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

Anand I, Subramaniam Senthilkumar

Abstract—This paper presents a dynamic power flow manage-
ment system for a solar photovoltaic (PV) system employing a
single-stage single-inductor-based dual-input/output dc-dc con-
verter feeding standalone dc loads backed up by a rechargeable
battery. A time-sharing voltage-mode control scheme has been pro-
posed for power flow management between solar PV, a battery, and
a standalone dc load, and it also maintains a constant dc load volt-
age and performs maximum power point tracking operation of
solar PV. The implementation of the control scheme has been de-
scribed in detail. The steady-state performance of the single-stage
converter has been explained with the relevant analytical expres-
sions derived along with the characteristics. A state-space average
model was developed for simulating the transient behavior and val-
idating 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 has been
implemented using the dSPACE DS1103 real-time interface board.
The working of the proposed scheme for different levels of input
solar insolation and dc load power demand has been satisfactorily
demonstrated, and the corresponding results are also provided.

Index Terms—Batteries, dc—dc power conversion, multiport cir-
cuits, photovoltaic (PV) power systems, power converter, solar
power generation.

NOMENCLATURE

C; Input capacitance of the proposed converter, ;F.
c, Output capacitance of the proposed converter, jF.
Dp1  Duty ratio of the diode D;.
Dpin  Duty ratio of the diode Dj,.

See DULY ratio of boost switch Spoos Of the proposed con-

verter.

Dgo  Duty ratio of the diode S5.
Dg3  Duty ratio of switch S3.
Dpin  Duty ratio of the input diode of the proposed converter.
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Pioaa  Standalone dc load power, W.

By Solar PV power output, W.

Vipp ~ Voltage of the solar PV module at the maximum power
point, V.

Vioat Terminal voltage of the battery, V.

% Reference voltage of the standalone dc load, V.

I. INTRODUCTION

ARNESSING renewable energy sources such as wind
H energy, solar energy, tidal energy, etc., is critical for over-
coming problems due to global warming and environmental
degradation caused by the use of fossil fuels. Among all renew-
able energy sources, solar photovoltaic (PV) is abundant, has
high power density, and is modular and scalable. Solar PV is
used in both grid-connected applications and standalone appli-
cations. It can be used in a wide range of applications from a
microwatt Internet of Things system to a megawatt-scale solar
PV plant [1], [2]. Solar PV operates in a wide range of dc volt-
ages, 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 re-
newable energy sources to maintain a 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 con-
verters uses fewer switches, has a compact structure, a lower
cost, and a higher efficiency, and avoids the need to use commu-
nication systems as compared to multiple single-input/output
dc—dc converters [4]-[6].

Sun et al. [4] have proposed a three-port converter incorporat-
ing solar PV and a battery as power sources feeding dc loads with
galvanic isolation. The control structure involved a complex hy-
brid modulation technique (pulse width modulation (PWM) +
pulse-frequency modulation) with soft switching. Ray et al. pro-
posed 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 prob-
lems, single-inductor multiple-input/output topologies have
been proposed. Single-inductor multiple-output dc—dc convert-
ers based on buck, buck—boost, and boost topologies have been
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proposed in various literature studies [9]-[13]. This reduces the
cost and circuit complexity and results in greater efficiency.

Nami et al. [14] have proposed single-input multi-output
boost converters based on the diode-clamped topology for
multiple-series and multiple-parallel outputs using cascaded
voltage and current control loops. Khaligh ef al. [15] have pro-
posed a single-inductor-based multi-input bidirectional dc—dc
converter, which operates in buck, boost, and buck—boost modes.
Various nonisolated single-inductor multi-input/output topolo-
gies 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 nonisolated converter topologies. Single-inductor
multi-input multi-output topologies, which are a hybrid of multi-
input multi-output converters, utilize multiple power sources to
supply power to multiple applications [10], [17]-[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
a power source and the battery as an energy storage device.
Two modes of operation of the converter—the dual-input mode
during deficit solar PV power and the dual-output mode during
surplus solar PV power—are presented. Babaei and Abbasi [19]
proposed a switched-capacitor-based boost converter topology,
which is used for multiple outputs in series. A detailed anal-
ysis of the converter topology was carried out. Keyhani and
Toliyat [20] proposed a zero-voltage-switching single-inductor
multi-input multi-output converter with the buck—boost mode
of operation.

