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Abstract — An autonomous, wireless multi-variable smart 

sensor is presented able to gather, validate, and locally process 

data on both position alignment and temperature in remotely-

operated high-voltage disconnect switches, as part of an 

instrumentation system which, integrating small, smart, and 

deeply embedded ‘field’ devices in large numbers, may address 

the data requirements placed by new sophisticated asset 

management criteria applied to primary distribution substations 

in smart electrical grids.  

Keywords— smart sensor; wireless sensor network; energy 

harvesting; smart grid 

I.  INTRODUCTION  

Power management and energy efficiency with Smart 
Grids concepts and tools have been widely investigated and 
promoted [1] [2]. Thus, in the process of distributing 
intelligence throughout the infra-structure in order to monitor, 
in real-time, a number of variables that describe the operating 
status and condition of equipment that, being critical to the 
respective process operation, should be subject to more 
sophisticated operation and maintenance criteria, relevant 
capabilities of scattered physical assets can be better dealt with 
criteria and tools of the Asset Management scope.  

Significant advances in different technological areas – 
sensors, Microsystems, wireless networks, and web service 
programming – have made it feasible to bring this line of 
approach to higher levels, by bringing together maintenance, 
operation and engineering, through the whole life cycle of 
assets in a power grid [3]. Specifically, several applications 
have addressed assets’ real-time monitoring, including 
transformers, circuit breakers and overhead power lines [4] [5] 
[6]. Also, the use of energy harvesting to power up wireless 
sensor nodes in utilities has been reported [7] [8]. However, 
common status evaluation of remotely operated high-voltage 
disconnect switches at primary distribution substations is 
carried out indirectly, by monitoring the respective motor 
operating mechanisms [9]; indeed, this approach reports on 
motor actuation only, thus being unable to provide positive 
motion confirmation of the actual disconnect switch, let alone 
ensure that closure has been taken to the right position, i.e., 
with the two parts duly aligned. In order to fulfil this 
functional gap, for remote operation demands positive 
confirmation of actions taken in response to the appropriate 
commands issued from dispatch rooms, the smart sensor 
presented here actually evaluates the degree of alignment of 

such two-parts HV disconnect switches by resorting to in loco 
measurement. Furthermore, constant condition monitoring of 
such disconnect switches whenever closed is of paramount 
importance in order to promptly detect abnormal busbar 
heating due to poor contacts, so that hot-spots can be avoided.  

The key to the capabilities of the solution presented here 
lies in a multi-variable sensing device that, essentially, is: (i) 
smart, for it is functionally self-contained in what means the 
ability to determine the working condition of a HV disconnect 
switch and diagnose actual and/or developing malfunctions, 
(ii) very small, in what concerns weight, size, and electrical 
power, (iii) powered through energy harvesting and storage, 
and (iv) a member of sensor ‘communities’, there being 
integrated over a low-power, low-range wireless network. 
Thus, an innovative design – patent pending – was achieved as 
a result of a strategic approach based on the following key 
issues:  

• Intelligence concentrated at device level, thus 
progressing from centralised to distributed device 
intelligence on the shop floor, with products that are 
smaller, lighter, faster, and smarter, therefore promoting 
autonomy – with increased functional efficiency, 
flexibility, and self-diagnosis –, energy efficiency, and 
user-friendliness;  

• Straightforward integration in Wireless Sensor 
Networks interlinking and integrating smart sensors on 
the shop floor, as the underlying layer to what is now 
being called ‘The Instrumentation Cloud’. 

II. THE MULTI-VARIABLE SMART SENSOR 

A. Functional Description 

This sensing device consists of a very compact piece of 
equipment, which is able to determine both the surface 
temperature of the body it is mounted on and the degree of 
alignment of moving parts in a closed disconnect switch, so as 
to immediately detect and, therefore, avoid persistent hot-
spots; also, it detects state transitions (open/closed) with 
recourse to a built-in MEMS accelerometer. By integrating 
such pieces of information, a device may know the operational 
state of a single-phase disconnect switch and, in case of it 
being closed, the quality of the so established electrical 
connection.  
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Data communication is carried out wirelessly, as a 
consequence of basic safety regulations, by resorting to a 
proprietary technology based on a ISM (Industrial, S
and Medical) sub-GHz radiofrequency (RF) band (433 MHz), 
given its superior EMC and radio-range in environments 
hostile to RF signal-propagation.  

