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ABSTRACT

Battery charging systems are very important in many developing countries where rural families cannot
afford a solar-battery home system or other electricity options, but they can afford to own a battery (in
some cases more than one battery) and can pay for it to be charged on a regular basis. Because the typical
households that use batteries are located far from the grid, small wind battery charging stations can be a
cost-competitive option for charging batteries. However, the technical aspects of charging numerous 12-
volt batteries on one DC bus with a small permanent magnet alternator wind turbine suggest that a special
battery charging station be developed.

NREL conducted research on two different types of wind battery charging stations: a system that uses one
charge controller for the entire DC bus and charges batteries in parallel strings of four batteries each, and
one that uses individual charge controllers for each battery. We present test results for both system con-
figurations.  In addition, modeling results of steady-state time series simulations of both systems are com-
pared. Although the system with the single charge controller for the entire bus is less expensive, it results
in less efficient battery charging. We also include in the paper a discussion of control strategies to improve
system performance and an economic comparison of the two alternative system architectures.

INTRODUCTION

A conventional lead-acid car battery still appears to be a cheap and reliable source of electrical power for
small household applications for many parts of the developing countries (remote communities, islands,
etc.). Even the small amount of energy (~1 kWh) that these battery store can sufficiently improve the
quality of life for such areas, thereby giving people access to electrical lighting, TV/radio, and other con-
veniences.  It is a common practice for rural inhabitants in developing countries to acquire electrical serv-
ice by charging 12-volt, 50-100 amp-hour batteries from diesel-powered grids. The major advantage of a
centralized battery-charging station is that it can bring electric service to a very low-income segment of
the population. The use of wind-electric battery charging stations represents an alternative to conventional
diesel-powered stations in many developing countries of the world. To date, there have been only a few
examples of renewable-based battery charging stations, mostly using photovoltaics (PV). Although the
design of a wind-powered battery charging station can be more complex (because of  the nature of the
wind resource), wind-powered stations offer greater economy of scale than do PV stations. The studies
conducted at NREL identified a market for a wind-electric battery charging station that

• Provides a fast charge yet protects the batteries
• Accepts batteries of various capacities
• Has high reliability and is simple to operate
• Is cost effective and viable in terms of logistic and operational issues.



Modeling and testing activities at NREL on wind-powered battery charging stations focused on a low-cost
method for charging 12-volt deep cycle lead-acid batteries from a small wind turbine (e.g., 10 kW).  Two
system alternatives were evaluated: 1) strings of batteries connected to a common DC bus and voltage
control for the entire DC bus (existing commercial system), 2) individual charge controllers used for each
battery. The major goal of this paper is to model and analyze the system and to predict the performance
improvements that can be achieved by altering the system configuration. It will discuss the primary as-
pects of the two system configurations based on modeling and testing results.

TWO SYSTEM ARCHITECTURES

The main technical challenge in the design of a wind-electric battery charging station is to come up with a
system configuration and control algorithm that maximizes wind energy production from the turbine and
also provides favorable charging conditions for batteries. This task is complex because of the variability of
the wind: continual wind speed variations result in varying wind turbine power output.  Ideally, the system
configuration and its controller should optimize the match between the wind rotor and load, thereby al-
lowing the maximum available power from the wind to be used, while at the same time charging the bat-
teries with an optimum (for a given type of battery) charge profile. This will maximize the number of bat-
teries charged by a station within a certain time period.

The configuration with a single charge controller requires the operator to group batteries into parallel
strings (Fig. 1), with batteries in the same string at the same capacity and initial state of charge (SOC).
Otherwise, a battery with a higher initial SOC would get charged faster and start gassing while the rest of
the batteries in the string remain undercharged. So a procedure for reliable SOC determination (assuming
similar battery brand, aging of the batteries, etc.) is required for this configuration. This configuration also
has certain performance limitations [1]. The inherent electrical characteristics of a permanent magnet gen-
erator result in a poor match between a standard rectifier/battery combination and a wind turbine genera-
tor. Both low- and high-wind performance suffer as a result of the impedance mismatch between the gen-
erator and the load [2]. At low wind speeds, and therefore low generator frequency, the generator has a
low source impedance and the rectifier/battery combination has very high impedance (no current will flow
until the rectified generator voltage exceeds the battery voltage). At high wind speeds, and high generator
frequency, the generator  source impedance is high (resulting from its internal inductance and resistance),
while the battery impedance is quite low (i.e., small changes in charging voltage cause large changes in
current).