This paper proposes a novel and simple time-sharing closed-
loop control technique for the solar PV system with a single-
inductor power converter stage, wherein the controller maintains
a constant dc load voltage and a power flow management sys-
tem to balance the power flow between solar PV, the battery, and
standalone dc loads. The power converter is capable of operating
in the 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 ex-
pressions and the transient analysis by developing a state-space
average model of the proposed system. Starting with the descrip-
tion of the proposed system, steady-state analysis, the simulated
and experimental waveforms of various electrical quantities are
presented in the succeeding sections.

II. 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 a power source, a battery as an energy
storage element to supply during the absence of solar PV, a
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Fig. 1. Block diagram of the proposed power flow management system.
TABLE I
PARAMETERS OF THE SOLAR PV MODULE
AT A TEMPERATURE OF 25 °C

Open-circuit voltage (Vo) 328V
Short-circuit current (1) 2.6 A

Nominal voltage (Vinpp) 24.65V
Nominal current (Zppp) 244 A
Maximum power (Pipp) 60.3 W

single-inductor-based dual-input/output dc—dc converter feed-
ing a standalone dc load, and a controller that 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
are as follows.

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 the
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 the 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, such
as constant voltage, perturb and observe (P&O), incremental
conductance, and the beta method [21]. Among them, a simple
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 modeled using the five-parameter
model [22]. The output current of the solar PV module used in
modeling is

q(V +IR,)

nKT

In=1I,—1, € ~1]. (1)

The key specifications of the solar PV module used are shown
in Table I.
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c - width of the charge well Q
k'~ conductance of valve between charge
wells
R-internal resistance of the battery
I - current drawn from the battery
Q2
k o) Ry Current Regulator
Fig. 2. Kinetic energy battery model.

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 the 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
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 alead acid battery is inexpensive and has less safety issues,
it is used for the proposed system.

Jongerden and Haverkort have discussed various battery mod-
els [23]. For modeling the system, a kinetic battery model, an
intuitive battery model based on electrical elements, is selected.
The ampere hour capacity of lead acid batteries is rated for a
particular duration of discharge—typically 10-h and 20-h rates
of discharge. If the battery is discharged faster than the rated
discharge, a lesser amount of capacity is available, and the bat-
tery has to be rested to recover the remaining charge. The kinetic
battery takes this into account by modeling the lead acid battery
into two charge wells: available charge with charge (), and non-
available charge ()-, as shown in Fig. 2. The dynamic equations
for the two charge wells are

dql /

g - 2
ar +k (ha — i) 2
dQQ ’

— =~k (hy — hy). 3
i (ho 1) 3)

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

C. Single-Inductor-Based Dual-Input/Output DC-DC
Converter

The boost-derived single-inductor-based dual-input/output
dc—dc converter used in the proposed power flow management
system is shown in Fig. 3. It consists of the diode Dj,, which
interfaces the solar PV module to the converter and also pre-
vents reverse power flow to the solar PV module. The capacitor
Cin is connected in parallel to the solar PV module to reduce
the solar PV voltage ripples. Switch Sy and diode D are used
to set the battery as an output to store excess solar PV power.
Switch S35 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 the dual-
output boost mode (DOBM) when the power from the solar PV
module exceeds the dc load demand and the dual-input boost
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Fig. 4. Proposed single-inductor-based dual-input/output dc—dc converter in

(a) DOBM and (b) DIBM.

mode (DIBM) when there is a deficit. The circuit configuration
for both the modes is shown in Fig. 4.

During the DOBM, the solar PV module acts as a power
source feeding the battery through switch Sy and the dc load
through diode D . The single-inductor-based dual-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 Spoos. In the second state, switch Speog 1S turned
OFF and the inductor discharges to the dc load through diode
D;. In the third state, the surplus power is discharged to the
battery by turning ON switch .Sy. Since the required voltage of
the standalone dc load is higher than that of the battery, diode D;
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 ip,, and the output dc load voltage v, for this
mode are shown in Fig. 5.

