 k=1

This assumption allows the value of K (¢) to be updated only at
the beginning of each grid period, i.e.,

K(t) = K1y for (m—1)T, <t<mTy;m=1,2,....
Accordingly, the current reference given in (5) can be re-
written as

Z*L = K(mfl)A sin(wgt). (9)
Hence, the transfer condition of the average power given in (8)

becomes

n

ZiPVk(mfl)UCk(mfl) =
=1

K(m-1)A%/2. (10)

In other words, if the current controller drives the output current
to properly track a current reference given by (9) and (10),
the overall average dc power is transferred to the grid. In
particular, if this power is set to its maximum value by the
voltage controllers, the maximum power transfer is achieved.
It is worth noting that this approach leads to discrete-time
relationships among the system variables sampled at the grid
period, as proposed for the control design of high-power-factor
preregulators [30]—[32].

Finally, the design of the “modulation” block in Fig. 1
focuses on the last control goal. The block contains the same
number of PWM modulators and cascaded inverter cells and
delivers the control signals wuj driving each bridge. These
signals are built based on both the information of the current
loop which is related to the overall power transfer (d in Fig. 1)
and the information of the voltage loops (K1, ..., K, in Fig. 1)
which, in turn, is related to the power handled by each inverter.
The multilevel steplike ac output voltage vy is synthesized
using PWM techniques based on phase-shifted (PS) and level-
shifted (LS) triangular carriers. The details of the generation
of these control signals for both modulations are addressed in
Section IV.

A direct attempt of control design from the system dynamics
given in (1), (5), and (6) is cumbersome due, among others, to
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the current-to-voltage nonlinear relationship of the PV gener-
ators described in (1). The following approach undertakes this
design to ensure at least the local stability of the system.

III. ENERGY-BALANCE CONTROL APPROACH
A. Energy-Balance Linear Modeling

In terms of instantaneous power, the system can be charac-
terized by the following power-balance equation:

n n

) dv dig,
> ipviver = Y vokCr—— E 4 Lig—>

7 7 (11
k=1 k=1

—I—Zng

Assuming that the output current 77, has reached the reference
value ¢} given in (9) and (10) and integrating over a grid period
yields

mTy

n n Ok
> ipviverdT = 2{:45;[Uéknl__vékﬁnflﬂ

(m-1)T, *=1 k=1
+ K(m—l)A2Tg

> 12)

If Epyky, stands for the dc energy produced by the kth PV
array during the m grid period and E¢g., is the energy stored
in the capacitor, namely

mTy

Epvim = ipvivUck AT (13a)
(m—1)Ty,

Eckm =0.5Ckv2.,, (13b)

equation (12) can be rewritten as the following dynamic energy-
balance equation:

K, 1 AT,

Z Epvim=—""—"—"

However, as pointed out in [24], the aforementioned dynamic
description is still not complete since Epyj,, and Ecg, are
dependent one on another through the current-to-voltage non-
linear characteristic of the PV generator given in (1). From (1)
and (13), this nonlinear dependence can be found as

V@/CEcy
Epvim= / EC’k |: gk — Isatk( TR Vrr —1>:|d7-.

(m—1)T,
15)

[Eckm—Eck(m-1)] (14)

NE

b
Il

1

This relationship can be linearized around a reference value
; .
Ef 1€,

Epvim = Epcpm + 0k (Eckm — EGpm) (16)
where
. , dEpvim
Epvim = Epvim (ECkm) O = dEck
M NEckm=EF

and the slope dj, can be expressed as

TyUgh + Lsatk)
| 2Bz, | 2E%,
exp S7Ckm V|14 [ ZTCkm |
( CW%‘@k)( Crmi Vi,

V20 EE,
(17b)

5 =

T, I&atk

V 2CkEC 0,

Replacing (16) into (14) leads to the following relationship
which corresponds to a discrete-time linearized model of the
grid-connected PV system:

Z [Eckm—Eckm-1))
k=1

K(m—l)A2Tg

> (18)

Z (Epv im0k (Eckm —Eckm)]—
k=1

This model demonstrates that if the energy of each capacitor
Ecim is regulated to the reference value 7., corresponding
to the kth PV array, namely

ECkm = ECk(mfl) = Eé’k'nm k= 17 27 e n (19)
then, according to (13a), (18) collapses to (10), i.e.,
n 2
% - * K(mfl)A T,
> Epvim = Y ibvim-1)Yerm-1Ts = fg-
k=1 k=1
(20)

The desired power transfer is thus achieved. It must be pointed
out that, since the reference current and voltage values of each
PV array are set by the irradiance and temperature operating
conditions, the only way to force (20) is by controlling the
variable K(,,_1). To ensure energy control of all capacitors, a
set of n auxiliary variables Kj, with k£ = 1, ..., n is defined so
that

> Kim-1) = K1) 1)

k=1
and, in this case, (18) becomes

n

_ *

- E EPVkm
k=1

n

Z [Eckm — Ecim-1))
k=1

+ Z 5k (ECkm - EE‘k'm)
k=1

K AT,
. Z k(m— 1) . (22)
Therefore, if the dynamics of each bridge is modeled as
Eckm — Ectm-1) = Epyim + 0k (Eckm — EGim)
Ki(m-1)A%T,
_ M’ =1,....n
2
(23)
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Fig. 2. Block diagram of the energy-balance control for bridge k.
the auxiliary variable K} (,,,—1) can be controlled to set the
capacitor energy to its reference value, thus resulting in

Kk m—1 A2T *
—4—5——3:EHMW k=1,2,...,n. (24

It is worth emphasizing that proper control of each auxiliary
variable leads to the desired steady state of the overall system
given in (20) since, from (21) and (23), it can be written as

zn: Kk(mq)AQTg
2

k=1

(m 1)A T n

Z EPVk:m

Finally, note that if the reference F,;,, is set to the MPP of the
PV arrays, the maximum power is transferred to the grid.

One of the main benefits of the previous approach is that a
linear discrete-time model of the dynamics of each bridge is
obtained. Applying the Z transform to (23) yields

(25)

Eow(2) = [Bpyi(2) + 8¢ (Bow(2) — Ber(2)] =
Kk(Z)AZTg o
R PRI k=1,2,...,n (26)

This model allows the design of a linear discrete-time con-
troller G¢(z) to control the auxiliary variable Kj(z) ac-
cording to the block diagram derived from (26) and shown
in Fig. 2.

This controller is hereafter referred to as the “energy-balance
controller” and is designed with the help of the powerful linear
control tools in the Z domain to ensure the local stability of the
corresponding control loop.

B. Control Design Guidelines for Local Stability

This section presents the main design guidelines for the
controllers of the cascaded inverter. A complete design of a
laboratory prototype built to experimentally verify the proposed
approach is presented in Section V.

1) Energy-Balance Controllers: The energy-balance con-
troller design follows the same approach in [24], which is
summarized hereinafter for the sake of completeness.

From the block diagram in Fig. 2, the closed-loop transfer
function can be written as

2Epyi(2) — By (2). [26k + 0.5A%T,Gew(2)]
z—1— (20 + 0.5A2TQGCk(Z))

ECk(Z) =

| Energy-balance controllers

l Asinfwgt)

Kin-1)
1
Konmp)! +/ :

1), =+
X Kim-1)
AL

v Kn(m 1)
Ve
C u
urrent _ ;
i Controller [ y,|PS /LS| ¢ .1(—11 Vi T | I .
Gpr(s) PWM Bridges It I
u}’l

Fig. 3.

