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Abstract—This paper proposes a multi-input boost converter
for parallel connected renewable energy systems. The proposed
converter simultaneously harnesses power from two parallel
connected renewable energy sources while maintaining constant
output voltage. The operation of the converter is examined
and its operating modes are developed. The small-signal ac
model of the proposed converter is developed in continuous
conduction mode by circuit averaging technique. Based on the
developed small-signal ac model, line-to-output and control-to-
output transfer functions are derived and the relevant Bode plots
are obtained analytically and are verified by circuit simulation for
evaluating open-loop and closed-loop stability of the converter.
The analytical results are in good agreement with the computer
results, validating the developed small-signal ac model and the
derived transfer functions.

Index Terms—Constant voltage controller, hybrid renewable
energy systems, multi-input converter, small-signal analysis.

I. INTRODUCTION

Power industries were built on the foundations of conven-
tional sources of energy (fossil fuels, hydro, nuclear, etc).
However, the combination of ever-increasing electric power
demand, limited carbon based resources and environmental
concerns, the need for alternate sources of energy has emerged
recently. [1], [2]. Renewable energy sources are advantageous
over conventional sources, nevertheless they are highly in-
termittent in nature. However, hybrid power sources proves
to establish a continuous power supply with certain comple-
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mentary RESs (solar and wind) [3] . Different combinations
of renewable and conventional energy sources with power
electronic interfacing have been suggested to overcome the
limitations of isolated energy sources. The objective of the
power electronic interface is to harness maximum power from
RES sources and in accordance maintain the power quality of
the grid network as well as obviate converter switching losses
[4].

Integration of renewable with conventional energy system as
proposed in [5], is a feasible solution to reduce emission and
operational cost of distribution system particularly in remote
areas. In literature, many control strategies with different
types of DC-DC converters have been proposed for control
and Maximum Power Point Tracking (MPPT) of a Hybrid
Renewable Energy System (HRES) [6]-[8]. A novel method
for integration of a four-level DC-DC converter with high fre-
quency isolation transformer is proposed to connect the HRES
to the grid [9]. Accordingly, introduction of DC bus being
fed from HRES with bidirectional storage system have been
implemented [10]-[12] analyzing these systems with fuzzy
logic, perturb and observe (PO) and sliding mode technique
(SMC) to facilitate smooth transition between autonomous
and grid connected modes thereby, achieving DC bus voltage
regulation.

Similarly, various multi-input topologies for boost and cuk
converter have been proposed [13]-[17] for hybrid renewable
energy sources. The research in [13], [14], studies differ-
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Fig. 1: Proposed topology of the hybrid renewable energy system.

ent modes of operations for a multi-input power converters
(MIPC), incorporated in hybrid renewable energy sources
(HRES). In [18], a cascaded topology of DC interface for
numerous integration of distributed generation (DG) sources.
This study proposes voltage control strategy for stable opera-
tion DG interconnections through DC-DC converter regulation
and further obviates the requirement of complex communica-
tion server connections. Further, in [19] a novel integration of
snubber cell is presented for boost converters to enhance zero
voltage transition (ZVT). This novel integration ensures high
step-up voltage and is able to operate under variable loading
conditions and load distances. Furthermore, the study in [20]
introduces a fractional order PID controller to overcome the
limitations of H-bridge DC-DC converters such as, voltage
overshoot and slow converter response. This control strat-
egy additional supports smooth transition between continuous
and discontinuous converter modes ensuring reduced energy
losses.

The proposed topology is based on (i) flux additivity
principle, (ii) pulse Width modulation choppers, and (iii)
converter for energy storage elements; these topologies are
exploited to supply domestic load requirements supplied with
solar and wind RESs. A novel method for single-phase mul-
tilevel inverter is proposed in [21], this suggested an upper
inverter fed from PV array and the lower inverter fed from
wind turbine. The maximum power point tracking (MPPT) is
based on sliding mode technique (SMC). From this method,
improved efficiency and minimum voltage stress is achieved
which was simulated and proved. Finally, for integration of
sources having input and output current ripple (thermo-electric
generator, wind, batteries, super capacitors), interleaved boost
converters for high power applications are proposed in [22],
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[23]. MPPT in these methods were obtained by perturb and
observer algorithm and PWM technique and presented by
simulation.

