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Dynamic Power Management System
Employing Single Stage Power Converter
for Standalone Solar PV Applications

Anand I, Subramaniam Senthilkumar, Member, IEEE, Dipankar Biswas and M. Kaliamoorthy

Abstract—This paper presents a dynamic power flow
management system for a solar PV system employing a single
stage single inductor based dual input/output DC-DC converter
feeding standalone DC loads backed up by a rechargeable
battery. A time sharing voltage mode control scheme has been
proposed for power flow management between solar PV,
battery and standalone DC load and also it maintains a
constant DC load voltage and performs MPPT operation of
solar PV. The implementation of the control scheme has been
described in detail. The steady state performance of the single
stage converter has been explained with the relevant analytical
expressions derived along with the characteristics. A state space
average model was developed for simulating the transient
behaviour and validating the working of the system for step
changes in the input solar PV power and the DC loads. A
hardware prototype of the proposed system has been fabricated
and the proposed controller have been implemented using
dSPACE DS1103 Real Time Interface(RTI) board. The working
of the proposed scheme for the different levels of input solar
insolation and DC Load power demand has been satisfactorily
demonstrated and the corresponding results are also provided.

Index Terms—DC-DC power conversion, Batteries, Solar
power generation, Power converter, Multiport circuits and
Photovoltaic power systems

I. NOMENCLATURE

Input capacitance of the proposed converter, yuF
C, Output capacitance of the proposed converter, uF

Dp, Duty ratio of the diode D,
Dp;,  Duty ratio of the diode D,,
Dg,.... Duty ratio of boost switch Spo0st 0Of the proposed
converter
Dg, Duty ratio of the diode S5
Dgs Duty ratio of switch S5
Dp;, Duty ratio of the input diode of the proposed
converter.
Pioad Standalone DC Load power, W
Py, Solar PV Module power output, W
Vipp ~ Voltage of solar PV module at maximum power
point, V
Viat Terminal voltage of the Battery, V
\% Reference voltage of the standalone DC load, V
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ARNESSING renewable energy sources such

as wind energy, solar energy, tidal, etc. is critical for
overcoming problems due to global warming and
environmental degradation caused by the use of fossil fuels.
Among all renewable energy sources, solar PV is abundant,
has high power density, is modular and scalable. Solar PV is
used both in grid connected applications and standalone
applications. It can be used in a wide range of applications
from a microwatt internet of things (IoT) system to a
megawatt scale solar PV plant [1], [2]. Solar PV operates in
a wide range of DC voltages, while electrical and electronic
systems also have different levels of DC voltage
requirements [3]. Hence, it is necessary to use power
electronic interfaces for solar PV applications.

Since the energy from solar PV is intermittent in nature, it
is necessary to combine energy storage systems and other
renewable energy sources to maintain reliable operation for
standalone PV systems. This can be achieved by many single
input/output (dual port) DC-DC converters in parallel or
multiport DC-DC converters. The centralized architecture of
multiport converters uses fewer switches, has compact
structure, lower cost, higher efficiency and avoids the need to
use communication systems as compared to multiple single
input/output DC-DC converters [4], [5] and [6].

Sun et al. [4] have proposed a three port converter
incorporating solar PV, battery as power sources feeding DC
loads with galvanic isolation. The control structure involved
a complex hybrid modulation technique (PWM + PFM) with
soft switching. Ray et al. proposed an integrated dual output
DC-DC converter which had both buck and boost outputs
using PWM to regulate output voltages [7]. Various possible
topologies for multiport converters have been discussed in
[8]. However, using multiple inductors results in large
converter size and cost. In order to overcome these
problems, single inductor multiple input/output topologies
have been proposed. Single inductor multiple ouput DC-DC
converters based on buck, buck-boost and boost topologies
have been proposed in various literature [9], [10], [11], [12]
and [13]. This reduces the cost, circuit complexity and
results in greater efficiency.

