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INTRODUCTION

In remote off-grid villages and communities, a reliable power source is important in improving the local
quality of life. Villages often use a diesel generator for their power, but fuel can be expensive and
maintenance burdensome. Including a wind turbine in a diesel system can reduce fuel consumption and
lower maintenance, thereby reducing energy costs. However, integrating the various components of a
wind-diesel system, including the wind turbine, power conversion system, and battery storage (if
applicable), is a challenging task.

To further the development of commercial hybrid power systems, the National Renewable Energy
Laboratory«(NREL), in collaboration with the New World Village Power Corporation (NWVP), tested a
NWVP 50-kW wind-diesel hybrid system connected to a 15/50 Atlantic Orient Corporation (AOC) wind
turbine. Testing was conducted from October 1995 through March 1996 at the National Wind Technology
Center (NWTC). A main objective of the testing was to better understand the application of wind turbines
to weak grids typical of small villages. Performance results contained in this paper include component
characterization, such as power conversion losses for the rotary converter system and battery round trip
efficiencies. In addition, system operation over the test period is discussed with special attention given to
dynamic issues. Finally, future plans for continued testing and research are discussed.

System Description

The hybrid power system includes a synchronous generator that provides 3-phase power to the load. This
is coupled to a DC machine on one side and through a clutch to a diesel engine on the other side. AC
current is converted to DC current when the DC machine runs as a generator, thereby allowing the batteries
to be charged. When the clutch is disengaged on the diesel, the batteries may power the DC machine and
the DC machine can supply torque to the AC generator. Frequency on the system may be controlled either
by the diesel governor (diesel on) or the DC machine and programmable logic consroller (PLC) (diesel off).
An AOC 15/50 wind turbine is connected in parallel to the load to reduce diesel fuel consumption, with
excess wind power charging the batteries or being dissipated by a resistive dump load. Table 1 lists the
major components of the system [New World Village Power, 1994], and Figure 1 shows a system
schematic with the location of the sensors used in the data acquisition system.



TABLE 1. System Components

Rotary Converter

Diesel Engine

AC Synchronous Machine DC Machine Northern Lights Lugger
480V, 3 phase, 60 Hz 240 V armature (300 V generating) rated 75 Hp, 1800 RPM
for 308 A @ 200 V

50 kWe and 62 KVA continuous

150 V field, 3 A nominal, 6 A maximum

4 cylinder, turbocharged

75 kWe peak (30 sec) 55 kW, 4 Pole Shunt Wound Radiator cooled
1800 RPM
Dump Load Controller Battery Bank
480V, 3 phase Omron PLC Controller C&D HD700, valve-regulated,

75 kW continuous

Resistive Load Bank

TCP Jr. Local Operator Interface

New World Village Power Remote
Operator Interface

absorbent glass mat, lead-calcium
batteries

114 cells, 700 AHr (nominal 5 Hr rating
to 1.88 V per cell)
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FIGURE 1. System Schematic




COMPONENT CHARACTERIZATION TESTS

The initial hybrid system testing focused on component characterization. We calculated component
efficiencies of the rotary converter and battery bank for different operating states, and we measured wind
turbine power output. Evaluation of fuel efficiency (i.e., liters/lkWh) is pending until installation of a fuel
flow meter.

AOC 15/50 wind turbine. The AOC 15/50 is a downwind, stall regulated, 15 meter rotor-diameter
turbine that is rated at 50 kW for a 11 meter/sec wind speed. Maximum continuous power output from the
turbine, based on the published power curve, is 65 kW [Atlantic Orient Corporation, 1994]. Test data for
the 15/50 turbine connected to the utility grid showed maximum peak power of 83 kW for a two-second
average wind speed, as shown in Figure 2. Figure 2 also shows minimum power reaching -25 kW.
(Because of the air density variation due to the altitude at the NWTC, the average power data shown in
Figure 2 differ from the published power curve.)
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FIGURE 2. AOC Power Output (2 sec. avg.)

Rotary converter efficiency. To evaluate the rotary converter efficiency, we measured power input to and
from the AC synchronous generator, power to and from the battery bank, battery bank voltage, and diesel
run time (see Figure 1 for sensor locations). The system dump load was used as a power sink for power



out of the AC synchronous generator. Data was taken every tenth of a second and recorded as ten-minute
averages.

For energy flowing from the battery bank to the AC bus, a data set of 104 time steps with zero diesel and
zero wind turbine run time was used. The graph of power out of the AC machine versus power from the
batteries is shown in Figure 3. The performance of the rotary converter was found to obey the relationship:

y=1135x +2.98 .
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from the slope of the curve in Figures
3 and 4; they are about equal. A graph of overall rotary converter efficiency as a function of power is
given in Figure 5.

