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Ahstract- abundance of renewable energy sources at the 

location of cell phone antennas and the high cost of grid 

expansion to remote areas provide economic incentives for 
development of green cell phone towers. At the height of 15-60 
meter, these towers experience a semi steady flow of air suitable 

to generate electric power. However, some technical challenges 

and sizing procedures need to be addressed when powering up 
the sensitive telecommunication loads with intermittent wind 

power. This paper provides the proper sizing procedure for 

electrical components used in a wind powered green cellphone 

tower. In addition, a supervisory control unit is designed and 

used to provide a high performance power delivery to the 
tower's electric loads. A small-scale system is implemented with 

dSPACE hardware to experimentally demonstrate the 

performance of supervisory controller. 

I. INTRODUCTION 

Wind turbines have been used for many grid-connected and 

standalone applications such as water pumps [ 1], hydrogen 

generation plants [2,3], compressed air plants [4-6], and 

electric vehicle charging stations [7-10]. Renewable energy 

can be harvested as an alternative source to reduce operation 

costs for cell phone towers. Cell phone antennas are required 

to be installed in height from 15-60 meter for a better 

coverage. At the height of a cell phone tower, the wind speed 

maintains a higher annual average value and if harvested can 

generate more energy. 

The harvested energy from wind is highly dependent on the 

speed of wind, which is an intermittent parameter [ 1 1]. 

Therefore, electric loads cannot be directly connected to the 

wind turbine since the intermittency of wind power is fatal for 

fluctuation-sensitive loads [4]. To provide a stable source of 

power from wind, on electric storage is required. The storage 

is designed with proper capacity to power up the electric 

loads for approximately several days in case of low wind 

conditions. However, larger storage will cost more. 

Therefore, the energy collecting wind turbine-generator, the 

primary battery backup, and an additional power backup such 

as a diesel are required to properly size a specific load 

considering the geographical location and site conditions. In 

addition, power converters with advanced control techniques 

are required to balance the power of the storage and to ensure 

a highly reliable power delivery system [12- 16]. These 

controllers are also required to reduce the power fluctuation 

and voltage drops during transient wind speed. Several 

control techniques have been introduced for battery-backed 

wind power systems [ 18-23]. However, the control speed is 

often slow, and the transient reduction algorithms introduce 

chattering and unwanted oscillations. In addition, solution for 

these problems results in a complicated system that requires a 

powerful processing unit. 

In this paper, a small-scale stand-alone renewable energy

harvesting unit for cell phone tower is developed. The general 

sizing procedures for back up battery of this unit is provided. 

A supervisory control unit is designed to manage the transient 

operation of the renewable energy-harvesting unit at variable 

wind speed. The experimental results which obtained by 

dSP ACE hardware will be used to demonstrate high 

performance power control achievements. 

II. CELLPHONE TOWER RENEWABLE ENERGY SYSTEM 

The renewable energy-based power system of the 

cellphone tower involves a wind turbine generator, a battery 

unit, power converters, supervisory control unit, and the load 

as shown in Figure 1. The output of the wind turbine 

generator is DC voltage and is separated from the DC bus by 

a blocking diode. This diode prevents the flow of power from 

the battery to the generator when the wind speed is low. In 

this paper, the output voltage of the wind turbine is not 

regulated; therefore, the voltage at the bus is influenced by 

the wind generator at high-speed winds. The battery is 

separated from the DC bus by a charge/discharge power 

converter and its control unit. This unit provides two separate 

paths for charge and discharge of the battery. A boost circuit 

is used to discharge the battery and maintain the bus voltage 

at the required level when the wind speed is not high enough 

to generate the required power. The battery-charging path is 

provided by a buck circuit that operates when the wind speed 

is high enough and when excess power is generated from the 

wind turbine generator. The tower's electric loads are directly 

connected to the DC bus. 

