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Grid Integration of PV Through Three Switches Leg
Dual-Input Single-Output DC-DC-AC Converter

Mahdi Azizi and Sima Aznavi

Abstract- This paper presents a novel application of a three
switches leg based Dual-Input Single-Output Converter in grid
integration of a low power Photovoltaic (PV) system. In this
application, an input of the dc-dc-ac converter is connected to
the PV while the other is connected to a battery. The ac output
is connected to the grid and delivers PV’s generated power. The
operation principle of Dual-Input Single-output converter and
its control scheme for this application are discussed. To verify
the performance of the proposed configuration in grid
integration of PV panel, two main operating scenarios are
simulated. The results validate the effective performance of the
proposed configuration in tracking the desired output power of
converter.

Index Terms— Multi Input Converter (MIC), Hybrid PV-
Battery Power Generation, Space Vector Switching, Power
Management.

I. INTRODUCTION

In recent years many endeavors have been devoted to
reduce the pollutant energy generation by increasing the
utilization of renewable energy sources. Renewable energy
generation is usually associated with uncertainty, which
induces power mismatches between power demand and
supply. In literature, efforts have been made to reduce the
power mismatches by optimal siting of renewable energy
generations [1]. However, dependency of renewable energy
resources such as solar generation to weather condition,
increases the tendency for combining various types of energy
sources to provide a reliable, high quality and efficient energy
generation [2], [3]. Thus, during the last years, energy
legislators have concentrated on improvement of energy
efficiency, and several studies have emphasized on the
importance of eco-efficiency, and sustainability [4].

Energy storage systems have extensively been
recommended as an effective option for mitigating the
fluctuations associated with renewable energy sources. This
has motivated the researchers to concentrate on optimal
strategies for development of hybrid systems including
energy storage and with renewable energies in smart systems
such as microgrids and communities [5]. To facilitate the
combination of renewable energies with energy storage
technologies, Multi-input Converters (MIC) have developed
significantly within the past few years [6], [7]. MICs reduce
the cost of the system by using less components while at the
same time can deliver the power of several sources with
different levels of power and voltage to a common load [8],
[9], [10]. In reference [11], a new family of multi-input
converters based on three switches leg is introduced. The
analysis of the proposed Dual-Input Single-Output converter
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has shown that the proposed topology reduces the number of
devices and corresponding driving circuit by 25%, in
comparison with its conventional counterparts while at the
same time has the least effect on energy conversion
efficiency. The inputs of this topology are interchangeable, so
that they can be used for different types of renewable energy
sources. Moreover, it can provide bidirectional power flow
which is necessary in presence of energy storage systems
such as batteries.

In this paper, a novel application for the proposed topology
in [11] for grid integration of a small PV-battery system is
presented. This hybrid structure is widely used in smart
building systems [5], [12]. The individual inputs of the
proposed topology are connected to the PV and battery
storage system. The Boost-Boost and Buck-Boost operation
modes make the converter flexible in mitigating the
uncertainties associated with solar power generation. The
surplus of solar energy is used to charge the battery in Buck-
Boost mode, while the power mismatch due to unpredicted
reduction in solar power generation is compensated by the
battery through Boost-Boost mode. The AC output is
connected to the grid and delivers solar generation through
proper control method of the inverter.

Il. CONFIGURATION OF THE GRID CONNECTED MIC

As shown in Fig. 1, the first input of the converter is
connected to the battery storage and the other input is
connected to the dc terminal of the PV. In this paper, the
lower terminals of the legs are assumed to be dc voltage
terminals. However due to symmetry, the upper terminals can
also be used for this purpose. The battery terminal operates in
buck mode during the charging, while boost mode of
operation is utilized during discharging. The other terminal,
however, always operates as a boost converter. Therefore, the
converter has two operation modes of boost-boost and buck-
boost. S; and Se alongside with DD, and D4Ds are used to
boost the voltage, while S;S; and S4Ss pairs with D3 and Dg
are used in buck mode. The switching pattern for all operation
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Fig. 1 : Synopsis of Dual-Input Single-Output dc-dc-ac converter
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modes, are described in the following sections.