One way to improve generator performance is to change the apparent DC bus voltage seen by the genera-
tor. This can be achieved by various methods. In this paper, we propose to have DC-DC converters in-
serted between the DC bus and each individual battery (Fig. 1). The input DC voltage of the converters
varies over a wide range depending on generator frequency and total power to the batteries. The output
voltage of each individual converter is determined by the battery SOC. The current output of the individ-
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FIGURE 1: TWO BATTERY CHARGING CONCEPTS



ual converters can be controlled, allowing control of total power to the battery bank and providing the de-
sired charge profile for a battery. When the battery voltage reaches some preset value, the converter starts
to limit current to protect the battery. By controlling the total current flow to the battery bank, a better
match between the generator and load is achieved. This load matching control algorithm is generically
known as maximum power point tracking. In order to protect the converters from overvoltage on their in-
put side, a switched load bank or controlled rectifier can be used.

DESCRIPTION OF THE SYSTEM MODEL

In order to compare the long-term performance of both system architectures, we developed a steady-state
model of a wind-electric battery charging station. The model can be separated into AC and DC portions.
The AC portion of the model includes a three-phase permanent magnet synchronous generator and recti-
fier connected to a DC bus. A wind turbine rotor drives the generator’s shaft. The wind rotor is modeled
by its power coefficient Cp versus tip-speed-ratio (TSR) curve. The generator is modeled as a frequency-
proportional AC voltage source in series with an inductance and resistance. The rectifier is presented to be
a purely sinusoidal voltage source with unity power factor, and the generator’s AC terminal voltage is in
direct proportion with the rectifier’s DC side voltage.  The schematic and steady-state equations for these
components were presented in previous papers [1,2]. For the purposes of this work, this portion of the
model was supplemented only by the equations for a three-phase transformer, which in actual systems is
usually inserted between the generator and rectifier.

The DC portion of the model consists of a main DC bus connected to many individual batteries either di-
rectly or through individual controlled-current DC-DC converters. The battery model used in this analysis
is similar to models presented previously[3,4]. The battery is viewed as a DC voltage source in series with
a nonlinear resistance, which represents the internal resistance of the battery (Fig. 2). The battery open
circuit voltage (OCV) and internal resistance are represented as a function of charge (Ah) delivered into
the battery. Voltage across the battery terminals can be calculated easily using a charging current and Ah
delivered to a battery:

(1)

The measured open-circuit voltage (OCV) for the Tro-
jan 24 EV deep discharge 12-volt/85 Ah lead-acid bat-
teries was used in the analysis. This voltage differs
from the “at rest” OCV (i.e., voltage when the battery
has not been charged for a significant period of time). It
was measured instantaneously after the battery was dis-
connected from the voltage source periodically during
the charging process. The battery internal resistance
was calculated using the OCV, current, and terminal
voltage measurements. This battery model is valid for
the charge mode only. The model does not take into
account battery and ambient temperatures. Incorporat-
ing these temperatures into the model will improve its
accuracy. However, accurate battery simulation was not
the main objective of this work. The battery model is
used to compare two battery charging architectures.

FIGURE 2: BATTERY ELECTRICAL
SCHEMATIC
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For a system with individual
charge controllers, the power to
each individual battery can be
calculated easily using Equa-
tion (1). The individual charge
controllers can be simulated by
their charge profiles. The ideal
charge profile for a battery is
represented in Fig. 3. The
charging process consists of
two stages: constant current

and constant voltage charge. Both constant current Iset and voltage Uset settings can be set as desired de-
pending on the battery type.

A battery bank of m parallel strings with n batteries in each string can be modeled assuming that batteries
in the same string are of similar charge Qi. Current to each individual string Ii and total current Itot to the
battery bank are given by

(2)

Power to the battery bank can be found as follows (Q – is a vector of charges delivered to each string)

(3)

For steady-state simulation the solid-state charge control devices can be implemented into the model by
using their logical functions. The overvoltage protection, current limiting, and various charge profiles can
be modeled numerically with a set of “IF” statements incorporated into the model. The controlled rectifier
for the system with a common DC bus can be modeled using the preset voltage value when the rectifier
goes into a current limiting mode. Charge profiles for individual charge controllers can be also imple-
mented using the same approach.

An iterative algorithm was developed to simulate numerically  battery charging station performance for
both system architectures using given wind speed time series. The system’s power balance equations are
solved numerically within each iteration loop for  DC bus voltage and generator frequency f. It is assumed
that the wind speed and charge of  each individual battery or string of  batteries remains constant within
each iteration loop. The power to each individual battery or to each string of batteries is calculated based
on the DC bus voltage and the SOC of the batteries. Various conditions corresponding to given control
settings are checked within each iteration loop. The battery replacement event occurs when an individual
battery or battery string reaches full SOC. Some modeling results are presented in the following section.

