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Abstract — We describe a Hydro Unit Commitment
(HUC) model that has been developed to be used asap-
port tool in the Brazilian system. The objective igo deter-
mine the unit commitment and generation schedulesof
cascaded plants with multiple units and head-depersht
function production. We solve the HUC problem in atwo-
phase approach based on dual decomposition. The coutp-
tional tool allows the model to effectively schedal hydro
units for the problem in the Brazilian regulatory framework.
Application of the approach is demonstrated by detenining
the 24-time-steps HUC for four cascaded plants witl4,170
MW of installed capacity.

Keywords: Hydro Unit Commitment, Hydro Produc-
tion Function, Lagrangian Relaxation, Inexact Aug-
mented Lagrangian.

[. INTRODUCTION

Brazil has a modern electricity industry which dege
on hydropower and its hydrothermal system hasdg |
est capacity for water storage in the world. I's tontext,
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present a most detailed representation of the greg-
version process, which takes into account mechhnica
losses in the turbine as well as mechanical ancirelal
losses in the generator. An accurate modeling e$eh
issues plays an important role in the problem artipular
for the Brazilian hydro-dominated system where gver
tenth of a percentage increased in the energy csiove
is welcome.

In this paper we propose a new mathematical model
for the hydro production function which allows mtidg
all relevant factors that affect the unit outpute \\épre-
sent hydraulic losses in the conduits and in thbire
suction tube, nonlinear forebay and tailrace fuomgj
hydraulic efficiency and mechanical losses in timbdine,
and mechanical and electrical losses in the gemerat
Additionally, the problem is formulated to maximitee
overall energy conversion efficiency while meetiag
hourly generation targets defined by the 1SO. Tikig
mixed-integer nonlinear programming problem and to
solve it efficiently, we propose a two-phase decosip

an Independent System Operator (ISO) is respon&ible tion approach similar to [14]. Initially, we useeth.a-
the system scheduling managing optimization studiggangian Relaxation (LR) to obtain an infeasiblrigon,
which extent from the long/medium-term to shortsier and in the second phase we use an inexact Augmented

operation scheduling models. In the short-term rhdate
ISO perform a week-ahead planning to yield a sclaglu
for all plants in order to meet the load and satisher
constraints. However, the huge number of reserymies
cludes the ISO from precisely take into accountdien-
plex modeling associated with the hydro units. theo
words, in the short-term the hydro plants are mexdidly
a continuous piecewise linear function; therefoad,
nonlinearities and unit commitment constraints act
considered. As a result, the generation distrilmuéimong
the machines in a hydro plant regarding specificetiag
and constraints is a local decision. In this semggjeling

and optimization algorithms improvements is an im-

portant issue, since studies have shown that gignif
gains can be reached with an efficient allocatibgemer-

ation among hydro units [1]. Given that hydro psant

Lagrangian (AL) to find a feasible solution.

This paper is organized as following. In Sectionwd
present a new modeling for the hydro function pmdu
tion. The optimal HUC problem formulation is shown
Section ll. In Section 1V, we focus on the solutistrate-
gy and, in Section V the test results are providedhe
last section, we present the main conclusions.

II. THE HYDRO PRODUCTION FUNCTION
Initially, consider Figure 1 below:

hp

possess distinctive characteristiasne important chal- Figure 1: Schematic diagram of a typical hydro generatinig. u

lenge is to represent a precise modeling whichstake
account these characteristics.

The power variables (MW) shown above are:

The HUC problem has been extensively studied and hp hydraulic power available for producing electrica

various modeling were proposed [2] — [11]. Som¢heh
represents the hydro production function in a sifieol
manner. On the other hand, other works [12] — fa&E
into account nonlinear head variations, hydrautisses
and hydraulic efficiency in their formulation. Thimper

! Especially due to the presence of diverse kindsoofluits, turbines,
generators, etc.

energy:
hp=G-gvQ g} ¢ 1)

where G is a constant andh(.) is the gross head (m)
which is a function of the unit turbined dischage’s),
q, the reservoir volume (hi)) v, the plant water discharge
(m¥/s),Q, and, in some plants, the spillage’sh s.

