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DESCRIPTION OF THE PROBLEM

e Given :

¥ A hydro system with Nr reservoirs.

* A thermal system with Nu thermal units.
+ A set of NI load nodes.

* A transmission network.

e find, for each time interval of the period studied:

+ The reservoir discharges and storages.
+ The thermal unit power outout.
+ The power flows on the transmission network.

¢ such that minimize:

+ The thermal generation cost.
+ The losses on the transmission network.

e satisfying:

+ The forecasted load requirements.
+* The spinning reserve requirements.
¥ The KCL and KVL in the transmission network.
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HYDRO NETWORK

Nr ]
Z[ULO — v}cm + Za?
k=1

e Balance equation at reservoir k over interval i:

af +of T Ay sy = A+ s (1)

(delays and pumping are considered but not depicted here)
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HYDROGENERATION FUNCTION
e Hydrogeneration at reservoir k over interval i :
Hi_i = pp;ﬂ(’-hk“dk“ (2)
* Reservoir head function :
hie = Sbk + SikVk + Sqk¥k’ + SckVk™ (3)
+ Efficiency :
-U‘J'ij =0 + ﬂf\‘hhg\_j + pfi:ddif"l_
+ ﬂkhdhkdf + _-("k-'i.h(h'g:)z + Pk-dd(“‘-g:)? {4}
e Total hydrogeneration over interval i :
. NT‘ :
HO=3 H 5)
k=1
e Hydrogeneration linearization :
i i i i i—1 i i i (i
HY ~ Hy) = N5 + }‘EJ{:{—I}L‘:UE o Aiﬁ)k“i + AGedy, (6)
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THERMAL SYSTEM MODELIZATION

e Variables associated to the generation of a single

unit:
B, <P Py
rr; = lllill{?_‘;j,ﬁj — Pj}
Dy = lllill{FI)j._, Pj i ﬂj}
ISR A ﬁJ —- P
(MW)
EIJ (a
ﬂfjl Y
T, L e "Ii"
rIq — ) .
RS JJT\
T I 1 Y= power (MW]
i

P; P, P; P;

DSR A AP - P
(MW) S S

JD;

58 1T s et gl Y .
TDj . e |
rpj TDJ':

F= power (MW)

P, P, P; P;

(b

(7)
(8)
(9)
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EQUIVALENT THERMAL NETWORK UNIT j

(T < TIj (10)

¥ s Il]iIl{FIj;Fj e o] LR ?;i =iy
L
\r1j +91;=P; —F; (11)

( rpj S Tpj {12)

rpj < lllill{FD_-;, P; — EJ} ﬁ rpys Fy— Ej
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THERMAL SYSTEM NETWORK AT INTERVAL i

¢ Balance equations :

# P;—P;=ri 4o 415,445, i=1,...,Nu (14)

¢ Thermal generation at interval i:

* PU = Zj:ll (ng S ﬂgj J=ES (15)

e Spinning reserve at interval i: (underestimate)

« Incremental : 37 I; (16)

+ Decremental : 30" r r; (17)
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THERMAL + TRANSMISSION NETWORK

In1 \Yn2 '?hN

I
I
I
]
I
|
I
|
I
I
I
(i (i (i :
1
1
1
|
1
1
|
|
|
|
|
|
|
|
|
|
therm.trans. net “i” 1 "

e Hydrogeneration arcs flow equal to the hydrogenera-
tion value :

Jm = H o }‘(t T )l'u{'t 1}&”5; e }"(( ke *‘:c 4z )"U d(t
B=1:..; N {(18)

¢ Load arcs :

P < I < If4e I=1,....N (19)
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TRANSMISSION NETWORK AT INTERVAL

P P PNH th th Jth

S T T

TRANSMISSION NETWORK

I I B

Ly Ly Ly

¢ dc approach considered.

e Line capacity :

—P < Pl <p Ty sl N

T =

e Kirchhoff’s laws :

+ KCL : balance equations of the transmission network.

+ KVL :

Z -X-IHPE; =0 i J = 1'.: e Ne (20)
med;

Nec : number of basic loops.
C; : lines belonging to the j* basic loop.

