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Outline

e Transition from plant-based to unit-based short-term hydro scheduling

e New commands related to build unit PQ curves
O Determination of the unit PQ curve
O Incorporation of power loss in shared penstock
O Determination of the unit PQ curve without MIP
O Determination of the unit PQ curve in abnormal situation

O Printing of unit PQ curves

 New project proposal
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Hydropower production function

Mathematical formulation
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Presenter
Presentation Notes
The core of the hydro scheduling problem is how to model the relationship between the water discharge (Q) and the electrical energy (P) 


Hydropower production function

Mathematical formulation

Upstream reservoir k
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Presentation Notes
The relationship between discharge (Q) and electric power output (P) from a generating unit is a nonlinear and nonconvex function. It depends on both the net head and the turbine/generator efficiency. 


Hydropower production function

Mathematical formulation

e SHOP is formulated as a Mixed Integer Linear
Programming (MILP) model

 How to convert the nonlinear & nonconvex
hydropower production function into a concave
piecewise linear unit PQ curve?
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Presentation Notes
In SHOP, this function is approximated as a piecewise linear function to incorporate it into the mixed integer linear programming framework of the optimization problem. This piecewise linear function is called as PQ curve.


Full mode
(set code /full)

LP model

MIP model
(mip_flag/universal_mip as input data)

e Built on PLANT level

Qmax/Pmax

e Built on UNIT level

T P A 3-unit combination P A Bméﬂmﬂzz
Pk)\sz 2-unit combination ) Qmax/Pmax
I/ ! best from turb_eff _curves
¢ @ 1-unit combination
| Qmin/Pmin > P Y >
Gl+G2+G3 Q G1/G2/G3 Q
Incremental mode | LP model LP model

(set code /incr)

(reserve/gen discharge cost is used)

e Built on PLANT level

e Built on UNIT level
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Presentation Notes
Explain full mode and incremental mode (command)

Since SHOP 12, PQ curve is only built on the unit level. It means that the PQ curve is built for each unit in each time period. With this formulation, we can precisely calculate the energy production and reserve capacity for each unit, which is critical for the hydropower producer to participate in both energy and reserve markets. 



Outline

e New commands related to build unit PQ curves
O Determination of the unit PQ curve
O Incorporation of power loss in shared penstock
O Determination of the unit PQ curve without MIP
O Determination of the unit PQ curve in abnormal situation

O Printing of unit PQ curves
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Determination of the unit PQ curve

Command 1 (Default): Set build_pq_curve /unit_uploading /all_limits

e Pmin/Qmin
Qmax/Pmax 0 Pmin = MAX (P (turb_min), gen — minprod, min_p_constr, P(min_q_constr))
0 Qmin = Q(Pmin)
Qbest

* Pmax/Qmax
0 Pmax = MIN (P(turb_max), gen = maxprod, max_p_constr, P(max_q_constr))

Qmin/Pmin
0 Qmax = Q(Pmax)
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Presentation Notes
Problem: Some periods with time various constraint, you also lose the whole view for the actual working area of the units


Determination of the unit PQ curve

Command 2: Set build_pq_curve /unit_uploading /turb_eff curves

P A
piax - e Step 2: Determinate the Head-dependent Minimum Water
e Discharge Q}'", Best Efficiency point Q;7>" and
7., Maximum Water Discharge Q%AX of the Unit
Potad O Only based on the head-dependent turbine efficiency curves
pMIN - pMIN T
. eee
——— ——t >  Step 8: Define the Final Operating limits
Breakpoint indices s-1 s o PO
Breakpeinis QU 0., 0., GEET g QU Q O Including all the other limits by linear interpolation
Constrained limits (0Frald

AMAX
Qi
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Presenter
Presentation Notes
Information will be remembered and can be printed out
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Determination of the unit PQ curve

Command 1 (Default): Set build_pq_curve /unit_uploading /all_limits

* When building PQ curve, all the limits (P(turb_min), gen — minprod, min_p_constr, P(min_q_constr))
are taken into account at the same time. If there is a schedule, only one point will be built.

