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Abstract - This paper presents a LED street lighting
system designed for applications where it is important to
remove the lighting energy consumption from the mains
during the Peak Load Time (PLT) or to implement a street
lighting system capable of maintaining the lighting during
mains fault. The proposed system consists of only one
flyback converter capable to supply the LEDs by mains or
by battery and a control network. A design methodology of
the proposed system is presented aiming high power factor,
so that the same converter can be used in the power factor
correction stage. Such converter is also used to recharge
the battery. The complete circuit was implemented and
experimental results are shown in order to validate the
design methodology, which complies with the IEC 61000-3-
2 standard. The control network enables disconnection of
the street lighting system from the mains during peak load
time, reducing its impact in the distributed power system
automatically at overload conditions. It also allows to
reduce the power consumption, decrease the management
cost and monitor the status information of each street
lighting unit. In order to meet the system requirements, a
wireless sensor network is employed. Field tests have been
performed on IEEE 802.15.4-compliant wireless control
units. The obtained experimental results show that the
proposed distributed control network is able to meet the
requirements of a LED street lighting system.

Keywords – Flyback Converter, LED Street Light, Peak
Load Time, Control Network, IEEE 802.15.4.

I. INTRODUCTION

The street lighting system (SLS) of a city plays an important

role on its infrastructure. It is responsible of guaranteeing the

society security and living during night time, traffic safety, and

city appearance. In the beginning, the control of the oil lamps

was performed manually. With the invention of the electric

lamps, the control of the street lighting started to be carried

on automatically, by means of photocells, according to the

light level. Light sources and their respective control gears

are being constantly developed since their invention. On the

other hand, photocells have been the adopted control system

of public lighting for more than sixty years.

Modern street lighting systems demand intelligent control

networks, in order to reduce the power consumption, decrease

the maintenance and management cost, monitor the status

information of each device (lamp status, current and voltage
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measurements, etc.) and enable new control capabilities to the

system (e.g.: dimming).

The street lighting systems features a large number of

independent devices, with geographic distribution depending

on the city streets. Then, adding communication capabilities

to these devices requires a complex network topology, as

well as interoperability, scalability, security, robustness, low

cost, ease to use and maintenance. A few contributions in

the literature suggest some technologies that can be used to

control a street lighting system. Some use the power lines

for data transmission (PLC) [1], while others use wireless

communication, such as cellular networks [2], wireless sensor

networks [3] and both combined [4].

Main drawbacks of the PLC technology are noisy medium,

high signal attenuation, susceptibility to interference from

nearby devices, high cost, high complexity and poor

scalability. Similarly, the scalability and reliability of cellular

networks are questionable, especially under high load traffic.

On the other hand, wireless sensor networks scalability

is highly dependent on the routing algorithm performance.

Therefore, designing a routing algorithm with high scalability

and low overhead is a challenge.

Regarding the lamp types used in SLSs, the most commonly

used are the high pressure discharge lamps, e.g.: mercury

vapor lamps, high-pressure sodium (HPS) lamps, and metal

halide (MH) lamps. The discharge lamps demand a control

gear that provides their starting and steady state behavior,

which is commonly an electromagnetic ballast [5],[6].

Light emitting diodes (LEDs) are being presented as

an alternative to replace the conventional lighting systems.

Despite of their widespread use as signalling systems, LEDs

are not commonly used as lighting systems. However,

recent technology is improving gradually the LEDs efficiency

and color quality, which allows their application in lighting

systems [7]. The use of LEDs in street lighting systems

started to be reported in the last few years, and it is being

considered a very good solution to replace the conventional

HID-based lighting systems, because of the longer lifetime,

higher luminous efficiency in mesopic visual conditions, and

higher color rendering index (CRI) [8].

The artificial lighting consumes a considerable amount of

electricity generated in the world. So, with the concern

about the increase of energy consumption in various segments,

the development of more efficient lighting systems is really

important.

Another problem faced by utilities is the peak load time,

which is a short period of the day where the energy

consumption is maximal. Due to this characteristic, the power

generation plants and transmission lines must be able to supply

the highest power to meet the demand. However, at off-peak
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periods, the system works with reduced power. A typical

demand curve can be found in [9], where is shown that the

PLT occurs daily between 6 p.m. and 9 p.m.