Block diagram of the current control loop.
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A PI digital controller is chosen to ensure the control of
E¢y, with zero steady-state error and to fix a desired transient
response. Accordingly, G (z) can be written as

zZ — O
z—1"

Geor(z) =
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Hence, the closed-loop characteristic equation, noted as Py (z),
results in
AT, AT
(27)

The set of controller parameters 7, and oy, ensuring the system
stability is derived by applying the Jury test to (27), thus
yielding the following design restrictions:

4(0,—2) —20y
A2T, (1+ak) < Yk < Dzk,AzTg

{6k<1,ak<1,fyk<0 28)
Accordingly, the following design guidelines are adopted.

1) Zero of the controller (ay,) will be located close to the
unit circle to compensate the destabilizing effect of the
integral action.

2) Controller gain (-, ) will be adjusted to ensure the stabil-
ity conditions given in (28).

These restrictions involve the operating conditions of the PV

arrays through the parameter J;, defined in (17b).

2) Current Controller: The energy-balance control ap-
proach assumes that the output current 77 has reached the
reference 47. This assumption requires the design of a cur-
rent controller to ensure that 77, tracks the sinusoidal current
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1.3998 1.4 1.40G21. 40041-40061 4008 1. 401 1.40121.4014 1. 40161.4018
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v
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Fig. 7. Modified LS-PWM strategy.
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Fig. 8. Power versus voltage curves programmed in the SAS.
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Fig.9. Evolution of 8}, versus vcy, for a solar irradiance of 1000 W/m?2, I, =
3.05A, Isat = 1.35- 107 A,and np = 1.

reference 77 given in (9) with a fast transient response and zero
steady-state error. The closed-loop dynamics of the inverter can
be represented by the block diagram in Fig. 3.

As extensively reported in [26] and [27], a linear PR con-
troller is particularly suitable to track a sinusoidal current
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reference. The transfer function of this controller Gpg(s) is TABLE I
. DESIGN PARAMETERS OF THE PV INVERTER
given by
K MOSFET/drivers | IRFP240 /IR21084
i S Power stage Cl=C2=C3 2.2mF
=K — 2
GPR(S) P + 2 + Wg (29) 7 950 ufl
Grid Voltage Transf. (20:3) 33Vrms/ 50 Hz
. . . . . Panel SAS Agilent E4350B#J02
By following the design guidelines in [26] and [27], the con- S 8
R Energy-balance Vi -0.05
troller concurrently ensures fast dynamics, zero steady-state controllers(FPGA) | o 0.875
error at the tracking frequency, and local stability. Current controller | Kp 140
(FPGA) K 50000
Carrier frequency | f: 19.5 kHz
B _ Rotating Trot 215 ms
IV. CONTROL SIGNALS FOR PS-PWM AND LS-PWM period(LS-PWM)

The proper operation of the current loop leads to a duty cycle
d ensuring the transfer of the overall average dc power to the
grid. The last step of the control design is the generation of the
control signal of each modulator u;, from the duty cycle d to
drive the power handled by each bridge according to the energy
balance control. This generation depends on the modulation
technique used to build the multilevel output voltage vg. To
show this dependence, Fig. 4 shows the voltages of a three
full-bridge cascaded inverter for the particular case of the
same input normalized dc voltages when a sinusoidal signal of
normalized amplitude is applied to PS-PWM [Fig. 4(a)] and
LS-PWM [Fig. 4(b)] modulators operating at the same carrier
frequency.

As previously reported in [8], PS-PWM leads to an even
power distribution among the inverters but to an uneven dis-
tribution if LS-PWM is applied, as it can be seen from the
output voltage plot of each bridge [vyi, vie, and vys in
Fig. 4(a) and (b)]. However, the work of Angulo et al. [33]
modifies the LS-PWM strategy by introducing the concept of
“rotating carrier” which allows the power balance by modifying
the carrier assigned to each inverter over time. This concept
periodically assigns to each inverter (with a period 7T}.) the
carriers of different shifted levels according to the sequence in
Fig. 5, during the same time interval 7Ty,. It is worth noting that

achieving power balance requires both the sequence in Fig. 5
and the same time interval assignment.

In contrast, the case under study requires an unbalanced
power distribution among the inverters to deal with different
operating conditions of the PV arrays: The previous strategies
must therefore be modified to make sure that each inverter
handles the power of its corresponding PV array.

This modification is based on the fact that both the overall
power handled by the cascaded inverter and its distribution
among the inverter cells can be known from the auxiliary
control variables K}, applying (23) and (25). Accordingly, the
PS- and LS-PWM strategies are modified as follows.

1) PS-PWM: The duty cycle dj, of inverter k is computed as

K K
dy = —5—d = ?kd. (30)
> Ki
k=1

The PS-PWM and the corresponding control signals are
shown in Fig. 6 for the case of three inverters.

2) LS-PWM: For level-shifted modulation, the control de-
sign takes advantage of the rotating carrier concept and
applies the same rotating carrier assignment to each
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inverter as in Fig. 5, but the time during which this
assignment prevails is modified as

K K
Tk = b Trot = ?kTrot- (31)
> Ky
k=1

The resulting assignment is shown in Fig. 7 for the case
of three inverters.

V. EXPERIMENTAL VALIDATION

A laboratory prototype of a grid-connected PV multilevel
inverter, including three cascaded inverter cells, was built to
experimentally verify the proposed approach. The energy-
balance and current controllers described in Section III were
implemented in a field-programmable gate array (FPGA, Xilinx
Spartan 3). The FPGA was used to generate the PS-PWM
carriers and the rotating carriers of the LS-PWM addressed in
Section I'V. It must be pointed out that the voltage references
vgy, (see Fig. 1) were externally set since no MPPT algorithm
was implemented because of its slow dynamics compared to
that of the PV inverter. Nevertheless, an MPPT algorithm
emulation was included in the tests. The experimental setup is
described in the following sections.

A. Power Stage and PV Arrays

All the full-bridge switches were built by means of IRFP240
MOSFETs controlled by IR21084 drivers. The reactive compo-
nents of the power stage were set to C; = Cy = C3 = 2.2 mF
for the input capacitors and to L =950 pH for the output
filter inductance. Three solar array simulators (SASs) (Agilent
E4350B #J02) were also used to emulate the electrical behavior
of the PV arrays. The power versus voltage curves programmed
in each SAS, which correspond to three different solar incident
irradiances, are shown in Fig. 8. The SASs were controlled
through a GPIB bus using auxiliary software to allow the
emulation of step irradiance changes.

Since the maximum SAS open circuit voltage is of 86 V,
the multilevel inverter prototype was connected to the single-
phase grid through a step-up power transformer of 20:3 turns
ratio. This resulted in a grid voltage amplitude of 33 Vgyus

TABLE 1I
QUALITY INDICES FOR PS- AND LS-PWMs
INDEX PS-PWM LS-PWM
THD (%) 1,79% 1,95%
Efficiency (%) ~ 86% ~ 86,8%
Cos(¢p) ~1 ~ 1

and a frequency of 50 Hz at the transformer primary side.
Therefore, the values of A and T, were set to A =33,/2 V
and Ty = 20 ms.