rp  mechanical power transmitted through the cou-
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pling of the runner and the turbine shaft: Above tml(gp) is the turbine mechanical losses (MW)
associated with the power consumed by the mecHanica
P=Gp(nh g n{vQqg} ¢ (2) friction in the guide bearings, thrust bearing asithft
seals. By means of unit field tests, a set of gogntl, gp)
can be obtained and we can adjust, for examplalya p
nomial function:

wherep(+) is the turbine hydraulic efficiency andlis the
net head (m), i.e., the part of the gross head hvisc
available for the turbine.
sp mechanical power delivered by the turbine shatft, tml(gp) = 3+ b- gp+ b- gp, )
assigning the mechanical losses of the relevant
bearings and shaft seals to the hydraulic machinhereby, by, b, are constants.
[15];
gp power output at the generator terminals.
As it will be shown, the hydro function productide-
pends on many factors. We detail the influenceifi¢rd
ent parameters on unit efficiency bellow.

2.5 Generator Global Losses

The generator efficiency is the ratio of the poaeail-
able at the generator terminals to the mechanioalep
delivered by the turbine shatft, that is:
. @d____ W 8)
2.1 Forebay and Tailrace Levels sp gpt gol gd’

As it is knowngh(-) is given by the difference between

the forebayfbl, and tailracetrl, levels: Above, ggl(gp) is the generator global losses. tAd(+)

a set of pointsggl, gp) is obtained by means of field tests
gh= fbl(v) - trl(Q, 9), (3) and we adjust an exponential function:

In the Brazilian case, thigl(-) andtrl(-) functions are 99l(gp) = & €%, 9)
modeled by a forth order polynomial.

2.2 Head Loss
The head loss (mhl, is composed by:

whereay anda; are constants.

2.6 Hydro Production Function
According (1)-(9), the new hydro production funetio

hl = hip(qg) + hig g, 4) proposed in this paper is given by:
—Gp(v - n tngl
Thehlp() is the head loss associated with the penstock :J_p I p)(_(og a9 ntvQap & g (10)
water friction and is modeled as a quadratic funmctfq, 99iap =9
kp-qz. Thek, is a constant which depends on the penstock
characteristics {&m°). The termhls(:) is the head loss ll. THE PROBLEM FORMULATION
associated with the hydraulic energy dissipatedvéen The model seeks to maximize the overall generation

the tailrace level and the low pressure refereecéan of  efficiency while attempts to meet the hydro plaoad
the turbine. This term is also a quadratic funclion®,  requirement and others constraints. The main résult
whereks depends on the section area of the low pressuget with the commitment state of each generatinig, un
reference section and the gravitational accelerati® and the respective generation level, over a planhiri-
this point, it is important to notice that the hetad,nh(.),  zon. So, the HUC optimization problem related tés th

is given byfbl(v) —trl(Q,s) —hip(a) — his(q). paper is given by:
2.3 Turbine Hydraulic Efficiency ZTDZR:L
The turbine hydraulic efficiencyp, represents the inO— 100 e i 11
transfer effectiveness to the runner of the avilglower min ©= - T R (1)
in water that flows through it [15]. It depends (- )and Y>> G-gh(v.Q.5) Q
rp and is furnished by the turbine manufacturer ast @t =1 =t
triples @, rp, nh). We use the following model [15] to ~ B
represent the hydraulic efficiency: st ;gn” =k (12)

p(NN=¢+¢ g+ ¢ N ¢ nh e £ ‘o 5C A (5 O — G (¥, Q.8 8) Bh(Vs QiU Fie € (13)

where c,...,G; are constants. In order to estimate thesethml"‘(gm‘)jL ggk (9p) =0,

values, we take the s, (p, nh), and use (2) to compute

g and, in the sequence, with the new triple peg( nh) Ve Vit G QR _n;,,( Qi ¥ i)™ ¥|70 (14)
the constants in (5) are computed with a regrestson- '
nique. vt <y <Y (15)
2.4 Turbine Mechanical Losses n

