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ABSTRACT

In this paper, a smart metering system for domestiter flow

meters is presented. The system comprises fronteadkrs that
are attached to the legacy mechanical flow meterd, a cloud-
based back-end system for data collection, monigorand

control. The paper focuses on the difficulties afdhllenges
associated with the front-end segment, where taaghirements
are imposed by utility companies. Careful firmwaerdware co-
design is presented, with a main focus on the gneogstraint.
The processor selection and the architecture ofetinbedded
firmware which achieves a system lifetime of 5 geget allows
daily communication is also demonstrated. Finalye roadmap
for mass production and deployment is considered.
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1. INTRODUCTION

Egypt has a population of about 85 million, anderees an
annual Nile water share of 55.5 billion cubic metgk]. Around

85 percent of that water is used in agriculture, duot simply

leaks away. According to [2] Egypt loses two billioubic meters
of water to evaporation, and three billion cubicteng to grass
growing on the banks of the Nile and on river islgnAround 40
percent of the remaining water - used domesticaily in industry
(2.3 billion cubic meters) - is lost to leaking egpand drains,
while 2.5 billion cubic meters are used to geneedeetricity.

The domestic water sector in Egypt faces many ehgés.
Among the approximate number of flow meters deployehich

is approximately 20 million, more than 50 % of iither provide
inaccurate readings or are completely defectivéis Tesults in
calculating bills according to coarse estimatiorhioh leads to
inconsistent bills and delayed payments. Furtheempipe leaks,
tampering and un-authorized joints add to the gapwvéen
production cost and revenues. A study is preseintg¢d] which

gives an estimate the Non-Revenue Water to be Fypt

invests 3 billion Egyptian pounds yearly in theteeof water and
waste matter, so the sector losses from Non-revemter exceed
1 billion pounds (2.7 Million pound per day!)

In this paper, we present and Automatic Meter Readystem for
mechanical water flow meters used in domestic arttlistrial
sectors. The system consists of a reader thattashetd to the
meter and is connected to a backend server thrthegtcloud.
Readers are battery-powered and are connected etocltdud
through built-in GPRS modems. The backend systdhaate data
from all meters and applies different data analysmeded for
billing, tamper detection, leak detection, usagefile, and other
utility-related parameters. Interoperability betweesystem
elements is achieved through Hardware-Firmwarev&o# co-
design process.

The rest of the paper is organized as follows. i8e@ presents
background on AMR systems, and similar work on wate
metering in specific. The architecture of the systéncluding
hardware and firmware segments, is demonstrateskdtion 3.
Special focus on the energy management task isusfied in
details. Section 4 describes the backend part efsgistem, and
introduces the concept of mediation layer and dewaigstraction.
Finally, the conclusion and future activities forhet
industrialization phase of this system is presented

2. BACKGROUND

Automatic meter reading (AMR) is a technology whic
automatically gathers data from energy, gas, angrwaetering
devices and transfers it to the master statiorrderoto analyze it
for multi purposes. Data are read remotely, withitnet need to
physically access the meter. The advantages inctedacing
peak demand for energy, supporting the time-ofamecept for
billing, enabling customers to make informed detisi and
reducing the cost and increasing the accuracy dgémreading.
AMR technologies may include handheld, mobile amtwork
technologies based on telephony platforms (wired wireless),
radio frequency (RF), or power-line transmission.

AMR for Water meters can also be used at the waterce, well,
or throughout a water system to determine flow ugho a
particular portion of the system. The domestic watssumption
is measured through mechanical flow meters whiehganerally
located outdoors or within a man-hole. AMR for suobters is
challenging as it implies attaching reading de\{imader) to the
meter. The reader should work properly under teatpeg, dust,
rain and direct sunlight conditions, and should deenpletely
autonomous. Generally, IP68 casing is required tsue
tolerability to such harsh conditions.



The Global Smart Water Network can be categorized b

technology into two segments:

e Smart Water Meters
e Monitoring and Control Systems.

Key Vendors for smart water meters include: Aradupr;, Badger
Meter Inc., Elster Group, Itron Inc., Neptune Tealogy Group
Inc., Sensus USA Inc.

