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Abstract—A Solar Photovoltaic (PV) array may be interfaced
with the Grid-Tie Inverter (GTI) either by direct connection or
through a Boost Converter. In case of direct connection of PV
with GTI the string voltage has to be maintained at the specified
DC link Voltage level according to the Maximum Power Point
(MPP) and the input range of the GTI by connecting the required
number of PV panels to the string. In this case the Maximum
Power Point tracking is done by giving the current reference
to the inverter control and the response of the tracking may
be limited by the inner current loops. Instead we can use a
Boost converter to perform the dual function of stepping up
the voltage and tracking the maximum power point. A Current
Referenced Boost Converter has been proposed in this work in
which the control is PWM mode with current feedback. The
plant model is derived and a PI controller is tuned to satisfy the
performance and stability requirements. The current referenced
controller works well for Partially Shaded conditions and also
has the ability to control the PV power by operating the PV array
at any current reference in case of excess energy generation.

Index Terms—Photovoltaics (PV), Grid-Tie Inverter (GTI),
Maximum Power Point Tracking (MPPT), Converter Modeling,
Boost Converter, Momentum Term, Partial Shading.

I. INTRODUCTION

In the present work a Space Vector based Pulse Width Mod-
ulated Grid Connected Inverter which is integrated with PV
and battery energy storage system (BESS) has been modeled.
Control systems have been developed for controlling power
flow between the PV array, Inverter, Grid and the Battery.
When PV is pumping current into the grid it should be free
from harmonics, so the inverter is designed using Space Vector
Modulation technique to reduce the harmonic content. The
current injected into the grid must be in phase with the grid
voltage and it should to be operated in ”Grid Following” mode.
Therefore the control systems associated with the inverter is
suitably designed to achieve this. Also the operating point
of the PV is chosen in such a way that, maximum power
is extracted from the PV panel. To achieve this a MPPT
(Maximum Power Point Tracking ) algorithm is used to keep
the Q-point of the PV panel always near to the peak power
point. PV being intermittent source cannot supply power at all
times, so battery energy storage system (BESS) is used to aid
the grid during peak loads. The battery could be charged by
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the PV and grid during non-peak loads. During peak loads,
the charged battery also aids the grid along with PV.

The PV array is interfaced with the Grid-Tie Inverter (GTI)
by a Current Referenced Boost Converter [1]. The PV current
in a Current Referenced Boost converter can be commanded to
any value as long as it is within the short circuit current level.
This gives the option of either using the PV array in MPPT
mode or in constant current operation at the desired current
value. Another advantage of Current Referenced operation
is that during Partial Shading condition since the IV curve
current doesn’t fall completely to shaded level, the MPPT
continues to track at the maximum power point without
loosing control.

II. SMALL SIGNAL MODEL OF BOOST CONVERTER

In the small signal model the characteristics of the PV
source needs to be included which is given by the dynamic
resistance of the I-V characteristics as shown in (1).

rpv =
dv

di
≈ ˜vpv

˜ipv
(1)

This dynamic resistance [2] is negative in value as it can
be seen from the I-V characteristics of the PV source shown
in Fig. 1. The I-V characteristics is be broken down into
four portions: current source region, power source region 1,
power source region 2 and voltage source region based on the
dynamic resistance values in these regions.

The input current to duty cycle transfer function was found
to be as shown in (2), where VDC is the DC link voltage at
the output of the Boost Converter, VF is the forward voltage
of the diode, RL is the series resistance with the inductor (L)
and C is the input side capacitance.
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TABLE I
OPEN LOOP PARAMETERS

Operating Point rpv(Ω) DC Gain (dB) ωi(rad/sec) ζi ωz(rad/sec)
Current Source Region -641.0 0.771 632.51 0.0214 3.100
Power Source Region 1 -30.14 27.29 633.71 0.0713 66.40
Power Source Region 2 -3.338 46.01 643.55 0.4773 590.3
Voltage Source Region -1.476 52.85 657.66 1.0484 1.355 × 103

Fig. 1. Fitting of IV Curve in different regions.

The open loop parameters of the small signal model are
shown in Table 1. The parameters vary in the different zones
which have been defined.

Fig. 2. Bode Plot for the different regions.

III. PI CONTROLLER

A standard Proportional Integral (PI) controller is utilized
in order to have zero steady state error to step input in current
and the required phase margin. The Open Loop Bode Plot
Characteristics are shown for the different regions as in Fig.
2. The PI controller is designed to meet stability and steady
state performance. The transfer function of the PI controller
is shown in (6). The step response of the close loop system is
shown in Fig. 3.

