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ABSTRACT

A new configuration is presented to investigate the use of
renewable energy sources, such as wind energy, an
auxiliary thermo-electric generator and a battery bank, to
feed critical loads in isolated locations in less developed
areas, where no electric supply is available. Where
possible standard  off-the-shelf car parts such as
alternators and AVR are used. This configuration, called
Wind Turbine Uninterruptible Power Supply (WT-UPS) is
a modular system that offers a number of advantages over
the classic hybrid systems. Initial experimental results
show the system works as predicted.

Key words: wind turbine, cogenerating renewable
systems, ferro-resonant transformer and special
uninterruptible power supply.

1. INTRODUCTION
Uninterruptible power supply systems combine different
independent energy sources to ensure continued operation
of critical loads. In the system presented in this work, a
Wind Turbine Uninterruptible Power Supply (WT-UPS),
two primary energy sources, one renewable (a wind
turbine driven electric generator) and one traditional (an
internal combustion driven electric generator) are used, in
combination with a temporary storage system (a battery
bank), to provide AC electric power to a critical load.
Using the same hardware two operating strategies are
possible [1]:
= Integrated Renewable FEnergy Hybrid Systems for
isolated locations (IREHS).
= Cogenerating Renewable Systems for non-isolated
locations (CRES).

In this work an IREHS application is considered and the
main power source is the wind turbine, the internal
combustion engine being used only to supply the critical
load when the wind velocity is not high enough to operate
the main (wind-driven) generator and the charge stored in
the battery bank is exhausted. Also, since the equipment is
intended to be used and maintained in isolated locations in
less developed countries, where the production facilities
will also be located, as much as possible is made of off-
the-shelf car parts, mainly alternators and AVR (automatic
voltage regulators) since they are rugged, relatively
inexpensive and locally available. Also, local expertise in
the maintenance and repair of these equipments is usually
available, and it is possible to train these personnel to
service the WT-UPS. A car alternator is used as the main
wind-driven generator and, in a follow-up development,
another alternator will be used as the auxiliary,
combustion-engine  driven generator. To increase
simplicity and fault tolerance, a simple unregulated
square-wave inverter driving a ferro-resonant transformer
is used to produce the required 120 Vrms single phase AC
output. When it is necessary to transfer the load from the
main (wind-driven or battery fed) AC output to the
auxiliary one, a PLL circuit is used to lock the transformer
output with the auxiliary AC generator, before the transfer
switch is activated. This ensures a transient free load
transfer.

2. SYSTEM DESCRIPTION
Figure 1 shows a complete block diagram of the proposed
WT-UPS system. The main building blocks are the wind
generator, the solid state power conversion block, the
battery bank, the auxiliary electric generator and the
regulation and control circuits controlling the operation of



AVR

Syncronism

Contro] [«

ACDC |«
Initial Voltage from
* battery bank Control
\ .
v AC/DC SW
By-pass
Ref .
Wind Square-wave  aoeeceeeee..., °
—> y e : H )
Generator DC/DC inverter H ) N >
+42V +79V J_‘ A
= = J— T Output voltage
| 115VAC-60Hz
=[] : 3 AV
AC o 2T
Output § N
"\ + Ferroresonant
—l T Transformer |
1L < +
= PLL & AC internal
UC3844 Ose. & J Control | ¢ combustion
£ 4 120VAC-60Hz motor-generator set
Monitor

Fig.1 WT-UPS Block Diagram

the various energy sources as an uninterrupted AC
power supply.

In normal operation the wind drives the WT-UPS main
generator, which is a car alternator. The main generator
output is connected to an uncontrolled three-phase
rectifier and an LC filter, providing a low-ripple dc
output. The alternator AVR (automatic voltage
regulator) ensures that the dc level is constant when the
wind turbine is operational.

The filtered dc output is fed to a DC/DC converter with
a 79 V dc output level. This stage is included in order to
optimize both the battery bank and the output inverter
design. It also gives a degree of flexibility to the overall
design, since it allows for the use of alternators of
different output voltages.

To keep system complexity down and increase fault
tolerance, a simple square-wave inverter connected to a
ferro-resonant transformer (FRT) is used to generate the
AC output, the transformer providing voltage regulation
and a degree of overload and over voltage protection to
the solid state power electronic components.

In normal operation, when the wind velocity is enough
to operate the wind turbine, the battery bank is keep
charged, and all output energy is wind provided. When
wind speed falls below the generating minimum, the
alternator output is no longer sufficient (or actually goes
to zero) to keep the DC/DC converter operative, but no
output interruption takes place, since the floating battery
bank takes over, feeding the inverter. Since the inverter
square-wave amplitude is not regulated, output
amplitude will fall as the battery bank is discharged, but

output AC level remains constant as long as the FRT is
saturated.

In this operating mode, back-up time at maximum output
load is a function of battery bank size. When the battery
bank is reaching its discharged level, the control system
stars the internal combustion engine, driving the second
(auxiliary) electric generator in the WT-UPS system.
This generator takes over the output load until wind
velocity recovers and the main wind turbine generator is
able to provide the required energy. At this moment the
control system stops the auxiliary internal combustion
engine and the system returns to the normal operating
mode.

Two different approaches are possible to integrate the
motor-generator set into the WT-UPS. If the auxiliary
generator, as the main generator, is a car alternator, the
electrical connection will be made at the low voltage dc
bus level, and the DC/DC converter, square wave
inverter and FRT will be in use when the auxiliary
generator is active, providing the AC output as described
before. In this case no additional control hardware is
necessary to regulate the transition between the battery
bank and the auxiliary generator.

