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* Appreciating Complexity of River basins
* The role of hydro-informatics
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systems
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River Basin Management:
A complex system of systems
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Scaling Problems in Basin Development

Technical and institutional challenges in developing
countries are really problems of scales:

* Spatial scales: The inability to monitor and maintain
geographically extent infrastructures

e Time scales: The inability to collect information,
reconfigure, and react within short time spans

* Human scales: The inability to scale human expertise
across institutions
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Taming Complexity with Simple
Models



Open Channel Flows

@ Open Channel Flows.
@ What's the motivation?

Phttp: / /www.rubiconwater.com
/catalogue/usa-automation /network-

*http://www.trekearth.com /gallery/ ;
Asia/Pakistan/East/Sindh.htm control-solution-usa



Typical Canal Pool Structure
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* Pools or Reaches.
* Two gates in each pool/reach.



Distributed Model Geometry

Q: Water flow ‘

A: Cross-sectional area ‘

h: Height \

P: Wetted Perimeter »
B: Base width

R: Hydraulic Radius
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Modeling of flovy of water
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Water level at x

A Leak Simulation

Fall in water level due to a leak
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Fig. 4. Simulated response of water level due to a leak.

50

0.1
0.1

0.05

1-0.05

=4-0.15

-0.2
-0.25

-0.35



(Lumped) Volume Balance Model
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Model Learning for Control

Physical Models
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Plant Model

* Declare h3/2(t) = u(t).
 W.r.t. inflow, a linear transfer function
emerges:
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System Identification

Simulation on Pool 1 by varying upstream gate water head and downstream gate height
0.8 I T T |

(meter)

: : = \water head over gate 1
= gate 2 height
03 -------------------- S v ater level at x = 340m
02— ------------------ ................... ___________________ ____________________
0.1 i | i i
0 20 40 60 80 100

time (min)

Idea prototyped in a LUMS MS Thesis 2011.



System ldentification contd.
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Date extracted

Time delay
(min)
Wave Period 8 13 7
(min)
Ci,in 0.1090 0.1010 0.2340

Ci+1,out 0.1460 0.0910 0.2010



System ID: Experiments

Location:
— KHAIRA Distributory
— Length 87000 feet
— Width 10 feet
— Max height 4 feet
— 3 Minors
— Discharge 87 cusecs

=

Tested in a LUMS FYP 2013 !
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System ID: Experiments

Procedure:

— Water level sensors are placed at appropriate sites along the canal
and communicate through mobile or other networks.

— At the Upstream, Gate is closed and then subsequently opened to
generate a step input.

— The readings are recorded and then used as empirical output, in
conjunction with the input, to perform System Identification.
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System ID: Parametric Equation for the given channel

P i e
Q
—
s
] Ups!:re‘amcate l l

3
yilk+ 1] = y,[k] + 0, plk —Tk]\/yu — Yalk— 1]+ 0,(y,[k]—p,[k])2
where y,, is assumed to be constant and p,[k] is always taken to be 0.

Assuming:

* The parameters in
6 matrix are

PR A= k=l — e e—td % [k]%]r estimated by the

minimization of a

least-squares

Then criterion.

ylk+1] = }’z[k+ 1] - J"z[k]

6 =[6, 92]7‘

ylk] = @7 [k]6




System ID: Experiment

Hydrographs for System Identification - 3D Overlay
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System ID: Least Squares Estimation

Least Square Estimation at 350m: 6 = [0.0160 -D.32?1]x1D'3
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System ID: Model Validation

Model Validation at 550m (6 = [0.0152 -U.2?37]x1l]'3)
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Low level downstream control

Setpoint

Desired

rate Height

» Controller

Current
sate Height

Sampled
Downstream
Water Level

Motor
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Irrigation
Channel

Downstream
Water Level

-

Proximity Sensor

Water Level
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Closed Loop Control

Water Level at 360m

Height / mm
-
5
g

Desired Gate Haight
Current Gate Height
— — =Sl Point

Gate Controller: Prototyped in a LUMS FYP
2014



Downstream Control in Other Parts of the World

e Australia, Europe, USA, China




Networked Control Issues

So far, plant is single pool

Control problem is downstream water level
regulation for one pool.

But irrigation networks are extremely
complex, specially in the Indus basin

Control effects propagate

Enters Networked Control Systems !