Battery charging efficiency. The hybrid system uses valve regulated lead acid (VRLA) batteries. The
battery efficiency depends on temperature, depth of discharge, length of tapering charge, rate of charge and
discharge, age and condition of batteries. We characterized batteries for the actual operating conditions of
the system, and this included analysis of the battery efficiency under both a constant load and a
preprogrammed diumal “village™ load.
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FIGURE S. Rotary Converter Efficiency

To characterize the battery efficiency for a constant load, the battery bank was charged by the diesel
generator at a constant current and then discharged for a constant load for four battery charge/discharge
cycles. The batteries performed at a 90% watt-hour efficiency. The temperature of the battery bank
measured between 25° and 35° C. When compensated for high temperature, the watt-hour battery
efficiency was about 80%, which is within the expected 65%-80% range for VRLA batteries [Berndt,
1993]. A graph of battery voltage, current, and temperature during this test is shown in Figure 6.

Battery performance was also characterized for a simulated village load profile, without using the wind
turbine. The batteries performed at an 88% watt-hour efficiency. The temperature of the battery bank
measured between 30° and 40° C. When compensated for high temperature, the battery efficiency is also
about 80%. A graph of battery voltage, current, and temperature during this test is shown in Figure 7.

In both cases, the transducers monitored only the battery bank, so rotary converter losses are not included
in these efficiencies.

Overall rotary converter/battery system efficiency. For energy from the wind turbine and passing
through the battery bank before meeting a village diumal load, the system has a round-trip overall
efficiency of 62% at full load: 83 * .90 * .83 = .62 (i.e., 83% conversion efficiency one way and battery
efficiency of 90%).

EXTENDED OPERATION OF SYSTEM
System Tests. We conducted system testing from December 1995 through March 1996. Because of

competing uses for the turbine and dynamic issues associated with operation of the system, testing of the
system was intermittent. The majority of the testing was conducted using a typical village load profile that



Battefy Round Trip Efficiency over 4 cycles
Load = 20kW

{kWhin - [kWh out |Net Loss [Efficiency |
[404.71  [365.48  [39.23 [o.90

8 Voltage
e || o) NN
i W Wl W
R 25 ‘ TIME (DAYS)
§ . Current
8
go
g# — —— {
§ THEBAYS)
9 Temperature

P T P

DEGREES C
30

J_,_rr‘—\f

2 TIME (DAYS)

FIGURE 6. Constant Load Condition/

DEGREES C

AMPS

35

100

=100

Battery Round Trip Efficiency over 5 cycles
Village Diurnal Load

KwWhin |kWhout [NetlLoss {Efficiency
636.71] __ 559.69 77.01 0.88

Voltage

N

Vi

/ ] /1
A N A

AN

TIME (DAYS)

Current

= \ =)

e I

TIME (DAYS)

Temperature

;—\_PLMH

TIME (DAYS)

FIGURE 7. Diurnal Load Condition




is shown in Figure 8. The resistive
dump load was used to simulate the
village load for system testing.
Although the dump load comprises
resistive elements, the power factor on
the system was usually low because of
harmonic distortion created by the
silicon controlled rectifier (SCR)
switches in the phase-controlled dump
load conwroller.
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The data acquisition system recorded
operating parameters in ten-minute FIGURE 8. Diurnal Load Profile

averages. Based on the ten-minute

averages, weekly summaries for the system were produced that show on-line time, diesel run time, total
wind turbine energy, total load, dumped energy, diesel starts, and battery cycles. In addition, operating
parameters such as wind power, load setting, dumped power, and battery state-of-charge were plotted. An
example on one of these plots is shown for 7 days in Figure 9. Note the dumped power is high when the
batteries are fully charged and the wind speed is high, and that the system is off when the load power is
Zero.

Rotary converter. In March 1996, large vibrations were noticed on the AC synchronous generator, so the
system was shut down and disassembled. Inspection showed severe wear on the spline connection from the
AC generator shaft to the diesel clutch. The AC generator was converted from a single bearing to a double
bearing system to reduce transverse loads on the clutch-to-spline connection. The system was up and
running again in June, but operating data and analysis results for this paper are included only through
March.

Batteries. One of the problems encountered with operation of the batteries was temperature control.
Temperature control of VRLA batteries is important, because if cells are allowed to operate at too high a
temperature, their lifetime may be shortened as a result of loss of electrolyte. VRLA batteries are
“maintenance free,” hence their electrolyte cannot be replaced. Although the exact correlation between cell
lifetime and operating temperature is poorly understood, it is always prudent to operate batteries near their
rated temperature of 25° C.

One of the advantages of VRLA batteries is that they can be stacked on top of one another, thereby
reducing the space required to house them. However, the stacked battery cells are harder to keep cool,
hence, we will install an air conditioner to keep batteries cool during testing when ambient temperatures are

high.

An alternative to VRLA batteries is flooded lead-acid batteries. For systems of this type, especially those
installed in warm climates, we recommend that flooded lead-acid cells be considered because of their
tolerance of higher temperatures and their reduced costs. Disadvantages of flooded lead-acid batteries are
their larger space requirements and need for maintenance. The degree of maintenance (e.g., watering of
batteries) varies for different types of flooded lead-acid batteries.