III. BATTERY BACKUP SIZING AND STATE OF CHARGE 
MEASUREMENT 

Harvesting and regulating the power from wind requires an 

energy storage system. Batteries are the best options because 

they provide sufficient power for extended periods. Since 

wind power is intermittent and it might not be available for 

long periods, the batteries should be sized properly. Several 

parameters for proper battery sizing include the power or 
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watt-hours of electricity usage per day, number of days of 

autonomy, depth of discharge limits, and ambient temperature 

of the battery bank. 

Fig. 1. Typical standalone wind power system 

o 
a 
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Tower electric loads - typically, cell phone towers have 

about 4-6 kW of electric load. This load needs to be measured 

in watt-hours. 

Days of autonomy - this parameter illustrates the total 

energy that a battery must provide if there is no means of 

charging the battery. For standalone wind-powered systems 

4-5 days of backup power supply is typical. In designs for 

more than 5 days of autonomy, another source of power, such 

as a diesel generator, is required to make the power 

generation economic. 

Depth of discharge - one cycle charge of the battery 

includes a complete discharge and charge process from an 

initially charged condition. The depth of discharge is the 

amount of energy (percent of total capacity) that can be taken 

from the battery in this cycle. Higher depth of discharge 

values tend to shorten the battery's lifetime. Lead acid 

batteries, sealed AGM batteries, and sealed gel batteries are 

rated in terms of their charge cycles. Their manufacturers 

provide a safe operating depth of discharge for design 

purposes. In a very general design, the depth of discharge 

should be limited to 50% and to 25% in off-gird applications 

since off-grid applications heavily rely on backup energy 

sources [34]. 

Temperature - the standard operating temperature for 

most of batteries is about 77°F. Temperature variations limit 

the charge capacity of the battery. Therefore, the capacity of 

the battery should be de-rated as the temperature of the 

battery decreases. A de-rating factor should be considered for 

sizing the batteries in colder climates as shown in Table 1. 
Amp-Hour capacity calculation - to calculate the amp

hour capacity (Ah) required for the battery, the total power 

operation in specified days of autonomy and the de-rating 

factor should be calculated. The total required energy divided 

by the operating voltage determines Ah of the battery. 

Building the bank - Battery banks have several parallel 

and series battery cells. Parallel branches generate the 

required current. If the current is too high, several branches 

are required to build the ampacity. However, each branch 

should be limited to 1/2 to 1/3 of the total current. Number of 

series cells is determined to generate the required voltage in 

each parallel branch [34]. 

TABLE ! 
TEMPERATURE DE-RATING FACTOR [34] 

Temp in Degrees F De-rating Factor 
80+ I 
70 1.04 
60 1.11 
50 1.19 
40 1.30 
30 1.40 
20 1.59 

State of charge measurement - to properly charge and 

discharge the battery, an exact estimate of the state of charge 

(SOC) is required for the supervisory control system. State of 

charge is defined as the available capacity that a battery can 

provide. This can be described in equation (1) as a percentage 

of the available capacity compared to the rated capacity [24] 

soc = ( Availabe .CapacityoJ J 
SOC = CAvaiable capa

.
city (Ahr») X 100. 

Rated CapaCIty (Ahr) (1) 

Available capacity of the battery is the summation of its 

initial charge and the integration of the current variation. 

Therefore, SOC can be obtained from: 

Q(to) + J idt 

SOC = to 100 
Rated.Cap 

(2) 

where Q(to} is the initial charge of the battery and i is the 

signed battery current [25]. 

IV. SUPERVISORY CONTROLLER 

A supervisory control unit is required to charge and 

discharge the battery and to power up the loads at a certain 

rate. This section provides the control unit structure and 

experimental results to analyze the performance of the system 

in stationary and transient conditions. 

The main supervisory control unit controls the bus voltage 

by charging and discharging the battery as required. In high

speed wind situations, the amount of energy captured from 

the wind is high, then the supervisory control unit will charge 

the batteries. In low-speed wind situations, the supervisory 

control unit will discharge the battery to provide enough 

power for the load. The bus voltage is the main reference 

point for the supervisory controller. As mentioned earlier, the 

wind emulator has a DC voltage output that increases as the 

shaft speed increases. In addition, the wind generator is 

connected to the main bus with a blocking diode to prevent 

the power from flowing back to the source when the wind 

speed drops. The battery control unit is a subsection of the 

supervisory control unit that includes buck and boost 

controllers. To limit the charge and discharge current of the 

battery, and regulate the load power delivery, a current 

limiting algorithm has been implemented. 

