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Abstract—The advances in computing and communication
technologies allow to connect inverters of energy generation
systems in smart grids, to well control the power flows. Modeling
tools would be helpful in the design of required new inverter
topology. This paper presents a modeling technique, so called
Power Oriented Graph, easy to use and to be implemented
in Matlab-Simulink environment. This technique has been used
for modeling a recently proposed soft-switching grid-connected
DC/AC power converter for photovoltaic systems. Modifications
in the structure of the DC/DC converter and in the control of
the DC/AC converter for smart grid applications are proposed.
Simulation results confirm the effectiveness of the presented
models and the introduced improvements.

Index Terms—Modeling technique, DC/DC converter, DC/AC
converter, power control.

I. INTRODUCTION

Nowadays the growth in peak demand for electricity and
the increasing of distributed and deregulated energy systems
require an optimized grid control. The advances in computing
and communication technologies [1] allow to transform the
traditional power network into a smart grid, capable of real-
time remote monitoring and control. Smart grids are particu-
larly well-suited for renewable energy sources, whose power
flow is intermittent, depending upon the availability of natural
resources.

In the architecture of smart grids the inverters play an active
role, communicating data in real-time and receiving control
parameters by the remote control, on the base of energy man-
agements strategies [2]. The main goals of these strategies are
the reduction of load peaks generated by consumers during the
day, the reliability and the affordability of the grid. Moreover,
the utility grid has to supply reactive power to compensate
the effects of industrial inductive loads, such as induction
motors. It is well known that reactive power flow wastes
energy and transmission capacity, causing voltage droop and
possible blackouts [3]. In a smart grid architecture the inverters
can manage the reactive power flow locally at distribution
level, on the base of Boucherot theorem. In this scenario
modeling tools would be helpful to manufacturers to analyze
and design new topologies of inverters, improving their cost
and efficiency [4]-[6], and to implement new active controls
based on data transmissions. Commercial tools need to be
continuously updated, since often have not all the necessary
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Fig. 2. Electrical circuit of CR filter, corresponding POG model, BG model
and Matlab/Simulink scheme.

components to simulate the converters or can not operate with
high switching frequency. In this paper an accurate model
of a photovoltaic (PV) inverter architecture recently proposed
in [7] is presented. The model has been obtained using the
Power Oriented Graph (POG) technique, which can be easily
implemented and simulated in Matlab-Simulink environment
[8]-[10]. The analyzed and simulated system is based on a
single-phase soft-switching 3kW DC/AC power inverter. Three
variants of the DC/DC converter with and without transformer
are modeled using POG technique, showing how this can be
easily done.

The paper is organized as follows. In section II the Power
Oriented Graphs modeling technique is presented. In section
III the considered grid-connected PV system is described and
modeled. Thee variants on the DC/DC converter with and
without transformer are presented. A control algorithm for
regulating the power factor in a smart-grid structure is pro-
posed. Simulations of the proposed power conversion system
and conclusions end the paper.
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Fig. 3. Blocks scheme of the considered grid-connected PV system.

II. THE POWER-ORIENTED GRAPHS (POG) TECHNIQUE

The POG is a graphical modeling technique based on the
same energetic approach of the Bound Graph (BG) technique,
but it uses a different graphical notation. The two POG basic
blocks are the elaboration block and the connection block, see
Fig. 1. The first is used for modeling all the physical elements
that can store and/or dissipate energy, while the second is
used for modeling all the physical elements that transform
the power without losses. The elaboration block corresponds
to the I-port element in BG technique (capacitor, inertia,
resistor), while the sum block at the top of the elaboration
block corresponds to the 3-port BG connection elements (0-
junctions or 1-junctions). The connection block denotes all the
2-port elements of the BG technique: transformer, gyrators,
modulated transformer and modulated gyrators. The dashed
lines in Fig. 1 denote the power sections which connect the
POG blocks to the external world. The scalar product x"y of
the two power vectors x and y involved in each dashed line
of a POG schema, have the physical meaning of the power
flowing through that particular section, see Fig. 1.