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

V})V - %alD S2
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 vp,, and the pulse modu-
lated fraction of the battery voltage, Viydso. The variation of

V, = “
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Fig. 5. Different circuit states in the DOBM. (a) Charging of the inductor by
the solar PV module. (b) Discharge of the inductor to the standalone dc load.
(c) Discharge of the inductor to the battery. (d) Typical waveforms during the
DOBM.

the standalone dc load voltage with respect to the variation of
duty cycles dp; and dgs for an input voltage of 24 V dc is
observed in Fig. 6. It is seen that the standalone dc load voltage
increases by either decreasing dp ;1 or increasing dg. Rewriting
(4), the required input voltage V,,, for various duty ratios dp
and battery voltage Vi, for an specific output voltage of V,, can
be calculated as

Vov = Vo Dpin + VoaDs2. )
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Fig. 6. Steady state Analysis in DOBM. (a) Output voltage variation with
changes in dg, . and dpj,. (b) Required input PV voltage for an dc load
voltage of 48 V for various duty ratios of dp i, and dg, -

The required input voltage and duty ratios for a specific output
voltage of 48 V dc and a battery voltage of 36 V dc is plotted in
Fig. 6.

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

[ di ] 1 dp, )
dt A A
1
dvpy —— 0 0
= A , v
dt Cl[l p
dv, dp1 0 1 Uy
L dt C'0 CVo-Ro
ds»
L Voat
+ 1 6
0 Cim va ( )
0 0

where dp; and dg- are duty ratios of diode D; and switch S5,
respectively.

In the DIBM, the battery and the solar PV module act as input
power sources for the dc load. Switch S5 sets the battery as an
additional input power source. The single-inductor-based dual-
input/output dc—dc converter has four circuit states, as shown in
Fig. 7. In the first and second states, the inductor is charged by
the solar PV module and the battery, respectively. The switch
Shoost 18 turned ON for both the states. Switch S3 is turned ON
for the second state to set the battery as the input power source.
The diode Dj, is reverse biased as the battery voltage is more
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of the inductor to the output with the solar PV module as a power source. (e)
Typical waveforms during the DIBM.

than the voltage of the solar PV module. During the third and
fourth circuit states, switch Sy i turned OFF and the inductor
discharges to the output. In the third circuit state, the battery is
used as the power source by allowing switch S3 to remain ON.
During the fourth circuit state, switch S3 is turned OFF and the
solar PV module becomes the power source. Typical waveforms
for the inductor current ¢;, the inductor voltage v;, the battery
current 4y, and the output voltage v, for this mode are shown
in Fig. 7.
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By the volt—second principle, the standalone dc load V, in the
DIBM is found as

% _ VI)VDDin + Vi)at (DSboosl - DDin) )
D3y

It is observed that the relationship is similar to the conven-
tional 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 a PV
voltage of 24 V dc and a battery voltage of 36 V dc is plotted
in Fig. 8. The 3-D plot shows that the output voltage increases
linearly with increase in dg 3 and exponentially with increase in

(N

A poon-
The state-space average model for the DIBM has been devel-

oped by considering all the circuit states as follows:

i % T i 0 deS _ dSboml 1
dt L L ,
_ Y
dvpv ds 3
= — - v
dt Chn 0 0 pv
Vo
d’UO dSboos( 0 0
L dt L O, ]
dss 0
L
Voat
+1 o L], ®)
Ca | L'
0 0

where dg, ., and dgj are the duty ratios of switches Shoos and
Ss, respectively.

III. PROPOSED TIME-SHARING CONTROL STRATEGY

The overall time-sharing control block diagram for the pro-
posed power flow management system is shown in Fig. 9. It
consists of a proportional—integral (PI) controller-based voltage
regulator to regulate the standalone dc load voltage of 48 V. The
reference voltage (V") and the actual standalone dc load volt-
age (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 (v, ) 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
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Fig. 9.
Power flow during the DIBM.

regulator (dyo) modulates the power flow for the dc load to
address excess and deficit power based on the PV power avail-
ability by setting the appropriate mode of operation such as the
DIBM and the DOBM. A simple P&O method is used for ex-
tracting the maximum power from the solar PV module by the
control signal dyppr.

The mode change control decides the mode of operation of the
converter by generating the mode signal mge based on the stan-
dalone 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 that the
power extracted from the solar PV is more than the load power
demand and vice versa, which confirms the operation of the
dual-output/input 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
dg 3 is zero, the set-reset (SR) latch shown in the figure is reset to
zero, which sets the converter in the DOBM. Similarly, when the
fall in the dc load voltage is 0.5 below V" and the duty ratio dg
is zero, the SR latch is set to 1, which corresponds to the DIBM.