Relying on turn-key solutions for smart water mietgrhas its
advantages of fast roll-out and develop on pasermgpce of the
service provider. However, this approach has mamyvblacks.
Besides the high initial and operational costs @ased with the
turn-key solutions, those systems are designedgdecific types
of meters that should be equipped with special @mapts to
enable compatible reader interface [4]. The difierypes and
vendors of meters installed in Egypt several yeays calls for
more tailored solutions that could easily fit orrigas types of
existing meters. Furthermore, the low-revenue sfi@al meters
(1/2 inches and 3/4 inches) represent the majaftyexisting
meters. Therefore, for any AMR system to be usedeunthese
conditions, it should be presented at ultra-lowt.cos

Another important evolution of the AMR that is exfer to
spread in the near future is the concept of Machiméachine
(M2M) operator [5]. The concept of M2M Operatortigat the
smart metering, like any other communications tetdgy, could
be introduced to utility companies as a “servide’this regard,
the utility companies could ask the M2M operator foeter
reading among many other services including: megerbilling,

alerts, profiling, etc. This paradigm enables Tefemperators to
invest in M2M business much more than availingdbenection.
In the meantime, utilities will hand-over all thechnical related
issues of the AMR to the operator, and will jusy par-service or
per-meter.

For the reasons above, we at Orange Labs workeardswesign
and development of a complete water-flow AMR systeith this
view in mind. The front-end reader presented irs thaper is
totally designed in the lab and its cost rangesfB® to 45 USD,
which is less than half of its counterparts in tharket. Further
cost reductions and reduced-cost versions is pthafter the first
trial. Furthermore, the smart metering platforreganted here is
designed relying on Orange proprietary platform lechl
(Intelligent Application Enabler) which is a medaast layer
between devices layer and application layer. Thihitecture
enables the back-end to be compatible with diffeneeter types,
including Gas and Electricity. The work presentedhis paper is
considered the first step towards introducing thecept of M2M
Operator in Egypt.

3. SYSTEM ARCHITECTURE

This section describes the architecture of the ABMRtem for
water flow. From the design view point, the systeamprises
three components:

- Reader Hardware
- Reader Firmware
- Backend Platform

Fig. 1 illustrates the architecture of the water Rigystem.
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Figure 1. Block Diagram of water flow AMR system.

The main requirements of the utility companies &r AMR
system could be briefed in the following points:

1- Reading accuracy : 10 liters.

2- Reading time step : 15 minutes

3-  Minimum reading rate : Once daily (96 readings).
4-  Power source : Battery only.

5-  Minimum lifetime : 5 years.

6- Tamper detection.

7- Reverse-flow detection.

The architecture of each module, and the desigmoappes to
meet the above specifications is presented in thiowiing
sections.

3.1 HardwareArchitecture

The reader module attached to the flow meter costiiur main

components: Sensing, processing, communication lzattery.

The sensing part is responsible for detecting atira target
integrated in the meter. The target is a small tslofemetal

attached to a rotary wheel that is mechanicallgchitd to the
turbine by a set of gears. The rate of revolutisndirectly

proportional to the water flow rate. Furthermotes tlirection of
the target rotation indicates a forward/reverse/fldhe detection
of the target is done by magnetic coupling, whiskauthe idea of
eddy current losses in the target.
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..

Figure2. Target at water flow meter.

The processing section is responsible for readiegstatus of
the sensing circuit and detects the existence atedaf target
rotation. The processor keeps track of the targettion and
accumulates overall consumption during a predefthe@tion.



The unit also keeps track of the tamper sensorecatds any
trial to detach the reader.

In order for the processor to accurately tracketargvolution and
in the same time preserve battery, the processkestanly
snapshots of the target position at a specifiedpagmrate. In
between those snapshots, the processor forcekiitkethe sleep
mode where the power consumption is at minimum. Sa&repling
rate is specified according to the maximum rate tafget
revolution, which is equivalent to the maximum waftow

tolerated by the meter. The processor samplingisaseich that
each revolution is sampled at least three timesthsotarget
motion and direction is detected. Of course thie differs from
one meter to another, and it is a direct functibthe maximum
flow rate supported by the meter (designate by Qmakich is
the maximum allowed water flow in m3 per minute.