The street lighting is not only relevant for the visual

appearance of the city, but it also provides better traffic

view, safety to citizens, leisure activities, trade and culture

overnight. However, street lighting is also responsible for

overloading the electrical system during the PLT. This is the

period of the day in which the highest demand of energy takes

place and the city lights are usually turned on at the same time,

loading the electrical system even further [10].

Thus, an alternative to reduce the power consumption from

the mains during PLT, and also to ensure lighting in the

absence of electricity from the mains is to provide energy

for the street lighting system through an alternative source of

energy, such as battery [11],[12]. Thus, the overload can be

reduced during the PLT. The battery can be charged when the

demand is lower, usually between 11 p.m. and 6 a.m [9].

For this application, LEDs have become attractive because

they are supplied by DC current, and do not require a high

voltage pulse for ignition, different from the discharge lamps.

These features render LEDs as an ideal light source to be

supplied from batteries. Besides, they have high luminous

efficacy and long useful life, which contribute to reducing the

maintenance costs of the SLS [8],[10],[12],[13].

Therefore, this work presents a single-stage flyback

converter for SLS applications based on LEDs that is able to

remove the energy consumption from the mains during the

PLT and can still be used as an emergency lighting system.

The most relevant contribution of the proposed circuit is to

supply the LEDs from the mains with high power factor or

from the battery, and also to charge this battery employing

only one converter. The battery is connected in series with

LEDs being recharged with the same current, simplifying the

control circuit.

Additionally, it is proposed a distributed control network to

manage the LED-based street lighting system. Such network

enables real-time management of the street lighting system,

making possible to monitor the status of the LED array,

battery and power circuitry; send control messages to a device,

individually, or to a group of devices; keep local clocks

synchronized; and so on.

This paper is organized as follows: Section II presents an

outline of the proposed street lighting system. In section III,

the power circuitry for the LED driver capable to supply the

LEDs by mains or by battery and its design methodology is

presented. In Section IV, the proposed control network to be

used in the SLS is depicted. The experimental results of the

proposed street lighting system are presented in Section V.

Finally, the paper is concluded in Section VI.

II. PROPOSED STREET LIGHTING SYSTEM

Some street lighting systems using LEDs have been

developed and can be found in [8]. These systems usually

use converters that are well known in literature and sometimes

used in electronic ballast for discharge lamps. More recent

SLS based on LEDs have applied integrated topologies

composed by buck, boost, buck-boost, and flyback converters

[7],[12]. Such approaches intend to achieve high power factor,

high efficiency, and regulate the LEDs current to control the

light output [13].

The proposed street lighting system based on LEDs

provides high power factor, high operating efficiency, and

regulates the output current to control the light. The power

stages of the proposed circuit for a street lighting system is

composed of a Power Factor Correction (PFC) stage, a DC-

to-DC power stage (driver) used to control the LEDs current

when supplied by mains or by battery, and a bi-directional

converter to charge the battery.

Moreover, we propose the integration of a control network

with communication capability to the street lighting system.

The use of such a control network is justified because

the system is expected to be frequently connected and

disconnected from the mains, resulting in a variable power

requirement. Therefore, it is important to have a way

to measure the power and energy consumption in a per-

lamp basis, in order to keep track of the system efficiency

according to its cycles of operation. Indeed, a communication

network can be of great assistance to achieve system-wide

synchronization. This feature is required by the system in

order to know the peak load time occurrences, given that

those events can vary according to several factors, such as the

weather, the seasons, the holidays and so on.

Further, the failure of one or more LEDs can be detected due

to abrupt changes in the converter output voltage. If the system

is connected to a network, the circuitry can be monitored

and the luminaire can be quickly replaced. In the same

way, the battery can be monitored, which allows reporting the

occurrence of any problem as well as the estimated battery life

span. Thus, not only a preventive maintenance of the system

can be easily programmed, but also software updates can be

done (enabling enhancements and addition of new functions).

The complete proposed street lighting unit is shown in

Figure 1, consisting of a power circuitry and a network control

module. The overall system is described in the next sections.