Nami et al. [14] have proposed single input multi output
boost converters based on diode clamped topology for
multiple series and multiple parallel outputs using cascaded
voltage and current control loops. Khaligh et al. [15] have
proposed a single inductor based multi input bidirectional
DC-DC  converter which operates in buck, boost and
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buck-boost mode. Various non-isolated single inductor multi
input/output topologies have been reviewed in [16]. Isolated
converters are used when there is a requirement for high step
up ratio and galvanic isolation. But the drawbacks are larger
size and complexity compared to non-isolated converter
topologies. Single inductor multi input multi output
topologies, which are a hybrid of multi input and multi
output converters utilizes multiple power sources to supply
power to multiple applications [10],[17],[18],[19] and [20].

Bandyopadhyay and Chandrakasan [10] present a multi
input multi output DC-DC converter utilizing three different
power sources namely piezoelectrics, solar PV and
thermoelectric for low voltage applications. Huang and Chen
[17], presented a multi input multi output DC-DC converter
with buck and boost outputs for low power portable
applications using hysteresis and PWM control. Shao et al.
[18] presented a dual input/output DC-DC converter for low
power applications using solar PV as power source and
battery as energy storage device. Two modes of operation of
the converter — dual input mode during deficit solar PV
power and dual output mode during surplus solar PV power
is presented. Babaei and Abbasi [19] proposed a switched
capacitor based boost converter topology which is used for
multiple outputs in series. A detailed analysis of the
converter topology was carried out. Keyhani and Toliyat [20]
proposed a zero voltage switching single inductor multi input
multi output converter with buck-boost mode of operation.

This paper proposes a novel and simple time sharing
closed loop control technique for solar PV system with a
single inductor power converter stage, wherein the controller
maintains a constant DC load voltage and a power flow
management system to balance the power flow between solar
PV, battery and stand-alone DC loads. The power converter
is capable of operating in dual input/output mode controlled
by an effective energy storage/energy management system
for providing uninterrupted power supply to the standalone
DC load from a battery to take care of both excess and
deficit PV power availability situations. Steady state analysis
is performed by deriving analytical expressions and the
transient analysis by developing a state space average model
of the proposed system. Starting with the description of the
proposed system, steady state analysis, the simulated and
experimental waveforms of various electrical quantities are
presented in the succeeding sections.

III. PROPOSED SOLAR PV POWER FLOW MANAGEMENT
SYSTEM AND OPERATION

The proposed system is shown in Fig. 1. It consists of a
solar PV module as power source, battery as energy storage
element to supply during absence of solar PV, a single
inductor based dual input/output DC-DC converter feeding a
standalone DC load and a controller which modulates power
flow between a solar PV module, a battery and a standalone
DC load and performs voltage regulation at the standalone
DC load terminals. The various functional blocks of the
proposed system is as follows:

Energy Storage
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Input/Output Boost .
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DC Load
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v

o

Fig. 1. Block diagram of proposed power flow management system

A. Solar PV Module

The solar PV module is the primary source of power for
the standalone DC load. The power generated by the solar
PV module for a given temperature and level of irradiation
depends on PV voltage and current drawn by the load.
Hence, in order to do load matching, a maximum power
point tracking (MPPT) control is used to set the converter at
maximum power point (MPP) by varying the duty ratio of
the appropriate switch and hence the current drawn by the
converter from the solar PV module. There are many
algorithms used to track the MPP like constant voltage,
perturb and observe, incremental conductance and beta
method [21]. Among them, a simple perturb and observe
(P&O) algorithm is selected for the proposed system.