Let us consider the simple electrical example of the CR
filter shown in Fig. 2. The corresponding POG model is
shown on the top right, while the BG model is shown on
the bottom left of the figure. Both the techniques provide
the exact mathematical model of the system. While the BG
scheme is quite compact, the POG model is easy to use, easy
to understand and can be directly implemented in Matlab-
Simulink environment, see the block scheme on the bottom
right of Fig. 2.

III. SYSTEM STRUCTURE

Let us consider the block scheme of the grid-connected PV
system shown in Fig. 3, which is an improved version of the
power converter proposed in [7]. The upper part represents
the hardware section, which includes a dual active-bridge
DC/DC converter, a single-phase buck 3kW DC/AC converter
and a low-pass filter. The control of the power flow towards
the grid is obtained in practical implementation by using a

microcontroller and is based on the control of active and
reactive power flows. In particular, the DC/DC converter is
controlled by a Maximum Power Point Tracking (MPPT)
algorithm to extract the maximum possible power from the
PV panels. The control of the DC/AC converter synchronizes
the output voltage of the converter with the grid voltage V,(¢)
using a Phase Locked Loop (PLL) algorithm. The output active
and reactive power flows are regulated in order to maintain the
bus voltage V), to a constant value V. and to satisfy the power
factor required by the smart grid control.

IV. POWER-ORIENTED GRAPHS DYNAMIC MODEL OF THE
HARDWARE STRUCTURE

The electrical scheme of the hardware structure and the cor-
responding POG model are shown in Fig. 4 and 7 respectively.
The dashed lines @:® in Fig. 7 are in direct correspondence
with the physical power sections @:® of the POG model.

A. The DC/DC converter section (sec.1:5)

It can be easily shown that the POG model of the input
filter R;,C;, is the block schema shown in sec. O-@ of
Fig. 7. Sec. @:® denote the model of the DC/DC converter,
which is designed to boost the voltage of the PV panels
from a minimum input of 150V to a DC value regulated
at Vi.r = 450V. The transformer is modeled on the base of
the following classical equations, which describe the dynamic
behavior of primary and secondary currents I, I; and voltages
Vp, V; in ideal conditions

LI, + ML =V, —R,I,, Ly +MI, =V, — Ry, (1)

where L,, Ly and M are the self and mutual inductances of
the transformer, R, and Ry are the corresponding transformer
resistances. Relations (1) can be expressed in the matrix form

as follows
L, M ||, | | —-R, 0 I, N v,
M L L| | 0 -R I Vs
H‘/—’ ——
Ly I[,‘Y —Rr Ips Vps
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lent circuit of the transformer.
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Fig. 7. POG dynamic model of the PV system described in Fig. 4.

From (2) one obtains that the POG model of the transformer
is characterized by the matrices L7 e Rz, as shown in sec.
®-@.

The dynamic models of the input and output bridges are
described by the connection blocks shown in sec. @-® and @-
®, and is obtained on the base of the operating principle of the
converter, described in [7] and [11]. The control is based on the
zero-voltage-switching (ZVS) PWM technique and operates
in a soft-switched manner [12], [14], [13]. The waveforms of
the main signals of the converter are shown in red in Fig. 9,
where 8 = wt, w = 2nf; and f; is the switching frequency.
Variable M;(0) denotes the control input of the i-th MOS:
when M; = 1 the MOS is ON, when M; = 0 the MOS is OFF. In
particular, the converter is controlled by regulating the phase-
shift § between signal Ms(0) = M¢(0) of the active bridge and
signal M;(0) = M4(0) of the input bridge. The value of § is
determined by the Maximum Power Point Tracking (MPPT)
algorithm, which implements a classical version of perturb
and observed method [7], [15]. The transformer secondary
current [y has the same behavior of primary current I, with
the opposite sign. The control signals s1(¢) and s,(f) in the
matrices K (s1) and K;(s2) of the POG model of Fig. 7 are
obtained by imposing the conservation of the input-output
power and neglecting the dissipative losses of the MOS. From
the waveforms of signals in Fig. 9, one obtains the following
relation