In a substation, powering smart sensors that are scattered 
out of the control house was a bit of a challenge, so as to avoid 
the typical pitfalls whenever using batteries in the open field, 
especially those deriving from high temperatures, and also the 
consequent maintenance costs. Thus, smart sensors installed in 
HV disconnect switches were provided w
energy harvesting and storage devices, by resorting to 
supercapacitors being charged by small (8 x 8 cm) solar cells. 
Fig. 1 shows a couple of sensors installed in a real substation, 
physically well adapted to the 60 kV disconnect switches they 
are mounted on. 

Fig. 1. Sensor nodes actually installed in a substation (60 kV 

switches). 

B. Hardware Structure 

A block diagram of this device is shown in 
representing the major functional blocks and their respective 
interconnections, as follows: 

• Overall unit control, which collects and handles 
(processes and stores) information, and co
external communication tasks – this is carried out by an 
ultra-low-power SoC (TI CC430F5137), which 
integrates a 16-bit RISC microcontroller and the 
selected RF solution, by combining the performance of 
the CC1101 sub-GHz RF transceiver with the MSP430 
CPUXV2;  

• Temperature sensing, which is based on a 13
resolution digital sensor (Analog Devices
tiny device that dissipates a very low pow
@3.3V when active, and a mere 200 nA in shutdown 
mode), and relates to the microcontroller via SPI; 
operating in the temperature range of 
this device provides a top ± 0.5°C accuracy in the sub
range of 0 – + 70 ºC, which is perfectly suitable for the 
envisaged application purposes;  

Data communication is carried out wirelessly, as a 
by resorting to a 

proprietary technology based on a ISM (Industrial, Scientific, 
GHz radiofrequency (RF) band (433 MHz), 

range in environments 

In a substation, powering smart sensors that are scattered 
challenge, so as to avoid 

the typical pitfalls whenever using batteries in the open field, 
especially those deriving from high temperatures, and also the 
consequent maintenance costs. Thus, smart sensors installed in 

were provided with appropriate 
energy harvesting and storage devices, by resorting to 
supercapacitors being charged by small (8 x 8 cm) solar cells. 

installed in a real substation, 
physically well adapted to the 60 kV disconnect switches they 

 

. Sensor nodes actually installed in a substation (60 kV disconnect 

of this device is shown in Fig. 2, thus 
representing the major functional blocks and their respective 

Overall unit control, which collects and handles 
(processes and stores) information, and co-ordinates the 

this is carried out by an 
CC430F5137), which 

bit RISC microcontroller and the 
RF solution, by combining the performance of 

GHz RF transceiver with the MSP430 

Temperature sensing, which is based on a 13-bit 
Analog Devices ADT7301), a 

tiny device that dissipates a very low power (1.6 mA 
@3.3V when active, and a mere 200 nA in shutdown 
mode), and relates to the microcontroller via SPI; 
operating in the temperature range of - 40 – + 150 ºC, 
this device provides a top ± 0.5°C accuracy in the sub-

ectly suitable for the 

• Relative position sensing, with a 
sensor operating in the 850 nm wavelength infra
band that integrates a single LED and 
phototransistors, evenly distributed in two l
850nm infra-red band was chosen so as to reduce the 
daylight influence on the phototransistors, and, by using 
a reflective surface on the male part of a disconnect 
switch, both emitter and receptors could be brought 
together in a single piece of
in the mating female part of the switch;

• Vibration detection to sense changes in the operation 
state of disconnect switches, which is based on a very 
low-power MEMS device (
LIS3DH) that is programmed to genera
signals from two independent inertial wake
events; 

• Communication management over a 433 MHz WPAN 
is based on a protocol stack that implements a meshed 
topology, whose robustness relies on repeaters 
strategically located throughout 
which have to be permanently powered by secure 
power supplies; 

• Power supply, consisting of 
harvest energy from the sunlight, which is stored in two 
supercapacitor cells in series, with automatic cell 
balancing in order to prevent overvoltage damage to 
either of them, while maximizing charge rate with 
maximum power point tracking implementation 
(MPPT); a step-down regulator (TI TPS78233) is then 
used to bring the 5.2 V obtained from the 
supercapacitor cells to a constant output voltage of 
3.3V to power the other electronic devices in the 
sensing unit. 