The turbine mechanical efficiency is the ratio bét qu -Q, =0, (16)
power available at the turbine shaft to the powemngmit- )
ted from the water to the runner [15], that is: min

1) (% Q% f)< @ < (Vs Qu S O, a7

sb___sp ©)
rp sp+tmlgp
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U, COR < op <y Ogf™, (18)
Ql( qJ\r

Uiy zzznk' Z Zw <1 z 0{01. (19)
k=1 k=1

Where:

V. SOLUTION ALGORITHM

We use a two-phase decomposition approach. In the
first phase, a LR algorithm is used to obtain autsoh
(infeasible) and, in the second phase, we useinfos-
mation as a starting point for the AL to find a dide
solution. To formulate the LR and AL dual functipmge

T number of stages (h), so thatl,T,; . " . )
R number of hydro plants, so that 1R introduce a new set of “copy constrglnts Wher_e o]:Y
¢, conversion factor of water discharge units/gn UMe plant turbined outflow and spillage variabtee
in volume units (hr¥): duplicated. T_he overall solution strategy is dethiin the
L, plant load requirement of the plantand stage N€Xt two sections.
(MW); _ ) o 2.7 Phase I: Decomposition by Lagrangian Relaxation
Ny number of units available for operation in the |,ihe LR phase we include in (11), (14) 48) artifi-
_ plantr and stage; _ cial variables/a;, Qa;, andsay, in the following way:
i is the hydro unit index, so that=1n, for each TR
lantr and stagé;
V.M minimum  (maximum) volume of the reser- . o — 100 ;;Iﬁ (20)
voir r [hm?; mine, == T R
m index of reservoir upstream of the reservoir >.> G ah(va, Qa, sa) Qa
T NUMber of time stages that the total outflow ia th et
upstream hydro plam takes to reach the down- Qa, +sq -
stream hydro plant stva ~VaL* ¢ 3 (Qa,. +sa. )-y |0 (@D
0,"Pset of reservoirs immediately upstream to the res- ) " "
ervoirr; )
Yo incremental inflow of reservoir during staget v <vg, < Y (22)
[m?/s];
®;, number of non-forbidden zones of the unénd va, =V, Qa = Q, sa= s, (23)
p]a}ntr), so thak = 1, d,;
P minimum (maximum) power of the uriit ) 24
zonek, plantr and stage (MW); (12), (13). (16)-(19). 4)
Vi volume of the reservoirand stage (hn); Relaxing the constraints (23) leads to:
Qr turbined outflow in the reservoir and staget T R
(ms); D2
s: spillage of the reservoirand stage (m/s); O =min —100|—— L
O turbined outflow of the unit reservoir and stage . .
t (ms); 22504 . 9 (25)
gp« generator power output of the umjtreservoirr T R
and stage (MW); =T b b8 — Y HAQ (Qa— Q)
uz binary variable which indicates if unitis operat- =1 r=1
ing (u; = 1) or not (i = 0) during the stage + X5 6a—5)l
Zx binary variable which indicates if the umibf the
reservoirr is operatingy: = 1) or not g, = 0) in ~ s.t.: (21), (22) and (24). (26)

“the non-forbidden zorleduring the stagg
"™ () minimum (maximum) discharge of the unit
i and plant as a function of the net héad
In (11) the objective is to maximize the efficieney-
ergy conversion over the planning horizon. The traims
set (12) is the plants load requirement. Each caimst
(13) is the hydro production function. Constraifis})
represent the stream-flow balance equations. Cantdr

(15) and (16describe the volume variables limits and the

penstock water balance in each reservoir, respmgtiv
Constraints (17) express the units discharge lim#tsa
function of the net head. Constraints (18) aretedlao
power limits for each non-forbidden operating z¢hé].
Finally, Equations (19) represent the integralitync
straints.