I](l)

(1)

=2(M, (1) ®M;(t)sgnl,(t) —0.5), (3)

89 N
Direct Park '

Fig. 8. PLL algorithm

where V,i(¢) and I,(¢) are respectively the converter input
voltage and current. Signal s;(6) has the same waveform of
V,(0) in Fig. 9 normalized to values {I,—1}. The control

signal s,(7) = “f;((;)) = L0 can be expressed as follows:

Is(1)
(1)=2|M t—&—é OM t—i—é sgnl,(t) — 0.5
$2(t)= 1 o 3 o gnly D

1) Variants on the DC/CD converter: The DC/DC con-
verter topology can be modified considering an output half-
bridge instead of an output full-bride, see Fig. 10. The cor-
responding waveforms of the main signals are shown by the
blue dashed lines in Fig. 9. This solution has the advantage of
decreasing the number of devices and the cost of the converter.
The corresponding POG model is shown on the right side
of Fig. 10. The mathematical relation of control signal s; in
the connections blocks of the input bridge is still given by
(3), while the control s5(7) of the output half-bridge can be
expressed as follows

50 = ) = 2 = (50T 0 ~W50)1,0).

Referring to the equivalent circuit shown in Fig. 6, the
transformer leakage inductance Lj; is used as energy storing
and transferring element during the circuit operation [13]. If
the transformer is substituted by an inductance as shown in
Fig. 11 and 12, the converter still operates as described in
the previous topologies. The modified topologies can be con-
sidered as particular cases of the converters with transformer
when Lj; =L or Ly = L' and n = 1. The waveforms of the




main signals are still shown in Fig. 9, where V,, =V, =V/,,
Vs =Vip and I, = I; in the case of output full-bridge (red
lines) and V; =V/, and I, =1 in the case of output half-
bridge (dashed blue line). The corresponding POG models in
transformerless cases have a scalar structure, see Fig. 11- 12.

The control signal s; is still given by (3), while the control

. — V! _
signals (1) — Yt — A sty = 74 of the

Al and s, =
output full-bridge and half-bridge can be expressed as follows

sor (1) =2 <M1 <t + Z) ©Ms (r + Z) sgnly (1) — 0.5) ,

s (6) = (Ms(0)1.0) = () T (1))

2) Mathematical expression for the power flow: From the
converter operation modes previously described and from
the idealized waveforms in steady-state conditions shown in
Fig. 9, it follows that the power F,, transferred to the output
in a half switching period in the case of full-bridge DC/DC
converter with transformer can be expressed as follows [7]

V2 5
Py=—L8d(1-=), 4
v oLy < n) 4)
where d = n“/,—bl Expression (4) can also be used in the case

of full-bridgec transformerless DC/DC converter when n = 1
and L;, = L. In the case of half-bridge DC/DC converter with
transformer, the power P, transferred to the output in a half
switching period can be expressed as follows

Vird )
— — —|1+d—-2d
2o rar T +

+(2)a@+d+1)- (2)22(d2+2d+2)] -

Pav’ ==
o)

Expression (5) can be also used in the case of full-bridge
transformerless DC/DC converter when n =1 and Ly = L.
Given the values of parameters V;, n and Ly, (or L and L),
relations (4) and (5) show how the output power can be
regulated choosing the values of V. and J.

