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Abstract—In this paper the Power Oriented Graph technique
is used for modeling a grid-connected single-phase 3kW DC/AC
power converter for solar energy conversion system. A DC/DC
stage, controlled by a maximum power point tracking (MPPT)
technique, is used to boost the time-varying input voltage
provided by photovoltaic panels. A buck DC/AC stage, including
a PWM inverter, is implemented to transfer the active power to
the grid. A new control scheme for the DC/AC stage is proposed.

I. INTRODUCTION

Solar energy is currently considered to be one of the most
useful natural energy sources because it is a pollution-free
source of abundant power. Over the last few years, the interest
in photovoltaic (PV) applications has grown exponentially.
Economic evaluations show that PV technology is still too
costly compared to other energetic technologies [1]. However
the PV cost reduction is improving rapidly and PV systems
require a very long time with almost no maintenance cost.
These usually unevaluated aspects should motivate govern-
ments to deploy more PV systems [2]. Innovative inverter
topologies have been suggested in the literature to provide
many benefits and cost reduction. Despite modest production
volumes, inverters have evolved significantly since the 1980s
through manufacturer innovations and technology improve-
ments. In 1980s inverters were bulky, heavy, difficult to install,
unreliable, and their efficiency was in the 85 —90% range.
The early 1990s saw the first large-scale series production
of PV inverters (SMA PV-WR). In 1995 the first PV string
inverter was produced (SMA SB 700), allowing connection
of modules in series, modular systems, higher system effi-
ciency, and reliability. Late 1990s saw basic data-acquisition
system and plug-and-play installation. Transformerless and
high frequency (HF) designs reached efficiencies above 95%.
In the past 5 — 10 years, inverters have evolved significantly.
Reliability, ease of installation, user friendliness, efficiency,
size and weight have all improved significantly. In this scenario
modeling tools would be helpful to manufacturers in order to
study and simulate new inverter topologies.

In this article we present an accurate model of a PV inverter
architecture recently proposed in [4]. The model has been
obtained using the Power Oriented Graph (POG) technique [5].
The analyzed and simulated system is based on a single-phase
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Fig. 1. Grid-connected photovoltaic system: blocks scheme.

3kW DC/AC power converter, implementing an active-bridge
DC/DC converter and a full-bridge DC/AC. This structure
performs high efficiency and the proposed digital control
allows to reduce the production costs. The paper is organized
as follows. In section II the system structure is presented.
In section III and IV the DC/DC and DC/AC converters are
analyzed and modeled. Simulations of the DC/AC converter
and conclusions end the paper.

II. SYSTEM STRUCTURE

Let us consider the blocks scheme of the grid-connected PV
system proposed in [4] and shown in Fig. 1. The hardware
section includes an active-bridge DC/DC converter which is
designed to boost the input voltage from a minimum input of
150 V to a DC value regulated at 450 V. Then a single-phase
buck 3kW DC/AC converter is employed to step down and
to modulate the output voltage according to the grid voltage
(230 Vrms +10% and 49.7 — 50.3 Hz). Finally the filter is
designed to reduce high-order harmonics introduced by the
PWM modulation of the DC/AC converter. The control of
the system is obtained by a microprocessor. The phase-shift
control between the input bridge legs and the output bridge
legs of the DC/DC converter is determined by a Maximum
Power Point Tracking (MPPT) algorithm, in order to extract
the maximum possible power from the PV panels in all the
irradiation conditions. The control of the DC/AC converter is
designed to supply current into the utility line by regulating
the bus voltage 7}, to 450V. The control of the power flow to
the grid, according to the European standards (EN 61727),
is based on the control of active and reactive power. The
required synchronization between the grid voltage and the
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Fig. 3.

Complete hardware structure of the PV system connected to the grid.
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a) elaboration block b) connection block
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Fig. 2. POG: a) elaboration block; b) connection block.

voltage generated by the converter is done by using a Phase
Locked Loop (PLL) algorithm which detects the phase angle
of utility voltage. More details of the system operation are
given in Sec. III and IV.