A. Control System Operation 

The battery control unit can continuously measure the bus 
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voltage. As the bus voltage drops below a set point due to a 

low wind speed, the boost controller is turned on to maintain 

the bus voltage at the required level (14 V). As the wind 

speed increases, the bus voltage increases, and when it 

exceeds certain point (14.6 V in our controller), the battery 

discharge unit is turned off. Simultaneously, the battery 

charge unit is turned on to charge the battery at a controllable 

voltage level. These set points can be determined for specific 

circuits. 

B. Supervisory Control Unit: Buck, Boost and Current 
Limiting 

The current limiting circuit, the charge-discharge enabling 

algorithm, and buck and boost controllers are introduced in a 

Simulink block in this section. This block demonstrates the 

logic implemented in Matlab and used for code generation for 

dSPACE hardware. As Figure 2 illustrates, set-reset devices 

are used to limit the current in both charge and discharge 

situations. 

Banery Voltage 

Buck Enable 

Boost Enable 

Bus Voltage 

Fig. 2. Overall Supervisory Control System 

As the current in either case exceeds the set point, which is 

determined based on the SOC, the unit is turned off. However 

to start the charge and discharge from the latch situation, the 

unit is turned on by a pulse at a certain rate. The unit operates 

at the desired rate with PWM controllers as long as the 

current does not exceed the set point. This logic is true for 

both charge and discharge circuits. The PWM controller for 

boost and buck are shown in Figures 3 and 4 respectively. 

The transfer function for buck converter is given by: 

V 
D Gd(S) = 

L ' 
1+�+s

'LC 
R 

and the transfer function for boost converter is given by: 

V sVL 

(3) 

( ) 
_ 0=15) - (1-D)

' 
R 

(4) Gd s -
sL 'LC ' 

1+ +_s __ 

R(1-D)
' 

(1-D)
' 

where V is the output voltage, 0 is the quiescent conversion 

ratio, L is the inductance, C is the capacitance, R is the load 

resistance. The transfer function for PI controller is given by 

Y(s)=Kp+Ki, (5) 
s 

where K p is the proportional gain, Ki is the integration gain. 

The region of stability of the buck and boost converter in a 

PI feedback control systems can be determined by applying 

Routh-Hurwitz criterion. The proportional gain and 

integration gain for the PI controller need to satisfy the 

following equations: 

Ki>O, 
{i}, Kp< --- , GoQOJo 

(6) 

(7) 

(1-
GOKi + GoKp)(_I _- GoKp) > GO�i 

(8) 
{i}, Q 0J0 {i}, 0J0 

where in buck converter Go = �, {i}O = �, Q = R 
rc , 

D vLC Vi 

d I'n boost rt 
V (1 - D) 

an conve er Go = --- , {i}O = 
�LC ' 

Q = (I _ D)R 
rc = (I -D)

2 
R 

. Vi ' {i}
z L 

(1- D) vLL 

The reference signal is the bus voltage for boost controller 

and the battery voltage for buck controller. The PWM signal 

is generated by comparing the error with a repeating sequence 

which has amplitude of the value of set point. 

Reputing 
SequfMt 

Fig. 3 . .  PWM Controller for Boost Signal 

Reputing 
Stqutnct1 

Fig. 4. PWM Controller for Buck Signal 

In addition, this circuit can select the charge and discharge 

situations by a set and reset unit. The default is set to buck, 

i.e. charging the battery. However, as the bus voltage 

increases, the battery charge current set point can be 

increased to a higher number. As the bus voltage decreases, 

the battery charge unit will reset, and the boost converter will 

be turned on to discharge the battery and maintain the 

voltage. 