 |tis suitable for those who want to run schedule or run on the limits.
Command 2: Set build_pq_curve /unit_uploading /turb_eff _curves

e PQ curve is first built according to the head-dependent turbine efficiency curves. Other limits are linear
interpolated later.

e |tis suitable for those who want to get the overview of the operation range.
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Incorporation of power loss in shared penstock

Mathematical formulation
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Presentation Notes
The relationship between discharge (Q) and electric power output (P) from a generating unit is a nonlinear and nonconvex function. It depends on both the net head and the turbine/generator efficiency. 
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Incorporation of power loss in shared penstock

Command 1 (Default): Set power_loss /busbar

* First excludes the penstock loss in the PQ curve, causing over-estimated power generation for the given discharge.

* Then subtracts the sum of power loss for each unit, which is equal to the sum of power loss in each penstock,
from the plant energy balance constraint, i.e. busbar.

 The sum of power loss in a shared penstock is a cubic function of the total flow through the penstock, which is
approximated by a convex piecewise linear function.

. : 2
Command 2: Set power _loss /pq /previous RNET _ GROSS _
il n 5 5
e Directly includes penstock loss in the PQ curve of the unit. Trmves
* Uses the optimal results obtained in the previous iteration.

Command 3: Set power_loss /pq /proportional Z Dy — Z Ap,, , = pSELL

* Directly includes penstock loss in the PQ curve of the unit. LEl nen

e Assumes that all the units connected to the same penstock always operate at the same fraction of their allowable
capacity range.



Numerical results — Comparison of Methods

Upstream reservoir

the best result

causes flip-flop

Command 1 Command 2 Command 3
AN
— 880 < — 880 < _ 880 < s o)
2 &78 \ 2 578 2 878 \ 2 70
& \ & k& N g6 Gross head
2 876 ™~ B 3 876 LN g 50
= \ = E b S —'_—:__rp:[ —
ERY Moo 2 874 ER Nz Z 2 akt\—\___
< = . g2 G2
§ 872 § 872 ,ﬁ, 872 ;: 10
370 370 <70 E ’ 5 7 13 14 b 16 17 Q8 19 20 21 23 23 24
0 2 4 6 8 1012 14 16 18 20 22 24 0 2 4 6 8 10 12 20 22 4 0 2 4 6 8 10 12 14 16 18 20 22 24 #inleperird®°l“
Time period (hour) Time period (hour) Time period (hour) Houtlet line !  Water value 38 £/MWh
0 N0 Derd D 0 D AN0
Production Reservoir . Production Reservoir .
Total Profit Total Profit
Revenue Value Revenue Value
109,365.24 156,070.49 265,435.73 105,467.63 159,807.10 265,274.73
Command 1 gives Command 2
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Fig. 11 shows the evolution of the water level before each iteration by the three methods. As mentioned in Step 1 in Section III, in the 1st iteration, the initial water level (880 m) is used over the time span. After the 1st iteration, water level is updated by the optimization result and begins to reflect the changes in each period. It should be noted that the main difference in the results obtained by the three methods happens in the periods 13 – 17, the hours when the water value is very close to the market price. 
TABLE VII enumerates the results of each iteration in the periods 13 – 17 by the three methods. Just as discussed in Section III.A.  , the oscillation of the UC decision in M1 results from the fact that, when the market price for selling energy is slightly higher than the water value of storing water, whether to produce depends on how large the power loss is. In the 1st iteration, the discharge of the other unit is not considered, the power loss in shared penstock is lower than the true value. The production is over-rated and both units are hence committed. In the 2nd iteration, the discharge of the other unit is included in the calculation of penstock power loss. The increased power loss makes it not profitable to produce power any more. Then both units are turned off. Therefore, M1 cannot   give a satisfactory and stable UC decision when market price and water value are near the same. 
M2 decides that both units run in period 14 and neither operates in periods 15 and 16. M3 suggests that only G1 runs at best efficiency while G2 stands still. As it can be seen in TABLE V, M3 yields larger profits than M2 does.  We should try to avoid too clear conclusions like this one. There are probably several factors that influence. It is better to indicate challenges.
 OK
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Incorporation of power loss in shared penstock