The Power-Oriented Graphs, see [5]-[7], is a graphical mod-
eling technique suitable for modeling physical systems. The
POG are normal block diagrams combined with a particular
modular structure essentially based on the use of the two
blocks shown in Fig. 2: the elaboration block stores and/or
dissipates energy (i.e. springs, masses, dampers, capacities, in-
ductances, resistances, etc.); the connection block redistributes
the power within the system without storing or dissipating
energy (i.e. any type of gear reduction, transformers, etc.).
The main feature of the Power-Oriented Graphs is to keep
a direct correspondence between the dashed sections of the
graphs and real power sections of the modeled systems: the

Corresponding POG model of the PV system connected to the grid.

scalar product x"y of the two power vectors x and y involved
in each dashed line of a power-oriented graph, see Fig. 2,
has the physical meaning of the power flowing through that
particular section. Note, for example, that the dashed lines
®-® in Fig. 4 are in direct correspondence with the physical
power sections O-® of Fig. 3: @-@ is the input filter, @-
® is the DC/DC converter which includes the input bridge,
the high frequency (HF) transformer and the output bridge,
®-@ includes the bus capacitor C;, and the DC/AC converter
and @-® is LCL filter. It is easy to see that the state space
equations of the POG model of Fig. 4 can be expressed in the
form Lx = —Ax+ Bu where:
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III. DC/DC CONVERTER SECTION

Let us now consider the POG model of the single-phase
phase-shifted DC/DC converter shown in Fig. 4 between
sections @-®: it is composed by an input full bridge (FB)
connected to an active half bridge (HB) through an HF
transformer. This structure provides galvanic isolation between
the PV array and the utility line, protecting the system against
electric shock and improving its safety. The DC/DC converter
is controlled using the zero-voltage-switching (ZVS) PWM
technique [8] and operates in a soft-switched manner [9]. The
operating principle of the converter is described in [4] with the
variant of using an active HB instead of active FB. The time
behaviors of the main variables of the DC/DC converter are
shown in Fig. 6. Variable M;(¢) denotes the control input of
the i-th MOS: when M; = 1 the MOS is ON, when M; = 0 the
MOS is OFF. The DC/DC converter is controlled by regulating
the phase-shift § between signal Ms(¢) = M(t) of the active
bridge (dashed red line) and signal M, (t) = M,(¢) of the input
bridge (blue line). Note that the signals Mi(¢) = My(t) are
not represented in Fig. 6 because they are equal to signal
M except during dead time when all MOS of input bridge
are OFF. The basic structure of the control algorithm of the
DC/DC converter is shown in Fig. 5: it is based on the
Maximum Power Point Tracking (MPPT) algorithm and it
implements an optimized version of the perturb and observe
method described in [4] and [10]-[12]. This method regulates
the phase-shift § and it is based on the sensing of current
and voltage of PV array and on the estimation of DC output
power: the DC current /; is chosen to maximize the power
operating point of the PV system.

In Fig. 6, the signals V,(¢), 1,(¢) (blue lines) and V(¢),
L(t) (dashed red lines) represent, respectively, the primary
and secondary voltage and current of the transformer. The
dynamic model of the input bridge is described in Fig. 4 by
the connection block @-® characterized by matrix Kj(s;).
The control signal s;(¢) in time-domain is obtained as follows,
neglecting the dissipative losses of the MOS (see blue line in
Fig. 6-b):

s1(t) = ZZ((?) = 223 =2 (M, (¢t) ®M3(t)sgnl,(1) — 0.5),

where V,(¢) and [, (¢) are respectively the input voltage and
current. The dynamic model of the output active bridge is
described in Fig. 4 by the connection block @-(® characterized
by matrix Ky (s2). The control signal s,(¢) can be expressed
as follows (see dashed red line in Fig. 6-b):

20 = 710 = 2 = (L0~ Fs(0) 1),

where V,(¢) and L(¢) are the output bus voltage and current.
In Fig. 4, the dynamic model of the transformer is described
in section ®-@ by using the matrices Ly ¢ Ry: L, Ly and M
are the self and mutual inductances of the transformer, R, and
Ry are the corresponding transformer resistances. The power
P,, transferred to the output in half switching period can be
expressed as follows:

Vidn 5
Py=-——L" 114+d—2d+( = ) 4(d* 1
av 2&)L(2+d)2 |: +d d +<7’E> (d +d+ )

- (2)22(d2+2d+z)] , .

where o is the switching frequency, L is the primary-referred
. . . A
leakage inductance, n is the transformer turn ratio, d = i
and O is the phase shift between the input and the output
bridges. Relation (1) has been obtained using the a method

similar to the one described in [4] for the active full bridge.
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Fig. 6. Time behaviors of the main variables of the DC/DC converter.