2513 



V. EXPERIMENTAL RESULTS 

A small-scale stand-alone wind energy harvesting system, 

which can be easily scaled up to the actual system is 

developed and tested. dSPACE hardware is used to 

implement the control unit and record the data. In this paper, 

mechanically coupled DC generator and motor simulate the 

wind turbine power generation. The motor is powered by a 

programmable DC power supply such that the generator 

terminal voltage varies between OV and 20V. A BK Precision 

programmable DC electronic load with a setting of 10 Watts 

was used during the experiments. As illustrated in previous 

sections, the output voltage of the wind turbine increases as 

the wind speed and rotation of the generator's shaft speeds 

up. In this situation, the control unit is required to take proper 

action to charge or discharge the battery unit, to maximize 

capture of the wind energy and regulate the output power at 

the load. In this regard, the following experiments at different 

wind speeds were conducted to demonstrate the operation of 

the supervisory control unit in stationary and transient 

conditions. 

A. Stationary Conditions 
In stationary conditions, the wind speed was zero. 

Therefore, the wind generator could not generate any power, 

and as a result, the battery provided all the power to the load. 

In this situation, the boost converter was activated to increase 

the battery terminal voltage and maintain the bus voltage at 

the required level. Figure 5 demonstrates the performance of 

the boost converter. 

Voltage (V) 

14 
12 
10 

8 
6 
4 
2 
o 

o 0.02 

-Boost Signal 

-Buck Signal 

-Wind Turbine Terminal Voltage 

-Battery Voltage 

-Bus Voltage 

0.04 0.06 

Fig. 5. Voltage profile and PWM control signals at 0 rpm 

0.08 0.1 
Time (S) 

The proportional gain and integration gain of the PI 

controller was 0.8 and 150 respectively. The set point for the 

boost controller is 14 V. The pulses were generated from the 

PWM controller, and since the operation mode was in boost 

mode, the buck pulses were not present. As the figure 

demonstrates, the bus voltage was fixed at 14 V, and since the 

battery provided all the power to the load, the battery terminal 

voltage dropped when the boost control pulse was high. The 

boost circuit provides high performance voltage profile in this 

applications. 

B. Transient Response Analysis 
The static operation of the supervisory control at a constant 

wind/generator speed was demonstrated in the previous 

section. The dynamic operation occurs when the generator 

experiences varying wind speeds. In dynamic situation, the 

set point for boost is set to 14 V and the set point for buck is 

set to 12.6 V. The supervisory control unit was designed to 

select the operation mode and adjust the bus voltage in the 

boost mode and the battery terminal voltage in the buck 

mode. Figure 6 demonstrates the system performance in 

dynamic operation of a wind turbine when the wind speed 

varies in 20 second. 

The wind turbine voltage can vary between 0-19 V; 

however, the bus voltage must remain at the required set 

point for boost control ( 14 V) when the voltage of wind 

turbine is lower than the boost set point. The voltage varies to 

higher values as the wind turbine terminal voltage exceeds 

the set point. 
Transition from Voltage (V) boost to buck 20 

18 
16 
14 
12 
10 

8 
6 
4 
2 
o 

o 2 

-Wind Turbine Ternimal Voltage 

-Battery Voltage 

-Bus Voltage 

4 6 8 10 12 14 16 18 20 
Time (5) 

Fig. 6. System performance in dynamic condition within an interval of 20 
second 

The transient response of the controller provided a smooth 

transition from charge to discharge and vice versa. Figure 7 

demonstrates the transition from discharge to charge from 

7.55 s to 7.85 s. As the figure demonstrates, between time 

7.55s and 7.62s, the supervisory controller enables the boost 

converter to maintain the bus voltage at 14V. Therefore, the 

wind speed is low and the generator cannot maintain the bus 

voltage. From 7.62s and 7.74s, both boost and buck circuit 

are off since the bus voltage is in an intermediate state which 

is higher than the boost set point and lower than the start 

point of the buck converter. After 7.74s, buck converter is 

turned on to charge the battery at 12.6 V when the bus 

voltage exceeds the buck set point. Figure 8 demonstrates the 

transition from charge to discharge from 10. 7s to 11  s. As the 

wind speed decreases, the buck converter is turned off at 

7.74s and the boost converter is enabled at 7.62 s to maintain 

the bus voltage at 14 V. The switching from one mode of 

operation to the other created a controller windup error when 

the speed transition was very slow. Therefore, the controller 

was equipped with an anti-windup logic to shorten the 

transient response and to prevent unregulated charge and 
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discharge voltages. To prevent integrator saturation, the upper 