B. Control Design

1) Energy-Balance Controllers: The same energy-balance
controller, referred to as G¢(z), was designed for the three
arrays. The following design procedure assumes the worst
operating case to ensure system stability over a wide range of
operation.

As pointed out in Section III-B1, parameter o, must be set
to a value close to one to mitigate the instability effect of the
integral component of G'¢. Therefore, to focus on the selection
of the parameter v, «; is fixed to 0.875.

The design of the controller gains (7x) is constrained by
the stability conditions of (28) which depend on parameter .
Moreover, the expression of ¢ given in (17b) must fulfill the
stability restriction d; < 1 for the whole range of irradiances
under which the PV array operates. The worst case corresponds
to the maximum irradiance value. Note from (17b) that this re-
striction leads to the operating range of the array voltage (vcy)
(i.e., of the capacitor stored energy E¢y) ensuring the system
stability under this irradiance. This range can be evaluated by
a numerical simulation of J; versus vgy, as shown in Fig. 9,
for an irradiance of 1000 W/m? and the parameters previously
defined. As can be seen, the lower voltage limit of 22.35 V is
reached when 0y, = 1, while the upper one of 30 V corresponds
to the open circuit voltage of the PV array.

In addition, (28) constrains the values of = in terms of
the parameter Jj. Setting & = 0.9 to ensure the condition
0 < 1, the values of parameter -y, ensuring system stability are
constrained to —0.053 < «y, < —0.047. It can be proved that a
value of vy, = —0.05 assures system stability for a sufficiently
wide operating range.
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ence given by the MPPT algorithm remain within these limits at
any time. Otherwise, the capacitor is precharged near the open
circuit voltage of the PV array and regulated to an arbitrary
voltage value falling within the stability limits. A partially or
totally shaded panel will operate at the voltage arbitrarily fixed
by the reference value if its natural operation falls out of the
stability limits, as in the case of PV array voltage drop when
bypass diodes are turned on.

2) Current Controller: Following the design procedure
given in [26] and [27], the PR-controller parameters were fixed
to K}, = 140 and K; = 50000 to obtain a fast transient response
and zero tracking error at the grid frequency.

3) Modulation Parameters: This paper assumed the same
value of the carrier frequencies in order to further make a
coherent comparison in terms of harmonic distortion and over-
all efficiency for both modulations. The choice of the carrier
frequency must take into account that the energy-balance con-

trol design is valid as long as the capacitor voltage remains
within the validity range of the PV array linearized model. Note
that, since the number of switching events per grid period is
higher in PS-PWM (see Fig. 4), the capacitor voltage dynamics
is better controlled under this modulation. Accordingly, the
carrier frequency must be designed for the LS-PWM case to
ensure a number of switching events high enough to control
the capacitor voltage within the validity range of the PV array
linearized model. In this concern, the following criteria have
been adopted.

1) A proper energy balance between the different inverter
cells and the power delivered to the grid requires a
minimum number of carrier rotations per grid period. The
case under study has considered nine rotations per grid
period, with this number being a multiple of the number
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of inverter cells. Hence, the rotating carrier period is
Trot = 2.2 ms, which has been finally adjusted to T}oy =
2.15 ms.

2) The number of carrier cycles during a rotation period
must be high enough to preserve an acceptable resolu-
tion of the control action (i.e., the number of switching
events) for any operating conditions of the PV arrays.
In particular, as evidenced in Figs. 7 and 16, the resolu-
tion is compromised when, according to (31), the lowest
number of carrier cycles is assigned to the cell handling
the lowest power. The case under study has adopted
42 carrier cycles per rotating period to ensure an ac-
ceptable control action resolution for irradiances ranging
from 500 to 1000 W/m?. Moreover, since this value is
a multiple of the number of inverter cells, when all the
PV arrays operate under the same irradiance, the same
number of cycles, namely, 42/3 = 14 cycles, is assigned
to each inverter cell. On the other hand, each of the six
carriers required in LS-PWM for the present design has
been implemented into the FPGA by means of 512 levels,
thus finally leading to the following carrier frequency

value:

f B 1

carmer 2. Acarrier N divclk : Tclk200 MHz
1
= =19531H
2.512-10-5-109 £

where

Acarrier number of levels/carrier = 512;

divex scaling factor of the FPGA clock

signal = 10;

Tek200 muz FPGA clock period = 5 ns.

C. Experimental Results

A series of experimental tests was carried out to validate
the proposed control approach. The design parameters of the
experimental setup are presented in Table I.
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TABLE 1V
VOLTAGE PATTERNS FOR MPPT EMULATION

Reference Voltage (V)
Os <t<1.8s | 1.8s <i<6.4s | 6.4s <t<10s
vel 25 28 25
veo 25 28 25
ves 25 28 25

TABLE V
VOLTAGE PATTERNS FOR MPPT EMULATION

Reference Voltage (V)
Os <t<3s 3s <t<[0s

ver 25 28

Ve 2* 25 25

Ve 3* 25 23

Test 1—Start-Up and Steady-State Behavior Under Uniform
Irradiance: The same power versus voltage curve correspond-
ing to an irradiance of 1000 W/m? (see Fig. 8) was programmed
in the three SASs, and the reference voltages were set to
Vi = Vig = Uiy = 25 V. Fig. 11 shows the start-up behavior
of the inductor current (iy,) and the capacitor voltages (vcq,
veoe, and vog) for PS-PWM (left) and LS-PWM (right). As can
be seen, the voltages evolve from the PV array open circuit
voltages (30 V) to the reference ones, and the transient response
of the injected current is smooth. Fig. 12 shows the primary
transformer voltage and the injected current (iy,) in steady state.
Note that the output current is always in phase with the grid
voltage. Fig. 13 shows the output voltage of the multilevel
converter (vgy) and confirms that both modulations operate
with seven levels, as expected. Fig. 13 also shows the injected
current (i, ) and evidences a greater current amplitude ripple for
LS-PWM. This is due to the different switching patterns of
PS and LS modulations as confirmed by the spectrum of the
injected current in Fig. 14: Note how the first harmonic is
located either at the carrier frequency (19.5 kHz) for LS-PWM
or at three times the carrier frequency (58.5 kHz) for PS-PWM.

Moreover, THD, efficiency, and displacement factor (i.e.,
phase shift ¢ between grid current and voltage) can also be
extracted from these experimental results and are reported in
Table II for both modulations.
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These results suggest that, under the same carrier frequency
operation, both modulations exhibit an excellent displacement
factor, thus confirming the proper operation of the PR current
controller. In addition, LS-PWM leads to better efficiency but
worse THD than PS-PWM, thus being attributable to the dif-
ferent switching patterns of both modulations. On the other
hand, an FPGA-based design operating at a lower switching
frequency to reduce switching losses would be envisaged for
the PS-PWM case but would result more difficult if LS-PWM
is adopted since the lowest switching frequency is limited by
both the ratio rotating frequency/grid frequency and the control
action resolution supported by the FPGA platform, as detailed
in Section V-B3.