The remainder of this paper is organized as follows. Section
Il presents operation modes and control of the proposed
converter strategy. Section III consists of the mathematical
design and small signal analysis of the proposed grid network.
The computational analysis and validation of proposed control
strategy is presented in Section IV, followed by the conclusion
in Section V.

II. PROPOSED SYSTEM CONFIGURATION

The proposed parallel renewable energy sources based sys-
tem is shown in Fig. 1. It comprises of two boost converters,
one for each parallel connected renewable source. The upper
converter is fed from PV module and the lower converter is
fed from rectified wind turbine output voltage where upper
boost converter is used to track the MPP of the PV module.
Similarly, the MPP of the rectified output voltage from the
wind turbine was simulated by lower boost converter with a
pulse delay to create the complementary switching of the boost
converters. The PWM technique allows to regulate the output
voltage with a desired reference voltage.

A. Operating Modes

Any boost converter has two operating modes each cor-
responding to the state of switching device used (ON/OFF).
Since, this system utilises complementary switching, the oper-
ation of the overall system is divided in two operating modes.

Mode I (0 < t < DTy)

The switch Sp is ON and switch Sw is OFF. During
this interval inductor current iy, flows through switch Sp,
which charges the inductor 7, with polarity and this current
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Fig. 2: Current and voltage waveshapes.

increases linearly with time as shown Fig. 2. Switch .S}, being
in conducting state, the voltage (V) across it is zero, while
inductor voltage vy, stays constant and equal to V},. Since, the
switch S, is OFF, inductor L,, discharges linearly through
diode D,, with polarity, while inductor voltage (vr,,) stays
constant and equal to V. Power is transferred from second
renewable energy source to the load.
Mode II (DT < t < Ty)
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Fig. 3: Small Signal model of the converter.
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Fig. 4: Open loop small signal model of solar PV.
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Fig. 5: Open loop small signal model of wind turbine gener-
ators.

During this period switch S, is OFF and .S,, is ON. Inductor
current iy,,, flows through switch S,, that charges the inductor
L,, with polarity and this current increases linearly with time.
Switch S, being in conducting state, the voltage (V,,) across
it is zero. While inductor voltage vy, stays constant and equal
to V,,. Since the switch Sp is OFF, inductor L,, discharges
linearly through diode D, with polarity (Fig. 2). While the
inductor voltage (vz,p) stays constant and equal to V},,,. Power
is transferred from first renewable energy source to the load.
During both the operating modes, output voltage is sensed and
then compared with the desired output voltage to generate an
error signal, which is then integrated and fed to the PWM
generator, hence adjusting the duty cycle to minimise the error
signal to achieve the desired reference voltage.

III. SYSTEM FRAMEWORK AND MODELING

The proposed system configuration consists of two boost
converters, which operate in complementary manner. In order
to determine the stability of the overall system, it is necessary
to investigate the closed loop transfer function of the system.
The study comprises of the derivation of a canonical model
of each individual converter and then combining the results of
both canonical models. The first step in order to achieve the
canonical model of each converter is to develop the open loop
small signal ac equivalent circuit.

A. Open loop small signal ac equivalent circuit

The small signal model of the converter is shown in Fig 3.
Here, V),(¢) is the voltage generated by PV and wind genera-
tors and V (t) acquired output voltage. Switch S, remains ON
for a period DT, over a switching period Ts. Average voltage
across inductor and the capacitor over the time period 7T is
given in eqs (1) and (2) respectively.

pdr. d(t)v,

o ), +d (85,

®)r, —o)r,] (1)
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Therefore, to obtain a small signal ac model let us assume
that the input voltage and duty cycle are equal to some given
(DC) quiescent values plus superimposed small ac variations in
response and after any transient have subsided, the converter
dependent voltages and currents will be equal to the corre-
sponding quiescent values plus small ac variations as depicted
in eq (3)

Up(t), =V + Up(t

(t)
d(t) =D + dEt; 5

i(t)r, =1+t
o(t)r, =V +0(t)
In addition, considering only the first order ac terms, the

small signal analysis for the inductor and capacitor is termed
further as follows:

o) = Ldil(tt) +Dot) — V() @)

cdz(:) — (D+d(1)) {V:’(”] w0 —d @ |:I — i) - ‘/JFR”(”] )

D'i(t) = C%Sf) + %f) + Id(t) (6)
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Fig. 7: Bode diagram for solar operation.