B. The DC/AC converter section (sec. 5:8)

It can be easily shown that the POG model of the bus
capacitor Cp, is described by the sec. ®-® in Fig. 7. The model
of the IGBT full-bridge DC/AC converter is described by
connection block shown in sec. ®-@, where s3 is the unipolar
PWM control signal. This signal is determined comparing
the PWM triangular carrier V,(¢) with the modulation voltage
Vinoa(t) normalized with respect to the bus voltage V,(r) as
follows:

sen (1io) + 5t ) —sen (10— et
= 5 .
Using (6) the modulated voltage Vi(¢) = s3(¢)V,(¢) switches
between the three levels {+Vj, —V},0}.

The LCL filter has been designed to reduce the high-order
harmonics introduced by the PWM modulation, according to
the methods described in [16] and [7]. The corresponding POG
model is shown in sec. D-® of Fig. 7.
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Fig. 9. Idealized voltage and current waveforms of the transformer in the
case of output full-bridge (red lines) and half-bridge (dashed blue lines).
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Fig. 12.  Electrical scheme and POG model of the transformerless DC/DC
converter with output half-bridge.

It is easy to see that the state space equations of the POG
model of Fig. 7 can be expressed in the form Lx = —Ax+Bu,
where:
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1) Control algorithm: The digital control of the DC/AC
section has to compensate the gain and the phase shift intro-
duced by the LCL filter at grid frequency and to regulate the
power flow as required by the smart grid.

The proposed algorithm is based on Park transformations of
sensed grid voltage V,(¢) and current I,(¢) and on Akagi’s pg
theory [17]-[21]. In stationary xy reference frame, the voltage
Vg () and the current ,(¢) can be expressed as follows

Ve(t) = Vex(t) + jVey(1),

I,(t) = Icos(t + @p) + jIsin(@r 4 ¢p) = Ioe () + jlgy (7).

Vcos(@t + ¢y) + jVsin(wr + ¢y ) =

Using the Park transformation, the signals V,(r) and I,(r)
are converted in constant vectors in the dg frame: Vg, (t) =
Vea(t) + jVoq(t) and Ioqq(t) = Ioa(t) + jlge(r). The rotating
angle 0 used in the Park transformations can be obtained by
using the digital Phase-Locked Loop (PLL) algorithm shown
in Fig. 8, which dynamically synchronizes the g-axis of the dg
frame with the rotating vector V,(z). Using the space vector
representation, the modulation voltage can be expressed as
Vinod = Vi(5)]s=jo,. Considering the transfer function of the
filter, the modulation voltage V,(¢) can be expressed in the dg
frame as follows

Vidg(t) = Veqa(t)(1
Flgrep(t)[R) + Ry — (LiRy + LoR) ) CZ+  (7)
+j(RIRC + Ly + Lo) 0, — L1 LrC )]

—LiCa; + jRiCa)+

Relation (7) is implemented by the block qu( )” in Fig. 3.
The grid voltage Vuq(r) is given by the sensing system, while
the desired grid current g ¢(r) is dynamically calculated by
the control system. The desired active grid current I . ¢(t) is
regulated in dq frame by using a PI compensator which acts on
the grid current /,(¢) and maintains the bus voltage V,(¢) equal
to the reference value V. z. In this way the active power P is
controlled to transfer to the grid all the ative power coming
from PV panels. The reactive grid current I, ¢(t) is regulated
by a second PI compensator to achieve the power factor cos ¢
required by the smart grid, where ¢ is the desired phase angle
between the grid current /, and the grid voltage V.
The relationship between the active power and the reac-
tlve power is shown in Fig. 5, where the apparent power
= /P2 + Q? is the magnitude of the complex power S =
P+ jO = Se/?. In the case of required unity power factor
cosQp = § =1, the reactive power Q is regulated to be zero
and I,(r) is synchronized with V(). In the case cosp # 1
the reactive power Q is controlled by the reference value
Oy = Ptan@, where P is the sensed active power.
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Fig. 13. Input and output currents and voltages of DC/DC converter in steady
state in the cases a), b), ¢) and d).
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power Py, P, calculated using (4) and (5) in cases a) and b).