We first present the power circuitry design. Then, the proposed

control network and the results of field tests are presented.

LEDs

Power Circuitry

RF Interface

�C

Control Unit

PFC
Stage Driver

Bi-directional
Converter

Mains

+

-

Battery

Fig. 1. Block diagram of the proposed street lighting system unit, with

power circuitry and control network module.

III. POWER CIRCUITRY

The LED lamp is composed by 30 Luxeon Rebel LEDs

(LXML-PWN1-0100) connected in series. The luminaire

voltage is 102 VDC and its nominal current is 700 mA.
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(a) Proposed topology with the relays RBLOCK and RCHARGE on the

first position (normally closed state). The LEDs and the batteries are

supplied by mains.
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(b) Proposed topology with the relay RCHARGE on the second position.

In this operation mode only the LEDs are supplied by mains.
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(c) Proposed topology with both relays on the second position. In this

operation mode only the LEDs are supplied by the batteries.

Fig. 2. Proposed power circuitry topology.

The battery bank used was specified following the design

methodology proposed by [9]. Thus, four 19 Ah (NEWMAX

FNC 12190-C [14]) batteries connected in series are used,

resulting in a battery bank voltage of 48 V.

The proposed topology must work as a step-down converter

when the LEDs are supplied by mains and as a step-up

converter when the battery supplies the LEDs. In this

work, a single flyback converter is employed to meet these

requirements.

Among the modulation techniques used to supply LEDs, the

direct current is the one that provides the highest luminous

efficiency [15]. If the current level for charging the batteries

is designed to have the same value as that used to supply the

LEDs, the battery bank can be connected in series with these

devices. In this way, the same converter used to supply the

LEDs from the mains can be employed to charge the batteries.

This method reduces the number of components and simplifies

the control circuit. The proposed circuit is shown in Figure 2.

In this circuit, the relay RBlock (SPDT - Single Pole Double

Throw) determines the power supply to the converter (mains

or batteries). The relay RCharge (SPDT) connects the LEDs

in series with the batteries so that it can be recharged. The

Figure 2(a) shows the proposed topology supplying the LEDs,

and charging the batteries by mains. In this operation mode,

the relays are on normally closed state. Thus, when the switch

M1 is turned on, the mains voltage is applied on the flyback

primary winding (LP). The diode DLEDs is reversed biased,

and the capacitor CLEDs maintains the current in the LEDs.

When the switch M1 is turned off, the energy stored in the

flyback inductor is transferred to the output capacitor (CLEDs)

and to the LEDs, as well as to the battery connected in series

with the LEDs. The battery is disconnected from the circuit

when it is fully charged by RCHARGE. As shown in Figure 2(b),

only the LEDs are supplied by mains in this operation mode.

When a mains failure occurs or during the PLT, the LEDs

are supplied by the batteries, as shown in Figure 2(c). At this

time, the relay RCHARGE should keep only the LEDs connected

to the flyback converter output, while the relay RBLOCK should

switch to connect the primary winding to the batteries.

The gate drive is performed by a microcontroller that is

also used to control the output current, and to switch the

relays according to the PLT. The LEDs current is sensed by an

integrated Hall IC and regulated by a proportional-integral (PI)

controller digitally implemented. The relays operate under

zero current switching (ZCS) in order to increase their useful

life (107 operations). Then, the expected useful life of the

relays does not endanger the proposed lighting system.

The battery is used to supply the system every day during

the PLT. For this reason, there is not enough time for a self-

discharge and, its recharge method does not require a floating

voltage. Therefore, the battery can be easily disconnected

from the circuit when it reaches its nominal voltage.

A. Design Methodology
The Power Factor Correction (PFC) stage is usually

performed by a DC-to-DC converter operating in

discontinuous conduction mode (DCM). However, with

the proper design of the flyback converter it is possible to

achieve high power factor and low total harmonic distortion

(THD) of the input current when it is supplied by mains.

The proposed converter is designed to operate with input

voltage of 48 VDC when supplied from the batteries, and 220

VAC (60 Hz) when supplied from the mains. Similarly, the

converter output voltage can change from 102 VDC, when

only the LEDs are supplied either from the mains or from the

battery, to 150 VDC when the battery is recharged connected

in series with the LEDs.