IV. DC/AC CONVERTER SECTION

Let us now consider the POG model shown in Fig. 4
between sections ©® and ®: it is composed by a IGBT full-
bridge DC/AC converter PWM-controlled and a LCL low pass
filter. The filter is used to reduce the high-frequency harmonics



introduced by the PWM modulation on output voltage. The
considered control scheme is shown in Fig. 5: the controller
is designed to transfer to the grid, according to the European
standard, the DC power provided by the DC/DC converter
section. The DC/AC converter is modeled in Fig. 4 by the
connection block situated between sections ® and @. The
DC/AC converter is controlled by single-phase unipolar PWM
modulation. The main advantage of this technique is that no
spectral bins appear at the odd multiples of the switching
frequency, and no multiples of the switching frequency are
present. This essentially doubles the switching frequency, thus
allowing the specifications of the LCL filter to be relaxed.
The voltages of points A and B in Fig. 3 are separately
regulated comparing the PWM triangular carrier V;(¢) with
the modulation voltage V;,,4(¢) normalized with respect to the
bus voltage V,(¢). The control signal s3(¢) can be expressed
as follows:

sen (7)) —sem (100~ )
53(t) = 2 7

thus the modulated voltage Vi(¢) = s3(¢)V5(¢) switches be-
tween the three levels {+V},—V},0}.

The structure of the LCL filter is shown in Fig. 4, sections
@-®. The filter has been designed to reduce the high-order
harmonics on the grid side according to the method described
in [13] and [4]. In the Laplace’s domain, the transfer functions
Gy(s) =I4(s)/Vx(s) and Gg(s) = Ig(s)/Vs(s) have the follow-
ing structure:

G1G,G —-G1G,G3+ G
Ga(s)= 1+ Gllez-i- 3GzG3’ Gg(s): 1+ (1;1 Cz;z -30- G2(3;3’ 3)
where:
G = L ) 2= L7 3= L .
Lis+Ry Cs Los+ Ry

As shown in the Bode diagram of the frequency response
Gy(jw) of Fig. 7, the LCL filter introduces a phase shift
and a gain at the grid frequency ®,. The modulation voltage
Vmod () has to be chosen to compensate the filter effects and to
synchronize the grid current I, (¢) with the grid voltage V(7).
In the space vector representation the modulation voltage
can be expressed as the complex number V00 = Vy(s)]s= g
where Vy(s) can be expressed as follows from (3):

Vi(s) = Ve(s) (14 R Cs+ L1 Cs*) + Lg(s) (L1 LoCs +

+(L1R2+L2R1)Cs2+(R1R2C+L1+L2)s+R1+R2)~(4)
The grid voltage is given by sensing system while the desired
grid current is given by the feedback control loop shown
in Fig. 5. This control scheme is an improved version of
the control algorithm described in [4]. In particular, using an
indirect control, the grid current I,(¢) is chosen to force the
bus voltage V(1) to be equal to a desired reference value Vi s
in order to balance the power flowing through the system. The
considered control scheme becomes very simple using the Park
transformations and Akagi’s pq theory [14]-[19]. Referring
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Fig. 7. Bode diagrams of the transfer function G.(s) for C=5uF, L =
1.8mH, Ly =09mH, Ry =0.1Q, R; =0.05Q.

to the notation used in [19], the sinusoidal signals can be
expressed using a rotating space vector, i.e.

u(t) = Ue/lO1+9), (%)

In stationary (x,y) reference frame, (5) can be written in the
form u(t) = uy(¢) + juy,(¢), where the x and y components
are u,(t) = Ucos(ot + ¢) and u,(t) = Usin(wr + ¢). The
following Park transformation matrix

cosO sinf }

Tp = [—sin@ cos 6

converts the u, and u, components Uy, = [uy(¢) u,(¢)]” into dg
components Uz, = 1y uq}T , which are constants in steady-state
in a rotating reference frame. The inverse Park transformation
isiuy, = Tgud‘,q. Using the Park transformation matrix Tp, the
grid voltage Vy(¢) and the grid current I,(¢) are converted in
constant variables in the dg frame: Vg (1) = Vaa(t) + jVay(1)
and Iggq(t) = Igq(t) + jlge(t). The angle 6 used in the transfor-
mation matrix Tp, is obtained using a digital Phase-Locked
Loop (PLL) designed in the rotating dg frame, see [4] and
Fig. 9.
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Fig. 9. Block diagram representation of PLL algorithm