Test 2—Steady-State Behavior Under Nonuniform Irradi-
ance: In this test, the SASs were programmed to emulate a sys-
tem operation under three different irradiances, namely, 1000,
800, and 500 W/m?, and the reference voltages were set to
their MPP values, i.e., v, = 25.2V,vfy = 24.7V,and vfg =
24 V (see Fig. 8). Fig. 15 shows a zoom of the steady-state
capacitor voltages and confirms that they have reached their
reference values. Since each inverter handles a different power,
the control values delivered by the energy-balance controllers
(K}) were different, thus leading to different duty cycles in
PS-PWM [see (30)] or different time interval assignation in
LS-PWM [see (31)]. Fig. 16 shows a scaled version of the
control signals internally generated by the FPGA for both
modulations. As it can be seen in Fig. 16 (left), inverters
handling higher input power are driven by control signals of
higher amplitude, in accordance with (30). Similarly, in Fig. 16
(right), higher time intervals are assigned to inverters handling
higher power, in accordance with (31).

Test 3—Robustness to Irradiance Changes: As can be de-
duced from Fig. 2, the input Epy,,. (i.e., the energy of the
PV array k) can be considered as a perturbation of F¢y (i.e.,
the voltage of capacitor Cj). To check the robustness of the
energy-balance control, the SASs were programmed to emulate
an abrupt irradiance change according to the pattern in Table III,
and the reference voltage values were held at v = vy =
vig = 25 V. Fig. 17 shows the evolution of the capacitor
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voltages (vc1, vog, and ves) and the injected current (ip).
Note that, after a small transient response, the voltage across
the capacitors maintains its reference value, thus confirming a
proper voltage regulation in the presence of irradiance changes.

Test 4—MPPT Emulation: The following two tests aimed to
emulate an MPPT algorithm by varying the reference capacitor
voltages. In the first test, all reference voltages were fixed at the
same value which changed according to the pattern in Table I'V.
In the second one, the reference voltages simultaneously varied
to different reference values following the pattern in Table V.

Figs. 18 and 19 show the output current and the capacitor
voltages for both tests and both modulations. As it can be seen,
the capacitor voltages follow their respective voltage references
after a short transient response, validating the proposed control
approach.

VI. CONCLUSION

This paper has addressed the control design of a CHB-MLI
grid-connected PV system which can operate under PS- or
LS-PWM. The energy-balance model of the system and the
linearization of the PV array electrical characteristics allow the
design of discrete-time PI linear voltage controllers ensuring
independent control of PV arrays operation. This design, which
can be easily carried out by conventional discrete-time linear
control techniques, takes into account the stability restrictions
given by the Jury test which depend on the operating points of
the PV arrays. In contrast to other works, the obtained criteria to
choose the parameters of the controllers are one of the features
of the proposed approach, since they ensure system stability
for the whole operating range of the PV arrays in terms of
irradiance and temperature. Furthermore, the definition of a set
of auxiliary control variables allows the synthesis of the control
signals driving each bridge not only for PS-PWM but also for
LS-PWM by modifying the rotating carrier concept.

A set of laboratory tests carried out on a seven-level CHB-
MLI grid-connected PV system has experimentally validated
the proper operation of the energy-balance control for both
modulations under uniform and nonuniform irradiances as well
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as under abrupt irradiance and MPPT algorithm changes. More-
over, these results have also shown that LS-PWM leads to worse
THD but better efficiency than PS-PWM. In this regard, an
FPGA-based design operating at a lower switching frequency
to reduce switching losses would be envisaged for the PS-PWM
case but would result more difficult if LS-PWM is adopted
since the lowest switching frequency is limited by both the
ratio rotating frequency/grid frequency and the control action
resolution supported by the FPGA platform.
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Lyapunov-Based Control Scheme for Single-Phase Grid-Connected
PV Central Inverters

C. Meza, Member, IEEE, D. Biel, Member, IEEE, D. Jeltsema, Member, IEEE, and
J. M. A. Scherpen, Senior Member, IEEE

Abstract—A Lyapunov-based control scheme for single-phase
single-stage grid-connected photovoltaic central inverters is pre-
sented. Besides rendering the closed-loop system globally stable,
the designed controller is able to deal with the system uncertainty
that depends on the solar irradiance. A laboratory prototype has
been built as a proof of concept for the proposed control technique.
A nonlinear passive adaptive controller has been programmed in
a field-programmable gate array.

I. INTRODUCTION

HE inconveniences related to conventional energy gener-

T ation have motivated the introduction of new regulations
created to stimulate the usage of photovoltaic (PV) systems. The
success of these policies relies on the cost-per-watt reduction
of PV systems in order to make PV energy more competitive
with respect to traditional energy sources. In general, current
research to reduce the cost-per-watt of PV systems includes the
following:

1) improving the efficiency of PV cells/modules;

2) reducing the manufacturing costs of PV cells/modules;

3) increasing the overall PV system efficiency by focusing on

the power conditioning elements.

During the last years a lot of effort has been devoted to the
first two aforementioned activities, yielding high-efficient and
cheaper PV panels based on new PV cell material and manufac-
turing technologies. An alternative way to reduce the cost-per-
watt of existing PV systems is by increasing the efficiency of
the overall system using a suitable designed power conditioning
stage. The power conditioning stage is an essential part of the
PV system since it must account for an optimal energy transfer
from the energy source to the load. Improving the quality of the
power conditioning stage is one of the key issues of future PV
applications [1].
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The design of a PV power conditioning system generally con-
sists of a two step procedure, namely: 1) a proper selection of the
circuit topology and the elements of the power converter and 2)
the design of an adequate control strategy for the chosen power
conditioning stage. The latter task is important when aiming at
a stable non-oscillatory dynamical behavior of the PV system.

Regarding the design of control strategies for power con-
verters it is evident that there is a long tradition of using linear
design techniques. Linear controllers are found suitable in those
cases where the power converter operates about a fixed oper-
ating point and the disturbances are small. The control of power
inverters and rectifiers in order to obtain a sinusoidal current in
phase with the grid voltage have mainly been done by means
of the so-called “P+Resonant” controllers. For a linear system,
e.g., a battery inverter, it is possible to show by means of the in-
ternal mode principle that there exists a linear transfer function
capable of eliminating the steady-state error [2], [3].

For PV power inverters, the control requirements have been
generally carried out by means of a strategy based on two cas-
caded control loops using a pulse-width modulation (PWM)
scheme [4], [5], where the inner control loop is in charge to es-
tablish the duty ratio for the generation of a sinusoidal output
current that is in phase with the grid voltage. In turn, the outer
control loop has to settle the PV array operating point at its max-
imum power value for any temperature and irradiance variation,
with the help of a maximum power point algorithm such as Per-
turb and Observer [6] or more advanced ones [7], [8]. The outer
loop delivers to the inner control the current reference amplitude
corresponding to the PV array maximum power point, thereby
ensuring the power transfer to the grid [2], [3]. P4-Resonant con-
troller have mainly been used as inner controller specially in the
output inverter stage of multi-stage grid-connected PV systems.
In this case, the adequate dimensioning of the dc link capac-
itor allows to approximate the output inverter stage as a linear
system independent of the PV array nonlinear characteristics,
and therefore allowing to apply the “P+Resonant” controller
design procedure [3], [9].