The symbols, their meanings and the values calculated or

used to evaluate the equations in the design of the converter

are all summarized in Table I.

1) Battery Bank Specification
According to the battery bank design methodology

presented in [9], four 19 Ah (FNC 12190-C) batteries are

sufficient to ensure the operation of the proposed system for

three hours, and the required recharging time is 7.5 hours.

2) Flyback Converter Supplied by the Batteries
The flyback converter inductances are designed in order to

optimize the circuit operation when supplied by the batteries.

Then, the primary winding inductance is calculated by (1), and

the secondary winding inductance by (2).

Lp =
(Vin min)

2(Dbat max)
2η

2(VoIo)fs
(1)

Ls = Lp ×
[
Vo(1−Dbat max))

(Vin min)Dbat max

]2
(2)
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TABLE I
Symbols and values used in the converter design

Symbol Meaning Value
η Estimated efficiency 90%

Vin min Minimum input voltage of the converter 41 V
Dbat max Maximum duty-cycle 0.7

Vo Output voltage 102 V
Io Output current 700 mA
fs Switching frequency 60 kHz
Lp Primary winding inductance 86 μH
Ls Secondary winding inductance 97 μH

Dmains Duty cycle for the circuit supplied by mains 0.16
Dmains max Maximum value for the duty cycle 0.318

Vin pk Line voltage peak value 311 V
CLEDs Output capacitor 470 μF

Rd Dynamic resistance of LEDs 13.95 Ω
ΔILEDs Output current ripple 20%
fmains Mains frequency 60 Hz
Vds max Maximum voltage on the switch 450 V
Ids rms Maximum RMS current on the switch 2.7 A
Rclamp Resistance of the clamp network 10 kΩ
Cclamp Capacitance of the clamp network 22 nF

Lf Inductance of the input filter 1.022 mH
Cf Capacitance of the input filter 680 nF

3) Flyback Converter Supplied by Mains
The flyback inductor has been designed for the circuit

supplied by the batteries and cannot be changed with the

circuit under operation. However, the input voltage when the

converter is supplied by mains has a peak voltage (Vin pk) of

311 V. Besides, the output voltage (Vo) is 150 V because the

battery is connected in series with the LEDs. For this reason,

the duty cycle or the switch frequency must be changed in

order to maintain the output power at the desired value. The

duty cycle during this mode of operation (Dmains) can be

obtained by (3).

Dmains =

√
4Lp(VoIo)fs
(Vin pk)2η

(3)

The flyback converter operates in DCM when it is supplied

by mains. Thus, if the duty cycle is held constant, the

input current follows the input voltage and its waveform is

sinusoidal. The power factor is high and the THD is low.

However, the conduction mode depends on the relationship

between the inductances Lp and Ls, which sets a maximum

value for the duty cycle (Dmains max). Thus, the duty cycle

obtained by (3) should be less than the maximum duty cycle

calculated by (4) to ensure DCM.

Dmains max =

√
Lp(Vo)√

Ls(Vin pk) +
√
Lp(Vo)

(4)

If the duty cycle Dmains is higher than Dmains max, the

switching frequency should be modified so that the converter

operates in DCM and provides the necessary output power. In

such case, the switching frequency can be calculated by (5).

fs mains =
(Vin pk)

2(Dmains max)
2η

4Lp(VoIo)
(5)

When the battery is fully charged, the flyback converter load

is only the LEDs. Thus, the duty cycle must be decreased to

0.131 in order to maintain the output voltage (Vo) at 102 V.

The duty cycle value was calculated by (3).

The core of the flyback transformer is calculated

considering all operation modes. The core specification for the

circuit supplied from the mains resulted in a NEE 30-15-14.

However, the worst case (largest size) occurs when the battery

supplies the LEDs, requiring the core NEE 40-17-12, which

was used in the prototype. Nevertheless, considering that only

one core is used by the circuit to supply the LEDs by the mains

or by battery, and to recharge the battery bank through the

mains, this small increase in the size of the transformer does

not affect significantly the size of the topology.

