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Abstract This paper presents coordinated operation of
power management strategies for a hybrid system. This
hybrid system is modeled based on dynamic variation of
load power and its effective distribution strategy. The
proposed hybrid system consists of variable speed diesel
generator (VSDG) and lithium-ion battery which is able to
supply electric power for Power, Water and
Communication (PWC) economically and efficiently in
rural areas. The variation of power demand in PWC load is
highlighted in load profile. The total PWC load is
effectively shared by two VSDGs and one Lithium-lon
battery bank. The use of advanced VSDG helps hybrid
system to reduce fuel consumption as its speed varies with
load demand. The proposed segmentation of high
frequency and low frequency components of load currents
and their assignation to suitable source helps to reduce the
transients during load variations. Also, one of the
generators will be switched off when the total power
demand goes below specified level and hence significant
fuel savings can be achieved. The execution of proposed
system is assessed through MATLAB/Simulink model and
its validation by experimental test bench.

Keywords AC/DC Converter, DC/DC Converter,
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1. Introduction

The main concern of people living in rural areas in all
over globe about the power requirement for their essential
needs like Power, Water and Communications [1]. The
proposed hybrid model mainly aims to address the power
supply for PWC system. The system consists of two
variable speed diesel generators and one advance

lithium-ion battery. Conventionally for reliable power
supply, the constant speed diesel generator (CSDG) is most
popular. The main issue of this conventional system is that
it will run at constant speed irrespective of load variations.
As it runs at constant speed in all different loads, the CSDG
will consume fixed amount of fuel irrespective of load
variations. The VSDG is designed to run at low speed and
speed is adjusted with different loads through exciter
control. A comparative study of VSDG and CSDG is
narrated in [2]-[4]. The transients during sudden changes of
loads are major concern in the operation of DGs. In order to
avoid this kind of issues, a controlled Energy Storage
System (ESS) along with CSDGs is explained in [5] and
[6].

In this study, the hybrid operation executed with two
VSDGs and one Lithium-ion battery are connected to a
common dc bus. The proposed dc bus configuration helps
to reduce the number of power switches and complexity of
control [7]. A linearized model of power converters [8] and
[9] (AC/DC and DC/DC) are adopted for various power
conversion level of hybrid system. A similar hybrid
diesel/battery propulsion system is described in [10] and
[11]. For more extensive cases, multi-source hybrid
systems (Diesel/Wind/Battery) are narrated in [12].

In this paper, a rural area power profile (PWC system) is
designed with 500KVA load. Two VSDGs are connected
to the dc bus through AC/DC converter and lithium-ion
battery through a DC/DC converter shown in Figure.1. The
power management is executed in such a way that the
principal part of load is supplied by two VSDGs and keeps
the voltage of dc bus in desired level.

In addition for supplying power to PWC system, the
main concern of this paper is concentrated on the power
mitigation of power fluctuations due to transients during
load variations with help of energy storage system.
Secondly, one of the VSDG is tured off when the total
power demand goes below specified level and hence the
fuel efficeincy can be improved.
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Figure 1. Configuration of hybrid system
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Figure 2. Load profile for the PWC system.

2. Power Supply for PWC System

A PWC system with 500 KVA is considered for this
study and daily operating duration from 7.00 am to 19.30
pm. Figure.2 shows PWC system power consumption
profile with five levels. Level A (479 KVA, 450 KW) is the
maximum power consumption, which consists of lighting
load, water treatment plant and communication loads.
Level B (391KVA, 365KW) relates to substantially

reduced power level than level A. Accordingly, Level C
(312 KVA, 288 KW), Level D (90 KVA, 77 KW) and
Level E (50 KVA and 48 KW) are designed.

In this study, two identical VSDGs with 250 KVA
capacity are considered as main power source. In order to
reduce the transients during switching of loads, a
lithium-ion battery is integrated. The power and energy
variation of PWC load profile is shown in Figure.3. From
the power curve, the maximum capacity required for
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battery system is determined by the relation AP = Pysps-  Specific power, energy density and cost is given in Table 1.
PLoad- From the energy curve, it is observed that maximum It is clear that even though the initial cost of lithium-ion
variation of energy, AEn.x = 44 KWh. This means that, the  battery is high, it has high energy density and long life. The
capacity of battery to be used is fixed at 44 kWh. But the 75% mentioned advantages of lithium-ion battery ensure
of total power of battery is usable, 60 kWh rated battery is moderate operating cost and good working performance in
considered for this study. the utilization period.

A comparison of various battery technologies in terms of

Table 1. Comparison of ESS technologies

Battery Specific Power Specific Energy Energy Density Cycling Life Capital Cost
(w/kg) (Whikg) (Wh/L) (cycles) ($/kWh)
Lead-acid 180 40 70 1000 300
NiCd 230 65 100 2500 1150
NaS 190 190 200 3000 450
VRB 160 30 33 >12000 600
ZnBr 70 50 60 2000 500
Li-ion 500 150 300 10000 2000
Flywheel 950 50 50 >20000 5000
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Figure 3. Power and energy variations for Energy storage system
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3. Modeling of Subsystem

3.1. Variable Speed Diesel Generator (VSDG)

The performance evaluation and complex control of
conventional CSDG are depicted in [3] and [4]. The
designing of VSDG includes the variation of speed
according to fluctuating load that is executed by controlling
the engine gain and ignition delay. The VSDG torque
model in equation 1 is used from the reference [15] and
[16].