The “Power Park evaluation” block shown in Fig. 5 cal-
culates the active power P and the reactive power O flowing
towards the grid: P(t) = P(t) + jO(t) = Vaaq() Lyaq(t). In the
dq frame, the desired grid current can be expressed as follows:

Ioref(t) = larer(t) + jIgres(t). The reactive grid current g, r(¢)
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is regulated by a PI compensator in order to have zero reactive
power Q. The active grid current I.r(¢) is dynamically
controlled by a second PI compensator in order to maintain the
bus voltage V;(¢) equal to the desired value V.. Notch filters
are inserted in cascate to the PI regulators in order to filter the
high frequency ripple due to PWM modulation. Note that the
inner double PI structure used in [4] to generate the modulation
voltage in the dq frame is here substituted by block “Viqy ()"
shown in Fig. 5 which is defined as follows, see relation (4):

Vidg(t) = Vega(t)(1 = LiCa + jR1Cwg)+
+]gref(t)[Rl + Ry — (L]Rz +L2R1)C(D§+
+J(RIRC+ Ly + Ly) g — L1 L,C )],

where Vg, (1) is the grid voltage expressed in the dg frame.
The DC/AC control voltage Vy,04(t) is finally obtained from
Viaq(t) using the inverse Park transformation.

V. VALIDATION OF THE MODEL AND SIMULATION RESULTS

Due to the complexity of the overall system, in this paper
we present only the simulation results of the DC/AC section,
see the Simulink scheme in Fig. 8. The simulation results have
been obtained using the following parameters: PWM carrier
frequency @. = 17kHz; grid frequency w, = 50Hz; filter
parameters: C=5ufF, L1 =1.8mH, L, =09mH, R} =0.1Q,
Ry =0.05€; Vjor = 450 V; the PI controller R, (s) of variable
Iyres: Ry(s) = 1.8+ 2; the PI controller Ry(s) of variable
Lirer: Rq(s) =0.001+ 001 the PI controller Ry (s) in the PLL
algorithm: Ry (s) = 1+ 2.

The waveform of the main system signals when a step
input current /, = 74 is applied are shown in Fig. 10-12.
In particular, Fig. 10 shows the dynamical behavior of grid
voltage Vy = Vgosin(wgt) and grid current f,. The zoom
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Simulink scheme of DC/AC section implemented for the model validation.
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Fig. 10. Step responses of grid voltage Vg and grid current I, for I, = 7A4.

in Fig. 10 clearly shows the good synchronization between
signals V, and I,. The Park transformed signal Vg4, is exactly
equal to the expected value: Vyq, = —jVe0. The bus voltage
Vp and the control signals Ij..; and I,.r generated in the
rotating frame by regulators R,(s) and R4(s) are shown in
Fig. 11. The powers Ps, P; and P flowing through different
sections of the system in steady-state condition are shown in
Fig. 12. In particular the blue line represents the input power
Ps = Vb flowing through section ®, while the black and red
lines represent the powers flowing through sections ® and
of the POG scheme of Fig. 4. The ripple present on the power
signals is mainly due to the current ripple and it depends on



the LCL filter design [4]. The magenta and green lines shown
Fig. 12 represent the active power P and the reactive power Q
flowing towards the grid. In particular one can notice that the
mean value of Q is equal to zero and the mean value of P is
nearly equal to power Ps. The system currents b, log, log, Lires
and I, obtained with a /, sawtooth reference are shown in
Fig. 13, see [4].

Bus voltage Vj

Liref

Timels|

Fig. 11. Bus voltage V}, reference active grid current /s (red) and reactive
grid current /y,.r (blue).
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Fig. 12. Power flows Ps, Ps and P through sections 5, 6 and 8 of the POG
scheme of Fig. 4. Active and reactive powers P and Q.
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VI. CONCLUSION

In this paper a recent and innovative inverter for PV system
grid-connected is modeled using the POG technique. The
main advantages of the proposed approach are the direct
correspondence between POG sections and real power sections
of the modeled system and the easy implementation of the
POG graphs in Matlab-Simulink environment [7]. A simplified
and robust control structure has been proposed. The presented
simulation results confirm the validity of the model and
seems to be useful to reduce the Levelized Energy Cost for
photovoltaic systems.
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