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TEMPERATURE CONTROL OF POTATOES IN THE STORAGE
USING DMC CONTROL ALGORITHM

Summary

The aim of the study was to investigate the apbiiita of DMC control algorithm to control the terapature of potatoes in
the storage. Principle of regulating the temperatof stored potatoes using the above algorithm,samailations were per-
formed. The obtained results were compared witteffects of currently used in the storage of paatoontrol algorithms:
the two-position and the PID (proportional-integidifferential). Preliminary results of the tempareg control system
simulation of potatoes in storage, exercising cohédgorithm DMC indicated that this system comphwéth conventional
control systems makes it possible to achieve thzedetemperature of potatoes in less time, and pl®vides more accu-
rate control without overshoot. Thus a better quadif regulation, lower technological losses and tequired quality of
stored potato tubers are ensured. Moreover, talinig account the weights in the objective functidroptimizer allows

such a process control that optimizes energy copsom
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REGULACJA TEMPERATURY ZIEMNIAKOW W PRZECHOWALNI
Z WYKORZYSTANIEM ALGORYTMU STEROWANIA DMC

Streszczenie

Celem pracy bylo zbadanie gfizvosci zastosowania algorytmu sterowania DMC do regjileamperatury ziemniakéw
w przechowalni. Przedstawiono eegulacji temperatury magazynowanych ziemniakéwykorzystaniem powszego
algorytmu, a take przeprowadzono symulacje. Otrzymane efekty séeiavporéwnano z efektami sterowania uzyskanymi
z wykorzystaniem aktualnie stosowanych w przechietaie ziemniakéw algorytméw dwupggmiowego i PID (propor-
cjonalno-catkugco-ré&niczkowego). Wgbne wyniki bada symulacyjnych ukfadu regulacji temperatury zierkaia

w przechowalni, realizgcego algorytm sterowania DMC wskazalg, uktad ten w poréwnaniu z konwencjonalnymi ukfa-
dami sterowania unztiwia osiggniecie zqdanej temperatury ziemniakow w krétszym czasiek:e zapewnia doktadniejsz
regulacg, bez przeregulowa Tym samym zapewnia lepgakasé¢ regulacji, a co si z tym wize ngsze straty technolo-
giczne i wymaganjakasé sktadowanych bulw ziemniaka. Ponadto uedgienie wag w funkcji celu optymalizatora po-
zwala na takie sterowanie procesem, ktore optymializiycie energii.

Stowa kluczoweprzechowalnictwo ziemniakow, regulacja tempenatadgorytm sterowania DMC

1. Introduction

Owners of companies producing food or deliverigg a
ricultural products directly to consumers are todayare
that customers are looking for low-cost productsthod
highest quality. This also applies to owners: gjeréruits,
vegetables or potatoes), greenhouses or mushraoms.f&
their products meet the above requirements of coessi
the company is competitive in the market.

However, we should be aware that these requirenazat
mutually contradictory. The highest quality of sragricul-
tural crops or fruits, high yield and quality obps grown in
greenhouses or in mushroom farms can be achievit:se
specialized buildings, primarily by providing regad by tech-
nologists microclimate. This means that in thegeate must
be installed expensive to operate, consuming puemilation
and air conditioning equipment. On the other hamel prices
of the products offered by traders can be reducdyl ibare
reduced the costs of their production. In the cdideod pro-
duction and storage of agricultural produce costeaintain-
ing proper microclimate in specialized buildings an impor-
tant position.

To meet the expectations of consumers regardirg
price and quality of agricultural products, it iscessary to
search for new ways to control the technologicahpeters
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of the processes taking place in a specializedcalgural
buildings. Control algorithms should pursue thetpsly-
optimization, i.e. to provide the highest leveloafntrol ac-
curacy (and thus create the conditions for obtgintine
highest quality of stored crops or high yields obd qual-
ity plants or fungi), with the lowest power consuiop
(which is equivalent to a reduction of costs).dems that
the demand for the implementation of the contrgbathm
polyoptimization meets DMC (Dynamic Matrix Control)
This algorithm has not been used so far in agucalten-
gineering.

The aim of this study was to examine the possjbaf
using DMC control algorithm to control the micraukte in
the specialized agricultural building, which is sterage of
potatoes. The algorithm used to control the tempezaof
stored potatoes.

2. The idea of adjusting the temperature of stored pat-
toes using DMC control algorithm

During storage of potatoes is necessary to mairitee
required by technologists runs of potatoes tempezadnd
relative humidity of the surrounding tubers [1]n& the

trbarameters are significantly affecting the quatifystored

potatoes, for example of potatoes temperature cowiil
be presented the idea of controlling using the D&@b-
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rithm. Figure 1. shows the input and output sigradishe

process while controlling the temperature of a fotBroc-

ess input signals are temperaturgsof air supply to store
and output signals — temperatures of potatgesonsidered
at the time of the current steps k and in previsteps k-1,
k-2 and so on.

inputtpn Technological

process

output tzi
E——

Source: own work Zrodto: opracowanie wiasne

Fig. 1. The input (control) and output (adjustalsighals of
technological process while controlling the tempane of
potatoes

Rys. 1. Sygnaly w&jiowe (sterujce) i wyfciowe (regulo-
wane) procesu technologicznego podczas sterowania t
peraturg ziemniakow

The idea of the temperature control of potato \EMC
algorithm shown in Figure 2. This algorithm is amdtic-
tion algorithm. It can be technically carried optpvided
that in store are performed the measurements aft iapd
output signals of the process with a constant siee, e.g.
every 10 minutes. The algorithm allows the caléofabf
the expected potato’s temperatusgktl] in the next step
k+1 (i.e. for 10 minutes), provided that temperatualues
of the potatoes and the supply air temperaturesuned in
storage in the current time k and in precedingsstefh k-2
and so on, are known.

