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For a solar domestic hot water system, several sophisticated control
strategies are presented. Among them are some which use weather fore-
casts or weather statistics and one which is based on the stochastic
version of the dynamic programming algorithm. These control strategies
are compared with a simple one by simulations using real weather data
of the years 1978 and 1980. The results show reduced energy costs for
some of the sophisticated control strategies.

1. Introduction

This study is motivated by the guestion
whether it is possible to save energy if
the controller of a solar energy system
uses weather predictions or weather sta-
tistics, or if the controller is based
on the stochastic version of the dynamic
programming algorithm [4]. The problen
is also of interest for some types of
building heating systems [4]. In this
paper, the question is studied for a
simple soclar domestic hot water system.

2. Description of the plant

The plant model consists of a solar col-
lector, a store and an auxiliary electri-
cal heating system (figure 1):
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Figure 1 : The plant model

Every day, three phases are distinguished:
During the first one, from 6 a.m, to 6
p.m., cold water is heated up in the col-
lector and loaded into the store. During
the second phase, between 6 p.m. and 10
p.m., hot water is consumed. We assume
that the consumption is constant and
equal V. If there is not enough energy

in the store during this time, the defi-
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cit is compensated by the auxiliary
electrical heating system. Supposing
this second phase falls into the high
rate time, the energy needed is counted
u-fold (v stand for the ratio of high to
low rate). The third and last phase
lasts from 10 p.m. to 6 a.m. and coin-
cides with the low rate time. So the
store can be preloaded with cheap elec-
trical energy during this phase.

Here, the controller's task of interest
consists of deciding at 10 p.m. on how
much the store must be preloaded during
the following third phase. The purpose
is to keep low the costs for electrical
energy, or accordingly, the consumption
of electrical energy {(weighted with v
during the high rate time).

3. Mathematical model of the system

In the mathematical model, the following
constants and.variables were used.

constants: L
V : consumption during the second
phase
£+V: storage capacity
F : collector area
n : collector efficiency (= const.,

e.g. heat pipes)
variables (cf. figure 2):

Yx ¢ Storage content at 10 p.m. cf
day k ‘-
uy : controller output at day k

= value, given by the controller
at 10 p.m. of day k, to which
the store should be loaded until
6 a.m. of day k+l (uxel0,£-:V])
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qk+1: storage content at 6 a.m. of
day k+l1

4, .1t energy per m? insolated in the
collector surface (45°,south)
between 6 a.m, and 6 p.m. of
day k+1

6k+l: potential collector ocutput be-
tween 6 a.m. and 6 p.m. of day
k+1 (phase 1)

Tpelt storage content at 6 p.m. of day
k+l (end of phase 1)
S(é
[kwh]
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Figure 2 : Stgrage content 5 for 24 hours
( & phase i)

The state variable model of the plant is

Yoy = Eemed ) o

where f is described by the following
eguations.
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The cost of electrical energy during 10
p.m. of day k and 10 p.m. of day k+l is

e = By )
- max(uk-yk.O) + u-max(v-zk+1,0)
where ry,q7 is given by the equation above.
The signal flow diagram of the system is
shown in figure 3.
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Signal flow diagram of the
system

Figure 3

4, Control strategies

If the controller knew accurately what
the weather was like on the following
day, an optimum decision would be to cal-
culate on the basis of that knowledge the
collector output of the next day. Thus,
the store would be preloaded with cheap
electrical energy of the third phase up
to that amount of energy which, together
with the calculated collector output,
yields just the right amount to cover the
consumption at the following evening.

In this case, no expensive electrical
energy is needed during the consumption
phase. However, this ideal control stra-
tegy cannot be realized, because the con-
troller does not know in advance the so-~
lar energy input.

However, the controller can use a weather
prediction and deal with it in the above
described way. Then it is a so-called
“certainty-equivalence controller”. In
the following, three such certainty-equi-
valence controllers are outlined. Common
to them is

uk = YV - n'F'dk+1
where 3k+1 is the prediction of dy,) made
at 10 p.m. of day k.

