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What is a power system? <.
* A system that deals with the business of
the electrical energy
— Generation
— Transmission
— Distribution

* Largest and most complex manmade
system

* PS provides a vital service to the society

OEB, Feb 2017 3
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What is a power system? o, ===
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* Electrical power is somewhat like the air
we breath

— We think about it only when it is missing
* PS should be operated with the goal of

achieving:

— Highest reliability standards

— Lowest operation cost

— Minimum environmental impacts

OEB, Feb 2017
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The fundamental requirement of

electrical power supply:

Get me what I want, when I want it !!!

OEB, Feb 2017 6



Power system reliability &=
* adequacy, PS ability to satisty

customers needs both in power and

electrical energy

° security, PS ability to remain in

operation after sudden disturbances
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Power system reliability g -
(the 6 must)

* Generation capacity must be greater than load
 Transmission must not be overloaded

* Voltages must be within limits

°* Must be able to withstand loss of generator

° Must be able to withstand loss of transmission line

° Must not lose stability during short-circuit
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°* The expected amount of energy not being served
to consumers by the system due to
* system capacity shortages
or

° unexpected severe power outages

* The cost to the economy due to power system
weakness in satistfying the electricity demand
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Two bus power system
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Three bus power system "<
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Power system design
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Blackouts (or brownouts) I .
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Natural disasters »
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Human error .
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Components of a

power system
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Transmission Energy
~ and ~conversion  ~

(utilization)

Source of Energy
fuel ‘conversion Drbnaon

 Consumption devices are part of the PS and
need to be modelled in a PS analysis

* However, they are not owned or controlled by
the power system operators

OEB, Feb 2017 17
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Basic PS layout .
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Power generation
* Takes place in power stations which may
be geographically dispersed
— Near big cities
— Near sources of fuel

* A power station may house more than one

power generation units

OEB, Feb 2017 19



Power generation technologies - ?

Power generation

. technology
Oil, coal, natural gas, |
nuclear fuel [ ]
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Simulation of a steam plant e
(Rankine cycle)
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Simulation of power gas turbine : ¥
cycle (Brayton cycle)
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Renewable energy

SOoOurces
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The rise of renewables

1. Wind S. Geothermal

2. Solar 6. Wave

3. Biomass 7. Ocean currents
4. Hydro 8. Tidal

OEB, Feb 2017 25
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The fundamental requirement of

electrical power supply:

Get me what I want, when I want it !!!
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Intermittent energy source ...
° Any source of energy that is not

continuously available
° May be quite predictable

* Cannot be dispatched to meet the demand

of a power system

* For dispatching need storage

OEB, Feb 2017 27



Wind generation vs demand in Germany * 3
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Wind generation vs demand in USA
(TUX Arizona area)
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Example of PV generation during
Summer time*
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* Poullikkas A., 2009, “Parametric cost-benefit analysis for the installation of photovoltaic parks in the island
of Cyprus”, Energy Policy
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Winter time*
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* Poullikkas A., 2009, “Parametric cost-benefit analysis for the installation of photovoltaic parks in the island
of Cyprus”, Energy Policy
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Steep ramping needs and 2
overgeneration risk in California
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Backfeed condition at 46kV level in © J

Hawaii
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Example of 73MW CSP generation during peak load }
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(no storage, normal conditions) BETI R,

regulatory authority

1300
1200 +| ™CSP power generation | ______ ]

® Conventional generation | ________________ __ e ________________________|

1100 -
1000 d-cmcmcm AN ]
900 @ --------------=-———mm-m— - -
800 I - -----------------
700
600
500
400
300
200
100
0

Power demand (MW)

o O O O O O O O o o o o o
©O — AN OO I U © M~ 0 OO O — «
o O O O O O O O o O T T <

14:00
15:00
16:00
17:00
18:00
19:00
20:00
21:00
22:00
23:00

Time (h

~13:00

—~

w
o

OEB, Feb 2017



Example of 753MW CSP generation during peak load }

(no storage, with clouds)
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Example of 753MW CSP generation during peak load }

(6h storage, normal conditions)
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Example of 73MW CSP generation during peak load }
(6h storage, with clouds) Tl
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PS operation and control “J .
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PS operation and control ‘¥ __
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-y Typical hourly
loading of
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Key operational parameters "¢ .
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 Power balance: Generation must remain

balanced with demand

— Total generation (¢) = Total demand (7) + Losses (?)