Nevertheless, for single-phase grid-connected PV inverters
the use of linear techniques, such as Laplace transformations
or frequency-based analysis, require of a previous linearization
step, which constitutes an approximation of the complete dy-
namical behavior of the overall system since: 1) the PV source
exhibits a strongly nonlinear electrical behavior that affects all
the variables of the system and 2) the electrical characteristics
of the PV source are time-varying and therefore the system is
not linearizable around a unique operating point or trajectory.
These difficulties have motivated us to proceed with a different
approach than the usual “classical” control techniques. More-
over, for similar reasons as discussed above, there is a growing

1063-6536/$26.00 © 2011 IEEE



MEZA et al.: LYAPUNOV-BASED CONTROL SCHEME FOR SINGLE-PHASE GRID-CONNECTED PV CENTRAL INVERTERS 521

ipv T2
~N >
ﬁ & . _ L
+ 1 0 6
1 T~C v, @
5 s

Fig. 1. Full-bridge GPV inverter schematic.

interest in the context of nonlinear control of power converters
from researchers of both the power electronics and the con-
trol community, see, e.g., [10]-[12] and [13]. Of special in-
terest is the Lyapunov-based nonlinear controller technique for
power converters proposed in [14] that renders the closed-loop
system globally asymptotically stable. This technique has been
proved useful for dc-dc converters (e.g., [15]) and ac-dc con-
verters (e.g., [16]). In the context of PV power systems, [17]
presents a globally stable closed-loop system for a single-stage
full-bridge grid-connected power inverter using a similar con-
troller design technique than that of [14]. Some disadvantages
of nonlinear controllers for power converters that may be en-
countered during the practical implementation are the computa-
tional complexity and its dependency on the system’s parame-
ters. Nevertheless, the high processing power normally required
by nonlinear controllers is not a serious problem given the re-
cent development of new processors with increase performance
atreasonable prices. On the other hand, there are cases (e.g., [18]
and [19]) in which the parameter dependency of the nonlinear
controllers has been circumvented adding an adaptive function-
ality to the control scheme.

This paper introduces a nonlinear and adaptive control
scheme for a single-phase single-stage grid-connected PV
inverter. It is shown by means of an analytical and experimental
study that the proposed controller provides a satisfactory
closed-loop behavior without neglecting the nonlinear elec-
trical characteristics of the system. The main contribution of
this paper consists in extending the robustness of the controller
proposed in [17] by estimating the value of the parameter that
changes with the unknown solar irradiance. Additionally, the
practical validity of the proposed control scheme is evaluated
using an experimental laboratory prototype.

II. GRID-CONNECTED PV (GPV) SYSTEM:
MODELING AND ASSUMPTIONS

The GPV system that is considered in the present paper is
shown in Fig. 1. The system consists of an array of PV panels
connected to the utility grid by means of a full-bridge inverter.
GPV systems, unlike standalone ones, are designed to transfer
the PV panels’ energy to the utility grid, thus being the main re-
quirement of the system to deliver a sinusoidal current in phase
with the utility grid voltage. Standalone PV systems transfer the
PV panels’ energy to a load; in this case it is necessary to output
a sinusoidal voltage.

This paper deals only with GPV systems, and more specif-
ically with the GPV configuration in which all the PV panels

are linked to a unique power inverter unit, known as “central
inverter”. A GPV central inverter is one of the most prevailing
configurations since, under uniform irradiance conditions of
the PV panels, it represents a good tradeoff between the ex-
tracted energy and the design complexity of the power inverter
[20]-[22]. Moreover, the full-bridge power inverter stage is a
typical output stage present in other GPV configurations such
as the widely used two-stage boost-buck configuration (e.g.,
[23], [24]) or the multilevel configuration (e.g., [25]). As stated
in [26], this common output stage enables to extrapolate the
central inverter’s control scheme to other configurations.

A. PV Generator

The typical electrical behavior of a crystalline silicon (c-Si)
PV cell can be modeled in the following way:

= _ Upveen (1) _
= Lo (@) = D (1) [e"p<nm<T>> 1} M

where i, and vy, are the cell current and voltage, respec-
tively, and as follows:
I, ., (G) is the generated current due to the incident solar
irradiance G
e 7 is the PV cell emission coefficient;
* Tt (T) is the reverse saturation current of the PV cell
p-n junction that varies with the temperature 7’;

* vr_,(T) is the p-n junction thermal voltage which also

changes with the temperature.

Given that PV cells are usually located in an uncontrolled
atmospheric environment, they are exposed to temperature (1)
and solar irradiance (G) variations and rigorously I, (t),
Lat,,, (), and w7, (t) should be considered as time-varying
signals. Nevertheless, these variations are slow compared to
the dynamics of practical power inverters which are designed
with transient response times much smaller than an utility
grid period, T, (20 ms for the European utility grid). Thus, it
can be assumed that both the temperature and solar irradiance
do not change significantly in one 7. Note also that, for the
case of c-Si solar cells, it is possible to derive mathematical
expressions to accurately obtain its parameters at any moment
providing temperature and solar irradiance measurements
[27]-[29]. Nonetheless, differently from temperature sensors,
solar irradiance sensors are costly and difficult to calibrate
properly. Accordingly, in the present paper we assume that the
parameters that depend on temperature are known.

For analytical convenience, we assume that the electrical be-
havior of a PV array is defined as follows:

ipv =A- p(vpv) 2

vacell

where vy, and ¢, are the PV array voltage and current, respec-
tively, and A represents the part of the photovoltaic generator
current that depends on the solar irradiance. The last term of (2)
denotes the direct link between the voltage of the photovoltaic
generator and the associated current, i.e.,

p(vpv) = Vexp (a Upv) 3

where U and « represent positive parameters of the photovoltaic
generator. Referring to the equation of the PV cell (1), the pa-
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rameters of this model can be defined as A = (1,_, +Lsat..,, ) 7op,
U = Latey 7ps and « = (ny)/(nvr,,), where n, and n,
are the number of PV cells connected in series and parallel,
respectively.

B. Power Conditioning System

The schematic diagram of the full-bridge central inverter con-
figuration is shown in Fig. 1. Here z; and z- are the average
values of the input capacitor voltage and the output inductor cur-
rent, respectively. The utility grid voltage v, is assumed to be
sinusoidal with a constant amplitude A and a constant frequency
w,i.e., v, = Asin(wt). The full-bridge inverter consists of four
switches controlled by the signals 6 and § which take values in
the discrete set {0, 1} (i.e., OFF or ON, respectively). The switch
control signals are generated via a PWM scheme with a duty
ratio function v € [—1,1] generated by the controller. This
means that if the switching frequency is sufficiently high, the
dynamical behavior of the GPV system can be approximated by
the following set of differential equations:

Ci1=—uzo+ A —p(z1) “4)

Liy = vz —vy. ®)]

The latter equations will be used to design a controller for the
system, where we assume that the only unknown parameter is
A. The controller should be able to deal with this parameter
uncertainty.

III. CONTROLLER DESIGN

A. Control Objectives

The GPV inverter of Fig. 1 should be able to transfer effi-
ciently the maximum amount of PV energy to the utility grid. In
order to accomplish that the following is required.

C1) to deliver a sinusoidal current in phase with the utility

voltage of the power grid;

C2) to regulate the input capacitor voltage to a value that

assures maximum power extraction from the PV array.

With respect to C2, it should be mentioned that it is assumed
that the reference capacitor voltage value is given by an external
maximum power point tracking (MPPT) algorithm. MPPT al-
gorithms operate based on the changes of temperature and solar
irradiance and therefore change very slowly compared to the dy-
namics of the power inverter. For instance, slow varying MPPTs
(variation time >20 ms), such as an extremum-seeking [30] or
others based on heuristic approaches [31] may be added to this
scheme without affecting the dynamic behavior of the analyzed
closed-loop system.