A. Boost-Boost Operation

Similar to a conventional boost converter, boost operation
of this converter has two sub-intervals. While S; and Se are
switched on, the inductors are charged by V; and V; and the
inverter is able to apply any desired voltage at the output
terminal as a full bridge inverter. It should be considered that
the inductor current passes through Ss/Se, while the state of
the other switches is determined by the required output
voltage vector. The Sa/Se lasts are ON during d1Ts and d,Ts
respectively, where d; and d, are duty cycles of Sz and Se and
Tsis switching period.

In the second subinterval, turning off Ss/Se causes the
inductor currents to flow through DiD2/D4Ds the dc bus
capacitor. In this time interval the zero voltage vector is
applied to the inverter and zero output voltage is applied to ac
load. The time intervals of this operating mode are (1-d1)Ts
and (1-d)Ts for S3 and Se , respectively. Normally, two dc
input voltages are not the same. Therefore, two other modes
are defined: 1) Sz is on and Sg is off. 2) Se is on and Ss is off.
The simplest way to control the output ac voltage in these
operation modes is applying the zero vectors to the inverter.
Here, it is assumed that S3/Se are turned on simultaneously
and turned off according to the duty cycle.

According to above discussion, inverter applies nonzero
voltage vector only when both switches S3 and S6 are turned
on. Therefore, maximum modulation index of the inverter is
identified as follows,

M. .. =min(d,,d,) 1)

If the leg operates in discontinuous conduction mode
(DCM), then the inductor current is equal to zero after (1-
d1/2)Ts. Two upper switches must be turned on and the
inverter applies zero voltage to the load. In fact, in this case
converter is behaves similar to the second state. This situation
does not impose new limitation on the inverter.

B. Buck-Boost Operation

The connected leg to the energy storage element (e.g.
battery) operates in buck mode while it is being charged.
Here, V1 in Fig. 1 is assumed to be the terminal voltage of a
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required output voltage. In this sub interval there is no
limitation on the inverter to apply the control switching
vectors.

The other switching leg is always operating as a boost
converter. In order to optimize the inverter operating mode,
the buck and boost operations of the converter should be
synchronized. While Se is conducting during the interval of
d2Ts, Ss should be ON for a time interval of (1-d1)Ts), and
when Sy, and S; are switched ON, Sz and S, are turned ON
state and zero vector is applied to the load.

In practice, duty cycles of switches are not necessarily the
same, due to different values of V1 and V». Therefore, two
other modes are defined according to the state of S; and Se.
The simplest way to control the output ac voltage in these
operation modes is to apply the zero state to the inverter
switches. Therefore, the available time interval for applying
nonzero vector in a switching period is the minimum value of
d>Ts and (1-d;) Ts and the maximum modulation index is

Mmax=min{l—d1,dz} (2)

In buck mode and DCM, at the end of the second interval,
when the converter current reaches to zero, Ss must be turned
off. The inverter applies zero voltage vectors to the load in
this state. The middle switch of the leg should be switched off
from the beginning of this state to the end of the switching
period and only upper switch remains on to apply zero
voltage across the load. It is obvious that the DCM operation
mode increases the limitations on the inverter modulation
index.

C.

Inverter’s switching states must be determined according
to the buck and boost mode, and the load required voltage
vector. As shown in Tables. I and Il, when lower switches are
turned on, the proper voltage vector is applied to the load. If
one of the lower switches is turned off, then the zero voltage
vector is applied by the inverter. Voltage vector in each
switching interval is selected according to the inverter’s
control system command and the lower switches states, which
are determined by their control signals applied by converter
control system.