X; : line reactance (p.u.).
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THERMAL NETWORK AT INTERVAL :

(without transmission network)

¢ Load side constraint :
Nu

Z Hy' + Z(‘“Ds +9%; + ;) = LC (21)

j=1
+ If linearized hydrogeneration is considered :

i—1 i
Z Mok + N ke F Nt + Andi +

Nu

+) (rp;+ g%; + Pj) = LC (22)
=1
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HYDRO-THER.-TRANS. EXT. NET. (HTTEN)
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VARIABLES AND OBJECTIVE FUNCTION

e Variables: i=1,...,Ni

+ Hydro variables : a{, s'*, o0, k=1,...,Nr

+ Thermal variables : r}", JE, :rEE‘,J, J(_E,j, j=1,...,Nu

+ Transmission variables : p\t, m=1,...,Nm
+ Hydrogen. variables : yi—, j=1,...,Nr

¢ Objective function : two parts

+ Thermal generation costs :
Ni Nu

DD laai(rp; + 0, + By) + eqj(rp; +9p; + Byl (23)
i=1 =1

+ Costs of power losses:

Ni Nm
z (i Z ron (P32 (24)
m=1
Ni Nu
HHHZ{Z[HJ +JDJ+P }+CfJJ(’D3 +J +P) ]
=1 j=1

N

10 2} (@)

m=1
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CONSTRAINTS

e Balance equations of th HTTEN.

¢ Side constraints : for each interval : i=1,..., Ni

+ Hydrogeneration arcs flow equal to the hydrogenera-
tion value :

(% (i _ (i (i i—1 i (i (4
ghk e Hﬂr o Aﬂk‘ G = ’\11{; I}A, ( + }"E: 1.]}'\, + )‘dkd
k=1,...,Nr (18)

* Incremental spinning reserve :
Mo, Nu ‘
> (A - i) + Yor 2 BY (26)
k=1 i=1

+ Decremental spinning reserve :

Nr Nu

Z r-"‘hk Z R% {2?)

k=1 j=

+ KVL :

> Xupli=0 5 j=1,...,Ne (20)
meC;

¢ Variable bounds.
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OPTIMIZATION PROBLEM

¢ Exact hydrogeneration function :

min  f(x) (28a)

subj. to: Az = (28b)

(NNNG) glz)+L,z=0 (28c)
0 <<, (28d)

e Linearized hydrogeneration function :

min  f(x) (29a)
subj. to: Az — 2 (29h)
Tz -+1.2="50 (29c)

<z < u; (29d)

(NNLC)
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SOLUTION METHODS

e (NNLC) problem : NOXCB (Heredia & Nabona)

+ Specialised code for the nonlinear network flow problem
with linear side constraints :

t—1 ] T
Jhi = }- 1(3 1}ﬂ"£ +)"U( }ﬂ’k + )“{ d{ (18)

* Successive linearizations.

+ Any other set of linear constraint could be included.
e (NNNC) problem : MINOS (Murtagh & Saunders)

+ General purpose nonlinear optimization package :

g = npr il il
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ITERATIVE SOLUTION METHOD

[0] Initializations.
Definition of the network equations of (NN]’..*C)‘UI
Selection of the initial solution [z]" ; k:=1.
Maximum hydrogeneration error : €, = 0.02
Major iterations.
Linearization about [z]*~1 — (NNLC)".
Optimization of (NNLC)* with NOXCB — [z]*
If | [H]* — [HU]* |< e, LU, Vi then z* :=[z]* ; STOP

E:=k+1. go to ;
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Table I : Case examples