Network effects

TOP VIEW SIDEVIEW

Controller of last gate sends signal of water scarcity



Network effects

TOP VIEW SIDEVIEW

Controller of a gate sends signal of water scarcity



TOP VIEW

Network effects
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SIDEVIEW

Controller of a gate sends signal of water scarcity



Network effects

TOP VIEW SIDEVIEW

Water starts entering the canal



Network effects

W ———n -

TOP VIEW SIDEVIEW

After reaching the set value controller sends signal to close upstream gate



Network effects

TOP VIEW SIDEVIEW

After reaching the set value controller sends signal to close upstream gate



Network effects

TOP VIEW SIDEVIEW

Off take creates water scarcity in a pool



Network effects

TOP VIEW SIDEVIEW

Controller sends signal of water scarcity



Network effects

TOP VIEW SIDEVIEW

Controller sends signal of water scarcity



Network effects

TOP VIEW SIDEVIEW

After reaching set value gates are closed



Network effects

TOP VIEW SIDEVIEW

All gates closed



Irrigation Networked Control Models

e Multiple nools. multinle inpbuts. multinple outputs

U uz Y2 UN-1 YN-1 Un  UnN
2 Vg UN—1 uy =10
-~ - T -~ I flow over
P P Prn_q Py last gate
f}fl Eig {fN -1 dN

e What about control?

Ref. Cantoni et al. “Control of Large-Scale Irrigation Networks,” IEEE proceedings 2007.



Irrigation Networked Control Models

e Distributed control
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Irrigation Networked Control Models

* Distributed control with feed-forward paths

* Local controller for each pool + comm. with

neighbors

Py




Irrigation Networked Control Models

e Centralized control

centralised controller

' 3
€1 €
)-— g . ()--— s .
] i 1 g I L
h Yz
1
(5] Ty = g
B — - - --= 4

Py

* All teedback loops closed via a “central processor”.



Irrigation Networked Control Models

e Centralized Vs Distributed control — which is better?

T T T T =
266 - pool1 = . =
265 [y g -
264 -‘ '
1 - | 1 - l 1
0 1000 2000 3000 4000 5000
BofF | ' T pool2 . I | |
238 I 1 o | L I 1
E‘ 0 1000 2000 3000 4000 5000
< o 1 T T T T T ]
£ 21.2 ~N e
% '.. /'l - ~
:_..:: 20.8F \ 1 " L L L
= 0 1000 2000 3000 4000 5000
T T T 7 T T
191 s R :
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19 \ P -
1ok N7 : / LY ! |
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1?-2 1 1 I I I
_ S
e > -
17 .- N =
16.8 1 1 I 1 1 1
0 1000 2000 3000 4000 5000

Time (mins)

Solid (distributed), dashed (centralized), dotted (with feedfoward)

Ref. Cantoni et al. IEEE proceedings 2007.



CPS Security

* Physical security + Network security = CPS
security

* Can we detect
— Illegal dumps?
— Breaches?
— Seepages?
— Non-technical losses?
— covert misappropriations?



Nominal Networked Control System

e LTI plant

y =Pu. +P,w ‘n ,, Plant e
* Measurements T Pl

Ym = Y e
e Actuation * Communication Network +

1e=Com+ Coatfrs | ‘ ........
* Closed loop response T ue

¥Ym

Y = SPyCreflref + SPww + Tn

Where, T = U_r —P” CJ,F) -l P”C.”’ and S = (I _PHC_U-J'_I

Ref.. Roy. IEEE Control Systems Magazine, 2015.



Compromised System : Covert Agent
e LTI plant ,

Plant

Y :preuc' T P‘.‘rﬂ-’ D 4 Pl u
* Measurements Covert Agent
Ym =1 +1n—=v S - Plant Model
¥ ref
o OffS( .,}} — HH‘HI y (8] H _:_E
> Covert Controller 4
H = @}'Y_I_@ref}"rc-f _______________
Yref
* Closed loop response B e
¥Ym
‘If.ln — Sp” Cref})’ref+5pﬂ! o _I_.S” —|_ S (PH — H”),u'.
~

Impossible to detect if cover agent’s model TT, = reality P,

Ref.. Roy. IEEE Control Systems Magazine, 2015.