A 24 V 60 W solar PV module is selected for the proposed
system and the same is modelled using the five parameter
model [22]. The output current of the solar PV module used
in modelling is,

q(V + IRy)

Lw=I—1I,[e nKT —1 (1)

The key specifications of the solar PV module used are
shown in TABLE L

B. Energy Storage

Since the power from the solar PV module is intermittent,
a rechargeable battery has to be used as an energy buffer to
maintain continuous operation of the system. During times of
surplus PV power, it stores excess energy and during times of
deficit or absence of PV power, it complements or replaces

TABLE 1
PARAMETERS OF THE SOLAR PV MODULE AT TEMPERATURE 25°C

Open circuit Voltage (Voc) 328V
Short circuit current (Is¢) 2.6 A

Nominal voltage (Vynpp) 24.65 V
Nominal Current (Ippp) 2.44 A
Maximum Power (Ppmpp) 60.3 W
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¢ - width of the charge well Q;

k- conductance of valve between charge
wells

Ro-internal resistance of the battery

I - current drawn from the battery

R Current Regulator

Fig. 2. Kinetic Energy Battery Model

the solar PV module as the power source. There are primarily
two types of rechargeable batteries used for stationary power
applications - the lead acid battery and the lithium ion battery.
Since lead acid batteries are inexpensive and have less safety
issues, it is used for the proposed system.

Jongerden and Haverkort have discussed various battery
models [23]. For modelling of the system, Kinetic Battery
Model, an intuitive battery model based on electrical
elements is selected. Lead acid batteries’ Ampere hour
capacity are rated for particular duration of discharge —
typically 10 hour and 20 hour rates of discharge. If the
battery is discharged faster than rated discharge, lesser
amount of capacity is available and the battery has to be
rested to recover the remaining charge. Kinetic battery takes
this into account by modelling the lead acid battery into two
charge wells — available charge with charge (); and
non-available charge ()2 as shown in Fig. 2. The dynamic
equations for the two charge wells are,

dq '

27 — 2
o +k (ha — h1) 2
dgo ’

W2 3 by —h

o (h2 — h1) 3)

The sum of the charges in the two charge wells gives the
total remaining charge in the battery.

C. Single
converter

Inductor Based Dual Input/Output DC-DC

The boost derived single inductor based dual input/output
DC-DC converter (SI-DIO) used in the proposed power flow
management system is shown in Fig. 3. It consists of diode
D;,, which interfaces the solar PV module to the converter
and also prevents reverse power flow to the solar PV module.
The capacitor C;,, is connected in parallel to the solar PV
module to reduce the solar PV voltage ripples. The switches
So and diode D- is used to set the battery as an output to
store excess solar PV power. The switch S5 is used to set the
battery as an input to supply power to the standalone DC load.
The capacitor C, is connected across the output to reduce the
output voltage ripples.

The converter has two modes of operation namely dual
output boost mode (DOBM) when the power from solar PV
module exceeds DC load demand and dual input boost
mode (DIBM) when there is a deficit. The circuit
configuration for both the modes is shown in Fig. 4.

During DOBM, the solar PV module acts as a power
source feeding the battery through the switch Sy and the DC
load through the diode D;. The single inductor based dual
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Fig. 3. Single Inductor based Dual input/output Boost DC-DC Converter
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Fig. 4. Proposed single inductor based dual input/output DC-DC converter
in (a) Dual Output Boost Mode(b) Dual Input Boost Mode

input/output DC-DC converter has three states as shown in
Fig. 5. In the first state, the inductor is charged by power
from the solar PV module through switch Sp,es:. In the
second state, switch Spoos: 1S turned off and the inductor
discharges to the DC load through the diode D;. In the third
state, the surplus power is discharged to the battery by
turning on the switch S5. Since, the required voltage of the
standalone DC load is higher than that of the battery, the
diode D1 is reverse biased and the standalone DC load is cut
off. Typical waveforms for the inductor current 7;, the
inductor voltage v;, the battery current 7p,; and the output
DC load voltage v, for this mode is shown in Fig. 5.