Inverter Mode of Operation

TABLE. I: Inverter Voltage Polarity According to the State of the Lower Switches

battery pack. Buck operation mode can also be divided into States  S;  Se  Inverter Output voltage
two subintervals. During the first interval, in which the 1-2-3-4 ON ON +Vgo/-Vge/O
current is flowing into the battery, S; and S, are conducting. 89 ON OFF VfO
Undjcr this condition, th_e 1_nvqter’s ability in applylng all 67 OFF ON Vg0
possible voltage vectors is limited. In the second interval, S3
is ON, and S; and S; are switched on/off according to the ° OFF  OFF 0
TABLE. II: Inverter Switching States Considering dc/dc Converter Operation
Inverter Legl Leg2
T S2 S 2 85 & Voltage Buck Boost Buck Boost

1 OFF ON ON OFF ON ON 0 (1-d)Ts dTs (1-d)Ts dTs

2 ON OFF ON ON OFF ON 0 (1-d)Ts dTs (1-d)Ts dTs

3 ON OFF ON OFF ON ON +Ve (1-d)Ts dTs (1-d)Ts dTs

4 OFF ON ON ON OFF ON Ve (1-d)Ts dTs (1-d)Ts dTs

5 ON ON OFF ON ON OFF 0 dTs (1-d)Ts dTs (1-d)Ts

6 ON ON OFF ON OFF ON 0 dTs (1-d)Ts (1-d)Ts dTs

7 ON ON OFF OFF ON ON Ve dTs (1-d)Ts (1-d)Ts dTs

8 ON OFF ON ON ON OFF 0 (I-d)Ts dTs dTs (1-d)Ts

9 OFF ON ON ON ON OFF Ve (1-d)Ts dTs dTs (1-d)Tg
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Inverter switching of the proposed converter could be
implemented either by space vector or by carrier based
modulation method, similar to the conventional inverters.
But, these approaches must be modified by considering the
buck and boost operations of the converter. For this purpose,
the load required voltage vector and its duration are
calculated. When lower switches of the legs are turned on, the
proper voltage vector is applied to the load. Time durations
of the active and zero vectors are calculated using

V .
=V—stsm(a)t+q))

DC

Tzero :TS _Tactive (3)

active

If one of the lower switches is turned off, then the zero
voltage vector is applied to the load. Maximum available time
for applying the active vector to the load is given in

Tactive <min (leS ,dsz) Boost — Boost
T e <Min(d,T,,(1-d,)T;) Boost —Buck @

active

Voltage vector in each switching interval is selected
according to the inverter control system command and the
lower switches statuses, which are determined by their
control signals, as will be explained in the next section.

I1l. CONVERTER CONTROL APPROACH

The control system of the converter consists of three main
blocks. The maximum power is captured from the PV and is
delivered to the dc bus by the MPPT control block. If this
power is more than the output power, the dc bus voltage
regulation control block maintains the voltage at the proper
level. The third block controls the active and reactive power
injected to the grid through inverter’s modulation index. The
outputs of these control blocks are duty cycle of dc-dc
terminal switches.

A. DC Bus Voltage Controller

This control block consists of two control loop. The inner
loop is a current control loop and the outer loop is a voltage
control loop. Similar to the conventional two stage
converters, the proposed dual-input topology suffers from
low frequency current ripple. The source of ripple is the
second harmonic fluctuations in DC bus voltage and can be
omitted easily using a large size capacitor [13], [14].

In this paper, to decrease low frequency current ripple, the
outer control loop is modified by adding a notch filter.
Equation (5) shows the transfer function of filter and it’s bode
diagram is shown in Fig. 2. As can be seen, this filter has unity
gain except in second harmonic frequency. Second harmonic
error of dc bus voltage is attenuated by the notch filter.
Therefore, double frequency dc bus voltage fluctuations do
not appear in battery current. Filtered dc bus voltage error
passes through the PID controller.