and lower limits of the integration unit were bounded. The 

resulting transient was very short, and variations were limited 

as the experimental results demonstrate in Figures 7 and 8. 
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Fig. 7. Transient response time from charge to discharge when the wind 
generator speed varies; PWM control signals for charge and discharge 
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Fig. 8. Transient response time from discharge to charge when the wind 
generator speed varies; PWM control signals for charge and discharge. 

VI. CONCLUSION 

Application of wind as a renewable energy source of power 

was introduced for cellphone towers. The components of the 

system were introduced and their proper sizing procedure was 

discussed. A supervisory control system was designed and 

used in fast prototyping devices to control the energy of the 

battery to provide a smooth voltage profile at the common 

bus. The control system was very fast and regulated the 

power both in stationary and transient condition of the wind 

speed. 

ACKNOWLEDGMENT 

This work was supported by a grant from IUPUI Solution 

Center. 

REFERENCES 

[I] Muljadi, E.; Nix, G.; Bialasiewicz, 1.T.; , "Analysis of the dynamics of 
a wind-turbine water-pumping system," Power Engineering Society 
Summer Meeting, 2000. IEEE , vol.4, no., pp.2506-25 I 9 vol. 4, 2000 

[2] Korpas, M.; Holen, A.T.; , "Operation planning of hydrogen storage 
connected to wind power operating in a power market," Energy 
Conversion, IEEE Transactions on , vo1.21, no.3, pp.742-749, Sept. 
2006 

[10] 

[II] 

[12] 

[13] 

[14] 

Electronics, IEEE Transactions on , vol. 43, no. 2, pp. 331-339, Apr 
1996 
Elbuluk, M.; Idris, N.R.N.; "The role power electronics in future energy 
systems and green industrialization," Power and Energy Conference, 
2008. PECon 2008. IEEE 2nd International , pp.I-6, 1-3 Dec. 2008 
T. G

.
·ul and T. Stenzel, "Intermittency of wind: The wider picture," Int. 

1. Global Energy Issues, vol. 25, no. 3/4, pp. 163-186, 2006. 
Sinha, A.; Kumar, D.; Samuel, P.; Gupta, R.; "A two-stage converter 
based controller for a standalone wind energy system used for remote 
applications," Telecommunications Energy Conference, 2008. 
INTELEC 2008. IEEE 30th International , pp. 1-5, 14-18 Sept. 2008 
Vilsan, M.; Nita, I.; , "A hybrid wind-photovoltaic power supply for a 
telecommunication system," Telecommunications Energy Conference, 
1997. INTELEC 97., 19th Intemational , pp. 589-591, 19-23 Oct 1997 
Habock, Adolf; Schmalzl, Franz; "Power Supplies for 
Telecommunications in Remote Areas," Telecommunications Energy 
Conference, 1979. INTELEC 1979. International , pp. 30-37, 26-29 
Nov. 1979 

[IS] Tanezaki, S.; Matsushima, T.; Muroyama, S.; , "Stand-alone hybrid 
power supply system composed of wind turbines and photovoltaic 
modules for powering radio relay stations," Telecommunications 
Energy Conference, 2003. INTELEC '03. The 25th International , pp. 
457- 462, 19-23 Oct. 2003 

[16] Bajpai, P.; Prakshan, N.P.; Kishore, N.K.; , "Renewable hybrid stand
alone telecom power system modeling and analysis," TENCON 2009 -
2009 IEEE Region 10 Conference , pp.I-6, 23-26 Jan. 2009 

[17] Anthony Jones, Marty Irwin, and Afshin Izadian, "Incentives for 
Microgeneration Development in the US and Europe," In Proceeding 
of Industrial Electronic Conference, IECON 2010 