The battery section represents the power sourcehfrwhole
system. The selection of the type and capacithefltattery is a
key in meeting the utility requirements. The 5-yedifetime
requirement needs very low self-discharge battemhich
excludes rechargeable batteries from the seledigbnAlso the
battery should be able to supply high-current mutsseded by the
GPRS modem during the communication with the cleadrer.
Those pulses could be as high as 2-Amperes duhiegdata
exchange session occurring at least once dailyth®mechanical
side, the battery should fit easily in the readempartment, and
should be of reasonable weight to avoid mecharsitats on the
meter. The temperature range of the battery shioelldelected to
cover hostile outdoor environment, with a wide @pieg
temperature range. Fig. 3 indicates the currerfilerdrawn from
the battery. Upon specifying the amplitude and tlomafor each
pulse, the amount of energy consumed from the fygtier day is
calculated, and hence the total capacity for amglifetime could
be reached.

Consumption profie curves
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Current Duration Period Notes
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Best case 24h/day in lowest
Pulse#t Processing 150 26 24h processing consumption
Best case Once per day for best
PulSe#2 Comm 200 A 20§ 24 e
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] e ok &l &l processing consumption
Worst caae Four times per day for
Pulse#2 comm 200 ma 805 24n worst communication
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Figure 3. Battery discharge profile.

The communication segment of the reader consista GPRS
modem which is used to send water consumption dai
receives commands and setting from the back-ench Bedem
has a unique serial number that is used for autzitn and
provisioning of the meter at the back-end. To shatery and
meet the system lifetime, the modem is switcheaure daily to
communicate with the back-end server and just aftersession
ends, it is switched-off. Fig. 4 illustrates tHedk diagram of the
reader, indicating the main blocks discussed.
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GPRS Modem Processing Unit

T v 4

Sensing lnit
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Figure4. Block diagram of reader hardwar e units.

3.2 Software Architecture

A classical approach is elected for grouping firmevenodules in
layers that abstract the layer on top from the dyihg hardware.
The lowest layer is the target abstraction layercontains the
modules that drive the uC peripherals used by tlstem. The
layer on top of that is the board abstraction lajtecontains the
modules that drive the different PCB circuit modul&@he top
most layer is the application layer containingta# system logic
without any hardware dependency. The static arctoite of the
firmware, together with the device state machireeibustrated in
Fig's. 5a, 5b.
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Figureb. (a) Firmware static ar chitecture of thereader and
(b) reader state machine.



3.3 Acquisition Polling Rate

As shown in section 3.1, the acquisition pollinteres one of the
main contributors to the system’s power consumptidhe
minimum acceptable rate needs to be carefully Galed to
ensure no flow pulses are missed.

If only two sensing elements are used for acqoisithey need to
be placed in such a way that guarantees an ovierldetection to

enable the possibility of flow direction identifitan. In that case
a simple algorithm similar to that of quadratureatéing can be

used to count pulses and their direction. The fmrerated states
must all be acquired to guarantee system integhiso there is a

lot of added complexity on the placement of thessemnelements.

In the case where three sensing elements are péapedistantly

the time it takes to enter and exit the targetaliete state of each
sensing element depends on the size of the targetother main

factor deciding the polling rate is the maximum dieespeed.

This latter factor is a function of the Qmax aslvesl the amount
of flow that one revolution of the needle represéfut

The fastest needle we are required to support septe a K of
0.01m3 and is on a meter with a Qmax of 100m3/h.

100
(3600 * 0.01)

The target size is close to one fourth of the natioh but we shall
use one fifth to add a safety factor.

Target angular velocity = = 2.778 revs/sec

Polling Rate = Target angular velocity * 5 = 13.889 sps

An additional power conservation technique is usingadaptive
polling rate. If the water flow stops for some tirttee system
could go into a lower power mode by sampling atoaver rate.
Then boost the polling rate up to support maximiow fas soon
as any state change is detected. This techniquesnade of the
fact that the change in water flow speed canndhs@ntaneous.
During the gradual speed up it will be easy to dethe state
change at the lower sampling rate and then changeadte to
allow full system readiness.

