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Reference Tracking and Profit Optimization of a Power Plant

Martin Kragelund, John Leth, and Rafal Wisniewski

Abstract—In this paper we discuss two different
methods for implementing reference tracking in a
profit optimization problem of a power plant. It is
shown that tracking included as a side constraint
results in an significant tracking error only when the
reference gradient is large. When tracking is included
in the cost function, as a quadratic term, the reference
is tracked with a small accumulated error. Finally, the
two methods are compared both in terms of tracking
performance and computational burden.

I. INTRODUCTION

Traditional thermal power plants, i.e., coal, gas, or oil
fired power plants, have been studied in details [1]. In
brief, a thermal power plant functions by burning a fuel
in a boiler which evaporates water to steam under high
pressure. The stream then drives a turbine generating
electrical power which is delivered to the electrical grid.

A thermal power plant is modeled by first principle
in [2], where the considered fuel is coal dust which is fed
by four coal mills grinding the raw coal. The detailed
model in [2] was used to establish an observer for the
flow of coal into the boiler to improve the control of
the coal mills. Simpler models for system control are
presented in [3], where the different methods for changing
the output from the complete portfolio of DONG Energy
in Denmark are described. The means of changing the
output is denoted an effectuator in [3], and the models
of typical effectuators in a power plant are derived. An
example of an effectuator is the boiler load in a thermal
power plant which can be modeled as a 3rd order system.

In production economics the possible outputs from a
production unit or “firm” are identified and called the
production set [4, Chapter 5]. The production units are
seen as black boxes which are capable of transforming
some goods (input) to other goods (output). Some as-
sumptions are often made about the production set e.g.
No free lunch and Free disposal, i.e. the production set,
Y, cannot contain R{F as this would yield production of
some quantity without consumption and the company
can absorb any additional input without reducing the
output. In [4, Chapter 5] it is concluded that the ob-
jective of a company is to maximize its profit, which at
first seems reasonable. However, it is possible to imagine
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companies which have the objective of maximizing sales
revenue or the size of the company, but if the company
is owned by the consumers in a market they will agree
that profit maximization is preferable regardless of their
own preference function.

The electricity market place for Nordic Countries is
called Nord Pool. Here the price of electricity, as known
by the average electricity consumer, is negotiated. Fur-
thermore Nord Pool regulates related to the quality of
the power deliverance. These quantities are traded on
the hourly spot market, elspot. The transmission system
operator maintains the energy balance. In other words it
takes care of the situation when a power plant delivers
too much or too little electricity to the grid than agreed.
To ensure that sufficient reserve capacity is available the
transmission system operator pays two prices, an up price
and a down price, i.e. price for producing more or less
electricity than previously agreed.

The data from Nord Pool has been used before to
schedule the usage of hydro power plant in Norway such
that the production plan commitment of the current
day is fulfilled while maximizing the profit of the hydro
plant [6].

This work focus on two different methods for including
reference tracking into the design of an optimal profit
strategy for a power plant, using coal, gas and oil, under
the consideration of two business objectives, efficiency
and controllability.

A. Outline

In Section II the plant dynamics, business objectives
and profit function are described. In Section III the
continuous optimization problem is formulated without
reference tracking. For this purpose a discrete formu-
lation of the problem is derived. In Section IV and
Section V the reference tracking is included into the
optimization problem as a side constraint and as a
quadratic term in cost function, respectively. Section VI
contain a discussion of the methods for implementing the
tracking.

II. PLANT MODEL

In this section a model of the power plant considered
in this work is presented. The plant is capable of using
three different fuel systems; coal, gas, and oil. For further
details about the presented models and quantities the
reader is referred to [7]-[10].



A. Plant Dynamics

The fuel flow, & (t) [kg/s], into the power plant is gov-
erned by third order differential equations (these equa-
tions also include the power plant dynamics). The control
signal to the valves controlling these flows is denoted
U = (Ue, Ug, Up) €U, U = {'v eR3 |0<vle, <400 },
where e,, = (10.77,18.87,15.77) [kg/s], and the dynamics
is given by

z(t) = Az(t) + Bu(t)

£(t) = C2(1),
where
I Ac 03m3 03z3_ [ 0 1 0
A= 0313 Ag 0313 R A,L = 0 1 ,
10323 0323 Ao | |hiy  hiy R,
[B. 0351 0341 [0
B = 03$1 Bg 03$1 , Bz = 0 ,
10321 O3:1 B, | | Pio
[C1 0143 03]
C= |03 Ci 03|, Ci=[1 0 0],
10123 0123 C1 |

and h;;,i1 € Z, are constants describing the dynamics of
the three fuel systems which are obtained from transfer
functions of the form

1
(ris + 1)3’

where 7;,7 € Z, is 90, 60, and 70, respectively. The three
fuel systems may have some shared dynamics but to
simplify the model in this work the systems are assumed
decoupled.