[18] Dali, M.; Belhadj, 1.; Roboam, x.; Blaquiere, 1.M.; , "Control and 
energy management of a wind-photovoltaic hybrid system," Power 
Electronics and Applications, 2007 European Conference on , pp.I-IO, 
2-5 Sept. 2007 

[19] Pourmousavi, S. A.; Nehrir, M. H.; Colson, C. M.; Wang, c.; , "Real
Time Energy Management of a Stand-Alone Hybrid Wind
Microturbine Energy System Using Particle Swarm Optimization," 
Sustainable Energy, IEEE Transactions on , no.99, pp.I-I, 

[20] Qi, W.; Liu, 1.; Chen, x.; Christofides, P. D.; , "Supervisory Predictive 
Control of Standalone Wind/Solar Energy Generation Systems," 
Control Systems Technology, IEEE Transactions on , no. 99, pp. 1-9, 

[21] Wakao, S.; Kusakabe, T.; Onuki, T.; Ishida, A.; Fukutomi, H.; , 
"Battery charging-discharging control method for PV system capacity 

reduction," Photovoltaic Specialists Conference, 2000. Conference 
Record of the Twenty-Eighth IEEE , pp. 1679-1682, 2000 

[22] Feeley, c.; Bryans, A.G.; Nyamdash, B.; Denny, E.; O'Malley, M.; , 
"The viability of balancing wind generation with storage," Power and 

Energy Society General Meeting - Conversion and Delivery of 
Electrical Energy in the 21 st Century, 2008 IEEE , pp.I-8, 20-24 July 
2008 

2515 



[23] Ming-Shun Lu; Chung-Liang Chang; Wei-Jen Lee; Li Wang; , 
"Combining the Wind Power Generation System with Energy Storage 

Equipments," Industry Applications Society Annual Meeting, 2008. 
lAS '08. IEEE , pp. 1-6,5-9 Oct. 2008 

[24] OJ. Deepti and V. Ramanaryan, "State of Charge of Lead Acid 
Battery " Proceedings of India International Conference on Power 
Electronics 2006, pp. 89-93 

[25] Manwell, J., McGowan, J., & and Rogers, A (2008). Wind Energy 
Explained. Atrium: John Wiley & Sons Ltd. 

[26] Wakao, S.; Kusakabe, T.; Onuki, T.; Ishida, A; Fukutomi, H.; , 
"Battery charging-discharging control method for PV system capacity 

reduction," Photovoltaic Specialists Conference, 2000. Conference 
Record of the Twenty-Eighth IEEE , pp. 1679-1682,2000 

[27] "Energy Savers: Estimating a Small Wind Turbine's Annual Energy 
Output. " EERE: Energy Savers Home Page. Web. 12 July 2010. 
<http://www.energysavers.gov/your _ home/electricitylindex.cfmlmytop 
ic=l1 020>. 

[28] TLG Windpower Wind Generator. Web. \3 June 2010. 
<http://www.tlgwindpower.coml>. 

[29] "Wind Farm Design: Planning, Research and Commissioning. " 
Renewable Energy World. Web. 06 July 2010. 
<http://www.renewableenergyworld.comlrea/news/article/2009/04/win 
d-farm-design-planning-research-and-commissioning>. 

[30] Wind Turbines - Siemens. Siemens. Web. \3 June 2010. 
<http://www.energy.siemens.comlhq/enlpower
generationlrenewableslwind-power/wind-turbinesl>. 

[31] "Wind Energy at GE. " GE Energy. Web. \3 June 2010. 
<http://www.gepower.comlhusinesses/ge_wind_energy/enlindex.htm>. 

[32] Aeolos Wind Turbine Company. Web. \3 June 2010. 
<http: //www.windturbinestar.coml>. 

[33] "ENERCON GmbH - Energy for the World. " ENERCON GmbH. 
Web. \3 June 2010. <http://www.enercon.de/enl_home.htm>. 

[34] http://www.altestore.comlhowtolHow-to-Size-a-Battery-Bankla94 
[35] http://www.rmi.org/rmiiAnswerGrowinginWind 

2516 