Based on (4) and the notation presented in Section II, objec-
tives C1 and C2 translate into {z1,x2} = {z1,, x2, }, Where

Top = Ap sinwt (6)

and z1, is the value of x; such that P,,(z1) is maximum. The

power generated by the PV panels equals Py (21) = Z19py-
Ideally, x1, should be a constant in order to assure that the

PV array operating point remains always in its maximum power

point. However, due to the intrinsic nature of the inverter struc-
ture used it is not possible to have a sinusoidal output current
and a constant input voltage. This impossibility can be seen as-
suming that [z, x| = [21,, z2,] and obtaining the energy-bal-
ance equation of the system from (4)

21,CT1yp + Top Loy = Awlr - xlrp(xlr) — UgT2p. @)

Notice that this expression is independent from the control
signal u. Substituting (6) into (7) yields

Py(z1,) AAp Arr .
Ciyp = %4_?11 <cos(2wt)— TILw sm(?wt)—l)
(®)

where we recall that Py, (21,) = 21,A — 21,V exp(az1y).

From (8) it is clear that 1, has to be time-varying. Never-
theless, a time-varying z1,- is an undesired effect because it will
move the PV array operating point from its maximum power
point. A practical solution for this problem, widely used in the
design of Central PV inverters, is to make C' sufficiently large
to reduce the oscillations towards the PV array maximum power
point. Indeed, as is shown next, z1,(¢) obtained from (8) is a pe-
riodic signal with an offset value Z1,., such that x1,- = Z1,- when
C is sufficiently large!.

For analysis convenience instead of x1,. consider the energy
stored in the capacitor, i.e., £* = (1)/(2)Cx?, and substitute it
in (8) obtaining

AAs, Ar, .
E* =P, (S*HTI (cos(Zwt) - TILw sin(2wt) — 1) .

Instead of obtaining the exact analytical solution of (9) we
will solve its linearized version. Given that we will have a suf-
ficiently large C the linearization of (9) is a very good approxi-

mation as it will be shown.? Linearizing the nonlinear function
P, (£*) around the dc value of £* (denoted as £*) yields

P(E*) & Py (E) +m (£ — &%) (10)

where

- _dPZVE(f*) : _

(A — Uexp (a 25) <1 +a 25))

= C\/g (1D

Hence, (9) reduces to
E=Pu(E)+m(E*-E) - %(Ah)sz sin(2wt)
— %AAH + %AAH cos(2wt). (12)

INotice that having a C' sufficiently large is a requirement for this type of
power inverters, given that smaller values of C' may reduce considerable the
amount of energy extracted from the PV array.

2Take into account that this linearization process is only done in order to es-
timate the waveform of the desired steady-state value x, . and to verify that it is
periodic. In the remainder of the article we will be working with the nonlinear
dynamics of the system.
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Fig.2. Comparison between the approximated £* and the signal obtain solving
numerically the differential equation for £* with no approximation.

From the previous equation it is evident that £* presents sinu-
soidal components. Moreover, if

E* = E* + ay cos(2wt) + by sin(2wt) (13)
is a solution of (12) the following equality holds:

—2a1wsin(2wt) + 2bjw cos(2wt) = Py, (E¥)
—0.5AAr, — (0.5AAr, + may) cos(2wt)

from which the expressions for Ay, a1, and b; are obtained as

2P (E7) _ 2Py (TE)

Ap = 14
I 1 1 (14)
_ 0.5AAL(2kwl —m)
“= 4w? 4+ m?2 (13
0.54AAnw(2+ mkL)
= . 1
b1 10?2 (16)

Notice that if £* is described as (13) the reference value of the
output current amplitude, Ay, depends only on the dc value of
the reference voltage z1,. Consequently, Ay, will vary every
time Zp, varies, that is, when the external MPPT algorithm pro-
vides a new value of Z1,.

In order to validate the approximation of expression of £* two
simulations are performed. The first simulation solves numeri-
cally the equation of £* with no approximation [i.e., (8)]. In the
second simulation signal £ is obtained using the parameters of
(14)—(16). The two calculated values of £ are generated with
the same value of Ay, corresponding to the PV array maximum
power point voltage. The parameters of the full-bridge inverter
are the following: L = 1 mH, C' = 2.2 mF. The results are
shown in Fig. 2. It is seen that the two signal are very alike with
a maximum relative error of 0.03%.

B. Proposed Controller

In order to obtain an implementable nonlinear control law, the
controller design methodology is divided in two parts, namely,
as follows.

P1) An analytical control design stage in which a globally-

stable closed-loop system is obtained based on the non-
linear model of the system.
A practical control design stage in which practical
aspects of the system are considered, e.g., the controller
derived is adapted to be implemented experimen-
tally, and a robustness analysis is performed to assure
the adequate closed-loop behavior under parameter
uncertainties.

The proposed control scheme is based on the work of [14].
This controller design technique is successfully applied to
power converters with constant energy sources under the
assumption that all the system parameters are known (see,
e.g., [15] for dc-dc power converter applications and [16] for
ac-dc power converter applications). The novelty of the control
scheme presented in this paper lies in the extension of the
control strategy of [14] in order to deal with the PV inverter’s
nonlinear energy source characteristics and the uncertainty of
the time-varying parameter A. Additionally, the robustness of
the proposed control scheme to various parameter uncertainties
in the system is considered.

Following [14], we will start the control scheme design by
defining an adequate reference system for the GPV inverter
under consideration, i.e.,

Cj?lv’ = —U; To, + A — ,0(3717‘)
Lo, = up T1, — Vg 17
where ideally x1,- and x, are the desired capacitor voltage and
the output current, respectively, and A is the estimated value of
A. For the moment, assume that x:1,- and x5, are taken from (4)
and (6), in Section IV these expressions are discussed with more
detail. Accordingly, signal u,. is

_ Li‘zr + Vg
T1r

(18)

Uy

Leteq, es, e,, and e, represent the errors between the actual
measured variables and their reference counterparts, i.e., e; =
T1 — T1p, €2 = To — Top, €y = U — Uy, and ey = A—A,
respectively, then the system dynamics can be written as

C(el + jf’lr) = _(eu + ur)(eQ + xZ'I‘)a
+ep+ A - p(xlr) - ep(ehxlr)

L(és + Z9,) = (ew + ur)(er + z1,) — vy (19)
where p(z1) is decomposed into p(z1) = p(z1,) +e€p(e1, z14),
with e,(e1,z1,) = Wlexp(aer + azy,) — exp(aziy)].
According to [14], it is possible to synthesize a control signal
that yields the desired closed loop behavior from the system
error dynamics. In this regard, the control signal « is composed
of two elements, namely, a control u,. defined according to (18)
and a control e, designed such that the system error dynamics
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vanishes. The error dynamics are obtained by substituting (17)
in (19), i.e.,

Cép = —uy e2 — ey (T2r + €2)
+en —epler, x1r)
Léy = upeg + ey (z1- + €1). (20)
Notice that in our case we do not only have to synthesize the
control e,, that renders the error dynamics (20) stable, but we
should derive an additional mechanism to estimate parameter
A, ie., tomake A = A. In order to proof the validity of our con-
trol scheme the final stability analysis should take into account
the designed signal e,, and the dynamics associated to the esti-
mation of A.
In order to estimate A, the following adaptive law, taken from
[19], is used:

A:Prj{vel}:{’yel’ if A >e€ @1

0, otherwise

where 7 € R is the adaptive gain and Prj{-} is a projection
operator that ensures A > € > 0, with € an arbitrary small
constant.
The stability of the error dynamics (20) can be proved by
means of the following Lyapunov function
1 1 1
H= 5Oe% + 5Le% + ge?\ (22)
for which the time derivative along the system trajectories of
(20) yields

. 1 .
H = e, (z1re2 — zare1) — e1e,(e1,21,) + €xe1 + —epép.
(23)
The closed-loop system will be globally asymptotically stable if
the aforementioned expression is negative definite, i.e.,if H < 0
for all values of e1, ez, e, different from zero. Defining e,, as
€y = _K(xl'r €2 — T2y 61) (24)
where K > 0 is a control parameter, the first term of (23) re-
mains always non-positive, i.e.,

. 1
H:—K($11»62—$2r61)2—616,;(61,$1r)+61\61+;€z\61\~ (25)

On the other hand, considering A “locally constant”, yields
EA = —A, and according to (21), éy = —e1, and thus, the
derivative of the Lyapunov function (25) can be written as

H=—-K(xz1,e9 — 372,«81)2 —eiep(er, T1r). (26)
Notice that the product eie,(e1, z1,) is always positive given
that function p(-) is strictly increasing, i.e., the function
ep(e1, 1) is positive when e; = 1 — x1, > 0 and negative
when e; < 0. Thus, the closed-loop system (19), using the
control signal (18), (24) and the adaptive control law (21), is
globally asymptotically stable.

IV. PRACTICAL CONSIDERATIONS

In this section, some practical considerations regarding the
previously derived control law are discussed.

A. Reference Computation

The control scheme derived in the previous section comprises
expressions (7), (18), (21), and (24). From these expressions
the most difficult to implement is (7), not only because it is a
nonlinear differential equation that requires to be solved nu-
merically. Recall that (7) is needed in order to obtain the ref-
erence current amplitude, Ajgr, from the dc value of x;, pro-
vided by and external MPPT algorithm. Nevertheless, as it was
mentioned in Section III, for large values of C, (7) can be ap-
proximated as (13) yielding a simple expression to derive Ar,,
i.e., (14). In this way, we end up with a 2, (¢) which depends
only on the dc value of =1, provided by the external MPPT al-
gorithm, i.e., 29, = Ap, sin(wt), where
_ 2vaj1r _ 2j’1’r(A — p(jl’f)) (27)

AIr A A

B. Unconsidered Parameter Variation

The robustness of the controller proposed in Section II has
been only proved for slow variations of parameter A. In this
regard, the effect of the variation of the parameters considered
known in the derived control law is analyzed next.

Initially, consider the case in which the inductance L is un-
known and assume that L # L is the inductance used by the
controller. With the reference system

Oijh’ = —Ur Tor + A - /)(l’lr)
(28)

f):i?g,, = Up T1p — Vg
the error dynamics (20) are modified as

Cé; =

Lé2 - eij2r = Upr €1+ €y (xlr + el)

—Uy €3 — €y (Tar + €2) + ep — €p(e1, T1y)
(29)

where ef, = L — L. Using the controllers defined by (18), (21),
and (24), and using the Lyapunov function (22), yields the Lya-
punov derivative

H = —-K(z1,e2 —1,’2,«61)2 —e1e,( ) — ezepdor (30)
which is the same as expression (26) but with an additional term
depending on L, ﬁ, o, and xo,.. Thus, in order to assure that the
controller will not be affected by variations of L the controller
parameter K should be sufficiently large in order to dominate
the last term of (26). Besides, notice that in steady-state eo is
T),-periodic and thus the last adding term of (26) is bounded and
the system remains BIBO (i.e., bounded-input bounded-output)
stable.

Notice also that the contribution of the controller expression
that contains the inductance in (18) can be neglected when
Lw At max(p,,) K A, where Are|max(p,, ) is the output current
reference amplitude when the power generated by the PV
array (Ppy) is maximum. Take into account that the maximum
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Fig. 3. Numerical simulation results of the output current for a 3.25 kW, GPV
system using the proposed controller with (top figure) and without (bottom
figure) the term containing L. The scaled grid voltage, v, /12, is shown with
dashed lines and its scale is in volts, the other curve corresponds to x5 in (a).
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value of Ay, will occur when the PV panels produce its max-
imum power. Using (27), the aforementioned condition can
be rewritten as max (Ppy) < (A?)/(2Lw), which is valid
in those cases where single-phase PV inverters are normally
used, e.g., residential grid connected PV systems. For example,
in the case of a 3 kW, residential PV system connected to
an European grid (i.e., A = 312 V) the expression with the
inductance in (18) can be neglected if L. < 51 mH. Fig. 3
shows the numerical simulation results of the output current
of a 3.25 kW,, GPV system using the single-phase inverter of
Fig. 1 (L =2 mH, C = 2.2 mF, v, = 312 sin(100 7t)) and
the proposed control scheme. Two cases have been simulated:
one in which the complete expression of the controller is used
and another one in which the term containing the inductance is
neglected. Notice how the difference between both currents is
unnoticeable.

Even though we do not consider any uncertainties in other
system parameters, such as « and W, in the theoretical analysis
and derivation of the controller, the appearance of the integral
term included for the estimation of A, i.e., the adaptive law (21),
allows to achieve the control objectives C1 and C2 although o
and ¢ values change in a certain percentage of variation.

A series of numerical simulations have been performed in
order to verify the robustness of our proposed controller in front
of non-considered uncertainties, i.e., variations of o and ¥. For
the simulation we considered the system of Fig. 1 with C' = 2.2
mF, L = 2 mH, v, = 312 sin( 1007¢) V and a PV array with
a peak power of 3.3 kW, a short circuit current of 6.1 A, and
a open circuit voltage of 678 V at 1000 W/m? (A = 6.1,a =
0.026, ¥ = 1.35 x 10~7). The simulation tests consisted of two
step-wise variations of o and ¥ of +5% and —5% att = 4 s,
where the average voltage reference value was set to 587.8 V.
The simulation results are shown in Figs. 4 and 5, notice how
in both cases the system is able to keep the commanded voltage
value while maintaining at all time a sinusoidal current in phase
with the grid voltage.
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Fig. 4. Capacitor voltage: numerical simulation results of a 4+5% (top figure)
and —5% (bottom figure) variation of « and . The variation of v and W is
done at t = 4 s. The dashed line represents the reference value.
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Fig. 5. Output current: numerical simulation results of a +5% (top figure) and
—5% (bottom figure) variation of o and ¥. The variation of o and W is done at
t = 4 s. The dashed line represents the scaled grid voltage (v,/12).