TESTING OF A 10-kW WIND TURBINE IN A BATTERY CHARGING STATION APPLICATION

The tested system diagram is shown in Fig. 4. The 10-kW Bergey wind turbine system is connected to the
48 VDC battery bank that consists of 16 Trojan 24 EV deep discharge 12-volt lead-acid batteries con-
nected in four parallel strings. Rated capacity of each battery is 85Ah@20 hr and 55 Ah@2 hr charge rate.
The generator is a three-phase permanent magnet (PM) alternator with 38 poles. Power to the battery bank
depends on the wind speed and the state of charge of the battery bank. The rectifier control is used only to
protect batteries from an overvoltage condition. When the battery voltage reaches a preset level, the volt-
age control system (VCS) limits the DC bus current thus avoiding battery overcharge. The three-phase 30
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kVA step-down (2:1) trans-
former is used to reduce the
generator output voltage. Our
primary finding from the test-
ing is that battery strings at
similar SOC tend to converge
(low SOC strings absorb more
of the current, so they “catch
up” to the others), which leads
to a batch process and poor
overall efficiency.

Figure 5 shows the consoli-
dated data on wind speed and
DC power measurements for
several tests at 30%−50% state
of charge of the battery bank.
The DC power output of the
wind turbine generator is lim-
ited at about 5 kW although it

is supposed to go as high as 6−6.5 kW for a battery charging application. This can be explained by the fact
that only four parallel strings of batteries were used in the test. The higher current in the beginning of the
charge causes fast build up of battery voltage. It limits the power into a battery at a certain level. The cut-
in wind speed is about 4 meters/second (m/s). At about 10 m/s wind speed the power curve reaches the 5-
kW power level. It stays at that level with further wind speed increases.

The following limitations and operational issues were exposed during the testing process:

1. As mentioned earlier, the batch mode
operation causes certain limitations to
the system’s efficiency because of the
fact that the strings with a lower initial
state of charge draw more current in
the beginning. As a result, the whole
battery bank approaches 100% SOC at
about same time. The system effi-
ciency decreases significantly at the
end of the charging process even if
there is enough power in the wind to
run the system at rated power. It also
causes longer overall charging time.

2. The batteries of similar initial state of
charge and same capacity must be
grouped in each string. This procedure is time consuming and requires accurate determination of the
state of charge for each battery by measuring its specific gravity. This will cause problems in a real
battery charging station where batteries of various brands and ages might be used.

3. The VCS used in the test set-up has a simple and reliable design. However, when operating in real
conditions, any damage  to the VCS circuit would cause station shutdown.
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FIGURE 4. TEST SET-UP FOR 10-KW WIND TURBINE SYSTEM
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COMPARISON OF TEST AND MODELING RESULTS

We used the data obtained from system test runs to validate the model. Fig. 7 shows the comparison of
calculations and measurements for the wind turbine DC power output. The measured wind speed is shown
in Fig. 6. There was a one-minute time interval between measurements. The average wind speed was 5.4
m/s.  The model was run using the same wind data file and the initial state of charge of the battery bank
for this test was about 40%.

The comparison of test and modeling results for this and other tests shows acceptable agreement. The
model calculates steady-state frequencies at each iteration step and uses its value to calculate the power. It
means that the wind rotor equations incorporated into the model are correct. Some divergence between
measured and calculated power, in particular at the end of the test, are explained by the fact that the model
assumes that batteries in the same string are absolutely similar. However, in reality there is always some
difference in behavior of each battery in the same string.

TESTING OF PROTOTYPE SYSTEM WITH INDIVIDUAL CHARGE CONTROLLERS

The  diagram of the system we tested is shown in Fig. 8. A 12-kW permanent magnet generator driven by
a 75-kW DC motor was used as a power source. The output of the three-phase rectifier is connected to a
DC bus with 16 Vicor DC-DC converters. Each converter is rated for 100 watts. The rated input DC volt-
age range of the converters is 100-300 VDC. Converters maintain 8 A constant charging current on the
output. When the battery voltage reaches some preset level the converter starts to limit the current to a
battery, thereby avoiding battery overcharge. So despite the wide variation of the input voltage (DC bus
voltage) the converter is able to provide a good charge profile for the battery. Individual converters are
switched on and off using the pulse signal supplied by a Labview control system to a Gate In pin of the
converter. The Labview system also controls a dump load (5.2 ohm, 3 kW) switch in order to limit the DC
bus voltage. The Labview DAQ board acquires analog signals from various sensors.