* System security

— Equipment power flows must not exceed equipment

ratings under normal or a single outage condition

OEB, Feb 2017 46



Use of generators burning :F
fuel

 The economic dispatch problem

 The unit commitment problem

Fuel Input Power
$/ton Output
S/bbl MW
S/cuft
> >

OEB, Feb 2017 47
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Multiple generators *

* How do we allocate MW
output to the generators |
to minimize the total cost
of operating all generators » e
THE ECONOMIC
DISPATCH PROBLEM ry

OEB, Feb 2017 48



Scheduling generation -

regulatory authority

Hourly load for one week

3000
How do we schedule a0 | |
generation units to meet 2| ]
2400 i
hourly load ool |
2000 -
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THE UNIT 1800 - |
1600 | -
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1000 0 2[0 4[0 6[0 8[0 1 C[)O 1 éO 1 éllO 1 éO 180

Hours
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The economic

dispatch problem
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Small power generation system—

F1+

—— 2
F2—>

{

|

|

1

—_—d N
FN—"‘)"

N thermal-generating units connected to a single busbar serving a received
electrical load P, 4 in MW

 Input to each unit, F, represents the cost rate in $/h

* Qutput of each unit, P, is the electrical power generated by that particular
unit in MW
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Economic dispatch T
methods
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 Lagrange multipliers method
* Linear programming method

 Dynamic programming method
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Lagrange multipliers method

Objective function

Minimize

F.=F+F+F++F

subject to

Ngen
Ngen
=D F(R)
i=1
Ngen
¢ — O — ljload - Z 1)1
i=1

Note: any transmission losses are neglected

OEB, Feb 2017
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Constraint optimization “F

PUOUICTIKN apxn
EVEPYEIAC KUTIPOU

problem
Can be solved involving the Lagrange function
L=F +A¢
Solution: 1% Derivative should be equal to zero
oL dF.(P
_— l( : ) ﬂ — O
oP P
or
dF;
0=——-A41

dP,
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df; _
P

* For a minimum cost operating condition

A

the incremental cost rates of all units

should be equal to an unknown value 4
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Mathematical statement:J __
of the optimum

Solve -
dF
—L =]
dpP
subject to
})i,min S })z S })i,max

N
2})1 = })load
i=1

Full conditions and inequalities for minimum cost operating
condition

OEB, Feb 2017 56
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Linear programming method"

* Express the nonlinear input-output or cost functions as
a set of linear functions

max

n
ou

min
Pgen,- Pgen,-
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LP formulation )
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F/(Pgen,)=F/(Pgen™)+s,Pgen, +s,Pgen, +s,Pgen,

where
0< Pgen, < Pgen,™ fork=1,.,3
also

Pgen = Pgen™ + Pgen. + Pgen., + Pgen
and

— k (Pgenik+1 ) - F (Pgenik)
ik (Pgel’likﬂ — Pgenik)

* k=Iindex for segments

OEB, Feb 2017 ¢ S = SlOpe 58
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Ngen .
Minimize ) (F,(Pgen™)+ s, Pgen, +s,Pgen, +s,,Pgen)

i=1
0< Pgen, < Pgen ™ fork=1,2,3,... for all generators i=1...Ngen

also
P =P™ + Pgen, + Pgen., + Pgen._, for all generators i = 1...Ngen

subject to

Ngen

B — })load
=]

l

OEB, Feb 2017 59



Dynamic Programming method ° }
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« Number of steam
admission valves:

- open in sequence

Input, H{MBtu/h)

- obtain ever-increasing
output |

\

L
_“i_“_
BN

|

A Max
Min Output, P(MW)

* Input-output characteristic

Valve 2
Valve 3
Valve 4

iS nonconvex (e.g., first derivative
is not monotonically increasing)

AH Bt
" AP kWh

e If nonconvex input-output
curves are to be used then
optimum dispatch uses DP

Incremental heat rate
7

Qutput, P(MW)
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=L =

P +P

load loss

OEB, Feb 2017

Transmission
network with
losses P

-

Ngen
-YP=¢=0
=1
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The unit commitment

problem
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Basis of unit commitment
¢ “Commit” a generating unit = “Turn on” a
generating unit
— bring the unit up to speed
— synchronize the unit to the system
- connect the unit so it can deliver power to the
network
* Commit enough units to cover the maximum

system load and leave them running?

OEB, Feb 2017 63
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Unit commitment vs Economic dispatch™™

 Economic dispatch problem assumes that there

are N,,, units already connected to the system

— the purpose is to find the optimum operating policy

for these V. units

gen

 Unit commitment problem is more complex

* The solution procedures of unit commitment
problem involve the economic dispatch

problem as a subproblem
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Unit commitment vs Economic dispatch™™
* On unit commitment problem assume:
- available N,,, units

gen

— available forecast of the demand to be served

* Given that there are a number of subsets of the
complete set of N, generating units that would satisfy
the expected demand, which of these subsets should be
used in order to provide the minimum operating cost?