C(s) = 0.0806 +
500

s
(6)

Fig. 3. Step Response of the Closed Loop Current Referenced Controller.

IV. PARTIAL SHADING EXPERIMENT

Two solar panels each rated at 40V, 250W were con-
nected in series and one of them was under diffused sunlight
(250W/m2) and the other was at maximum irradiance of
900W/m2. Their IV and PV curve [9] was plotted as shown
in Fig. 4. Seaward PV200 was used to record the data of
the panel(V and I values from Voc to Isc). Irradiance was
measured using Solar Survey 200R. The maximum power was
found to be 163.4W at a MPP of 163.2V and 27.65A.

Fig. 4. Partially Shaded Condition, Experimental P vs V and I vs V curves.

The experimental results were verified by simulation in
Simulink by keeping one panel at 1000W/m2 and other
shaded at 200W/m2 as shown in Fig. 5.

V. SPACE VECTOR PWM

Conventional space vector PWM (CSVPWM) has the ad-
vantages of yielding up to 15% higher fundamental line-side
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Fig. 5. Partially Shaded Condition, Simulated P vs V and I vs V curves.

voltage for a given DC bus voltage and also less harmonic
distortion in line currents over sine-triangle PWM (SPWM)
[6]. Space Vector PWM (SVPWM) is implemented using
micro-controllers or DSPs. The simple digital implementation
algorithm of SVPWM is given in reference [8]. Similar
to SPWM, the modulating signal is compared with a high
frequency triangle which may be a timer, increasing linearly.
Through linear relations we can convert the amplitudes of the
modulating signals Va, Vb, Vc into time as Ta, Tb, Tc.

Algorithm for digital implementation is as follows:
• The following equations are calculated.

Ta = (Ts/Vdc) ∗ Va (7)

Tb = (Ts/Vdc) ∗ Vb (8)

Tc = (Ts/Vdc) ∗ Vc (9)

where Ts where is the subcycle period.
• Maximum of Ta, Tb, Tc is calculated and it is denoted as

Tmax.
• Minimum of Ta, Tb, Tc is calculated and it is denoted as

Tmin.
• Teff is found by subtraction of Tmax and Tmin.
• T0 = TsTeff is calculated. Where T0 is the Off time of

switches.
• The offset which has to be added to Ta, Tb, Tc is calcu-

lated as Toffset which is given by Toffset = Tmin +
T0/2.

• Therefore,
TaOn = Ta + Toffset (10)

TbOn = Tb + Toffset (11)

TcOn = Tc + Toffset (12)

• The above calculated values are stored in compare regis-
ters and it is compared with the value in the timer register.

• The timer is programmed in such a way that it starts from
0 and counts till Ts and then counts back from Ts to 0
again and repeats in the same fashion.

VI. MAXIMUM POWER POINT TRACKING

The MPPT algorithm used in the proposed model is Perturb
& Observe [3] [4] . The PV panel current is first perturbed
in a particular direction by perturbing reference current of
the Boost Converter. If there is an increase in power, the
subsequent perturbation should be kept in the same direction
and if there is a decrease in power, the perturbation should be
reversed. This is done repeatedly until we reach the maximum
power point.

Fig. 6. Tracking of Power with Time.

Fig. 7. Tracking of Current and Voltage Waveforms.

A Momentum term can be introduced in the perturbation
similar to that used in gradient descent learning based back
propagation algorithms for updating the weights of neural
networks [5]. Let ΔI(n) be the current perturbation for instant
’n’ shown in (7), which is given in terms of the previous
perturbation ΔI(n− 1) scaled by a factor α and the step size
of the P&O method given by f(n).

ΔI(n) = αΔI(n− 1) + f(n) (13)

This factor αΔI(n − 1) is called as the momentum term.
Addition of this term accelerates tracking when far away from
the MPP and reduces the step size when MPP is reached. The
step size in the simulation study is taken to be 0.5A and α was
taken as 0.7. The tracking of the Power is shown in Fig. 6, and
current and voltage waveforms are shown in Fig. 7. The step
size of the P&O with momentum term increases dynamically
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until a steady state value when previous perturbations are
in the same directions. The step size decreases as there are
oscillations in previous perturbations. A more detailed analysis
of this has been given in [5].

VII. PROPOSED MODEL OF GRID-TIE INVERTER

The system specifications are given in Table 2. As it can be
seen from the block diagram in Fig. 10, there is a PV panel
which is connected to a Boost converter which acts as power
interface. The boost converter is connected to the Three Phase
Inverter through a DC link capacitor. The inverter is connected
to the grid via a filter. In the proposed model the grid is
modeled as a three phase source. The three phase voltages
and currents are sensed and are given to the respective control
loops [7]. The PLL block ensures that the voltage and current
are in phase. The current control loop is used to control the
amount of current that is pumped into the inverter.