V. EXPERIMENTAL TESTS

In order to test the designed control scheme under realistic
conditions and further study its robustness in front of unmod-
eled dynamics a laboratory prototype was built. The schematic
circuitry of the experimental prototype is shown in Fig. 6, where
the signals z1, 2, and v, enclosed in squares represent the mea-
sured capacitor voltage, inductor current and utility grid voltage,
respectively. The values of the circuit’s parameters have been
chosen according to the criteria described in Section III, that is,
to guarantee a low ripple voltage in the PV array’s terminals
(C = 2.2 mF) and to minimize the effects of the unconsidered
parameters variation (L = 500 p H). As an input energy source
we used an Agilent E4350B solar array simulator (SAS). This
device enables to program different : — v curves, which for ex-
perimental validation turns out to be very useful since it allows
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Fig. 6. Experimental prototype schematic circuitry.
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Fig. 7. PV array electrical curves used the experimental tests.
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Fig. 8. Experimental prototype block diagram. Here k is a signal proportional
to Ar,, e, k = (A, )/(A), see Fig. 9.

to generate fast changes in the PV array electrical characteris-
tics. The ¢« — v curves programmed in the SAS for the exper-
imental tests performed are shown in Fig. 7. Due to the solar
array simulator low output voltage level (it has a maximum
voltage of 80 V) a transformer was required to connect the
GPYV inverter prototype to the grid. As it can be seen in Fig. 6
all the measurements where done in the low-voltage side of
the transformer which exhibits a voltage amplitude of 31.4 V
at 50 Hz, and thus the transformer dynamics was not consid-
ered in the model. Thus, for this experiment we considered the
low-voltage side of the transformer as the grid-voltage and mea-
sured the power factor in this side. In a larger version of this
prototype (with higher PV array’s voltage) the transformer can
be removed. A primary objective pursued when implementing
the controller was to obtain a simple, economical circuit. That
is why we decided to divide the controller implementation in an
analog and digital stage. The analog stage has been designed to

3Even though we use a medium size, medium cost FPGA, the implemented
algorithm can be easily migrated to a cheaper PLD, e.g., CPLD or similar.

e L o
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Fig. 9. Functions implemented in the FPGA.
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Fig. 11. Experimental Test 2.

generate the error signals, £; and Z5, and the derivative of =5 al-
lowing a wider dynamic range than in most digital systems. The
rest of the controller was implemented in a hardwired circuit,
more specifically, a Xilinx Spartan three field-programmable
gate array (FPGA). A hardwired programmable device is nor-
mally more economical and faster than the equivalent micro-
controller or DSP.3 The output signals of the analog module are
then quantized by means of ADC converters (ADC AD9525 of
12 bits and 25 MSPS). The quantized signals are then inputted
to a digital processing stage implemented in a hardwired device,
namely a Xilinx Spartan 3 FPGA. The hardwired algorithms im-
plemented in the FPGA operates synchronously with a clock
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Fig. 13. Experimental Test 2. x1, ] and v, at 5 V/div; x5 at 1 A/div.

period of 4 ns. Additionally, the digital PWM that generates the
signals 6 and ¢ is implemented within the FPGA using a saw-
tooth carrier waveform with a period of 40.96 us. Fig. 8 shows
a block diagram of the experimental setup implemented, notice
that as discussed in the previous section in order to simplify the
controller Z1,. is used instead of z1,.. Signal Z1,- is assumed to be
given by an external MPPT. Fig. 9 shows the functions imple-
mented in the FPGA. The following two different experimental

tests were performed.
T1) Experimental Test 1: This experimental test deals with
the regulation of z;. The Tj-averaged reference value

T2)

of the PV voltage, %1, is changed from 65 to 61 V and
finally arriving to the PV array maximum power point
value (57.2 V), as it is graphically shown in Fig. 10. The
reference value transitions were programmed to occur
every 60 grid cycles, i.e., 1.2 s.

Experimental Test 2: This test was designed to show
the adequate behavior of the closed-loop GPV inverter
when abrupt changes in the electrical characteristics of
the solar array simulator occur, emulating sudden irra-
diance changes in the PV array. The solar array sim-
ulator has been programmed with two set of electrical
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characteristics, one corresponding to an irradiance of
1000 Wm™~2 and another corresponding to an irradiance
of 500 Wm~2. The experimental test consisted in the
sudden change of the 1000 Wm™2 electrical character-
istics set to the 500 Wm~2 and then restoring the 1000
Wm~?2 electrical characteristics set after a given time.
This operation is shown in Fig. 11. This test is equiva-
lent to an improvable worst case scenario and therefore it
is a good way to validate the robustness of the designed
controller.

The values of the tunable parameters of the controller, i.e.,
gains K and ~, have been defined mainly to avoid numerical
problems (e.g., saturation of the signals, quantization problems).
Therefore the gain K has been chosen as large as possible but
avoiding saturation of signal u. The adaptive gain v has been
chosen such that a smooth non-oscillating 1 dynamics is ob-
tained. The final values of gains used were K = 2.4 and v =
0.05.

Figs. 12 and 13 show the results of the aforementioned exper-
imental tests. In the case of Experimental Test 1 (see Fig. 12) it
can be seen that the output current is always in phase with the
grid voltage and that the capacitor voltage eventually reaches
its desired steady-state value. The controller parameters have
been intentionally set such that a smooth closed-loop voltage
dynamics is obtained in order to avoid the introduction of un-
wanted harmonics in the output current, i.e., in single-phase PV
power inverters the effects of the voltage dynamics directly af-
fects the output current.

Fig. 13 shows the electrical behavior of the full-bridge in-
verter prototype with the designed control scheme for Experi-
mental Test 2. Notice that when the abrupt step-down irradiance
change occurs (f = 2.8 s), after a settling time approximately
equal to 0.3 s, the system is able to reach the desired steady state.
A similar settling time is obtained when the step-up irradiance
change occurs (t = 7.05 s). Note that during the complete ex-
perimental test the current injected to the utility grid is always in
phase with the grid voltage. It should be remarked that the dif-
ference in the response of =2 during the step-down and step-up
irradiance change is due to the nonlinear behavior of the system.
The nonlinear behavior becomes more apparent in the presence
of large set-point changes, disturbances, or errors that cause the
system to deviate from its nominal point of operation.

VI. CONCLUSION

A novel approach to the controller design for single-phase
single-stage grid-connected power inverters is presented. In-
stead of linearizing the system, the control design approach
aims to derive a global asymptotically stable closed-loop
system that takes into account the nonlinear time-varying char-
acteristics of the system. The robustness of the controller has
been improved by adding an adaptive control law. A further the-
oretical analysis of the closed-loop system supported by means
of numerical simulations allows to simplify the implementation
of the controller. A laboratory prototype was built in order to
test the closed-loop performance of the controlled system. The

experimental test performed consisted of an abrupt change of
the PV array irradiance. Even though such sudden and large
change is not likely to occur in reality, it serves to underscore
the robustness and effectiveness of the proposed controller. The
experimental results showed that the implemented controller
was able to meet the desired control requirements, i.e., to
extract a given amount of power from the PV array (solar array
simulator, in the case of the experimental prototype) and to
inject to the utility grid a current in phase with the grid voltage
even under extreme changes in the system parameters.

The results of this paper should be considered as a proof
of principle. It is expected that the proposed controller pro-
vides a similar performance as those obtained using standard
linear controller design techniques. Moreover, the inclusion of
the nonlinear characteristics guarantees the closed-loop system
to operate robustly and reliable, even in the presence of large
set-point changes, disturbances, or errors that cause the system
to deviate from its nominal point of operation. It is our believe
that further research in the design and analysis of PV power sys-
tems considering and respecting their nonlinear nature may help
to obtain more efficient and reliable management and control al-
gorithms than the ones currently available.
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