The power modulation control controls the appropriate
switches to perform the operation of the power converter in
the dual-input/output mode based on control signals dyey and
dyppr and the mode signal mg from mode change control by
using arithmetic and logical operators. my acts as one of the
selector signals for the multiplexers. In the DOBM, when there
is excess solar PV power, MPPT is implemented by routing the
MPPT control signal dyppr to dg,,,, and the voltage regulation
of the standalone dc load is achieved by routing the voltage con-
trol signal dyoy to dpq by the multiplexers. The duty ratio dg-
is created by subtracting a constant of 1 with dg,  and dp;.
The sequence of duty ratios is shown in Fig. 5(d). The following

standalone DC load

(©

Time-sharing control scheme for the proposed dynamic power flow management system. (a) Schematic diagram. (b) Power flow during the DOBM. (c)

expressions were implemented for the DOBM to operate power
switches Spoost and Sy

Sy = dnpPT )
dsy =1 —dp1 — dg,,, (10)

where
dp1 = dvol- (11)

In the DIBM, when there is deficit solar PV power, both volt-
age regulation and MPPT control are achieved by the switch
ds,...- The MPPT control signal dyppr is routed to dpj,, and
the voltage regulation of the standalone dc load is achieved by
routing the voltage control signal dyoy to dg,,,, through multi-
plexers. The sequence of duty ratios is shown in Fig. 7(e). The
duty ratio dg3 is obtained by subtracting dg, ., from dp;, and
then dividing by dg,,.. When the solar PV power becomes sur-
plus, the duty ratio dg 3 is slowly reduced to zero and the battery
is cut off. This results in loss of MPPT as dg, ., = dpin = dvot-
In order to regain control, the MPPT control signal dyppr is
routed to dg,,, - A relational operator is used to detect this con-
dition and generate the signal d, which acts as a select signal
for the multiplexer for dg, . The following expressions were
implemented for the power switches Speost and S5 to operate the
converter in the DIBM:

ds,oe = dvolt (12)
dpin = dveer < dg,,, (13)
ds3 — dSboosl B dD in . (14)

Shomt

From the outputs of the power modulation control (ds, . ds2,
dss, and dp;,) and the mode change signal, the gating pulses
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for the power switches g o050 95, » and gg, are generated using
the gate pulse generation block. A ramp signal vy is used
as a carrier signal for generating gate pulses. In the DIBM, to
generate firing pulses for switches Spoose and S5 in the order
as shown in Fig. 7, first, the duty ratio dg,,, is compared with
Uramp- Since the gate signal gg, for switch S3 has to be generated
between time periods ¢; and ¢, itis generated in two steps. First,
the two intermediate signals K3 and Kj, are generated. Signal
K3 is generated by summing up dp;, and dg3 and comparing
with Vamp, and signal Kj, is generated by comparing dp;, with
Uramp- Next, the intermediate signals K3 and Kj, are XORed
to get gg,. Similarly, for the DOBM, the gate signal gg s 1S
generated by comparing ds,, ., With Urayp.

The dc load voltage control, MPPT, and battery control are
integrated by a time-sharing voltage mode control. Each con-
trol is allocated a time slot to perform power flow, as shown in
Fig. 10. During the DOBM, as shown in Fig. 10(a), MPPT con-
trol decides the power drawn from the solar PV by controlling
the switch Spoos With the duty ratio dyppr. This occurs from
time period O to ¢;. The voltage controller regulates power flow
to the load by determining the period of conduction of diode D,
(from ¢, to ty) by controlling the duty ratio dy,y. The surplus
power flow to the battery is indirectly regulated by the voltage
controller by turning ON switch Sy (from ¢» to ¢3) for a duty
ratio of dgs. During the DIBM, as shown in Fig. 10(b), the
voltage controller controls the power flow to the load by con-
trolling switch Speese (from O to t9) with a duty ratio of dyoy.-
The MPPT control controls the power extracted from solar PV
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by determining the duration of conduction of diode Dj, (from
0 to t;) for a duty ratio of dyppr. The deficit power is made up
by the battery by making it as a power source for a duty ratio
of dg 3 (from ¢, to t3), which is determined by both the voltage
controller and the MPPT controller according to (14).