2 These expressions can be obtained by means eéttw pointsg, nh,
rp) supplied by the turbine manufacturer.

The function above can be evaluated by mearig+af

subproblems:

@RL—HS:mn _100 — t=1 r=1
22 Gdh(va Qs Gq (27)
> > Nvg Q- Qs sal
s.t.: (21)-(22), (28)
and,
O™ =min ZO\Vn v, +XNQ - Q +X\s- 8) (29)
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s.t.: (12), (13), (16)-(19) (30) ZZLn
The Subproblem (27)-(28) is a nonlinear programming®" " =nin—-100|—— ==
(NP) and its size depends on number of hydro plants Z G- gh(va, Qa. sa)
same cascade. The Subproblem (29)-(30) is an intege t=1 r=
mixed NP problem with variables and constraintatesl T R
with the hydro plant. We use a Dynamic Programming —> > Mvg Q- Qrs sal

algorithm which exploits the feasible set charasties to =t (34)

decrease the state space associated with the biaggy Vi +vd Q+Qh :
bles. To sum up our LR description, we implemerded +ZZZ[V‘% —n—z + Qa 5
Bundle algorithm [17] to find a dual optimal effgitly. =
2.8 Phase II: Primal Recovery by an Inexact Augmented S +s§ ’
Lagrangian B S
In this phase we apply an inexact AL which uses the
Auxiliary Problem Principle (APP) [18]. The APP is )
necessary to keep the same separability accomglishe 5.t (21)(22), (35)
LR. The AL function has the same formulation as){25 anqg,
(26), except that is necessary to include quadtatios in T
(25) in the following way: O =min ZO\Vn V +XQ - Q +Xs- 8)+
T R
- 22 1, v +qu G+Qa)
O, =min—100|—— ZZ; HA——— |+ ()
>_> G gh(va, Qa, sp) Qa )
t=1 r=1 it + \2
- 1 5 3t
A CE e - T 3] (31) 2
=) 2
st (12), (13), (16)-(19). (37)

1
\ — il —
Q, Qa, Q%Z Qa Qi]

1
iR

The iterative process in the AL can be summarized a
follows. To solve the dual problem we must decrgase
over the iterations in order to force the primadibility.

At the same time, it is necessary to update thedrag
s.t.: (12), (13), (16)-(19), (21) and (22). (32) multipliers and we use an inexact gradient-like hoet
for more details, see [18] and references therein.

Above, 1 > 0 is the penalty parameter. To achieve the
separability obtained by the LR, the APP approxésat V. NUMERICAL RESULTS

each quadratic term of (31) as follows Supposﬂaeem . :
tion it we have calculateda,", vy, Qa:", O, sa,* and The proposed solution strategy has been applietto

s.". Then, using the APP at iteratidin+ 1, we approxi- tain a daily unit commitment and operation schedfla
mate: ' cascade with four hydro pladtsvhose diagram is pre-

. 2 , 2 sented in Figure 2. In this figure it is shown thstalled
V; +Vva Y+ v (33) capacity in each plant, the water traveling timek{fack-
2 2 ets), and the number of units in each plant (ireptwe-

and similarly for the other quadratic terms. Usitis ses).
approximation, the function (31)-(32) can be eviday
the sum oR+1 subproblems: H,

Ve
e 1M 21

XS, (sa — 8 )—% (sa— .

1
N
1
1N

r

(va, — v )’ =|va — + ¥

Hs Hy
880 MW (11 1,140 MW 1,450 MW

Figure 2: Schematic diagram of the cascaded hydro system.

Except for H, all hydro plants possess identical units
with a single non-forbidden zone. Thg plant possesses
two groups of different units. The first one is queed
by units 1 and 2 and the remaining units belonghto

® Detailed data are too lengthy to list in this pape
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second group two. The only difference among thésuofi