3.4 Operating Modes

The main strategy for power saving is to have bdttle
Microcontroller and the GPRS Modem in their lowesissible
power modes for as long as possible with respedhéotimes
when they are running. There are two main functibea
required by the system: Meter Reading Acquisitionl &PRS
Modem Communication.

Active Time
Period

The modem communication periodicity is constrairtad the
industry norm of automated water meter reading #xpected to
happen once daily. This is excellent given thatgbssion from
network negotiation until HTTP response receptican cbe
completed in less than 30 seconds. So we can keemddem in
the Shut Down power mode for the whole day excepttie 30
seconds in the active mode. The consumption of-dbwn as
well as active power modes is indicated in Table 1.

30
24 x 60 x 60

Functioanlity Duty Cycle =

Communication Duty Cycle = X 100%

= 0.035%

Table 1. Modem Power M odes

Power Mode Consumption Usage
Active 30mA with 2A| -Modem
Bursts Communication
Shut Down 35uA -Waiting for Modem
Communication

The acquisition periodicity is the inverse of thellipg rate
calculated earlier. Assuming a 16 sample per secatd the
periodicity becomes 0.0625 seconds. For constragfased to the
sensing technique used one sample requires 2.5endhds to be
acquired.

0.0025
0.0625
The flowchart of the acquisition section of thenfiware is

depicted in Fig. 6.

Idle P
- Stop Mode

RTC Wakeup

Acquisition Duty Cycle = X 100% = 4%

T
- Trigger Sensor 1
- Sleep Mode

Acquisition Interrupt

T2
- Read Sensor 1
- Trigger Sensor 2
- Sleep Mode
[

Acquisition Interrupt

T3
- Read Sensor 2
- Trigger Sensor 3
- Sleep Mode

Acquisition Interrupt
A J

End
- Read Sensor 3 —
- Calculate Target Change

Figure 6. Flowchart of the Acquisition Section.

Identifying that the acquisition sample is mostlpnsumed
waiting for the sensor to respond after activatior, can reduce
the duty cycle even further. The controller canegldetween
sensor trigger times to only be interrupted by #uguisition-

complete interrupt. This should drive the overaltydcycle well

below 1%. Table 2 shows the consumption of the oaimntroller

operated at different modes.

After applying the above mentioned optimizationse tbreak-
down of the energy consumption from the batterjlustrated in
Table 3.



Table 2. Microcontroller Power M odes

Power Mode Consumptio Usage

Active @ 4MHz | 500uA -Modem Communication
-Triggering Acquisition
-Applying Acquisition
Algorithm

Sleep 50uA -Waiting for Acquisition
Completion

Stop 3.5UA -Waiting for next
Acquisition cycle

Standby 1.5uA -Waiting for Activation

Table 3. System Energy Breakdown

Functionality Consumption Conditions
(Ah/year, %)
Communication | 0.41, 48% One session per day — Best-

Energy (Best case processing.

Case)

Communication | 1.64, 79% Four sessions / day - Best:
Energy (Worst case processing.

Case)

Processing (Best 0.44, 52% One Communication sessipn
Case) per day

Processing 1.4, 77% One Communication sessipn
(Worst Case) per day

3.5 Microcontroller Architectural Advantages

3.5.1 Direct Memory Access

Modern microcontrollers allow peripherals to haveect access
to the RAM. When used right, this feature couldagjsereduce
code execution time and thus save power by lettieghardware
do all the heavy lifting while other code can exedn parallel. In

our case we communicate with the GPRS modem via UAR

peripheral. We build the string required to be genthe modem
and initiate transmission by pointing the UART ke tbeginning
of our Tx buffer in memory and indicating the siZe HW does
all the serial character by character transmisdigniterating
through our buffer while our instructions manage tensing
circuitry.

3.5.2 Internal Oscillators

We use two of the three internal oscillators madglable by our
microcontroller. A lower speed oscillator is used dlock our
RTC and a higher speed oscillator is used as amystock. The
higher speed oscillator is factory calibrated and wse it to
calibrate the lower speed oscillator during syst&tartup. Using
internal oscillator cuts device cost and decreasasumption but
comes at some accuracy and drift risks. We also thee
timestamp acquired from our backend
communication time to correct for any drift on ®iFC caused by
the lower speed internal oscillator.