By volt second principle, the output DC load voltage of the
converter in DOBM is obtained as,

‘/pv - VbatDSQ
Dp,

The equation is similar to the conventional boost converter
equation, in which the effective input voltage is the
difference between the solar PV module voltage v, and the
pulse modulated fraction of the battery voltage, V44:ds,. The
variation of standalone DC load voltage with respect to
variation of duty cycles dp; and dgo for an input voltage of
24 V DC is observed in Fig. 6. It is seen that the standalone
DC load voltage increases with either decrease in dp; or by
increasing dg,. Rewriting eq. 4, the required input voltage

Vo = “4)
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Fig. 5. Different circuit states in Dual Output Boost Mode (a) Charging of
inductor by solar PV module (b) Discharge of inductor to standalone DC
load (c) Discharge of inductor to battery (d) Typical waveforms during Dual
Output Boost Mode

Vpo for various duty ratios dp; and battery voltage Vi, for

an specific output voltage of V,, can be calculated as,
va = VoDDin + ‘/batDSQ (5)

The required input voltage and duty ratios for an specific
output voltage of 48 V DC and a battery voltage of 36 V

tage,v,

=
Output Vol

=

a), 0.6

(b)

Fig. 6. Steady state Analysis in Dual Output Boost Mode (a) output voltage
variation with changes in dg, . and dp;, (b) Required input PV voltage
for an DC load voltage of 48 V for various duty ratios of dp;,, and dg, .

DC is plotted in Fig. 6.

The converter has been modelled by using the state space
average model, developed by considering all the states of the
circuit in DOBM as follows:

diy 0 1 _dpy -
dt L L 1
Ay 1
dzt) = — Cim 0 0 Upv
dv, dpy 0 — 1 v, |
dt Co CoR,
dso
TV Vaa]
+ 1 , (6)
0 I
Oz'n ‘pv i
0 0

where,

dp; and dg, are duty ratios of the diode D; and the switch
So respectively.

In the DIBM, the battery and the solar PV module act as
input power sources for DC load. The switch S3 sets the
battery as an additional input power source. The single
inductor based dual input/output DC-DC converter has four
circuit states are shown in Fig. 7. In the first and second
state, the inductor is charged by the solar PV module and the
battery respectively. The switch Sy is turned on for both
the states. The switch S5 is turned on for the second state to
set the battery as the input power source. The diode D, is
reverse biased as the battery voltage is more than the voltage
of the solar PV module. During the third and fourth circuit
states, the switch Spoos: 1S turned off and the inductor
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discharges to the output. In the third circuit state, the battery
is used as the power source by allowing the switch S3 to
remain on. During the fourth circuit state, the switch S3 is
turned off and the solar PV module becomes the power
source. Typical waveforms for the inductor current i;, the
inductor voltage v;, the battery current 5,¢ and the output
voltage v, for this mode is shown in Fig. 7.

By volt second principle, the standalone DC load V, in
DIBM is found as,

Vp'uDDin + %at (DS;,O,,M - DDzn)

V, =
Dsboost

(7

It is observed that the relationship is similar to the
conventional boost converter equation in which the effective
input voltage is the pulse modulated fraction of the input PV
voltage and the battery voltage. The steady state output
voltage for an PV voltage of 24 V DC and a battery voltage
of 36 V DC is plotted in Fig. 8. The 3D plot shows that the
output voltage increases linearly with increase in dgs and
exponentially with increase in dg,,,_,

The state space average model for DIBM has been
developed by considering all the circuit states as follows:

di; 0 @ _ dsboost _
dt L L i
dvpv — _ @ 0 Up’U
dt O’in,
d(;}to dsboost 0 0 UO -
Co
dss
T | Ve
+ 1 . (8)
O Cim Zp’U
0 0 )

where,
ds,.... » ds3 are the duty ratios of switches Spost and Ss
respectively.