8 9 10 11 12 13 14 15
0

10

20

30

TIME (hr) 

W
IN

D
 S

PE
E

D
 (

m
/s

)

FIGURE 6. MEASURED WIND SPEED

8 9 10 11 12 13 14 15
0

1

2

3

Model
Test

TIME (hr)

PO
W

E
R

 (
kW

)

FIGURE 7. MODELED AND MEASURED POWER TO BATTERY BANK



The main advantage of this configuration is that the DC bus voltage is “allowed” to vary across a wide
range as opposed to being constrained by a directly connected battery bank. This additional degree of
freedom, along with the possibility of controlling the number of active converters, is crucial to optimizing
the system performance. Thus, this system configuration is capable of approximate maximum power point
tracking. The wind rotor target power can be tracked by switching on a certain number of converters at a
given alternator frequency, although the tracking resolution is limited to the power rating of a single con-
verter (100 W for the tested system).

The peak power tracking precision can be improved significantly if, instead of switching converters on
and off, there is a possibility to control simultaneously the output current of all converters in the system.
In fact, the Vicor Corporation manufactures such converters rated for 200 watts. However, the higher in-
put voltage range (200−400 VDC) will increase the cut-in frequency (and consequently the cut-in wind
speed). So we decided to use the 100 watt Vicor DC-DC converters for this stage of the project .
The test results for the above system configuration are shown in Fig. 9. All 16 batteries during this test

were at about 20% state of charge. The Labview control system starts switching converters on at the fre-
quency of about 18 Hz when the DC bus voltage is within the converter’s operational range of 100−300
VDC. Voltage keeps increasing almost linearly with the
frequency. The number of activated converters in-
creases as well. Each subsequent converter is switched
on at the frequency determined by the Labview control
program in a manner that the target power tracking is
provided. When all 16 converters are on, the DC power
does not increase any more with the frequency and
stays at the level of 1.6 kW.  The DC bus voltage, how-
ever, keeps increasing until it reaches the level of 300
VDC. At this point Labview activates the dump load to
decrease the voltage and protect the converters. It ap-
pears that with a larger number of converters, this sys-
tem could track the target power to much higher power
levels.
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As mentioned above, the peak power tracking could be more precise if it was possible to control the out-
put current level of the converters. In this case, instead of step changes (as shown in Fig.18), the system
output power would continuously follow the wind rotor target power.

ECONOMIC ANALYSIS OF WIND-ELECTRIC BATTERY CHARGING STATIONS

We compared the economics
of the two charging systems
based on the performance
simulations. The comparison
serves two purposes. The first
is to determine which system is
more cost effective. The sec-

ond is to examine sensitivities
to different economic parame-
ters. Because parameters will
vary widely depending upon
the location in which the bat-
tery charging station is in-
stalled, it is important to under-
stand the possible range of the
parameters and how this vari-
ability affects the economics.
Model simulations were run
using thirty days of actual
wind speed data for Xcalac,
Mexico, (Fig.10) and assum-
ing that the station operator
“sleeps” 8 hours per day. If
the battery reaches full charge
during one of those “sleep”
hours, then no battery re-
placement takes place. Upon
reaching full charge during
“waking” hours, a battery is
immediately replaced with a completely discharged one.

Results of a single run of the model are shown on Fig. 11 and 12 (average wind speed–5.5 m/s). The sys-
tem with VCS consists of 8 parallel strings with 4 batteries per string (48 VDC system). The system with
individual charge controllers consists of 32 DC-DC converters with dump load. The energy output and
number of batteries charged for both configurations over the simulation period were calculated. The re-
sults for this and other runs are discussed further in this section

A standard lifecycle cost and net present value analysis was used.  Capital and operation and maintenance
(O&M) costs are shown in Table 1. Wind turbine costs are based on manufacturer's estimates for a Bergey
Excel 10-kW turbine.  Installation costs are estimated and will vary depending upon location, but such
variability was not analyzed here.  Installation costs are higher for the VCS system because of the added
expense of installing the transformer for the charging station. The battery charging station costs are di-
vided into fixed and variable.  The variable costs depend on how many batteries the charging station can
charge at a time; i.e., how many charging "ports" it has.  Fixed costs for the VCS system are based on
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manufacturer's estimates.  For the DC-DC system, costs are estimated based upon the prototype built at
the NWTC.  The variable costs for the DC-DC system consist of the cost of the individual DC-DC con-
verters, while for the VCS system the variable costs consist of added balance of system wiring, etc. The
25- year average design life was used in the calculations.