4) Output Capacitor Design
The output capacitor of a converter is generally designed

for limiting the voltage ripple on the load. However, for the

LEDs is important to limit the current ripple. The LED model

can be represented in a simplified form by three elements

connected in series: an ideal diode, a constant voltage source,

and its dynamic resistance. Therefore, the low value of the

dynamic resistance is the responsible for the current ripple

in the LED. Thus, the output current ripple is obtained by

dividing the voltage ripple by the dynamic resistance of the

LED. The output capacitor (CLEDs) is designed to limit the

output current ripple considering the rectified input voltage

ripple, and can be obtained by (6).

CLEDs =
Dmains

2×Rd ×ΔILEDs × fmains
(6)

5) Switch Specification
This topology is composed by one shared switch, which

must be designed for both operation modes. Thus, the

maximum voltage on the switch can be calculated from (7).

The maximum value occurs when the circuit is supplied by

mains, and the batteries are being recharged in series with the

LEDs.

Vds max = Vin pk + Vo

√
Lp

Ls
(7)

On the other hand, the maximum current on the switch

occurs when the flyback converter is supplied by the batteries.

Thus, the RMS current value is obtained by (8). In this work,

the CoolMOS SPW20N60 is used due to its low drain-source

on-state resistance (190 mΩ).

Ids rms =
2(VoIo)

Dbat max(Vin min)η

√
Dbat max

3
(8)

IV. CONTROL AND MONITORING NETWORK

The street lighting system features a large number of

independent devices, with geographic distribution depending

on the city streets. Clearly, each device of this system must

be able to communicate at least with a utility control center in

order to receive control commands, send status and metering

information as well to maintain its local clock synchronized.

Note that such system is similar to an automatic meter reading

(AMR) system, which is one of the main components of a

Smart Grid [16]. Recently, AMR technology has evolved

to a wireless AMR, which employs two-way radios between

utilities and the metering devices. There are several wireless
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technologies that can be used to provide the required network

infrastructure, such as cellular networks and short range radio

[17]. Among those, wireless sensor networks (WSN) based on

short range radio have been widely recognized as a promising

technology that can enable WAMR systems [18].

Wireless sensor networks presents a collaborative

operation that brings significant advantages over traditional

communication technologies, including rapid deployment,

low cost, flexibility, and aggregated intelligence via parallel

processing [18]. Its recent advances have made feasible to

deploy Smart Utility Networks (SUN). SUNs are intended to

enhance the public utilities services, such as: monitoring and

controlling the electricity, water and gas supply [19].

The network model adopted by most of the wireless sensor

networks is based on the OSI reference model. Usually, in this

model, only the physical, data link, network and application

layers are implemented. The IEEE 802.15.4TM standard

is commonly employed to perform the physical and data

link layers for WSNs. While other wireless network

standards aim to achieve large throughput and high quality

of service, the IEEE 802.15.4TM is designed to provide

simple wireless communications with relatively short range,

low power, limited data throughput, low cost, and small size.

Despite of these features, such standard is sufficient to satisfy

the requirements of most remote monitoring system [20].

Although the IEEE 802.15.4TM is a well-established standard,

it does not include network and application layers, which

should be properly specified.

Therefore, a possible approach to a network layer is

proposed in the next subsection, which is applied into the

control network for the LED street lighting system. For

the sake of simplicity and convenience, a single unit of the

proposed lighting system will be called node or router.

A. Geographic routing
Currently, WSN physical and data link layers are based on

well-established standards. Nevertheless, network formation

and multi-hop routing is still a challenging problem. A variety

of protocols were developed in order to properly perform

these routing tasks. However, those existing protocols may

not satisfy the requirements for large-scale applications [21].

Geographic routing approach is one of the most suitable

routing strategies for such scenario, due to its low overhead

and high scalability features [22]–[24].

Geographic routing mainly relies on a really simple

geographic greedy-forwarding strategy, where each router

node must select a locally optimal neighbor with a positive

progress towards the data packet destination [25]. In

this strategy, the destination address is the position of the

destination node, instead of a topological address. A node

position could be obtained by preconfiguration if the node is

stationary, or by a GPS receiver. As network nodes are static in

the street lighting case, the location information of the nodes

is stored during the installation process.