IV. PROPOSED TIME SHARING CONTROL STRATEGY

The overall time sharing control block diagram for the
proposed power flow management system is shown in Fig.
9a. It consists of a proportional integral controller based
voltage regulator to regulate the standalone DC load voltage
of 48 V. The reference voltage (V) and the actual
standalone DC load voltage (v,) are given to an error
amplifier, which gives the absolute standalone DC load error
voltage (v,.) and it is then converted to a per unit error
voltage (Voepy) by using the reference standalone DC load
voltage as the base voltage. This per unit error voltage is the
input for the PI controller. The output of the voltage
regulator (dy ;) modulates the power flow for DC load to
address excess and deficit power based on the PV power
availability by setting the appropriate mode of operation such
as dual input boost mode (DIBM) and dual output boost
mode (DOBM). A simple perturb and observe method is
used for extracting the maximum power from the solar PV
module by control signal dy;ppr.

Co== Ry Viat

+
Vo

bat

oL

+
Viat

Vo —

bat

N
ek Cin

()

(d)

dpin + ds3
ASppost
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=3 Inductor Charges EEEER Transfer of Power to
from Battery (e) output via Solar PV

Fig. 7. Different Circuit states in Dual Input Boost Mode: (a) Charging of
inductor by solar PV module (b) Charging of inductor by battery (c) Discharge
of inductor to DC load with battery as power source (d) Discharge of inductor
to output with solar PV module as power source (e) Typical waveforms during
Dual Input Boost Mode

The mode change control decides the mode of operation
of the converter by generating mode signal mg.; based on
the standalone DC load power demand and the power
extracted from the solar PV module. The rise in the
standalone DC load voltage more than the standalone DC
load reference voltage(V,") shows the power extracted from
the solar PV is more than the load power demand and vice
versa, which confirms the operation of dual output/input
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Fig. 8. Steady state Analysis in Dual Input Boost Mode - variation of output
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mode. The logic for the mode change signal is implemented
by using logical and arithmetic operators. When the rise in
the DC load voltage is 0.5 above V. and the duty ratio dgs3
is zero, the SR latch shown in figure is reset to zero, which
sets the converter in DOBM. Similarly, when the fall in DC
load voltage is 0.5 below V_* and the duty ratio dgs is zero,
the SR latch is set to one, which corresponds to DIBM.

The power modulation control controls the appropriate
switches to perform the operation of the power converter in
dual input/output mode based on control signals dy,;; and
dyppr and the mode signal mge; from mode change
control by using arithmetic and logical operators. mse; acts
as one of the selector signals for the multiplexers. In
DOBM, when there is excess solar PV power, MPPT is
implemented by routing the MPPT control signal dy;ppr to
ds,,.,.. and the voltage regulation of standalone DC load is
achieved by routing the voltage control signal dy . to dpy
by the multiplexers. The duty ratio dgy is created by
subtracting a constant of 1 with dg, ., and dp;. The
sequence of the duty ratios are shown in Fig. 5(d). The
following expressions were implemented for the DOBM to
operate the power switches Spoost and So.

ds,,... = dyupPPT &)
dsy =1—dpy —ds,,,., (10)

where,
dpy = dvoit (11)

In DIBM, when there is deficit solar PV power, both
voltage regulation and MPPT control is achieved by the
switch dg,,_.,. The MPPT control signal djsppr is routed to
dp;, and the voltage regulation of the standalone DC load is
achieved by routing the voltage control signal dy,; to
ds,..., through multiplexers. The sequence of the duty ratios
is shown in Fig. 7(e). The duty ratio dgs is obtained by
subtracting dg,, ., with dp;, and then dividing by dg,,.,-
When the solar PV power becomes surplus, the duty ratio
dgs is slowly reduced to zero and the battery is cut off. This
results in loss of MPPT as ds,_,., = dp;n, = dvoit- In order
to regain control, MPPT control signal dy;ppr is routed to
ds,,,..- A relational operator is used to detect this condition
and generate the signal ds.; which acts as a select signal for
the multiplexer for dg, ,.,. The following expressions were

implemented for the power switches Spoost and Ss to
operate the converter in DIBM.