Functions describing the two business objectives are
derived in the following.

HZ(S) =

B. Efficiency

The efficiency objective, y. = y.(2z), deals with how
much electricity is produced from a certain amount of
fuel. Three affine functions describing the contribution of
the individual fuels to the efficiency objective have been
established using measurement data from two Danish
power plants and can be expressed as

J.(2) = Qz +b, (2)
where

Q = diag(e,)C, e, = (10.77,18.87,15.77),
b= (—1.76,1.85,—0.37),

and C defined in (1). The values of e, and b have been
established using measurement data and are measured
in [MJ/kg] and [MW] respectively. The energy used for
preprocessing the individual fuels is expressed by the
b;’s, and the e;,’s are conversion factors which are a
combination of the boiler efficiency and energy storage
in the different fuels.

The total amount of efficiency is described by the
function

Z =Y 2z ye(z) = 'yTQe(z),

where

v =(1,1,1).

C. Controllability

The controllability objective, y. = y.(z), deals with a
measure of how fast the production of electricity can be
changed. Allowed changes in the production is limited
to a certain gradient depending on the current efficiency.
The reason for this limit is a compliance to maximum
temperature gradients in the boiler (these have not been
explicitly modelled and are therefore indirectly consid-
ered by limiting the allowed changes). When using coal
it is allowed to change production with 0.133 [MW/s]
when running the plant at low and high production
and 0.267 [MW/s] in the middle range from 200 [MW]
to 360 [MW]. When using oil or gas the values are
0.133 [MW/s] and 0.534 [MW/s]. If a mixture of the
three fuels are used it is assumed that the allowed
change is a linear combination of the allowed change
of the individual fuels. The controllability objective is,
therefore, modelled as

0.133  3e(2) € S1
o

Z =Yy 2z yel(z) = { SEE y(z)e S (3)
0.133  ye(2) € S5,

where

€ = (0.267,0.534,0.534), S = {s € R|0 < s < 200},
S = {s € R|200 < s < 360}, and
S3 = {s € R|360 < s < 400}.

D. Prices

The cost of using the fuel, revenue from production
of output, and the profit of operating the power plant
can now be determined. The above constructions yields

a product (or output) function, yp, of the system given
by

yp:Z =Y; 2 (ye(2),y.(2)).

The growth of cost and growth of revenue for the
system are defined by the following functions (both with
units in [DKK/s])

go:Z =R, z— zTCTpC,

gr:Y xRy = R; (y,t) =y pr(t), pgt) >0,

where p. = (1.20, 3.74,6.00) is the price of coal, gas, and
oil respectively and

Pr(t) = (Pr1(t),PR2(t))



the price of the efficiency and controllability respec-
tively.!
The growth of profit is hence defined by

ZXY xRy 5 R (2,5,8) = gr(y,t) — go(2),
which for the system yields the function
gp: Z xRy = R; (2,1) = gr(yp(2),t) — go(2).
Therefore, the profit is given by

P:Ry = R; t|—>/0 gp(z(7),T)dr. (4)

III. PROBLEM FORMULATION

Using the above it is now possible to formulated the
following optimization problem

P(T) = [ gp(z,t)dt
subject to 2 = Az + Bu,

max
uelU

(5)

and with the additional requirement that, y.(z(¢)) should
track a predefined reference signal, y..(t).

For computational reasons the optimization problem
above will be simplified by introduction two approxima-
tions. One which assumes good reference tracking and
one which deals with condition for discretization of (5).