* This unit commitment problem may be extended over
some period of time, such as the 24 h of a day or the
168 h of a week
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Ex ample 1
Determine what unit or combination of the available
units below should be used in order to supply a load of
SSOMW most economically

Unit 1:  Min =150 MW Fuel cost, =1.1$/Mbtu
Max = 600 MW Fuel cost, =1.0$/Mbtu
H, =510.0+7.2P, +0.00142P> MBtu/h Fuel cost; =1.28/MBtu

Unit 2: Min=100MW
Max =400 MW
H, =310.0+7.85P, + 0.00194P22 MBtu/h

Unit 3: Min=50MW
Max = 200 MW
H, =78.0+7.97P, +0.00482 P MBtu/h
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Example 1: Solution
* Try all combinations of the three units
* Some combinations will be infeasible

— if the sum of all maximum MW for the units

committed is less than the load or
— if the sum of all minimum MW for the units
committed is greater than the load
 For each feasible combination, the units will be

dispatched using the ED techniques
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Example 1: Solution

Total Gen
Cost

Unitl ~ Unit2  Unit3 MaxGen MinGen P P, P, F F, F, F+F+F
Off Off Off 0 0 Infeasible
Oft Off On 200 50 Infeasible
Oft On Off 400 100 Infeasible
Off On On 600 150 0 400 150 0 3760 1658 5418
On Off Off 600 150 550 0 0 5389 0 0 5389
On Oft On 800 200 500 0 50 4911 0 580 5497

On On Off 1000 250 295 255 0 3030 2440 0 M7
On On On 1200 300 267 233 50 281 M 586 5617

Optimum commitment is to only run unit 1, the most
economic unit !!!
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Constraints in unit commitment:=
* Simple constraint: Enough units are committed

to supply the load

 Important constraints:
— Spinning reserve constraints
— Thermal unit constraints
- Must run constraints
- Fuel constraints

- Hydro constraints
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* Total amount of generation available from all
units synchronized (i.e., spinning) on the
system, minus the present load and losses being
supplied

* Spinning reserve objective:
— the loss of one or more units does not cause too far
a drop in system frequency
* If one unit is lost, there must be ample reserve
on the other units to make up for the loss in a
specified time period
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Solution algorithms *
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* Priority-list method
 Lagrange relaxation (LR)
* Dynamic programming (DP)

* Mixed integer linear programming

(MILP)
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EVEPYEIAC KUTMIPOU

PUBHICTIKA apxn
cyprus energy

*

*
*

*
*

LR algorithm

The Unit commitment Schedule

regulatory authority
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EVEPYEIAC KUTMIPOU
cyprus energy
regulatory authority

DP algorithm

HOUR: 1 DEMAND: 900.0 MW F-COST: 13472.9 ¢
UNITS ON/OFF GENERATION MIN MW MAX MW ST-UP Cost PROD.COST
1 0 0.0 0.0 0.0 0.0 0.0
2 1 60.0 60.0 250.0 0.0 1665.6
3 1 150.0 75.0 300.0 0.0 3303.7
4 0 0.0 0.0 0.0 0.0 0.0
5 1 80.0 25.0 80.0 350.0 1048.2
6 1 250.0 60.0 250.0 0.0 2835.6
7 L 300.0 75.0 300.0 0.0 3303.7
8 L 60.0 20.0 60.0 0.0 966.0
TOTAL: 6 900.0 315.0 1240.0 350.0 13122.9
HOUR: 2 DEMAND: 1060.0 MW F-COST: 29394.9 ¢
UNITS ON/OFF GENERATION MIN MW MAX MW ST-UP Cost PROD.COST
| 0 0.0 0.0 0.0 0.0 0.0
| | 70.0 60.0 250.0 0.0 1845.6
3 1 300.0 75.0 300.0 0.0 5922.7
4 0 0.0 0.0 0.0 0.0 0.0
5 1 80.0 25.0 80.0 0.0 1048.2
6 1 250.0 60.0 250.0 0.0 2835.6
7 1 300.0 75.0 300.0 0.0 3303.7
8 1 60.0 20.0 60.0 0.0 966.0
TOTAL: 6 1060.0 315.0 1240.0 0.0 15921.9
HOUR: 3 DEMAND: 1200.0 MW F-COST: 47836.8 £
UNITS ON/OFF GENERATION MIN MW MAX MW ST-UP Cost PROD.COST
1 0 0.0 0.0 0.0 0.0 0.0
2 1 210.0 60.0 250.0 0.0 4365.6
3 1 300.0 75.0 300.0 0.0 5922.7
4 0 0.0 0.0 0.0 0.0 0.0
5 L 80.0 25.0 80.0 0.0 1048.2
6 ) | 250.0 60.0 250.0 0.0 2835.6
7 1 300.0 75.0 300.0 0.0 3303.7
8 1 60.0 20.0 60.0 0.0 966.0