ds,,o.. = Avoit (12)
dpin = dyppr < ds,,,., (13)
dSS — dsboost B dDin (14)

dSboost

From the outputs of the power modulation control
(dsy,o.i» ds2, dss, dp;y,) and the mode change signal, the
gating pulses for the power switches ggp,0st0 95, and gs,
are generated using the gate pulse generation block. A ramp
signal v,qmp s used as a carrier signal for generating gate
pulses. In DIBM, to generate firing pulses for switches
Sboost and Ss in the order as shown in Fig. 7, first the duty
ratio dg,, ., is compared with v,qmp. Since the gate signal
gs, for the switch S5 has to be generated between time
period t1 and to, it is generated in two steps. First, the two
intermediate signals K3 and K, are generated. The signal
K3 is generated by summing up dp;, and dgs and
comparing with v,qemp and the signal K, is generated by
comparing dp;, with v,qmp. Next, the intermediate signals
K3 and K;, are XORed to get gg,. Similarly, for DOBM,
the gate signal gg;,..; 1S generated by comparing dg,, .,
with Vpgmp.

The DC load voltage control, MPPT and battery control
are integrated by a time sharing voltage mode control. Each
control is allocated a time slot to perform power flow as shown
in Fig. 9a. During DOBM as shown in Fig. 9b, MPPT control
decides the power drawn from the solar PV by controlling the
switch Spoest With the duty ratio dp;ppr. This occurs from
time period O to ¢;. The voltage controller regulates power
flow to the load by determining the period of conduction of
diode Dy (from ¢ to t3) by controlling the duty ratio dy ;.
The surplus power flow to the battery is indirectly regulated
by the voltage controller by turning on the switch Sy(from ¢
to t3) for a duty ratio of dgo. During DIBM as shown in Fig.
9c, the voltage controller controls the power power flow to the
load by controlling the switch Sp,0s¢ (from O to ¢5) with a duty
ratio of dy ;. The MPPT control controls the power extracted
from solar PV by determining the duration of conduction of
diode D;, (from O to t;) for a duty ratio of dy;ppr. The
deficit power is made up by the battery by making it as a
power source for a duty ratio of dgs (from ¢; to t3) which
is determined by both voltage controller and MPPT controller
according to eqn.14.

V. RESULTS AND DISCUSSION
A. Simulation Results

The proposed power flow management system is simulated
by implementing the state space model derived in
equation(8) in the MATLAB/Simulink environment. The
values of the passive elements used are 100 pH for boost
inductor L, 1000 pF for input capacitor C;, and output
capacitor C,. A 60 W solar PV module with a MPP voltage
of 24.5 V DC and MPP current of 2.44 A and a battery with
36 V DC are used as power sources. The reference voltage
of the standalone DC load is set at 48 V DC. The PI
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Fig. 11. Simulation of dynamic response of the converter to changes in

Fig. 10. Simulation of dynamic response of the converter to changes in PV standalone DC loadat £,

power at tspy1
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controller had values of k, = 5 and k; = 15 for per unit
error input.

1) Case I: Increase in solar insolation from 300 W/m?to
600 W/m?: The power flow management system is initially
operating in DIBM with a solar PV insolation of 300 W/m?,
capable of supplying 18 W. The standalone DC load power
demand is 50 W. The MPPT control maintains a dy;ppr of
0.3 to extract 18 W from the solar PV module. The battery
makes up for the power deficit of 32 W. At the time instant
tspv1 shown in Fig. 10, the solar insolation level is increased
to 600 W/m?, making the solar PV module capable of
supplying a power of 36 W. The MPPT algorithm increases
the duty ratio dy;ppr to 0.4 to extract maximum power.
Since the effective input voltage
VooDpin + Viat (Dsyyse — Dpin) shown in  eqn.7
decreases, the voltage controller increases the duty ratio
dyo¢ to maintain constant standalone DC load. Due to
higher increase in dj;ppr compared to dy ¢, dgs decreases
in accordance with eqn. 14 and 13 and hence the share of
the battery power to the DC load power demand reduces to
14 W.