The growth of profit function, gp, can when y. ~ y,
be approximated by

9p(2,t) = O(t)z + @(t), (6)
where
O(t) = pr1(t)y" Q — pr2(t)p&C + V(2),
G(t) = pri(t)y" b+ pra(t)C(2),

and Y¥(t) and ((t) makes up for the switching function in
the original formulation of the controllability, i.e.,

0 yr(t) €5
() =152 y(t) € S
0 yr(t) S S3,

0.133 y.(t) € Ss,

Hence the assumption y. = y, enables us to consider
the growth of profit (4) as a affine function of the state
as is (6). Note that the assumption also implies that the
switching condition y,(t) € S; in the expression for ¥ and
¢ are time dependent, this switching condition would be
state dependent otherwise.

The time period T is divided into N equally sized time
units, h, i.e., T = Nh. It is assumed that O(t), o(t),

1The prices used in this work corresponds to the market prices
the 29th of June, 2008 and has been established using inter-
nal DONG Energy documents and the archive of power price
at www.nordpool.dk, which is a marketplace for trading power
contracts.

¥ (t), yr(t) can be approximated by piecewise constant
functions for each time step, i.e.,

O(t) =0, kh<t<(k+1)h,
@(t) =@, kh<t<(k+1)h,
Yr(t) = yry, kh<t<(k+1)h.

Furthermore, the control will be assumed piecewise con-
stant as customary when digital to analogue conversion
is performed using sample-hold circuits.

Using a fact from [11] the continuous time state z(t)
in the dynamical system in (5) can be described by

t
2(t) = eAlzg —|—/ et~ Bug(s)ds
0 (7)

roles{[ 3 Sl 2]

where I is an identity matrix with appropriate dimen-
sion. Using (7) it is possible to derive the following
formula which is used during the discretization of the
cost and constraint

h h
/ eAtdt — eAh/ 67A(h7t)dt
0 0

= 2" (e_Ah 0+ /0 ' e_A(h_t)Idt) (8)
i ojen{[ B 1T0]

The objective function, P(T), in the optimization
problem in (5) is converted to discrete time by using the
above, i.e.,

N-1 .(k+1)h
PO =Y [ @0 + e di
k=0 Y kh
N-1 h t
=y @k/ (eAtzk+/ eA(t*S>Bdsuk) dt + h@y,
k=0 0 0
N-1 h i 2
t ~
_kzzoek/o [T 0 ]e [uk ]dt—l—hapk
N-1 - -
=S e[ o] O]eAh{?HiH*W“
k=0
where
N A I ~ A B
sl el o vl

With the reference tracking disregarded and the
growth of profit function as in (6), the optimization
problem (5) can be reformulated as

N—-1

max ];)Ckzk + Dyuy, + Ey, )
subject to zpy1 = ®Pzg + Tuy,
where
Cho=0,[1 0]cAn[1 0]t | 0| T
I 0|’
Ah An| O 0
Di=©,[I 0]eA[I 0]e {IHI]
41—k
Ey = hpg, ® = A=) and T = eA*dsB.

0



When considering the reference tracking different
approaches can be used to formulate them. In this work
two different methods are considered - briefly these are:

Quaderatic: In this approach the tracking constraint
is included in the profit function as a norm of the
difference between the efficiency and the reference
and thus penalizing deviations.

Side Constraint: In this approach the tracking
is formulated as a constraint in the optimization
such that the reference is followed within a refer-
ence band. This is implemented as additional side
constraints to problem (9).

IV. SIDE CONSTRAINT

To include the reference tracking in problem (5) we
introduce in this section a reference band with time
dependent width, a(t), i.e., a(t) is the normed error at
time t. In continuous time the reference band can be
formulated as

h(z(t),t) > 0, (10)
where
h(z(t),t) = Yz(t) + (1), (11)
with
[ e
T= [ -'Q } ’

_ '7be (1) +a
P(t) = [ —'yTb—l—zr(t)—i-a ]

By direct calculation the discrete time approximation
then yields

Wiz, +Ihu, + Q>0
where for [ =0,1,2,..., L
‘I’l = TeAFTlh,
T
II, = T/ AT h=%) B,
0

Q1 = Y520+ kh).

Note that the constraint is guaranteed to be satisfied L
times between each sampling of the system in (9).

Hence the optimization problem (9) together with
tracking constraint can be formulated as

N-1
max Z (Ckzk + Druy + Ej, — Wkak)
ueU =0
a>0 -

subject to  zgy1 = Pzi + Tuy,

Wz, + Ihuy, + Q. > 0.
Note that the tracking width «j is included in the op-

timization problem, i.e., the tracking error is minimized
as well.