V. SIMULATION RESULTS

The presented simulation results have been obtained using
the following parameters. DC/DC converter: V;, = 300 V,
Vb =450V, R, = 1Q, Ly = 35uH, n =15, L, = 2.1mH,
Ly=4.8mH, L=L'=70uH, M =3.2mH, R, =0.15Q, R, =
0.225Q, DC/DC switching frequency f; =35kHz, S} =0.01x.
The phase shift 0 has been set to the following values:
a) 0.13487m for the output full-bridge with transformer, b)
0.23457 for the output half-bridge with transformer, ¢) 0.1967
for the output full-bridge without transformer and d) 0.57 for
the output half-bridge without transformer.

DC/AC converter: PWM carrier frequency f. = 17kHz, grid
frequency f, =50Hz, C=5uF, Ly =1.8mH, L, =0.9mH,
R =0.1Q, Ry =0.05Q and V,.y =450 V. PI controller R,(s)
of variable I,.;: Ry(s) = 1.8+ 2. PI controller Ry(s) of

variable Iy..r: Ry(s) = 0.001 + @ PI controller Ry (s) in the
PLL algorithm: Ry (s) = 1+ 22.
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Fig. 15. Reference active and reactive currents Iyyif, lgir and zoom of grid
current /; multiplied by 10 and grid voltage V, when ¢ =0 and ¢ = 20°.

The waveforms of voltages and currents of the DC/DC con-
verter in the considered configurations are shown in Fig. 13,
they exactly correspond to the idealized behaviors shown in
Fig. 9. In steady state conditions the values of the input and
bus voltages are V,; =285.66+0.04V and V;, =449.94+-0.03V.
The instantaneous powers Py = Vi, l;;, and P, =V, I flowing
through sections @ and @ in cases a) and b) are shown
in red and magenta in Fig. 14. The blue line denotes the
total power P, = V—;E]f()” ip(0)d6 flowing through sec @ in
a half switching period. Notice that the final value of P,
that is the mean power flowing through sec. @, is equal to
the theoretical output powers P, and P., calculated using (4)
and (5). Moreover the value of P,, is equal to P — R;,I;,, as
expected. The step response of reference active and reactive
currents /.. r and Iy, ¢ of the DC/AC section when the required
¢ is 0° and 20° are shown in red and blue in Fig. 15. Notice
that in the first case Iy = 0, while in second case I;.s is
negative, as expected, since the vector Iy, is in the second
quadrant of the gd frame. The right part of Fig. 15 shows that
V, and I, are synchronized in steady-state when the required
¢ is 0°, while I, has a time shift in advance of about 0.001s
when ¢ = 20°, as expected. The powers Ps, P, and Py flowing
through sections ®, ® and ® of the system when ¢ = 0° and
¢ = 20° are shown in Fig. 16. The blue lines represent the
powers Ps = VI, flowing through section ®, while the black
and red lines represent the powers flowing through sections ®
and ® of the POG scheme of Fig. 7. The ripple present on
the power signals is mainly due to the current ripple and it
depends on the LCL filter design [7]. The magenta and green
lines shown in Fig. 16 represent, respectively, the active power
P and the reactive power Q flowing towards the grid in steady-
state condition. In particular, the mean value of the reactive
power Q is equal to zero when ¢ = 0° and is equal to Ptan ¢
when @ = 20°.

VI. CONCLUSION

In this paper the Power Oriented Graphs technique has
been applied to model a recent and innovative soft-switching
converter for grid-connected PV systems. Variants on the
DC/DC converter with and without transformer has been
presented and simulated. A new control strategy for active and
reactive power management for smart grid applications has
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been introduced. The presented simulation results confirm the
validity of the POG model and the proposed control strategy.
The POG technique would be helpful to manufacturers to
analyze and design new inverter topologies, since it is easy
to use and it can be directly implemented in Matlab-Simulink
environment.
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