2) Case II: Change in mode from DIBM to DOBM due to
surplus power : Initially the power flow management system
is operating at DIBM with solar PV and battery supplying a
load demand of 37 W. At the time instant #;., as shown in
Fig. 11 the standalone DC load power demand is decreased
to 12 W. The voltage controller decreases dy;; to regulate

I % 3]
S
“single indugtor-dual input/ W
standalone DG output’ CT?C converter,
Load = T \

=
-\\‘?"‘

Fig. 13. Experimental Setup of the power flow management system

the standalone DC load voltage. When dy,;; becomes less
than dy;ppr, maximum power point tracking control is lost
as dp;, becomes less than dy;ppr. In this particular instant,
the converter acts as a conventional boost converter with
voltage control and the solar PV module as input. Hence in
order to further extract power from the solar PV module, the
controller shifts to MPPT by setting dg,,,. equal to
dyrppr. This results in loss of voltage control and rise of
load voltage above the reference voltage V. The mode
change control shifts the converter to DOBM almost
immediately. The controller reduces the duty ratio dp; to
reduce the standalone DC load voltage to V. and duty ratio
dgo to divert excess power to batteries.

3) Case IlI: Change in mode from DOBM to DIBM due
to deficit power : The power flow management system is
initially operating at DOBM with solar PV power of 36 W
(600W/m2). At the time instant t,,,> shown in Fig. 12, the
solar insolation level is decreased to 300 W/m?2, which
results in power deficit. The MPPT algorithm adjusts the
duty ratio dysppr (= ds,,,.,) to reach the new MPP. The
deficit results in a fall in wv,. The voltage controller
compensates by increasing the duty ratio dy,; (=dpq) to
regulate load voltage. This in turn results in gradual decrease
of duty ratio dgo to zero and corresponding reduction of
power flow to the battery to zero. At this point, voltage
control is lost. This combined with fall in DC load voltage
v, below V* is used by the mode change control to shift the
converter to DIBM. In DIBM, the voltage control signal
dy ot 18 routed to dg,,,., and it increases the voltage to V.

B. Experimental Results

The single inductor based dual input/output DC-DC
converter in the power flow management system was
fabricated by using MOSFET switches (IRF540N) rated at
23 A, 100 V and diodes (body diode of IRF540N) rated at
23 A. Three 24 V 60 W solar PV module were used as
power sources and resistive standalone DC load was used. A
36 V 40 Ah lead acid battery is used as energy storage. The
input capacitor C;,, and DC load capacitor C, were rated at
1000pF. A 100pH toroidal inductor rated at 20 A is used.
The converter is switched at 100 Khz. The controller is
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Fig. 14. Experimentation Case I: Dynamic response of the converter to
changes in solar PV insolation

implemented by using MATLAB/Simulink programming and
the generated code is dumped into the dSPACE DS1103 RTI
board. The feedback is achieved by using LV 25-p voltage
and LA 55-p current sensors. A passive low pass filter with a
corner frequency of 1 Khz is used to eliminate noise in the
feedback circuit. The PI controller parameters are k,=0.5
and k;=8. The power quantities Pjoqq, Pyt and P, are
computed inside the dSPACE DS1103 Real Time Interface
board and recorded in a DSO. The gate pulses are generated
by using dSPACE DS1103 RTI board and XOR logic gate.
The gate pulses are then fed to LM339, a quad package
comparator which acts as a buffer between the dSPACE
DS1103 RTI board and HCPL-3120 optocouplers. The
optocouplers are then interfaced with appropriate switches.
The experimental setup is shown in Fig.13.