C. Data Handling Software 

In principle and by default, this device is programmed to 
execute the following tasks: 

• Wake-up at every hour to monitor the temperature;

• Wake-up on events that are detected by the 
accelerometer, in order to determine full status 
condition; 

Energy Harvesting/

Accelerometer 

Optoelectronic Sensor

Temperature Sensor 

Voltage 

Fig. 2. Block diagram of the smart sensor

Relative position sensing, with a reflective optical 
operating in the 850 nm wavelength infra-red 

band that integrates a single LED and a set of 32 
phototransistors, evenly distributed in two lines – the 

red band was chosen so as to reduce the 
daylight influence on the phototransistors, and, by using 
a reflective surface on the male part of a disconnect 
switch, both emitter and receptors could be brought 
together in a single piece of equipment to be embedded 
in the mating female part of the switch;  

Vibration detection to sense changes in the operation 
state of disconnect switches, which is based on a very 

power MEMS device (ST Microelectronics 
LIS3DH) that is programmed to generate interrupt 
signals from two independent inertial wake-up/free-fall 

Communication management over a 433 MHz WPAN 
is based on a protocol stack that implements a meshed 
topology, whose robustness relies on repeaters 
strategically located throughout the substation premises, 
which have to be permanently powered by secure 

Power supply, consisting of a tiny solar panel used to 
harvest energy from the sunlight, which is stored in two 
supercapacitor cells in series, with automatic cell 

ncing in order to prevent overvoltage damage to 
either of them, while maximizing charge rate with 
maximum power point tracking implementation 

down regulator (TI TPS78233) is then 
used to bring the 5.2 V obtained from the 

to a constant output voltage of 
3.3V to power the other electronic devices in the 
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to monitor the temperature; 

up on events that are detected by the 
accelerometer, in order to determine full status 
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. Block diagram of the smart sensor. 
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• Send a message twice a day to confirm that the sensor 
is still ‘alive’ and update the sensing data; 

• Send messages with alignment and temperature 
information on a periodic basis, and whenever 
programmed data changes are found. 

In order to decide upon when and which data must be 
transmitted, different criteria and parameters are pre-defined, 
naturally concerning either temperature levels, or 
accelerometer or timer events. Normally, the microcontroller 
in the sensing device could be woken by events originating 
both at the accelerometer and timers, when a flag is set 
identifying the cause and thus invoking the appropriate 
actions, such as: 

• Events triggered by the accelerometer imply that 

messages will be sent out for a period of 5 minutes, at a 

rate of one message per minute; 

• Events triggered by the timer in charge of hour 

accounting imply a ‘proof of life’ message to be 

transmitted every 12 hours; 

• The temperature being periodically measured and 

registered, in case a temperature datum is found: (i) 

higher than 80ºC, an alarm is sent and the monitoring 

period is automatically set to 15 minutes, and (ii) in 

between 50 ºC and 80 ºC, a warning message is 

transmitted and the monitoring period is automatically 

set to 30 minutes; 

• Complementing the above criterion based on 

temperature levels, also a maximum increase rate of 

6ºC between consecutive data is a programmed 

criterion to set an alarm message. 

In each transmission opportunity, at least two field 
messages are sent, one containing data on alignment and 
temperature, and the other containing the reason of that 
communication; also, twice a day (every twelve hours) one 
additional message is sent, this time to inform about the own 
sensor state. 

III. SYSTEM ASSESSMENT 

A. Solar energy harvesting 

In order to evaluate the performance and autonomy 
granted by the energy harvesting mechanism, several tests 
were carried out both in laboratory and field conditions. In the 
laboratory, a commercial 100W halogen lamp was positioned 
20cm away from the solar cell, and the supercapacitors 
voltage was registered during the charging process. In the 
field, the system was exposed both in sunny and cloudy days 
and similar registrations were taken. 

Thus, it took around 25 minutes to fully charge the 
supercapacitors in the laboratory, as shown in Fig. 3. 
Outdoors, in a sunny day, it took nearly 5 minutes, while in a 
cloudy day it took around 10 minutes. As the sensing device 
requires a minimum of 3.3 V to start operating, such initial 
charging times can be considered as fairly acceptable. 

The discharging process was tested under different 
operation modes, with the following results: 

• In case the sensor was programmed to communicate 
every 10s, the energy stored in the fully charged 
capacitors would allow operation during 2 hours and 30 
minutes; 

• In case it was programmed to communicate every hour, 
operation would last for 10 hours;  

• In the standard factory programming of this smart 
sensor, temperature is hourly monitored, and 
communication occurs twice a day in normal 
circumstances, which corresponds to power autonomy 
of 15 hours. 