3.5.3 Comparator Peripheral

Having a comparator to use inside our microcorgrolvith
configurable threshold reduced the complexity andt of our
PCB design by eliminating a component from the uitrcin

system during

addition it allowed for easier supply managemeoinfthe battery
as no additional biasing voltage would be required.

3.5.4 Independent Peripheral and Port Clocking

We rely heavily on putting our microcontroller ima power level
states for reduced consumption. During the actte¢eswe are
also very cautious by only enabling those peripkeaad ports
required by the current activity. The modular starchitecture
combined with the Cortex-M's feature of independehbck
gating of each port made our job easier. For eacdute we
created a resume and suspend routine that follemdtowing
pseudo code.

Function Suspend_X:

- Configure all pinsin Analog Input mode (Schmidt
trigger OFF)

- Disablethe used peripherals
- Disable the clocks going to the used peripherals
Function Resume_X:

- Enabletheclocks going to the used peripherals
- Configurethe pinsrequired by thismodule
- Starttherequired peripherals

3.5.5 Development Tools

An energy efficient microcontroller by ST was choser our
device, built around ARM’s Cortex M-3 core. It bght the right
balance between low power consumption and powedfibit
processing. Not to be tied to any proprietary depelent tools
we elected to work with an open source toolchalUG gcc was
used as a cross compiler in addition to gdb forudging. An
eclipse based IDE was also selected for the saasems.

4. |AE AND BACKEND PLATFORMS

The previous sections discussed the water AMR sy$tem the
frontend (meter) side. The data collected by ak treaders
attached to meters are sent through the GPRS madethe
application server for data analysis as previonsgntioned. The
backend system that is implemented in this systentains two
main modules: The Intelligent Application EnabletAR)
mediation layer, and the Application layer. In tteening sections
we will present functions associated with both medu

4.1 |AE Platform

The IAE is a generic platform developed by Oran@g 4nd
allows M2M operator to create and manage end-toJ&2d
services on behalf of its customers. The main fonetities of
IAE could be briefed as follows:

» |tis a mediation platform between devices andarasr IT
environment which enables data collection, mesaade
device management services.

= |t provides “network operations” capabilities suh
messages exchanges supervision and devices network
supervision.

Based on this platform, M2M operator can provide or
integrate complete M2M solutions addressing custome
specific challenges.



= |t allows the customer to ensure communication betw
their devices and their business applications.

The M2M operator can then deliver a purpose-buMend-to-
end service beyond connectivity, encompassing texhdevices,
network, and back-end applications. The high-ledielgram of
IAE and its location within the cloud connected laggiion server
is shown in Fig. 7.
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Figure7. |AE platform architecture.

4.2 Smart Metering Application

The Smart Metering Application interface is a Jdeaeloped
application that interacts with the IAE layer andracts meter
information using standardized API's. The IAE ahstion layer
makes the Application compatible with many typesiefices and
meters. The utility requirements are the main fathat defines
the main functions and GUI for the designer. A tgbpage of the
application layer is shown in Fig. 8 and is callbteter Page”. It
illustrates the meter serial number, type and perigalue of the
water consumption. Of course the application cdaddtailored
according to specific utility needs, while keepitige device
interface and the IAE intact.
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Figure 8. GUI snapshot of the smart metering solution.

5. CONCLUSION

An AMR system for measuring domestic water consionpis
demonstrated. The system includes a reader tladtashed to the
water flow meters and a cloud-connected serveiing#e back-
end system. The reader main challenge is in enaggervation,
under the battery operation and imposed lifetime.cadreful
hardware-firmware co-design process has been felfote meet
the lifetime criterion.

The back-end system containing IAE mediation lagkrs the
application is also presented. The IAE enablesdinelopers a
device abstraction layer through predefined AP¥swhich, the
final application is device-independent.

The presented system architecture is an earlyteffomtroduce
the concept of M2M operator in Egypt, through awgilmeter
reading as a service to the utilities. Orange Lab<Cairo is
currently testing a first version of this systemairprivate utility
company, and initial results are encouraging. Atfiest pilot for
50 meters is planned before the end of 2014.
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