Efficiency output vs reference Input signals
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Fig. 1. Graphs of the efficiency output, input usage, and tracking

error for the optimization problem with reference band tracking,
L=1.
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Fig. 2. Graphs of the efficiency output, input usage, and tracking
error for the optimization problem with reference band tracking,
L=5.

The optimization problem above has been solved for
L =1 and L = 5, the results are depicted in Figure 2 and
Figure 1. As seen in these figures, reference is tracked
well with an significant error only present at times with
large gradients in the reference signal. Furthermore, the
tracking of the reference is considerably better when L =
5 as both the intensity and the value of the efficiency
error is smaller.

V. QUADRATIC

In this section we include the reference tracking as
a cost on the deviation from the reference. This is
formulated as

QT) = / B NTQ) — P, (12)



where ||-|| is the Euclidean norm. The tracking is included
in the objective function as

P(T) = / 0p(20 1) — By [T Qz(t) — e ()| dt

T
- / —2()7Qx(t) + 2q() () + (1) | dt.

Py (T)

Pi(T)
(13)

with
Q=8,Q 1"Q

a(t)" = 30(0) + B (7" Q
plt) = 50) ~ By (0

As our maximization problem is formulated in discrete
time we need to discretize (13). This is done in the sequel
by apply (7) and (8).

Py(T) = /O ’ (2q(t)Tz(t) + Lp(t)) dt

h t
t)T/ <6Atzk +/ eA(t_S)Bdsuk) dt
0 0

Il

o
Q
=

- 2q(t)T/0h[ I 0] { o ]dtJrhNZlgok
:ZQq(t)TeAh[ I o0 ]6Ah{?} {zi }—f—th_:lgok
k=0

= (Mzzk +Muuk:+h90k)7 (14)

with
. —A I - A B
A= 5o] a0 5 )

and the matrices I and O of appropriate dimensions.

Now, the quadratic term is discretized by using (7)

N-1 h . t .
=_ / (zZeA t—f—uf/ BTeA (t_s)ds)Q
k=00 0
¢
<6Atzk+/ eA(tfs)Bdsuk> dt
0
N-1

U
N-1 o . o
AT An k
==X LA ul A Y {uk] (15)
where A is as above and
hooo _
Y(h):/ e AT (D Qe A=Y gy (16)
0

o-|§|aert o)

The integral in (16) is on the form of the solution to a
matrix differential equations which can be formulated as

h - ~
Y(h) :/O e~ AT(h=0) Gg—Ah=0 gy

f%Y(h) _ATY()+Y(WA-Q, Y0)=0. (7)
Using the Vec(+) notation which is defined as
P
Vec(P) = o (18)
Pn

where p; is the columns of P, it is possible to formulated
(17) as

B dVec(Y (h))

dh (19)

=FVec(Y (t)) — Vec(Q)
where
F = (I®AT+AT®I)

and ® denotes the Kronecker product. By using the
solution to standard vector differential equation and (8),
the solution to (19) is given by

Vee(Y (b)) = /0 ' eFh=)drVee(Q)
—eFM[ T 0] { ? ]VeC(Q)
=eF" FVec(Q),
where
Fe(r o] 0] p=| ]

That is (15) can be expressed as

pn =Y 1[N N ][] eo

k=0



where

N, = [ I 0 }e"iThVec_1 (thFVec )) eAh _ é _
N..=[T1 0 }e"iThVec_1 (thFVec )) eAh [ ? :
N,. = [ 0 I }e"iThVec_1 (thFVec )) eAh _ é _
Nuw=[0 T }eAThVec_1 (thF’Vec(Q)) A _ ? _

with matrices I and O of appropriate dimensions, and
Vec™! thﬁ‘Vec(Q) , an n X n matrix, denoting the
“inverse” of the Vec-operator in (18), i.e
vector into a matrix.
Hence the optimization problem together
quadratic tracking error can be formulated as
max

N-1
> G
ueU

a>0 k=0

, reshaping the

with

subject to  zpi11 = Pz + Tuy,

where

Crp=1[2F uf ]N[ Zk ]+Mzzk+Muuk+hgpk,

U
with
NZZ NZ’U.
N=- [ N.. N, ]

and the matrices N .., N.u, Nu., Nyw, M., and M,
as given above.