S?+1.50796S +568489.21
CFilter = 2 (5)
S°+75.398+568489.21
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Fig. 2. Bode diagram of notch filter

B. Inverter Output Active and Reactive Power Control

The third block controls the converter output voltage in
stand-alone mode of operation. It is also responsible to
control the active and reactive power injected to the grid in
the grid connected mode. The applied method is based on the
single-phase p-q theory [15], as shown in Fig. 3.

In this method, first by using (6), imaginary components of
the inverter voltage and current which lag the real signal by
90° are created to be used as the g component in the stationary
frame.

Sg =S¢ sin(¢)

Sim =Sg Sin(¢_%)

(€)

where, Sg and Sy are real and imaginary current or voltage
signals, respectively. Using these two signals and by
considering (7), the variables will be transformed to the
synchronous reference frame. Where 0 is the grid voltage

angle.
Sq¢ | _[sin@ —cosd || s
S| [cos@ sin@ || g @)
With d-q components of the signals, the control algorithm

can be implemented similar to three-phase d-q control
system.

IV. SIMULATION RESULTS

To demonstrate the effectiveness of the proposed
configuration, two operating scenarios are taken into account.
The simulation results for the first and second scenarios are
shown in Figs. 4-12. Simulation parameters are given in

Table. 111.
TABLE Ill: SIMULATION PARAMETERS

dc bus Voltage 220V Output Filter 3 mH, 68uF
Battery Voltage 40V Input Inductor 2 mH
Switching Frequency 30 kHz dc Bus Capacitor 2mF
Grid Impedance 1Q, 3mH Grid Voltage 110 V/60 Hz
3
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Fig. 3. Inverter control block: a) voltage and current transformation to dq axis, b) active and reactive power control

In the first scenario, the converter’s power injection to
the grid (600W), is less than the maximum power of the PV,
Thus, the DC bus voltage control block absorbs the extra
power to charge the battery. At t = 0.6 s, the command of
power injection increases to 1200 W, which is more than the
maximum power of the PV. The DC bus voltage control block
compensates this power shortage by discharging the battery.
The results of first scenario show that the inverter control
blocks successfully control the output power and the dc bus
voltage at the required level by charging/discharging the
battery.
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Fig. 4. Converter output current for scenario 1
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As can be seen in Fig. 8, DC bus voltage is properly
regulated by its controller. As illustrated, after the injected
power command increases, the bus voltage begins to
decrease, because the input power is lower than the output
power. But, the DC bus voltage controller immediately
discharges battery to maintain power balance. The small drop
of dc bus voltage testifies proper response speed of its control
loop. As can be seen in Fig. 9, with the proposed filter, the
battery current has negligible second harmonic ripple, and the
transient behavior of battery current such as overshoot and
settling time is acceptable.
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In the second scenario, the initial conditions are similar to
the first case. at t=0.6s with a reduction in solar radiation, the
output power of PV decreases as shown in Fig. 10. To prevent
the reduction of the bus voltage, and control the output power
of converter at 600W, the dc bus control block discharges the
battery to deliver its power to the bus. The results show the
battery current direction is changed to keep the dc bus voltage
at a required level and maintain the converter’s power balance
as shown in Figs. 8-9. Although the two-way power flow may
require a more intelligent protection system in a smart power
grid [16], it is necessary in presence of energy storage
systems such as batteries. Since the command of power
injection is constant, the output voltage, current do not
change, as illustrated in Figs. 11-12.
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Fig. 10. PV generated power scenario 2

V. CONCLUSIONS

In this paper, an application for the Dual-Input Single-
Output converter in grid integration of a small PV-battery
system is presented. The operation principle and control
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scheme for this application are discussed and the performance
of the converter in controlling the output power is verified
through two operating scenarios. The results verified the
given theoretical analysis and its performance. In these
scenarios, the excess energy from the PV is absorbed to
charge the battery, while the power shortage is compensated
by discharging the battery.
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