When considering realistic outdoor scenarios, such as a

city, any block could turn into a void. A void occurs when

all neighbors of a router node are farther away from the

destination node than the router itself. In this case, the router

fails to locate a next hop node through greedy strategy. If

only the greedy-forwarding algorithm is used, packets have

to be discarded when a void is reached. However, a void does

not necessarily mean that there is no route to the destination,

because if the network is connected, a valid topological path

exists by circumventing the void.

Many researchers argue that a dense deployment of wireless

nodes can reduce the likelihood of the void occurrence in

the network [23],[25],[26]. Indeed, in scenarios without

obstacles that can be true. However, in outdoor large scale

wireless networks it is unlikely to have such scenarios. Void

handling techniques is an important issue to be addressed in

such networks. Although there are several solutions, most

of them present some limitations, such as: low effectiveness

of handling voids (no guarantee of delivery), high resource

occupancy, long detours of stuck packets, not optimal path

discovery and high complexity. Moreover, most of void-

handling techniques are designed with some unrealistic

assumptions [25]. Among these we can mention equal

node transmission range, symmetric links, reliable nodes,

unrealistic scenarios, unidirectional information flow and so

on. Thus, these techniques do not consider the impact of

the lower network layer in the performance of the routing

algorithms.

In order to overcome the above mentioned challenges,

we developed a hybrid geographic routing strategy using

a heuristic approach with distinguished enhancement

considering performance criteria, such as, hop count, optimal

path selection, message overhead, scalability and adaptability

to sparse networks (which is the case of a street lighting

system). We have described the complete routing algorithm in

a previous work [27].

V. EXPERIMENTAL RESULTS

The experimental results are organized in three sections. At

first, the results of the flyback converter supplied by mains are

presented, followed by the results of the same flyback supplied

by the batteries. Finally, the obtained results for the control

module responsible for the network and the results for the

network itself are presented.

A. Flyback Converter Supplied by Mains
Figure 3 shows the mains voltage and current waveforms

for the circuit supplying the LEDs and charging the battery.

The input current waveform is sinusoidal, resulting in a high

power factor (0.999). The nominal input voltage is 220 V

(RMS) and the current value (RMS) is 518 mA. Thus, the

input power is 112 W. Figure 4 shows the output voltage and

current waveforms of the converter, which is composed by the

LEDs and the batteries connected in series. The average output

voltage is 145 V, and the nominal current is 718 mA. The

output power is 105 W. Then, the efficiency of the topology

in this case is approximately 93%.

High values of efficiency can be obtained from a single-

stage converter. However, if the voltage spike on the switch is

high, the switching loss can be higher, decreasing the converter

efficiency. The voltage spikes occurring on the switch due

to leakage inductance present in the flyback transformer

associated with the intrinsic capacitance of the MOSFET and
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Fig. 3. Input voltage and current waveforms for the proposed circuit

supplying the LEDs and charging the battery (100 V/div, 500 mA/div,

10 ms/div).

Fig. 4. Output voltage (VLEDs + Vbat) and current (ILEDs = Ibat)

waveforms (50 V/div, 500 mA/div, 10 ms/div).

other parasitic capacitances of the circuit. In this work, an

RCD clamp circuit was used to limit the peak voltage on the

drain of the MOSFET. Besides, the flyback transformer has

a turn ratio of approximately 1:1, which contributes to the

manufacture of the transformer in order to reduce the leakage

inductance and hence reduce the peak voltage in the switch.

Thus, a MOSFET with less breakdown voltage and low on-

state resistance can be employed, reducing the conduction and

switching losses.

The peak current in the switch is approximately 9.8 A, and

its RMS value considering the low frequency ripple is 1.56 A.

The high level of the switch voltage is 440 V, and the peak

voltage reaches 550 V due to the leakage inductance of the

flyback inductor used.

General lighting applications have to meet IEC 61000-3-2

Class C regulations for input current harmonics. Then, Table

II shows the values of the harmonic spectrum of input current

for the proposed circuit, which complies with the standard.