IV. RESULTS AND DISCUSSION
A. Simulation Results

The proposed power flow management system is simulated
by implementing the state-space model derived in (8) in the
MATLAB/Simulink environment. The values of the passive el-
ements used are 100 pH for the boost inductor L and 1000 pF
for the input capacitor Cj, and the output capacitor C,. A 60-W
solar PV module with an MPP voltage of 24.5 V dc and an 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 controller had values of k£, = 5 and k; = 15
for per-unit error input.

1) Case I: Increase in Solar Insolation From 300 to
600 W/m?: The power flow management system is initially
operating in the DIBM with a solar PV insolation of 300 W/m?,
capable of supplying 18 W. The standalone dc load power de-
mand is 50 W. The MPPT control maintains a dyppr 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 £s,,; 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 dyppy to 0.4
to extract the maximum power. Since the effective input volt-
age VoyDpin + Viat (Do — Dpin) shownin (7) decreases, the
voltage controller increases the duty ratio dyy) to maintain the
constant standalone dc load. Due to higher increase in dyppr
compared to dyey, dg3 decreases in accordance with (13) and
(14), and hence, the share of the battery power to the dc load
power demand reduces to 14 W.

2) Case II: Change in the Mode From DIBM to DOBM due
to Surplus Power: Initially, the power flow management system
is operating at the 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 dyoy to regulate the standalone
dc load voltage. When dy,) becomes less than dyppr, MPPT
control is lost as dp ;, becomes less than dyppr. 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 ds, , equal to dyppr. This
results in loss of voltage control and rise of the load voltage
above the reference voltage V.. The mode change control shifts
the converter to the DOBM almost immediately. The controller
reduces the duty ratio dp; to reduce the standalone dc load
voltage to V,* and duty ratio dg, to divert excess power to
batteries.

3) Case IlI: Change in the Mode From DOBM to DIBM
due to Deficit Power: The power flow management system is
initially operating at the DOBM with solar PV power of 36 W
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Fig. 11.  Simulation of dynamic response of the converter to changes in the
standalone dc load at ¢;...

(600 W/m?). At the time instant tg» 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
dyppr (=ds,,,, ) to reach the new MPP. The deficit results in a
decrease in v,. The voltage controller compensates by increasing
the duty ratio dvo (=dp1) to regulate the load voltage. This,
in turn, results in a gradual decrease of the duty ratio dgs to
zero and corresponding reduction of power flow to the battery
to zero. At this point, voltage control is lost. This combined with
the decrease in the dc load voltage v, below V" is used by the
mode change control to shift the converter to the DIBM. In the
DIBM, the voltage control signal dyoy is 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 us-
ing MOSFET switches (IRF540N) rated at 23 A and 100 V
and diodes (body diode of IRF540N) rated at 23 A. Three 24-V
60-W solar PV modules were used as power sources, and a resis-
tive standalone dc load was used. A 36-V 40-Ah lead acid battery
is used as energy storage. The input capacitor Cj, and the dc load
capacitor C, were rated at 1000 uF. A 100-xH toroidal inductor
rated at 20 A is used. The converter is switched at 100 kHz. The
controller is implemented by using MATLAB/Simulink pro-
gramming, 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
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Fig. 12.  Simulation of dynamic response of the converter to decrease in solar
PV insolation at tgpyo .

s | \
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standalone DC
\\\\1’\' Load =

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

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 Pad, Fhat» and P,y are
computed inside the dSPACE DS1103 real-time interface (RTT)
board and recorded in a digital storage oscilloscope (DSO). The
gate pulses are generated by using the dSPACE DS1103 RTI
board and the XOR logic gate. The gate pulses are then fed to
LM339, a quad package comparator that 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 In-
crease in the Solar PV Input From 18 to 36 W: The converter
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Fig. 14. Experimentation Case I: Dynamic response of the converter to tie  tm

changes in solar PV insolation.
Fig. 15. Experimentation Case II: Dynamic response of the converter to
changes in load.