Irrigation Network Security — Explaining theft

Reservoir Sluice Gate 1

2-input 2-output model
Sluice Gate 2
H‘ Canal 1

F ] - 4.87 —4.35 ne g

ana - @ 1800s +1 2100s +1 |[e™"

us hy H e B e | il |
1900s +1 1500s +1

Length = 2 k * -
o m Length = 4 km

Nominal responses Misappropriation by covert agent
1 1r b Mancirar
ho h, Reference hy h, Measured
0.95¢F 095 v~
0.9} 09}
—~ 0.85} — L
£ B 0.85
= 08¢ T 08¢}
2 D
D D
I 075} T 0.75¢
0.7+ Disturbance Duration 07 Disturbance Duration
0.65 0.65 ¢t
0.6 : ' ' 0.6 . . .
0 500 1000 1500 0 500 1000 1500

Time (min) Time (min)



A Networked Smart Water Grid

Cyber Physical Systems / Internet of Things perspectives
e Physical elements: rivers, watercourses, barrages, weirs, gates, pumps
e Cyber elements : sensors, controllers, comm., services

DSML based
Case
L Diagram

Sensor Readings

Decision Support

Configurations System/ : .
— [ Simulation

Generation

Communication

3\
L]

i

',t Canal Pool .l Canal Pool
Water Level Water Level

Meter Meter

Ref. Tarig, Nasir, Muhammad. ICCPS 2014
Nasir, Muhammad. IFAC WC 2011, IFAC WC 2014

Gate
Controller

Gate
Controller




What type of problems can be solved?

* Increase of distribution efficiency
* Demand based delivery
* Control of nontechnical losses

— Detection of Leak or unauthorized takeoff
— Detection of unauthorized dumps

e System health monitoring

* Flood/breach security

* Real-time scheduling and planning

* Improvement and enforcement of water rights



Information Gathering with
Thinking Machines



Smart Water Metering: E. Sadgiya Hakra Br. Canal Command
LUMS-IWMI-Punjab Irrigation Dept. Collaboration (2012-14)

" Project Location 1

Wireless Sensor
Node

 Project Location 2

Stilling Well Canal Cross Section Computer User Public Display Screens Mobile User

System Architecture (above). Field installations (below). Project Site: 17 Distributaries in Bahawalnagar.

Canal Day Time and Date Depth of flow (ft) Discharge (cfs)

Baku Shah Distributary BS Tue 05:40 PM 22/04/2014 19 8.05

Mubarik Distributary 1L Tue 03:40 PM 22/04/2014 (1] o

Mianwala Distributary 2L Tue 06:00 PM 22/04/2014 1.76 21.86

Malkir Distributary 3L Tue 05:50 PM 22/04/2014 2.01 12,17

Kamrani Distributary 4L Tue 05:30 PM 22/04/2014 1.08 12.38

Sundar Distributary 1R Tue 06:00 PM 22/04/2014 1.62 17.27

Dunga Bunga Distributary 2R Tue 05:30 PM 22/04/2014 1.89 18.95

Khatan Distributary 3R Tue 06:00 PM 22/04/2014 3.03 356.64

Haroonabad Distributary 4R Tue 06:10 PM 22/04/2014 o o

Bhagsen Distributary SR Tue 05:20 PM 22/04/2014 3.49 55.48

Mamun Distributary 6R Tue 05:40 PM 22/04/2014 5.23 561.25

Khichiwala Distributary 7R Tue 06:00 PM 22/04/2014 4.39 297.31

Josar Distributary B8R Tue 06:00 PM 22/04/2014 2.42 41.65

Sardrewala Distributary SR Tue 06:00 PM 22/04/2014 5.27 306.48

Hakra Right Distributary HR Tue 06:10 PM 22/04/2014 2.81 190.2

Hakra Left Distributary HL Tue 04:20PM 22/04/2014 (1] o

Flood Channel Distributary FC Tue 05:20 PM 22/04/2014 2.74 91.6
—~0—<Y|¥) - W RAID
Q ¥ Laboratory for Cyber Physical Networks & Systems 4 BV WS
. . . s = EF SES=
Nt(S) Dept. of Electrical Engineering, LUMS International
e Water Management
Institute




Year Long Monitoring in Hakra Br. Canal Command (2014)

Refs. Ahmad, Muhammad et al. IECON 2014, WSN4DC 2013
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Modeling & Control of Irrigation Channels
Refs. Nasir, Muhammad, et al. IFAC WC 2011, MSC 2012. ICCPS 2012, IFACWC 2014

Least Square Estimation at 350m: 6= [0.0160 -0.3271]10°°
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Aerial Mapping of Irrlgatlon Canals for Silt Deposition

Collaboration: RRLab, TU Kaiserslautern
Funding: DAAD, LUMS

Motivation: Automation of annual canal cleaning
operation in the world’s largest irrigation network.
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Conclusions

* River basins are complex systems, requiring
integrated systems analysis.

e Data driven modeling is the key to such
studies, which require smart infrastructures.

 Complexity of river basins can be tackled by
innovations in modeling and creating thinking
machines
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