The total harmonic distortion (THD) is 3.8%.

Figure 5 shows the input voltage and current waveform

when the batteries are fully charged, and the load is composed

only by the LEDs. In this operation mode, the input current is

322 mA, and the input power is 69 W. The voltage and current

waveforms in the LEDs are shown in Figure 6. The average

output voltage is 91.4 V, and the average output current is

maintained at 711 mA. Therefore, the output power is 65.2 W.

The efficiency is 94.5%, the THD of the input current is 6%

and the power factor is 0.998. The peak current on the switch

is 7.9 A, and the RMS value is 1.13 A. The peak voltage on

the switch is less than 450 V.

Fig. 5. Input voltage and current waveforms for the proposed circuit

supplying only the LEDs (100 V/div, 500 mA/div, 10 ms/div).

Fig. 6. Voltage and current waveforms in the LEDs (50 V/div, 500

mA/div, 10 ms/div).

B. Flyback Converter Supplied by the Batteries
The battery bank voltage is 48.3 V and the average input

current is 1.42 A. The input power is 68.5 W. In this operation

mode, the battery current has a triangle waveform because it

is the same of the switch. The RMS current on the switch is

2.33 A, and the maximum voltage is 136 V. The current on

the LEDs is maintained constant at 707 mA, and the output

power is 63.1 W. Thus, the efficiency of the circuit supplied

by battery is 92.1%.

C. Control Network
For the field tests, a control unit module was developed.

It comprises a IEEE 802.15.4TM compliant radio and a 32-

bit microcontroller. The features of the main components

of such module (microcontroller and radio) are presented in

Table III. The control unit is responsible of managing the

power converters, monitoring the status of the power circuitry

and communicating over the network.

All of those functions should run concurrently. Thus,

the software structure should allow the management of the

shared resources and provide fault tolerance. In this context,

the use of a real-time operating system (RTOS) becomes

attractive. The integration of a RTOS can solve a variety

of problems that can occur in the application code, since it

TABLE II
Harmonic spectrum of input current

Harmonics 2 3 5 7 9 11-39 (odd)
Input current (%) 0.4 1.2 1.2 0.7 0.6 <1

IEC 61000-3-2 (%) 2 29.9 10 7 5 3
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TABLE III
Prototype features - radio and microcontroller

Features Radio Module Microcontroller
Supply Voltage (V) 2.4-3.6 1.8 - 3.6
Sleep Current (μA) 2 21

Current Consumption (mA) 19 (Rx) / 23 (Tx) 32
Operating Frequency (GHz) 2.4 -

CPU type @ MHz - 32 bit Coldfire V1 @ 25
Bit Rate (kbps) 250 -
Memory (KB) - 8 (Data) / 128 (Program)

provides multitasking capability and allows the application to

be broken down into smaller pieces. Therefore, the software

of the prototype makes use of a RTOS, allowing independent

development of each system task, while keeping them isolated.

This feature helps to maintain the system in operation even if

a particular task no longer operates. Furthermore, it corrects

faults whenever possible, avoiding system failures. For the

performed tests, a simple application layer (set of messages)

was developed, which includes ON/OFF commands, dimming

commands, fault alarms and synchronization messages.

Although the radio is capable of transmitting at 250 kbps,

actual throughput largely depends on network overhead and

system software architecture. In the obtained results, the

integration of the network stack into the RTOS shown to be

efficient and reliable, achieving data rates up to 230 kbps,

which yields an efficiency of 92%. Other similar architectures

present results limited to 30 kbps [28].

The time responsiveness of the control network is a major

requirement for purpose of synchronization and real-time

control messages delivery. Therefore, network latency must

be bounded up to a given threshold. The worst case latency

measured to deliver a message in the network was 50 ms by

hop (1 ms in the best case). For instance, considering a street

lighting unit located 10 kilometers far away from the utility

control center, node spacing from 40 to 50 meters, and average

radio range around 100 meters, a message takes around 2

seconds to reach its destination (200 ms in the best case and

limited to 10 s for all transmissions with worst case delivery

time). These results indicate that the proposed network is

suitable to be applied for controlling a street lighting system.