Command 1 (Default): Set power_loss /busbar

* Gives better optimization result but potentially might increase computational time, since the unit penstock loss
should be introduced to unit energy balance constraints to improve accuracy, especially when delivering reserves

Command 2: Set power _loss /pq /previous

 When the predicted market price for electricity is close to the water value at the end of the scheduling horizon,
the power production is likely to oscillate between iterations

Command 3: Set power_loss /pq /proportional

e Can avoid the flip-flop problem but suggests the units to operate in the same pattern

SINTEF
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Determination of the unit PQ curve without MIP

PQ curve for G1

Q (m3/s)

In a MIP model, binary variables are used.

p=Po-n+22—g " Gseg
bod Wseg

P = Pmin * Vi

P < Bpax 7t

Vi € {O, 1}
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PQ curve for G1

3.3034
3.3151

3.3236
3.3280 Best point
3.3244
3.3154

3.3024

Q (m3/s)

In a LP model, binary variables are relaxed!

N
P=rLo- "Vt A " (seg
seg dQseg

pZPmin'Vt
pSPmax'Vt

Y&t 0<y, <1

Determination of the unit PQ curve without MIP
Point | P/Q
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Determination of the unit PQ curve without MIP

Upstream reservoir k
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Determination of the unit PQ curve without MIP

Command 1: Set build_pq_curve /plant_uploading /all_limits
Command 2: Set build_pq_curve /plant_uploading /turb_eff_curves 1
With MIP, unit uploading . Without MIP, unit uploading Without MIP, plant uploading
70 2
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MIP Build_pq_curve Full_1 Full_2 Full_3 Full_4 Full_5 Incr_1 Incr_2 Incr_3 Total Time
With MIP Unit_uploading 0.98 1.63 1.36 1.27 1.30 0.04 0.04 0.02 6.64 sec

Without MIP Unit_uploading 0.22 0.22 0.11 0.10 0.11 0.05 0.04 0.03 0.88 sec
Without MIP Plant_uploading 0.15 0.08 0.06 0.06 0.07 0.05 0.04 0.03 0.54 sec
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Presentation Notes
MIP: benchmark, calculation time is notable

Without MIP: Committed too many units

However, building PQ curve on unit level with binary variables (MIP) in full mode will increase the calculation time. We develop a heuristic to build unit PQ curve but adopt the similar idea of building PQ curve on plant level (plant_uploading). The marginal efficiency of all the units is calculated to predefine an upload sequence for units at a plant. The unit with higher best efficiency will have a priority to be turned on than the unit with lower best efficiency. Then the unit PQ curve will be built by taking into account the marginal efficiency of all the units. It gives reasonable unit commitment results when MIP is not used and doesn't increase calculation time.


Determination of the unit PQ curve in abnormal situation

Command 1 (Default): Set simple_pq_recovery /on
Command 2: Set simple_pq_recovery /off

P A p
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Presentation Notes
The PQ curve for a generating unit is built as a concave piecewise linear function. In normal situation, the optimization will result in the sequential fulfilment of segments. That is, the lower segments with higher derivatives of  𝑑P 𝑑Q  will be fulfilled first. However, in some extreme cases (e.g. much inflow to the upstream reservoir), the uploading of the segments becomes disordered. If this behaviour has been detected for one or more generators in a given iteration, all the unit PQ curves for this plant in those periods will be modelled as one segment in the following iterations. This segment is defined by the maximum allowable operating point of the unit. 
Note that one-segment PQ curve will be only used in the optimization problem. The original PQ curve with full range of working area is still built and can be printed 


Printing of unit PQ curves

Command: print pqcurves /<option> (<filename.xml>)