is operating at the DIBM with both solar PV and the battery

satisfying a standalone dc load demand of 50 W. At the time 500/ 2 SO%/ © Sobe/ 4 200V 1308 2000/  Stop
instant ¢y, as shown in Fig. 14, the solar PV input was doubled DC Load Voltage SOVidiv
to 36 W. The MPPT controller increases dyppr to shift the solar 48V - a8V
PV to the new MPP. The voltage controller increases dyoy as
the effective input voltage, as shown in (7), is reduced due to 0-5A/div
increase in dp;,. Due to increase in dp;, [see (13)], ds3 [see :22" / 0.35
(14)] decreases, and hence, the power drawn from the battery ki 0.5A/div]
decreases. - *0-18A
2) Case II: Mode Change to the DOBM due to Decrease in P o
the Standalone DC Load From 37 to 12 W: The standalone dc gs‘ii:em
load power demand was 37 W, which is supplied by both solar — oon | 2Adw
PV and the battery with the converter in the DIBM. At the time i
instant ¢;., as shown in Fig. 15, the standalone dc load power PV Powpr
demand is reduced to 12 W. Due to surplus power, the voltage 3BW 20Wkiiv)
increases. The voltage controller reduces dyyy. After it reaches 18w .
equal to dyppr, the MPPT control takes over control of switch e I G
S3, which results in loss of voltage control. The mode change i Bj;‘:vry Power W
control then shifts the converter from the DIBM to the DOBM
at time t¢,,, to divert surplus power to charge the battery bank. £030 amet : 20w/
The voltage control is now restored, and the standalone dc load | 2w 2w
voltage is regulated to V. o et 032 — 0.5/div
3) Case Ill: Mode Change to the DIBM due to Decrease in e
the Solar PV Input From 36 to 18 W: The converter is operating
at the DOBM with a standalone dc load power demand of 20 W vy

tspv tm

and the solar PV input of 36 W. At the time instant Z,y, as shown
in Fig. 16, the solar PV input is halved from 36 to 18 W. Since Fig. 16. Experimentation Case III: Dynamic response of the converter to
the standalone dc load power demand is 20 W, this results in  changes in solar PV insolation.

deficit power and decrease in v,. The MPPT control decreases
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TABLE II
OPERATION OF THE PROPOSED SYSTEM UNDER VARIOUS LEVELS OF SOLAR PV POWER AND OUTPUT DC
LoAD DEMAND WITH A BATTERY VOLTAGE OF 36 V DC AND AN OUTPUT VOLTAGE OF 48 V DC

Number Voo V) LA Py W) Vou (V) Do (A Poa (W) Vo (V) Ip (A)  Poag (W) Mode
of panels

1 24 1.04 25 36.5 0.7 28 48 0.94 45 DIB
1 24.1 0.62 15 36.8 0.244 9 48 0.42 20 DIB
2 243 1.64 40 37.1 —0.49 —18 48 0313 15 DOB
3 24.2 3.72 90 37.1 —-0.7 —26 48 1.04 50 DOB
2 24.3 3.09 75 36.7 0.84 31 48 1.88 90 DIB

dyppr to shift to the new MPP. The voltage controller increases ACKNOWLEDGMENT

dvol; to compensate for drop in v,, but this is not enough. The
mode change control shifts the converter from the DOBM to
the DIBM at time ¢,,, to use the battery as an additional power
source to make up for the power deficit. The voltage controller
then regulates dyqy 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 prove the efficacy
of the proposed power flow management system for standalone
solar PV applications.

V. CONCLUSION

A power flow management system for battery-backed stan-
dalone solar PV systems employing a 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, the
battery, and dc loads to maintain a constant dc load voltage
and also extract the maximum power from solar PV. The con-
verter 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 con-
trol circuits have been implemented on a dSPACE DS1103 RTI
board.

The steady-state operation of both the DOBM and the DIBM
has been simulated and validated using the MATLAB program-
ming 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 stan-
dalone dc load current, the averaged battery current, the solar
PV power, the battery power, and the standalone dc load power
obtained using this model are shown for changes in levels of in-
cident solar insolation and the dc load on the system. These dy-
namic 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 experimental performance presented confirms the satisfac-
tory working of the controller in maintaining the desired dc
load voltage under the varying operating conditions of solar PV
insolation and consumer load.

The authors would like to thank the authorities of the
National Institute of Technology, Tiruchirappalli, India, for
all the facilities provided for carrying out the experimental
and simulation work at the Switched Mode Power Conversion
Research Laboratory for the preparation of this paper.
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