Strategy l: Certainty-eguivalence con-
troller with official weather forecasts.

The official weather forecasts of the
Swiss Meteorological Institute were used.
As described in [2] or [6], these weather
forecasts are characterized by p which
can assume the following values:



"Weather forecast" o 1 2

P+l

-

- 2
Gk+l dpredtpk+1l [kWh/m*da] | 0.5 | 1.5 3.5

Table 1 Assignment of 3k+1 to the

forecast Pk+1

The predicted collector output of the
following day is:

& = n+F-4

k+l pr-d‘pk+1!

and the control law is:

u =V = n*Fed )

X prea Pe1

Strategy 2: Certainty-equivalence con-
troller with the prediction "tomorrow
egual today".

At 10 p.m. the controller predicts for
the following day a collector output
which is equal to the collector output
of the current day. It is

(%]
]
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k+1 k
V = n*Fs
u = n*r dk

Strategy 3: Certainty-equivalence con-
troller with a conditional expected value
as a prediction.

Every day at 10 p.m., the controller de-
termines the conditional expected value
of the collector output of the following
day, given the output of the current day.
The irradiated energy dy on the collector
surface (45°,south) is divided into 4
classes and a typical value of dgx is as-
signed to each class.

é  [xwn/m?a) 0-2| 2-4 | 4-6 | 6-B

class number Yk = ﬂr{dk} 1 2 3 4

typ. value for dk-d'{Yk} o] 2 4 6

Table 2 : Assignment of Y(dg) to dy and
a*(yx) to yy.

The prediction of diy4) is:

-

Aoy = Elav(y, Dy, = Ye))
4

i jgxd‘{j].P=I7k41' IR CRD

where Polyyyy =3 h'k = 1) is the transition

probability from state i to state j. It
is determined by measured weather data

from 1963 to 1972 and is different for

each month [6]. E.g. for April

i\j 1 2 3 4

1 0.37 | 0.29 | 0.25 | 0.0%

2 0.29 | 0.32 | 0.25 | 0.14

3 0.24 0.29 | 0.27 | 0.20

4 0.14 0.14 | 0.23 0.50

Table 3 : Transition probabilities Pe
(Yk+1=3|Yx=1) (for April and
Zirich-Kloten)

The control law is:
4
u = V- n-F-jEld'{jJ'PriTk‘l'J|Tk'Tldkll

In the following, there are two strate-
gies presented which are not in the class
of the certainty-equivalence controller.

Strategy 4: Minimizing the conditional
expected value of the electrical energy
over a day.

For different values up,up to which the
store can be preloaded in the following
low rate phase, the controller calculates
the conditional expected value of the
cost L) for electrical energy during the
next 24 hours, given the collector out-
put of the current day.

That value of uy is selected which mini-
mizes

ELR [y, =vie)]
where lk - Ltyk'uk'd'th‘I’}'
Therefore,

4
u, minimizes jzlLtYk.uk.d'tjll-Pr{Yk*l-j[yk-T{dkll

where L is given by equations of section 3 and
Pr(Ye+173|7k=1) by table 3.

Strategy 5: Control strategy optimized by
the dynamic programming algorithm.

Here, the expected value of the cost for
electrical energy over a month is mini-
mized. The plant model is expanded by a
stochastic model for dk'



dk = d'(Yk)

Yy is a Markov chain with the transition
probabilities given in [6] (for April see
table 3).

Now the expanded system can be regarded
as a system with the state vector

To this system the optimum control stra-
tegy
= * = 3
uk gk(yk.yk) X 1,2,...08-1
which minimizes the expected value of the
cost over a month

Hi‘l ]
E £,
k=1 X
is to be found. This can be done by sto-
chastic version of the dynamic program-
ming algorithm (e.g. in (51).