TABLE 1. CAPITAL AND O&M COSTS
Cost VCS System DC-DC System
Capital Costs
      Wind turbine
                Turbine ($) 21,000 21,000
                Installation ($) 7,000 5,000
     Battery charging station
                Fixed costs ($) 3,800 6,429
                Variable costs ($/port) 16 194
O&M Costs
   Turbine and station maintenance
($/kWh)

0.05
(0.04 - 0.10)

0.10
(0.04-0.10)

   Operator salary ($/year) 2,000
(0 - 10,000)

2,000
(0 - 10,000)

Expected values of O&M costs are shown in Table 1 with expected ranges in parentheses.  Maintenance
costs, as a function of kilowatt-hours (kWh) into the batteries per year (as predicted by the performance
simulations), are based on field experience with Excel turbines.  Maintenance costs are assumed to be
higher for the DC-DC system because of its added complexity and to account for periodic replacement of
DC-DC converters.  Operator salary will of course depend highly on the location of the station.  It is in-
cluded because of its large effect on the economics.

Performance parameters evaluated were wind speed and the number of ports.  Base case model simula-
tions were run using 30 days of wind speed data from Xcalac, Mexico, which had an average wind speed
of 5.5 m/s. The sensitivity of performance to wind speed was examined by linearly scaling the wind speed
data to 6.5 and 4.5 m/s averages. The optimal number of ports was found to be 32 (that is, 32 DC-DC con-
verters or eight strings of 4 batteries for the VCS system), and this was used as the base case value.
Simulations were also run using 16, 24, and 40 ports. Simulation results are shown below.

TABLE 2. EFFECT OF WIND SPEED AND NUMBER OF PORTS ON PERFORMANCEDURING 30
DAY SIMULATION PERIOD

DC-DC System VCS System
No. batteries
charged

Total kWh into
batteries

No. batteries
charged

Total kWh into
batteries

Wind speed (with 32 ports)
4.5 m/s 608 736.0 320 392.7
5.5 m/s 993 1200.0 576 671.6
6.5 m/s 1393 1762.0 608 778.4
Number of ports
(at 5.5 m/s wind speed)
16 ports 831 1017.0 304 473.7
24 ports 957 1157.0 432 502.2
32 ports 993 1200.0 576 671.6
40 ports 994 1200.0 560 638.7

Table 3 shows the base case and range of the net present value and lifecycle cost (cost per charged battery)
for the two charging architectures. The base case uses the expected average values of the economic and
performance parameters, while the range was found from "best case" and "worst case" scenarios, in which
the expected least-cost and highest-cost values of all parameters, respectively, were used. The VCS system



cost clearly has a lower net present value, because the capital cost and maintenance of the charging station
is less.  However, because the DC-DC system charges approximately 60% more batteries than the system
with VCS, the DC-DC system has a 25% lower lifecycle cost.

TABLE 3. AVERAGE AND RANGE OF NET PRESENT VALUE AND
COST PER CHARGED BATTERY

Net present value of capital and O&M costs Cost per charged battery
DC-DC system $68,042

(42,049 - 83,856)
$0.27
(0.08 - 4.53)

VCS system $53,606
(33,813 - 76,629)

$0.36
(0.15 - 7.87)

CONCLUSIONS/FUTURE PLANS

A steady-state model of a wind-electric battery charging station was developed for two basic system con-
figurations. We tested the Bergey 10-kW wind turbine system with VCS at the NWTC in a battery charg-
ing station application. Certain operational limitations for battery charging station application  were re-
vealed during the testing. The "proof-of-concept" system with individual charge controllers was developed
and tested using the dynamometer set-up at the NWTC. The comparative economic analysis of both sys-
tem configurations based on steady-state modeling was carried out. It demonstrated the superiority of the
system with individual charge controllers over the system with VCS in terms of average number of bat-
teries charged over a certain period of time. This performance improvement comes at higher system capi-
tal cost. However, the cost per charged battery of the system with individual charge controllers is lower
because of better performance characteristics.

A prototype commercial version of the wind-electric battery charging station with individual charge con-
trollers is being developed under the NREL subcontract. The system’s design and control features have
been developed based on the results of this work. The prototype commercial version will be tested at
NWTC by late 1998.
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