TABLE II
SPECIFICATIONS

System Specifications

PV array

250Wp panels.
6 panels per string
4 strings in parallel
Total=6000kWp

Cpv 500μF
L 5mH
CDClink 500μF
Filter 20mH
Grid 400VL−L

BESS

12V, 200Ah battery
24 per string
2 strings in parallel
Total=9600Ah

The MPPT controller gives the value of current reference
so that maximum power can be extracted from the PV panel.
The PWM block generates gate pulses by Space Vector PWM
(SVPWM) as described in the background section. These gate
pulses drive the inverter to produce output voltage and current
with lesser harmonic content. Further there is also a battery
storage that is connected to the DC link capacitor through
another boost converter. This battery storage aids the PV panel
to supply the grid during peak demands.

The simulation results show that the current which is
pumped into the grid is in phase with the grid voltage i.e.
the model is injecting only real power into the grid. This is
evident from Fig. 8.

The three phase output current of the grid-tie inverter is
shown in Fig. 9. The MPPT turns on at 0.5sec and later at
2.5sec the insolation falls from 1000W/m2 to 500W/m2.
There is a blanking period of about 0.5sec after the change
in insolation occurs where the PV doesn’t supply any power.
This is because the reference current demanded is much larger
that the actual current available when insolation drops. Hence
MPPT looses control for a while till the reference current
comes back to normal value. This has happened because we
have given an instantaneous drop in insolation. Ideally the

Fig. 8. Three Phase Output Voltage and Current.

change in insolation will be gradual and such an occasion
will not occur.

Fig. 9. Three Phase Current Waveforms.

VIII. PROPOSED SOLUTION TO PARTIAL SHADING

The current referenced Boost Converter presents a solution
to the partial shading problem, when diffused sunlight falls on
part of the Solar PV array. In Fig. 11 one half of the array falls
under diffused sunlight at 200W/m2 and the remaining part
has insolation of 1000W/m2. The global maximum power is
3000W as seen from the P vs V curve in Fig. 11 and the MPP
is at 103V and 29A.

From Fig 12. and Fig. 13 it can be seen that the global
maximum is tracked in the partial shading conditions. When
the case of partial shading occurs we can see from the IV
curve that the unshaded value of current at maximum power
is around the same as the partially shaded current at maximum
power which is around 29A. This is the reason why the current
waveform remains basically constant when partial shading
occurs whereas the voltage drops to take care of the drop
in power as can be seen in Fig. 13. The global maximum is
tracked because since the system is current referenced, during
partial shading this current level is available and hence there is
no blanking period where the MPPT looses tracking control.
This example is of the case where the system is from full
insolation to partially shaded.

The currents injected into the grid during the transition from
full insolation to partially shaded condition can be can be
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Fig. 10. Simulink Block Diagram of System.

Fig. 11. I vs V and P vs V curves for the system under Partially Shaded
Condition.

Fig. 12. Tracking of Power for the System under Partially Shaded Condition.

Fig. 13. Tracking of Voltage and Current for the System under Partially
Shaded Condition..

seen in Fig. 14. There is a smooth transition without any
kind of blanking period. It has to be noted though, that it
is possible that in the unlikely case of fully shaded condition
to partially shaded condition the MPPT may track to the local
maximum. This is because the initial current will be low due
to full shading and the tracking will proceed from there on. A
condition to detect this case has to be defined and implemented
in the MPPT. By detecting this condition and tracking the
global maxima for this case the MPPT algorithm will be a
solution for Partial Shading in any condition. Since such cases
(transition from fully shaded to partially shaded) are rare and
temporary the MPPT algorithm is kept simple in the proposed
solution.
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Fig. 14. Three Phase Current Waveforms under Partially Shaded Condition.

IX. CONCLUSIONS

The model developed successfully integrated Solar PV and
BESS to the grid, through a Grid-Tie inverter. Maximum
Power is pumped from the PV by operating in MPPT mode.
Also any other power reference can be commanded by oper-
ating in current referenced mode. The MPPT algorithm used
was Perturb and Observe with Momentum Term to accelerate
tracking and reduce oscillations about MPP. The problem of
partial shading in the case when transition happens from full
insolation to partially shaded condition is inherently taken care
by the current referenced MPPT algorithm. It has to be added
that in case of rapidly changing insolation there may be a
blanking period involved. Also to track MPP in all cases, a
condition to detect the case of transition from fully shaded
to partially shaded condition, has to be added in the MPPT
algorithm.
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