The dynamic programming algorithm applied
to the expanded system model gives the
following algorithm which allows to cal-
culate the optimum control law qi(yk'Yk)
for k =1,2,..,.,M~1,

J;(yH,YH) =0

For k = M-1,M-2,...,2,1 calculate the
functions

M (Yx’Yk) ——t gi(yk.vk)

Tp o Aypevy) e 3y, Y,)
where gf(yy,1) is the value of uyel0,§-V]
which minimizes

4
Ity ediu) = _Z (Llyy v}
j=1

* o lty.

u Q% (301,33 Pty =3y, =0)

Iply ) = Jk(ykak.qityk'Yk))
L{...) and f(...) are given in section 3
and P (Y, =3|Y =i) by table 3.

For the numerical calculations, yi is
quantizied with a guantization step of
1 kwh.

This algorithm is the time variant ver-
sion of the dynamic programming algorithm.
For the simulations, the time invariant
version is used.

U, = gty Y, ) = lim grdy, .Y}
X > =

In the following chapter, there are two
tables with results. For a comparison,
on the first line of the tables the re-
sults are given for a simple strategy
(strat.0).

Strategy O:

There, the store is preloaded during the
night, always on the same constant value.
This value was optimized with real wea-~
ther data of the period 1963 to 1972 for
a store with the size £V = 1.5 V and
F=10m?.

5. Results

The strategies until nc. 5 are based on
probability distributions which are de-
termined by measured weather data from
1963 to 1972. The simulations are per-
formed with weather data from 1979 and
1980. It is emphasized that the data used
in simulations are different from a prio-
ri data on which the control strategies
are based.

For the presented results the parameters
were:

consumption V = 21 .77 kWn/d

storage capacity = £V R

collector: F = 10 m?, 45 inclination,
south orientation, n = 50%

location of the plant: Zdrich~Kloten

weather data and forecasts are from [1]

serategy Tovao | 7ov80 | 79480

D) equal every day 499.3 417.7 878.4
1) weather forecasts | 576.5 461.2 822.3
2) tomorrow = today 503.2 320.8 878.7
3) cond.expected val.| 469.3 331.2 808.3
4} min. over a day 485.1 339.6 845.6
5) dyn. programming 515.5 330.5 873.9
performance bound | 350.8 | 195.5 | €70.3

Table 4 : Weighted electrical energy for
£ =1.3

One can see in table 4 that for € = 1.3
the two strategies No. 3 and No. 4, using
weather statistics are better than stra-
tegy 0. In the last line, there is the




lowest bound of the cost, which results
from the unrealistic assumption that ac-
curate predictions dyy) (= dgy4)) are
available. The results of the strategies
are guite far away from the performance
bound.

For the next table, only the storage

size is changed. Instead of 1.3, £ is 2.
In this case, strategy 1 is always better
than strategy 0.

Saveny ?gf;; ::i:o g;:éu

0) equal every day 381l.5 | 233.9 | B843.7
1) weather forecasts | 362.7 | 225.1 | 709.7
2) tomorrow = today | 406.4 | 255.6 | 795.0
3) cond.expected val.| 390.2 | 278.7 | 730.0
4) min. over a day 372.9 283.5 716.5
5) dyn. programming 400.7 | 242.5 | 688.7
performance bound 327.4 177.2 670.3

Table 5 : Weighted electrical energy for

£ =2

In [6] some more strategies are tested,
and the influence of the size of the sto-
rage on the costs is studied.

6. Conclusion

For a simple solar domestic hot water
system, several sophisticated control
strategies were presented. The design
was based on a priori weather data from
1963 to 1972. In a simulation study with
weather data of the years 1979 and 1980
they were compared with a simple opti=-
mized strategy. Lower energy costs could
be achieved with some of the sophistica-
ted strategies. The ranking list is de-
pendent on the plant parameters as £.
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