The optimization problem above has been solved and
the results are depicted in Figure 3. As seen in the figure
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Fig. 3. Graphs of the efficiency output, input usage, and tracking
error for the optimization problem with quadratic tracking error.

the reference is tracked with a small accumulated error
caused by the quadratic error term in (12).

VI. COMPARISON OF OPTIMIZATION METHODS

In this section we compare the two difference methods
for solving the problem (9) with reference tracking.

Comparing the efficiency error of the three different
methods it is noted that the mean of the error in
the case of side constraints is less than the quadratic
method. However, the fluctuations of the efficiency error
when using side constraints are more frequent than the
quadratic case.

The profit of the three different methods are almost
identical and are therefore not included in this analysis.
We note that this is also supported by the fact that the
use of fuels in the three approaches are similar and by
the fact that the efficiency error is small hence producing
similar profits.

In table I the times for running the optimization are
presented for the three solution strategies. Hence the

[ Method | Optimization Time [ Solver |

Side Constraint (L = 5) 896 s SeDuMi

Side Constraint (L = 1) 168 s SeDuMi

Quadratic 157 s BPMPD
TABLE 1

COMPARISON OF OPTIMIZATION TIMES BETWEEN THE THREE
SOLUTION STRATEGIES.

quadratic method or side constraint method with L =
1 should be applied if only the optimization time is
considered.

As the profits of each of the methods are the same the
choice of methods should be based on the need for com-
putation time and requirements on tracking performance,
which depend entire on the specific control problem.

To this end we remark that if continuous time is con-
sidered, the quadratic method has the advantage of only
having the dynamical system as side constraint, which
eases application of the Pontryagin maximum principle.

REFERENCES

[1] D. Flynn, Ed., Thermal Power Plant Simulation and Control,
ser. IEE Power & Energy Series. Michael Faraday House, Six
Hills Way, Stenenage, Herts., SGI 2AY, United Kingdom: The
Institute of Electrical Engineers, 2003, vol. 43.

[2] P. Andersen, J. D. Bendtsen, J. H. Mortensen, R. J. Nielsen,
and T. S. Pedersen, “Observer-based fuel control using oxygen
measurement - a study based on a first-principle model of a
pulverized coal fired benson boiler.” virmeforsk, Tech. Rep.,
2005.

[3] K. Edlun, T. Mglbak, and J. D. Bendtsen, “Simple models for
model-based portfolio load balancing controller synthesis,” in
Proceeding of IFAC Symposium on Power Plants and Power
Systems, Tampera, Finland, 2009.

[4] A. Mas-Colell, M. D. Whinston, and J. R. Green, Microeco-
nomic Theory. Oxford University Press, Inc., 1995.

[5] Nord Pool, http://www.nordpool.dk/, 2009, nord Pool is the
Nordic electrical market, where power contracts are traded.

[6] S.-E. Fleten and T. K. Kristoffersen, “Short-term hydropower
production planning by stochastic programming,” Computers
€9 Operations Research, vol. 35, no. 8, pp. 2656 — 2671, 2008,
queues in Practice.

[7] M. Kragelund, R. Wisniewski, T. Mglbak, R. J. Nielsen, and
K. Edlund, “On propagating requirements and selecting fuels
for a benson boiler,” in Proceedings of the 17th IFAC World
Congress, Seoul, South Korea, 2008.



(8]

[9]

(10]

(11]

M. Kragelund, J. Leth, and R. Wisniewski, “Selecting actuator
configuration for a benson boiler: Production economics,” in
Proceedings of the FEuropean Control Conference, Budapest,
Hungary, 2009.

——, “Optimal usage of coal, gas, and oil in a power plant,”
IET Control Theory and Applications, 2010, accepted for
publication in Special issue on Advances in Complex Control
Systems Theory and Applications.

M. Kragelund, U. Jonsson, J. Leth, and R. Wisniewski, “Op-
timal production planning of a power plant,” in Proceedings
of the International Conference on Control and Automation,
Christchurch, 2009.

K. J. Astrém and B. Wittenmark, Computer-Controlled Sys-
tems - Theory and Design. Prentice-Hall International, 1990.