R ) A L N LR Dual Function =~ -eeeeeees Subgradient Vector Norm
these groups is the turbine hydraulic efficiencychion. 00 7,0
Figure 3 illustratively shows thienl andggl functions of 10 e .
a unit of H, hydro plant. P / 1653
——GGL e ™L 830 / KA 160 8
35 0,6 g / Y 2
_ _ E 40 Ve e 3 — - 1 ss %
é 30 — % g 8 50 / ¥ T 3 'go
g . g 1507
2 s 04 8 6,0
5 103 3 7,0 : : : : : : : 45
r?, 2,0 _c:% 1 6 11 16 21 26 31 36
] 102 % Iterations
I s
@ ) . .
g7 101 £ Figure 5: LR algorithm performance.
2
1,0 : . . : . . : : . 0,0 o H 5 H
100 115 138 157 176 195 214 233 252 271 290 To find a _feaS|bIe solution we .usg the_mexact AL
Generator Output [MW] where the initial penalty parameter is 5 46d its update

is performed by = 0.44" for p > 0.5 and p** =
0.9811It for p < 0.5. The algorithm was stopped when
Figure 4 shows the load requirement of each plaet o ” AC ” 2<01 Where|| : || » represents the Euclidean vector

Figure 3: Mechanical and electrical losses 7 Uhit.

the planning horizon norm of the artificial constraints (23).
The AL performance is shown in Figure 6. This algo-
......... HA ——-H3 ——H2 -----H1 rithm performed 37 iterations and the optimal vatuend
100 was-90.9644 %. The associated efficiency was 90.9774
g 1200 P %.
s B R
2 1000 =
g g ALDual Function =~ seeeeeees Gradient Vector Norm
8 800 6,0 6,0
:'; 600 40 F i 4 5,0
&« - H 1
B 400 \";,‘ 320 1 :'2 2
b N = ol
é 200 § 0,0 " 20 £
o L v v €20 10 2
1 2 3 4 5 6 7 8 9 101112131415161718192021222324 %74,0 ........................................................................... | 0'0 E
Stages [h] a 1 -1,0 E
-6,0 [c]
22,0
Figure 4: Hydro plants load requirement. 8.0 1 30
-10,0 -4,0
The numerical experiments are organized in twospart 0 10 20 30

Iterations

Firstly, we focus on a particular test problem andlyze
the performance of the two-phase decomposition apigure 6: AL algorithm performance.

proach. We are interested in the solution behaamal the . L
algorithm performance in relation to mechanical and 'n Figure 7 we present the vector norm of the iaiif
electrical losses of the units. Afterwards, we yralthe ~Constraints (23) in each stage in the last itenatiss it
numerical performance accomplishing a sensitivitglg: ~ €an be seen, a high precision feasible soluticupplied
sis when different initial volumes are supplied tte by the AL.

problem. The model was implemented in LabVIEW 9.0
and the tests were executed in an Intel Quadido&80 006
GHz machine. All the NP problems were solved by th

0,0

LabVIEW constrained NP subroutine, which uses a S( . ’

guential Quadratic Programming algorithm. S o004

5.1 Mechanical and Electrical Losses Analysis £ 00

The LR performance of this first case, not consider | g

the units mechanical and electrical losses, is shaw | g °%

Figure 5. The algorithm was startegith Av,, AQ, and 001 I
As: equal to 0.1 and it performed 40 iterations tal fihe

q P 000 MLualunl -I-.u._im

optimal LR function equal t6-91.1473 %. This value
assures that the optimal overall efficiency is $enahan
91.1473 %, although the primal solution associatét
this efficiency is not feasible, as it can be nedidn Fig- Figurg 7: Vector norm of the artificial constraints in traest
ure 5. In the last LR iteration the subgradienteeaorm 't€ration.

is 5,295.43.

123456 7 8 9101112131415161718192021222324
Stages [h]
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In the previous analysis, the mechanical and etadtr
losses of the units were not taken into accourutiing
this modeling issue, the algorithm performed 4gatiens
and the associated optimal value of the LR functoamd
was —-90.3753 %. Afterwards, the inexact AL found th

optimal value equal t689.3646 % in 43 iterations. In this

case the overall efficiency was 89.3815 %. Compéoed
the previous results the efficiency was decrearetli5
% due to the inclusion dami(l) and ggl(l) functions. In
terms of primal solution, the main result is rethte the
difference between plants turbined outflow, as ¢mnésd
in Figure 8, where:

Qi =Q,- Q.

As it can be seen above,@Qy) is the sum of all
plants turbined outflow obtained without (with) $8s in
staget.