Dynamic issues. Three dynamic issues arose during system testing: negative power from the wind turbine,
larger-than-anticipated power transients from the wind turbine, and high battery voltage excursions. The



first two issues are primarily a
result of integrating the AOC
15/50 turbine with the NWVP
system, while the last issue is
more closely related to system
control of the rotary converter
system.

The first dynamic issue,
negative power from the wind
turbine, occurred during
extremely turbulent, high wind
condisions. As shown in Figure
2, power output from the AOC
15/50 wind turbine is negative
at times. In fact, negative power
excursions as low as -70 kW
were observed on the system in
very high turbulent wind
conditions. (During this testing
we did not identify the cause of
these extreme excursions;
however, we will investigate this
in subsequent testing). During
the negative power surges, the
rotary converter system supplies
power to the turbine to motor it,
but in many cases the current
was over the DC machine
rating, so the PLC would shut
down the DC part of the system.
(During a DC fault, the diesel
generator takes over control of
the system so that the load
continues to be met, which is an

important feature of the hybrid system.)
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We changed the PLC to disconnect the turbine whenever the power went below -10 kW. Although this
resulted in significant turbine downtime during periods when the turbulent conditions existed, these
conditions were infrequent, so overall turbine downtime was not excessive. (Because the testing was

intermittent, total downtime from this condition at this site is hard to estimate, but might be on the order of
10 days during the peak four months of wind.)

There are two approaches to mitigate this problem. A high speed tachometer could be added to the turbine

to detect transient underspeeding of the turbine and shut it down during negative power events before the
hybrid system grid tried to motor the turbine. (The existing turbine tachometer does not have enough

resolution to detect very short-term changes in turbine speed and hence could not be used.) The approach

would result in a situation similar to the existing solution of cutting the wind turbine out at -10 kW; both
could put excessive wear on the turbine breaking system. The second approach is to install an




asynchronous controller on the turbine so that it could go below synchronous speed momentarily and have
the power regulated on the grid. These two approaches will be considered in follow up testing.

The second dynamic issue, higher-than-anticipated power output from the wind turbine, was a problem for
system testing because the existing 75 kW of dump load capacity could not absorb the peak 83 kW of
power from the turbine during extremely high winds. As a result, the turbine would overspeed and shut
itself down, although the hybrid power system would continue to operate. The turbine would go into a
normal 7-minute cool down before restarting itself and reconnecting to the system. This condition would
not be a problem for actual installations in most villages, because a village would have a continuous base
load of about 10 kW. However, the higher-than-anticipated turbine output did require the addition of extra
test load capacity to the dump load. For village systems, we recommend sizing the dump load for the
maximum short-term turbine power output minus the minimum expected base load.

High battery voltage was the third dynamic issue we identified. When the wind turbine is charging the
batteries, current is supplied to the batteries until a high voltage set point on the batteries is reached, then
the current is supplied to the dump load. However, power spikes from the turbine resulted in transient high
battery voltage excursions because the PLC was not able to shift power from the batteries to the dump load
fast enough. Although changes to the dump load controller gain were made, further changes are required to
mitigate this problem. This could include changing the size of the dump load increments or implementing
PID dump load control.

System Startup. In the beginning of the testing the hybrid system grid could not handle a “hard start,”
(i.e., the hybrid system could not motor the turbine up to synchronous speed), because the in-rush currents
to the turbine were too high for the hybrid system grid. Hence, the PLC was changed to allow the turbine
to coast up to synchronous speed before connecting to the hybrid system grid.

Dump load. Harmmonic noise (20%-25% total harmonic distortion ) was created by the phase controlled
dump load, ‘and this set off a voltage alarm on the turbine and caused other problems. For future systems,
changing to:a binary step, zero crossing solid-state-relay dump load should eliminate this problem.

General maintenance. Routine diesel maintenance was required for the system (e.g., changing oil and oil
filters). In addition, water was frozen in the breather for the system which resulted in a broken seal on the
turbo that had to be replaced. Aside from the major generator retrofit to the double bearing system,
equipment maintenance on the NWVP system was low.

FUTURE WORK

We plan to make additional changes to the PLC software to mitigate the high battery voltage events, and to
further test the system response to step changes in load, loss of load, and power quality for various events,
such as severe phase imbalance and induction motor starts. Short-term power quality measurements will
also be performed to help further understand dynamic issues, and we will record fuel flow measurements
and estimate fuel efficiency (i.e., liters/lkWh) for the system. Finally, the negative power from the AOC
15/50 will be investigated to determine why it is happening and under what type of conditions, and various
approaches will be implemented to mitigate the effect that negative power has on the hybrid system grid.

CONCLUSIONS

Testing of the system has demonstrated the challenges of integrating specific wind turbine characteristics
into a small, weak grid (i.e., a grid typical of a small village), as is demonstrated by the NWVP 50-kW



system. In our testing, we had to make changes to the NWVP system’s controller so that the hybrid system
could handle the AOC 15/50’s negative power events and so that high battery voltage events caused by
transient peak power from the turbine could be minimized. For hybrid systems of this type, a good PLC
code is required for system control, and changes to this software will be needed depending on the specific
turbine connected to the system.
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