/<option> Comment
/all Print all three types of PQ curves
JLIiT{iF-1M Print PQ curves calculated based on turbine efficiency curves
[convex Print PQ curves after convexification

/final Print PQ curves after extending to Q=0

 The PQ curves can be written on xml format for each unit at each time step for each iteration

e |f no filename is given by the user, the file will be saved with the default file

"pg_curves_full_mode_iterl.xml" where the mode and the iteration number depend on the very
next iteration

 How many points of the PQ curves will be printed out relies on 1) how the PQ curves are built; 2)
the number of segments defined by the user (Default: set nseg /up 3; set nseg /down 3)

20
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Note that how many points of the PQ curves will be printed out relies on how the PQ curves are built. See 2.2.22 for details. If the user chooses to build PQ curve including all the limits, and there is production schedule or discharge schedule on the unit, only one point referring to the schedule will be given. Otherwise, the number of points of the PQ curves depend on the number of segments defined by the user, and the default number is 7. 


Printing of unit PQ curves (When G1 has schedule 100 MW)

Command 1 (Default): Set build_pq_curve /unit_uploading /all_limits

* When building PQ curve, all the limits (P(turb_min), gen — minprod, min_p_constr, P(min_q_constr))
are taken into account at the same time. If there is a schedule, only one point will be built.

e |tis suitable for those who want to run schedule or run on the limits.

Time_period Date Plant_name Unit_type Unit_no Needle_comb_no PQ_curve_type (0] dPdQ Energy_Equivalent
75 20191/402:00 PLANTOO01 GEN 1 1 Original 47.90 100.00 0.00 0.58
75 2019 1/4 02:00 PLANTO001 GEN 1 1 Convex 47.90 100.00 0.00 0.58
75 20191/402:00 PLANTOO1 GEN 1 1 Final 0.00 0.00 0.00 0.00
75 20191/402:00 PLANTOO01 GEN 1 1 Final 47.90 100.00 2.09 0.58
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43.66
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dPdQ
0.00
2.29
2.34
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0.00
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2.16
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0.00
2.31
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Printing of unit PQ curves (When MIP is used)

PQ curve for G1

70

PQ_curve_type Q dPdQ Energy Equivalent
Final 0.00 -10.99 0.00 0.00
Final 30.43 60.00 2.33 0.55
Final 43.66 90.85 2.33 0.58
Final 51.43 108.41 2.26 0.59
Final 53.90 113.36 2.01 0.58
Final 56.36 118.04 1.89 0.58
Final 57.42 120.00 1.86 0.58

20

-10

23 Q (m3/s) SINTEF



24

Printing of unit PQ curves (When MIP is relaxed)

P (MW)

70

60
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30

20
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-10

PQ curve for G1

10

Q (m3/s)

15

Best point

20

PQ_curve_type Q dPdQ Energy_Equivalent
Final 0.00 0.00 0.00 0.00
Final 51.43 108.41 2.11 0.59
Final 53.90 113.36 2.01 0.58
Final 56.36 118.03 1.89 0.58
Final 57.42 120.00 1.86 0.58
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Outline

e Transition from plant-based to unit-based short-term hydro scheduling

e New commands related to build unit PQ curves
O Determination of the unit PQ curve
O Incorporation of power loss in shared penstock
O Determination of the unit PQ curve without MIP
O Determination of the unit PQ curve in abnormal situation

O Printing of unit PQ curves

 New project proposal
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New project proposal

Input data Suggested setting
o ®

-
. . . . Running commands
Watercourse description .\ \ . . \ \
Market conditions ISChEdUImg Stochastic setting

® Customer preference 1.0
. . . . ’ Penalty cost

A Case-dependent Intelligent Scheduling System
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Presentation Notes
Watercourse description: scheduling periods (1 week or 1 year), shared tunnel or independent tunnel…
Market conditions: participate in both energy market or reserve market, market price VS water value
Customer preference: when there is confliction between load and reserve requirement, which is more important to fulfil. 

All the default setting will be case-dependent
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