(38)

s System Load == Qdif

100

A

\

80

60

A ¥

40

20

123 456 7 8 910111213 14151617 18 19 20 21 22 23 24
Stages [h]

Plants Turbined Outflow [m3/s]
System Load Requirement [GW]

-20

Figure 8: Difference between plants turbined outflow over th
planning horizon.

From this point on, we pay attention to the effefcthe
losses on the final volumes. In Table 1 we comgarae
results:

Scenario2 = = =Scenario3

-
o
[S)

Ny
=]

€ 1

o
[S)

N
<)

Dual Function x 103

N
o
<)

5

10

15

20

25
Iterations

30

35

40

AN
o
=)

45

50

o

55

Figure 9: AL Dual Function performance.

Scenariol  ceeeeeeer

Scenario2 = = =Scenario3

7,0

6,0

5,0

4,0

3,0

2,0

Gradient Norm x 103

1,0

0,0

20

25
Iterations

30

35

40

-1,0

45

50

55

Figure 10: AL Gradient Vector Norm.

As it can be seen in the last two figures, the aw&AL
algorithm can supply high precision feasible solusi
using the same update criteria for the penalty peter.
These results indicate that the algorithm is rolsela-
tion to the variation in the parameters of the peob

In order to summarize the results Table 3 shows the
optimal values (LR and AL Dual Functions) as wallthe
overall efficiency found by the solution strategy all
initial volumes condition.

Plant Initial \éolume Final Volume (m®/s)
(m/s) No Losses With Losses -
H, 1,398.50 1,419.87 141990  ocenario Results (%) _
H, 3,808.12 3,824.50 3,823.96 LR AL Overall Efficiency
Hs 2,815.50 2,843.46 2,842.90 -89.8846  -88.9003 89.0921
Hq 4,700.00 4,819.73 482083 -2 903753 -89.3646 89.3815
3 ~90.6261 ~89.5005 89.5103

Table 1: Losses effect on the final volumes.

5.2 Initial Volumes Analysis

In this section we present an analysis where thriee
tial volumes are considered. In this analysis vke tato
account thetml() and ggl() in the problem modeling.
Table 2 shows the initial volume condition conseter
All the remaining data is kept identical.

Plant Initial Useful Volume (%)
Scenario 1 Scenario 2 Scenario 3
Hio34 40 50 60

Table 2: Different Initial Volumes.

The AL performance of these cases is shown in égur
9 and 10.

Table 3: Initial Volumes Analysis.

Some important conclusions can be assured by the ta
ble above and confirm the good algorithm perforneanc
Firstly, the optimization by means of a Bundle noeth
provides a good lower bound to the objective fiuorcti
since the AL results are very close to the LR. Addal-
ly, the overall efficiency is also very close te tabsolute
AL dual optimal, which indicates that a high prémis
feasible solution is available for all scenarios.

VI. CONCLUSIONS

In this paper we have presented an efficient coaput
tional model for the HUC problem that has been Heve
oped to be used as a support tool of operatioherBra-
zilian system. The aim is to assist the operatordeter-
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mine the optimal unit commitment and generatioredeh
ules for cascaded plants with multiple units anédae
dependent hydro function production. The main dbuatr
tion of this paper is the presentation of a hewhmiaiati-
cal model for the hydro production function, whezié
relevant factors that affect the unit output areluded,
especially the hydraulic efficiency and mechanioakes

ket”. Electric Power Systems Researetol. 80, n°®
12, pp. 1535-1542, 2010

[11].A. Borghetti, C. D’Ambrosio, A. Lodi, S. Martello.

“An MILP Approach for Short-Term Hydro Sched-
uling and Unit Commitment With Head-Dependent
Reservoir”. IEEE Transaction on Power Systems
vol. 23, n° 3, pp. 1115-1124, August, 2008.

in the turbine as well as the mechanical and etedtr [12]-S. Soares, T. Ohishi, M. Cicogna, A. Arce. “Dynam-

losses in the generator. The computational tocd act
accordance with the sustainable hydroelectricatiites
of the Brazilian regulatory framework to minimizeaste
of renewable energy.
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