Besides the related advantages to the network performance

and its responsiveness, the use of a RTOS in such application

also allows better energy efficiency for the control module. For

instance, the microcontroller can enter into sleep mode during

its idle time, thus reducing its power consumption, as shown

in Figure 7. This figure shows the variation in the current

consumption of the control module during the data acquisition.

In the proposed system, the control unit is responsible for

controlling the LED driver, realizing data acquisition and

implementing the network stack. Due to tight deadlines, the

most critical tasks are the driver control and data acquisition

and computation. For each cycle of the 60 Hz sine wave,

the data of power, total harmonic distortion, power factor

and accumulated energy must be calculated. To avoid data

loss during this calculation, a double buffer was applied.

Therefore, in the same time that calculations are performed

with the data contained in a buffer, the voltage and current

Fig. 7. Current consumption of the control module during the data

acquisition (20 mA/div, 100 μs/div).

data remain to be acquired in the other data buffer. As one can

see, the time for these calculations should not exceed 16.66

ms (period of the 60 Hz wave). Such requirement is readily

accomplished with the used microcontroller, as can be seen in

Figure 8, where the processing of all data does not exceed 400

μs.

The processing time of a received packet is higher when

the LED lamp is on or when the battery is being charged,

since the device performs 128 measurements of voltage and

current for every 60 Hz cycle, as well as controls the LEDs

current. The time between each acquisition is 130.2 μs, while

the processing time of each acquisition is approximately 40

μs (context switches, analog to digital conversion, buffering,

etc.). The acquisition of these data has a higher priority than

packet processing on the network, thus increasing the average

packet processing time. We also have measured a total time of

2 ms to process the data computation, as well as reception,

routing and retransmission of a network packet. However,

such latency in the packet processing is negligible, since the

IEEE 802.15.4TM constraints present much higher impact in

the total time for the packet forwarding.

VI. CONCLUSION

This paper presented a design methodology for a LED street

lighting system based on a single flyback converter, as well as

a possible approach for a control network intended to manage

such system. The proposed converter is capable to supply the

LEDs by mains or by battery and, recharge the battery when

it is necessary. This is possible because the charging current

of the battery bank is designed to be equal to the current of

the LEDs. Thus, the battery can be recharged when connected

in series with the LEDs, simplifying the feedback circuit and

reducing the amount of components.

The design methodology showed that the flyback converter

can also provide high power factor and low THD in the input

current when supplied by mains. Thus, the advantage of a

single-stage converter compared to integrated converters is the

reduced number of components, and low voltage and current

stress on the switch. However, the output capacitor is usually

higher in order to filter the low frequency ripple present in the

load. In this topology, the source of the switch is connected

to the negative terminal of the battery, which allows the gate

driver circuit to be powered directly by the battery without the

need of auxiliary sources. The experimental results prove the

effectiveness of the proposed methodology and shows that the
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Fig. 8. Computation time of the rms voltage and current, real, reactive

and apparent power, power factor, THD and accumulated energy (20

mA/div, 2 ms/div).

circuit provides high efficiency, high power factor, and also

meets the IEC 61000-3-2 C Class standard.

The integration of such converter with the proposed

network makes the LED street lighting system capable of

disconnect from the mains during peak load time, reducing

its impact in the distributed power system automatically at

overload conditions. Moreover, the network provides the

system management, allowing measurement of the energy

consumption in a per-lamp basis, preventive maintenance,

system-wide synchronization, and so on.

In order to give communication capability to the developed

street lighting units, an IEEE 802.15.4TM compatible

transceiver has been integrated to the control units.

The network layers implemented in such transceiver are

complemented by a network layer based on geographic

forwarding, a widely recognized routing technique for large

scale networks. The applied geographic routing scheme is

presented in one of our previous works [27], which shows

its efficiency when employed in sparse large scale scenarios.

Such scenario is exactly the case of the street lighting system.

As final remark, experimental results showed that

message delivery time is bounded, assuring network

real-time responsiveness, and, consequently, the required

synchronization. Therefore, the proposed control network was

able to meet the requirements of a LED street lighting system,

including the intelligent control needed on modern systems as

well as disconnection from the mains during peak load times.
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