1) Case I: Dynamic response of the converter due to
increase in solar PV input from 18 W to 36 W: The
converter is operating at DIBM with both solar PV and
battery satisfying a standalone DC load demand of 50 W. At
time instant ¢,, as shown in Fig. 14, the solar PV input was
doubled to 36 W. The MPPT controller increases dp;ppr to
shift the solar PV to the new MPP. The voltage controller
increases dy,;; as the effective input voltage as shown in
equation(7) is reduced due to increase in dp;,. Due to
increase in dp;, (equation 13), dgs (equation 14) decreases
and hence the power drawn from the battery decreases.

2) Case II: Mode change to DOBM due to decrease in
standalone DC load from 37 W to 12 W: The standalone DC
load power demand was 37 W, which is supplied by both
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Fig. 15. Experimentation Case II: Dynamic response of the converter to
changes in load

solar PV and battery with the converter in DIBM . At time
instant ¢;. as shown in Fig.15, the standalone DC load power
demand is reduced to 12 W. Due to surplus power, the
voltage increases. The voltage controller reduces dy ;. After
it reaches equal to dp;ppr, the MPPT control takes over
control of switch S3, which results in loss of voltage control.
The mode change control then shifts the converter from
DIBM to DOBM at time t,, to divert surplus power to
charge the battery bank. The voltage control is now restored
and the standalone DC load voltage is regulated to V.

3) Case Ill: Mode change to DIBM due to decrease in solar
PV input from 36 W to 18 W: The converter is operating at
DOBM with a standalone DC load power demand of 20W
and solar PV input of 36 W. At time instant t,,, as shown
in Fig. 16, the solar PV input is halved from 36 W to 18
W. Since the standalone DC load power demand is 20 W,
this results in deficit power and decrease in v,. The MPPT
control decreases dy;p pr to shift to the new MPP. The voltage
controller increases dy ,;; to compensate for drop in v, but this
is not enough. The mode change control shifts the converter
from DOBM to DIBM at time t,, to use the battery as an
additional power source to make up for the power deficit. The
voltage controller then regulates dy;; to bring v, to V.

The converter is also operated under several more levels of
solar PV power and load demand as shown in TABLE II. The
different levels of solar PV power are obtained by changing
the number of solar PV panels in parallel.

The simulation and experimental results proves the efficacy
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Fig. 16. Experimentation Case III: Dynamic response of the converter to
changes in solar PV insolation

of the proposed power flow management system for standalone
solar PV applications.

VI. CONCLUSION

A power flow management system for battery backed
standalone solar PV systems employing single stage single
inductor dual input/output DC-DC converter has been
presented. A novel time sharing voltage mode control
scheme has been proposed for power flow management
between solar PV, battery and DC loads to maintain constant
DC load voltage and also extract maximum power from solar
PV. The converter is capable of operating both in surplus and
deficit PV power. A hardware prototype of the proposed
system consisting of solar PV, the single inductor based dual
input/output DC-DC converter and a battery bank has been
fabricated and the control circuits has been implemented on
a dSPACE DS1103 Real Time Interface(RTI) board.

10

The steady state operation of both the dual output boost
mode and dual input boost mode has been simulated and
validated using the MATLAB programming language and the
characteristics are presented. A state space average model of
the proposed system was developed to perform transient
analysis of the system. Simulated waveforms of the PV
current, the standalone DC load voltage, the standalone DC
load current, the averaged battery current, the solar PV
power, the battery power and the standalone DC load power
were obtained using this model are shown for changes in
levels of incident solar insolation and DC load on the
system. These dynamic changes were also carried out in the
experimental setup and the waveforms of the corresponding
electrical quantities were captured in the DSO and are
presented. The simulation and and experimental performance
presented confirms the satisfactory working of the controller
in maintaining the desired DC load voltage, under the
varying operating conditions of solar PV insolation and
consumer load.
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