Fig. 4 shows three discharge curves, one for each operation 
mode. 

 

Fig. 3. A typical supercapacitor charge curve for the solar energy harvesting 

system when it was exposed to a commercial halogen lamp. 

 

Fig. 4. Supercapacitor discharge curves, supporting: a) communication every 

10s; b) hourly communication, and c) normal mode operation. 

 

B. Optoelectronic Sensor 

The alignment between the two parts of a disconnect 
switch is measured by the optoelectronic sensor located in one 
part only (female), as illustrated in Fig. 5, the optical coupling 
being ensured by a reflective surface located in the opposite 
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male part, as both parts rotate in the same plan
Fig. 6.  

Thus, whenever both arms in a HV switch 
sensing device and the reflective surface are 
each other (alignment angle 0º) and only 
phototransistors are irradiated with infra-red light
two parts become misaligned, the angle between them implies 
that the reflected infra-red beam irradiates 
other than the central ones, thus allowing the degree of 
misalignment to be determined.  

Fig. 5. Typical installation of the smart sensor, embedded 

a HV disconnect switch. 

 

Fig. 6. Arms rotation in the operation of a disconnect switch

In the process of measurement the degree of 
infra-red LED is turned on and, after an allowed settling time 
of 50 ms, logic states at the outputs of all phototra
evaluated in order to determine the angle between the two 
arms in a HV switch. The respective data made available 
corresponds to three operation conditions, as preferred by 
users: (i) optimal alignment, for measured angle
0º to ±5º, (ii) acceptable alignment, for measured angles in 
between 5º and 15º (absolute), and (iii) misalignment 
situation, corresponding to angles above 15º, that should 
command a dispatch decision of restarting the previous HV 
switch operation.  

C. Temperature accuracy 

The temperature sensor provides yet another 
detect misalignment between the two parts of 

parts rotate in the same plane, as depicted in 

Thus, whenever both arms in a HV switch are in line, the 
ctive surface are directly facing 

(alignment angle 0º) and only a few central 
red light. In case the 

between them implies 
tes phototransistors 

other than the central ones, thus allowing the degree of 

 

embedded in the female part of 

 

Arms rotation in the operation of a disconnect switch. 

In the process of measurement the degree of alignment, the 
, after an allowed settling time 

s, logic states at the outputs of all phototransistors are 
evaluated in order to determine the angle between the two 
arms in a HV switch. The respective data made available 
corresponds to three operation conditions, as preferred by 

angles ranging from 
, (ii) acceptable alignment, for measured angles in 

between 5º and 15º (absolute), and (iii) misalignment 
situation, corresponding to angles above 15º, that should 
command a dispatch decision of restarting the previous HV 

another criterion to 
detect misalignment between the two parts of HV switches, 

since this brings about sudden increase
currents flow. 

Data from the temperature sensor w
those taken from a Sensirion Evaluation Kit EK
difference found between then was less 
far, exceeds the accuracy required in this application

D. Communication range

An effective node density in a wireless network strongly 
depends on the average radio range of the different nodes 
there involved. Hence, aiming at using a minimal number of 
routers in a sizeable substation, extensive tests were carried 
out in order to determine a typical radio range that can be used 
when designing reliable network deployments in distribution 
substations: for a transmission power of 10dBm
in excess of 200 m. 

E. Current consumption 

Current consumption varies between two extreme 
operating conditions: (i) an extensive sleep mode for most of 
time, where the microcontroller in low power mode LPM3
accelerometer is in wake-up low power mode, 
temperature sensor and the optoelectronics are
which corresponds to an overall consumption of a mere 300 
µA, and (ii) when fully operational in the active mode and 
during message communication, where it takes 
very short period of time, of less than 1s.

IV. CONCLUSION

The system presented here is a good example of an innovative 
approach to instrumentation solutions
utility infra-structures that integrate small, smart, and deeply 
embedded ‘field’ devices in large numbers, whose 
interoperability must be ensured with nested communication 
mechanisms, over disparate networks. 

Thus, by easily extracting value from the intelligence in each 
device and piece of equipment
gateways, and the co-ordinator centre 
were obtained in:  

• Effectiveness, as personnel could concentrate on economic 
objectives and safety constraints of the 

• Flexibility, for they allowed both incremental growth, and 
functional versatility, easily coping with changes in 
requirements;  

• Cost, considering both capital and maintenance
which are significantly lower when compare
traditional instrumentation solutions.
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