The small signal models obtained from the small signal
modelling of the PV and wind systems is shown in Figs. 4
and 5 respectively.Accordingly, for the measurement of the

Bode Diagram
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Fig. 8: Bode diagram for wind operation.
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Fig. 9: Output current and voltage characteristics.
output fluctuations of the solar and wind generations a conical TABLE I. SYSTEM PARAMETERS
formulation is derived. Hence, the converter will have two Parameter Symbol Values
inputs, i.e., control inputs d(s) and line inputs ¥(s); one output Switching frequency fs 1000 Hz
component 9(¢) (7). In accordance, the open loop transfer Wind turbine operating parameters)
. K R Input AC voltage Va 25 V (rms)
function for solar PV and wind power generators and with R=1mQ
their respective converters can be formulated as shown in eqs . Vi =08V
Diode Dy R, = 5000
(8) and (9). s =
Cs = 250nF
Filter inductance Ly 9mH
0(s) = Gopq(s)d(s) + G0 (s 7 Filter capacitance Cy 1000 puF
( ) Ud( ) ( ) vpP ( ) @ Solar PV operating parameters)
Input DC voltage Vp 24 V (peak)
1 1 Inductor Ly 100 pH
G’U]? = 5 L 27, (8) R=1m{}
D + == 2 /pc Diode D Vp=08Y
RD"2 D2 P Rs = 50082
s =250nF
G — i 1 9) Components at the point of common coupling
vw Y 1+ Ly, + 2L, C Capacitor C 90 uF
RD'2 D'2 Load R 100 ©
Where Vw(s) is the rectified voltage of wind turbine and
duty cycle for this case will be D owing to the complementary
switching.
1 Gup Gow
] V=10 + 0 + 10
B. Closed loop configuration ref H(1+T) P+ T) Y1 +1T) (10)

The duty cycle cannot be expected to stay at a single value
to give a constant output voltage under all conditions. In this
front, the feedback provides a means to obtain a constant
voltage by continuously monitoring it and after comparison
with desired output voltage, the required adjustment in the
duty cycle is made with the help of PWM controller. Thus,
we can obtain specified output voltage with high accuracy,
regardless of disturbances or component tolerances.

The mathematical block representation of the model is
shown in Fig. 6, from which the output voltage is formulated
as eq (10)
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Therefore, the output transfer functions for HRES is derived
as given in (11) and (12) for solar and wind generators
respectively. Furthermore, the bode-plot is shown in Figs. 7
and 8.

) Gow . N
’LA}w = m, when Up, Uref = 0 (11)
0 Gop R .
— = ————, when 0,,0r=0 12
o, (1+7) f (12)
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IV. SIMULATION RESULTS

The simulation of the proposed model is developed and
verified using MATLAB/Simulink. A parallel integration of
solar and wind generators are connected at the point of
common coupling (PCC) with the load as depicted in Fig.
1 considering the following specifications provided in Table I.

The considered voltage variation is 4-24 V (peak) for solar
and 19-27 V (rms) for wind turbine generation. The desired
reference voltage required at the output is kept at 40 V. The
simulated and measured waveforms of output voltage (V)
and output current (/,,,;) are shown in Fig. 9, from this it can
be seen that the proposed controller design optimally maintains
the voltage within permissible power quality requirements,
irrespective of the voltage transience experienced due to solar
irradiance and wind speed and hence satisfies the load require-
ment of the system.

V. CONCLUSION

In this paper, a parallel connection model of boost converter
has been studied for multi-input renewable energy sources.
Initially, the system was mathematically modelled taking small
signal variations into consideration, and establishment of the
respective current equation, voltage equation and characteristic
transfer function of the system. Then the stability of the system
was evaluated. Further, a model for parallel connection for dif-
ferent operating modes was simulated in MATLAB/Simulink
environment. From the simulation results, it can be inferred
that after some initial transience, ripples in the output voltage
are minimised (£0.015V). Therefore, the stability of the
system is maintained within the required permissible limits.
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