1 \ -
n [1+'{J xs/}le(mfjxe

j‘"(;v.i:f)=r:f3><mj,+a’2>»<;v:i:j,+r:f1><r.lzf+a’B > )
60 xS, 60
+

T, =
: 2xNxn, 4xN

4

Where 1, denotes engine mechanical torque, t, is time
constant of actuator, ms is the fuel index. Here St is set as 4
for a four stroke engine, ngy; denotes cylinder number and
N is the speed of the engine. The torque fits coefficients d;
d, and d; are taken from [17]. The basic dynamic model of
VSDG is derived from torque equation of Permanent
Magnet Synchronous Generator (PMSG) [18]. Here Tm
and Te are mechanical and electromechanical torques
respectively and J is the moment of inertia.

3.2. Lithium-ion Battery Model

The electrical modeling of lithium-ion battery is given in
equation 3 from the literatures [19]-[21]. Where, Vyq
represents the voltage of battery and Iy current through
battery. Ny and N, are the number of series-parallel cells,
open circuit voltage is denoted by Voc, Rg and Rq show
polarization and series resistances and Cc represents
capacitance of battery cell.
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3.3. Converter Modeling

A buck boost DC/DC converter is used in the battery side
to condition the battery current that is shown in Figure.4.
The average model of buck-boost converter is given in

equation 3 and 4. Where, for buck operation k is set for -1
and for boost operation k is set for 1.
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Figure 4. DC/DC Converter at battery side.

Equation 5 shows the relationship from bus current
through battery (lus.nat) and battery generated current (lpg).

_ I XV

bus—bat ~
Vdc

The VSDG is connected to the dc bus through a AC/DC
rectifier circuit and its average model is shown in 6. Where,
two VSDG currents are denoted by lieq; and liegp. The Ig,
denotes load current, Iy, ls,, ls3 represents stator current of
VSDG; and gy, lspo; lsps represents stator current of
VSDG,;. The reference signal from pulse width modulation
(PWM) circuit is shown as S,, S, and S.. The modification
of DG output through a rectifier is depicted in [23]. The
PWM control ensures the operating schedule of two
VSDGs.

When total power demand is high, two VSDGs are
equally sharing the load and when the demand goes below
specified level, one of the VSDGs is turned off.
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Figure 5.  Power management and control schema for the PWC system.

4. PWC System Power Management
and Control

The main aim of system power management is to divide
the load current into high frequency segment and low
frequency segment. The high frequency segment of load
current is supplied by battery and low frequency segment is
supplied from two VSDGs. The splitting of load current is
carried out with help of low pass filter (LPF) and is shown
in Figure.5.

In order to obtain the satisfactory performance of
VSDGs, it must be operated over 35% of its rated capacity
[24], [26]. In this study, two VSDGs of capacity 250 KVA,
200 kW each are used, hence 35% of 400 kW (140 kW =
400 kW x 35%) is set as operating limit of one VSDG.
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5. Simulation Results and Discussions

In order to get satisfactory performance, the dc bus
voltage is set for 1000V. In the simulation results, I
represents load currents, the currents from VSDG; and
VSDG, are indicated by Il and lq respectively. The
battery current fed in to dc bus through a DC/DC converter
is shown by lpspa. The proposed system and its control
model are implemented in MATLAB/Simulink and it is
validated by reducing scale test bench.

The load current Iy, is shown in Figure.6 and the
regulated dc bus voltage appears in Figure.7. The 10%
variation observed in dc bus voltage is due to transients
during switching of loads. The battery current (lyys.pat) fed
in to dc bus is shown in Figure.8. The total current from
two VSDGS (lreqitledz) iS depicted in Figure 9. By
observing Figure.8 and Figure.9, it is clear that the high
frequency segment of load current is supplied from battery
and low frequency segment from two VSDGs.
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The current and voltage measured from battery side are
given in Figure.10 and Figure.11. I, has indistinguishable
shape as lpyspat- It is Observed that when there is extensive
rise in load current, the battery current diminishes
(discharging) and when load current drops, battery current
increases (charging). The current from two VSDGs is
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shown in Figure.12. The corresponding speed response is
delineated in Figure.13. When load current is high, two
VSDGs are equally sharing the power. When load current
drops below 140kW, VSDG; is turned off and VSDG;
alone supplies power.
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Figure 13. Speed variations of the VSDG; and VSDG;.

6. Experimental Validation

A reduced scale experimental test bench is set up in our laboratory shown in Figure.14. The two voltage controlled dc
sources are used to emulate VSDG; and VSDG, characteristics. A miniature programmable electronic load is used to
asses PWC load profile. A 12V, 100 Ah lithium-ion battery connected to the dc bus through DC/DC buck-boost converter.
The reference voltage for dc bus is set as 12 V and a scale factor 500 reduction obtained in load power. The control
algorithm is executed by PIC18F4431 Microcontroller. By observing the experimental results it is clear that the
simulation results are in consistent with experimental results.

Current and Voltage

§ 12V 100AH DEEP CYCLE
LITHIUM ION BATTER

Electronic Load

Figure 14. Experimental test bench
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7. Conclusions

This paper displays efficient and economic hybrid power
generation system for rural area power, water and
communication (PWC) applications. The frequency
segmentation approach for load current ensures assignation
of high frequency segment to lithium-ion battery and low
frequency segment to two VSDGs, which reduce the
transients during load variations. The simulation results
confirm that during variation of speed and load current, the
dc bus voltage is maintained constant. Additionally, when
the load falls below specified level, one of the VSDGs is
turned off and hence significant fuel savings can be
achieved. The experimental test confirms the simulated
results are in consistent with experimental results.
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