Problem Power system size Opt. problem size
ident. Nr | Nu|Nm|Nb| Ni| arcs | nodes | S.C.
A24 3 4 - - | 24 648 163 T2
A48 3 4 - - 48 1248 313 144
A168 3 4 - - | 168 | 4536 | 1135 | 504
B48 6 4 - - | 48 | 1824 457 144
B168 6 4 - - | 168 | 6552 | 1639 | 504
B48x 6 4 6 5 | 48 | 2256 697 240
B168x 6 4 6 o | 168 | 8064 2479 840
C48 9 8 19 | 12 | 48 | 4416 | 1346 | 528
C168 9 8 19 12 | 168 | 15600 | 4741 1848
Table II : Computational results
Problem max. no. of P (5) Cost (10°Pts)
ident. gen. err. | linear. | NOXCB | MINOS | NOXCB | MINOS
A24 <0.7% 3 14.7 38.7 73.10 | 73.15
A48 < 1.1% 3 39.2 219.6 | 124.23 | 124.39
A168 < 1.4% 3 623.5 | 6530.7 | 361.82 | 362.16
B48 < 0.9% 3 3.2 514.3 | 123.07 | 123.19
B168 < 1.5% 2 336.2 | 6667.8 | 361.30 | 361.62
B48x < 1.3% 3 49.5 394.1 | 132.15 | 132.34
B168x < 1.4% 2 538.4 | 4963.2 | 384.40 | 384.54
C48 < 1.5% 2 337.6 | 6020.1 | 199.32 | 199.47
C168 <1.7% 2 2982.47 — 538.73 —

! SUN SparcStation 10/41.
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B48x : LOAD COVERAGE

Load (MW)
11061
s [
QK
T
Tin}
B0
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0 5 10 15 210 25 k1) s 40 45

Time interval (h)
—_— | mmemmssmsssmsmss==s e e e —
Load demand Thermal generation Thermal unit Thl
uncommited

Fig. 1 Atteintment of load at the optimal solution of case B48x.
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B48x :

SPINNING RESERVE

ISR (MW)
T | I Ll I I I T T T
g [ ,"-.. o~ I =y =
1 ] \ i ) ] h - —— —" -1 ]
L1 - 1o T Ly = '
LU P BN ¢ v L
# LY oL §
400 [0 -
sw [ ]
200 [ L it i, ]
o - ..‘;- l“p I||I_
1 1 1 1 1 1 1 1 1
i
0 5 10 15 0 25 e 15 40 45
Time interval (h)
Incremental Incremental Incremental
reserve thermal thermal + hydro
required reservE reserve

Fig. 2 Incremental reserve at the optimal solution of case B48x.
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Fig. 3 Decremental reserve at the optimal solution of case B48x.
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CONCLUSIONS

¢ Thermal equivalent network :

+ Network flow model for the thermal generation and
spinning reserve.

e Coupled model :

+ Optimization of generation costs and trans. losses.
+ HTTEN : Hydro, thermal and trans. network.

+*  Coupling constraints : hydrogeneration arcs and
spinning reserve.

+  Muti-interval hydrothermal dc OPF.

¢ Successive linearizations :

* ~ one order of magnitude faster.
+ Deviation from the exact optimum : < 0.14%.

+ Hydrogeneration linearization error : < 2%.
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FURTHER DEVELOPMENTS

¢ Practical interest of the model:

+ KExperiments with bigger power systems.

+ Coupled model vs. decoupled model with equivalent
thermal network.

¢ Extensions of the coupled model :

+ Security constraints.

x ac OPF.
+  Unit commitment.
e Extensions of the solution methods :

+ xtension of NOXCB to treat nonlinear constraints.
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Network model vs. non-network model

¢ Network model :

T
ri; ST

grj .
i ’ \ o 4 variables

TDi STpj

4Dj J

x rrj+grj+rpj+gp; = Pj—P; — |1 network constraint

¢ Non network model :

ri; ST
* rpj < Tpj — |3 variables
P

rry E I_Jj — P_-,' R
rnis Ii=2

2 side constraint
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ITERATIVE SOLUTION METHOD

[0] Imitializations.
Definition of the network equations of (NNLC)'}
Selection of the initial solution [2]%; k := 1.
Loose optimality tolerance : €, = 0.01
Maximum hydrogeneration error : €, = 0.02
Main loop.
k'" linearization : (NNLC)".

Computation of A\¥ at [x]*~!.

Computation of [F“]k at [z]*1.

Definition of the s.c. of (NNLC)".
k" optimization : [¢]F "&X° (NNLC)*.
If | [HU]* — [HO)* |< ¢, LE, Vi then

Tight optimality tolerance €, := 107°

Final optimization : #* "&* (NNLC)*from[z]*.

If | [HY]* — [HG)* |< e, L | Vi: END
)™ i

k:=k+1. go to :