Otherwise, as shown in fig. 1, an off-the shelf
commercial AC internal combustion motor-generator set
can be connected to the load at the FRT output using a
transfer switch. In this case, to eliminate transients when
the motor-driven AC generator takes over, a PLL circuit
is used to lock the inverter output to the AC generator
output before the transfer switch 1is activated,
transferring the AC load to the auxiliary AC generator.
In this configuration the DC/DC converter and the



square wave inverter are inactive once the internal
combustion engine is driving the critical load. Also, as
shown in fig. 1, an auxiliary AC/DC converter can be
fed from the auxiliary AC generator to load the battery
bank if desired.

3. DESIGN CONSIDERATIONS
3.1- The ferro-resonant transformer.
The FRT was chosen due to its main advantages: AC
voltage regulation, 150% overload capacity, high level

galvanic isolation between input and output. Figure 2
shows the FRT simplified circuit model [10]-[11].
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Fig.2 FRT simplified circuit model.

Taking into account input inductor current, iz, capacitor

voltage, v, and magnetic flux, &, in the saturated
reactor, RS, FRT state equations are:
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where @, f (®), i, vi and v, are time-dependant
functions.

3.2- Output synchronization.

A PLL circuit is used to lock in phase the inverter
square-wave with the AC generator output, in order to
reduce dv/dt transients when the load is switched from
the FRT to the AC generator and back. A second order
PLL circuit is used, with a filter transfer function given
by:
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Taking into account the phase detector, the voltage
controlled oscillator and the amplifier, the time domain
equation is:
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where 11, 12 are the filter parameters and K is the
effective PLL loop gain.

3.3- Battery charging block.

Figure 3 shows the circuitry used to charge the battery
bank from the auxiliary AC generator.
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Fig.3 Battery charging circuit block diagram.

The battery charging block transfer function in matrix
form is given by:
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where Vg is the controlled rectifier output voltage, Iy
is a control current directly proportional to the battery
voltage, Isp is a control current directly proportional to
the reference voltage, Vy, is the AC supply peak voltage,



V. is the initial voltage value in the PI regulator
capacitor and C is the capacitor value.

4. INITIAL EXPERIMENTAL SET-UP
SIMPLIFICATION
For laboratory testing purposes, the wind turbine
generator is replaced by an inverter-fed AC motor
driving a synchronous AC motor. This set is controlled
to emulate car alternators of up to 42V output driven by
different wind patterns [5]-[9]. Also, to avoid
unnecessary noise and exhaust management problems in
the electronics laboratory, the AC internal combustion
motor-generator set has being replaced with a AC source
derived from the main supply. These changes do not
reduce the validity of the experimental set-up for testing
the different electronic blocks, but greatly reduce overall
testing cost and mechanical complexity.

5. RESULTS
Figure 4 shows WT-UPS output connected to an
inductive load. Both current and voltage waveforms are
sinusoidal, and their quality is confirmed by the spectral
analysis presented in figure 5.

) [Tesis Potencial.CH1 50 ¥V 5mS . ]
2h[Tesis Ratencial.CH2 10pmV, (5mS T, 00 100 b b a ben e

Fig.4 WT-UPS current and voltage output waveforms,
inductive loads operation.
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Fig.5 WT-UPS output harmonic spectra, inductive load.
Current output (upper chart). Voltage output (lower
chart).
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Fig.6 Battery bank charging process, 14A/h battery bank.
Upper graph: Charging from the AC/DC converter. Lower
graph: Charging from the DC/DC converter.

Figures 6 and 7 show different aspects of the battery
bank charging process from deep discharge to fully
charged. Fig. 6 compares battery charging with the
AD/DC and the DC/DC converters. The upper graph
shows the battery bank being charged by the auxiliary
AC supply via the AC/DC converter when the simulated
wind turbine is idle. The lower graph shows the battery
bank being charged by the DC/DC converter output
when the simulated wind turbine is operational. A 14
A/h battery bank was used in these tests.
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Fig.7 Battery bank charging process. Continuous line: 14
A/h battery bank. Dotted line: 7 A/h battery bank.

Fig. 7 compares the charging of a 7 A/h and a 14 A/h
battery banks from the AC/DC converter when the
simulated wind turbine is idle. No significant differences
between the two charging alternatives are observed, and
the two different battery banks can be used without

problems from the charging point of view.
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Fig.8 Battery bank discharging process, 100 load.
Continuous line: 14 A/h battery bank. Dotted line: 7 A/h
battery bank.

Figure 8 compares discharge rates for the 7 and 14 A/h
battery banks, when the WT-UPS is loaded with a
standard 100 Q load. Measured discharge time from 72V
was 35 minutes for the 7 A/h battery bank and 77

minutes for the 14 A/h battery bank.

Figure 9 shows the system response during when the
load is transferred from the inverter output to the output
of the AC generator driven by the internal combustion
engine. The upper trace presents the commutation
transient when the load is switched from the AC
generator to the inverter. Although a small voltage
reduction is observed at the load terminals, there is no a
dangerous voltage gradient.

The lower trace presents the commutation from the
inverter output to the AC generator. In this case no load
voltage variation can be observed, due to the PLL
synchronizing function.
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4. CONCLUSIONS

The preliminary results obtained with the experimental
set up using the complete electronic circuitry (power
electronic converters and control electronics) prove that
the overall concept is correct, that each of the electronic
component blocks work as required and that the modular
design strategy using different and complementary
energy sources, both renewable and traditional, achieve
the design aims. The design can be easily adjusted to the
use of 12, 24 and 42 V car alternators according to
whatever the local supply offers. The use of off-the shell
automotive parts widely available in less developed
countries in the construction of relatively sophisticated
uninterrupted power supplies for critical loads operating
in isolated locations is particularly important since it
reduces technological dependence and offers equipment
that can be locally produced and maintained.
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