Reference trajectory for inputs

Values of inputs tpn and outputs tao (k+1)

tziof process at the time kand
in preceding steps (k-1, k-2 etc.) Futurevalueso
E:?%) Reference ] output tz(k+1)
ton (k+1) model
Future values
of input
Optimizer

Errors of regulation
e (k+1)

Limitations Objective function

Source: own work Zrodo: opracowanie wiasne

Fig. 2. The idea of potato’s temperature contrahgi®MC
algorithm

Rys. 2. Idea sterowania temperatuziemniakéw z wyko-
rzystaniem algorytmu DMC

The principle of operation of the DMC algorithni |2
to minimize errors of regulation e(k+1) anticipatatithe
time k for the future while k+1, which are the @ifénces

between the regulated valuggktr1) anticipated at the time =z

k for the future while k+1 and set points for thesgputs
t,io (k+1) also for the future while (k + 1)

e(k+1) = ti(k+1) — tio(k+1)

for the prediction horizon N (k=1,2, ..., N).

Set points j}, are strictly defined by technologists de-
sired temperature values of potatoes in the stofageia-
tion value determines the accuracy of the temperatan-
trol of stored potatoes. The smaller the deviatiba,better
the accuracy of regulation, and therefore lessnteicigical
losses and better quality of tubers after storage.
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Future values of process variables at the time &rel
determined based on knowledge of the values ofethes
quantities at the time k. The next time k+1 follavey a
new measuremeny; tk+1) and the procedure is repeated.

During the implementation of the algorithm (Fig. i
assigned a sequence of future values of contrabsigup-
ply air temperature), which facilitates the impisitof re-
strictions on the control signal [3, 4]. When tlentol are
used: a reference model — defined by technologefs-
ence trajectory for the manipulated variable infiren (de-
sired by the technologists) the temperature oftpet as
well as the optimizer. This makes it easier to talte ac-
count the future changes in the program contropeett or
required by technologists temperature of potatoes.

3. Reference Model

In the DMC control algorithm reference model idis-
crete time characteristics of technological procése fol-
lowing explains the procedure for the determining ¢har-
acteristics. Taken as a starting point knowledgthefnon-
linear differential equation (1) [5], describingetheat trans-
fer in a layer of potatoes:

Pca R = 0, p T —an(t, — t,,) (D
where

p,i — density of potatoes [kg-th

c;i — specific heat of potatoes [J&g’C™,

t; — average temperature of potato¥s][

T — time [h].

Oes— respiration heat of potatoes [kJ*kg

r, — Vvaporization heat of water [J%g‘l],

U, — average water content of potatoes4£l§g<g'1],
a — surface area [frm?,

a — heat transfer coefficient [J%@ ™ PCY,

tow — average temperature of indoor 4],

with boundary conditions:

x = D,tpw =tyn.

This equation is complemented by a mathematical fo
malism (2), describing the respiration intensitypotatoes.
Equation (2) was determined on the basis of 28tias of
potatoes during the 12 seasons of the storage [6].

G0roy __ 2 ) .
== 074t — 10891, + 41144 )

Equation (1) after taking into account the mathécaht
formalism (2) and after linearization is expressedthe
form of following relation:

dZ, i_i i _
E_('ﬂ_ r1)2'1+r122 ACZ; +ACZ, 3)
with boundary conditions:

X = D’Zﬁ = Z=

In the formula (3) adopted the following designatio
1= M ;s (rzis - rzijJ

Z: = pu'c?”"" (_tpws — tpw ),
Z3=au(Ug, — Uy,
Z,= aﬁ[xw.s — x?m_), v=r
Lo Cone
=L,C=(1—E)p T,
(1 - E)ngczi = F

T — PowCpw - .gm-l-c,_‘fl.f,

L7 1-9pa,; ' "% (1-Haa
where:
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Pzir Cair is Tows ,01, Ui, T, T, - the meaning as in formula (1) G(s) = LA (9)
t,is — determined average temperature of potatt@€k [ thi

pow— density of indoor air [kg-T,
cow— Specific heat of indoor air [Jkg°C™], T — time constant [s]
tows— determined average temperature of indoor°&if, [ T, — time delay [s]. ’
Us— determined average water content of the potatoes
[kgh,o-kg'], 1501
B — mass transfer coefficient [th T x=6m
Xpws — determined average water content of indoor air |
[kgh,o kg, A\

Xpw— average water content of indoor air,{&gg kg1, 1 X=Tm

€ — porosity of layer. o wfra]

107 10e 105 104 108 102 10 1

where:
K - gain,

The solution of equation (3) as the operators thas o)
form (4), T 107 10¢ 105 104 108 102 10t 1 w[ra
7,(5) = hye™PE7_() (4) ‘ ‘ s
and determined according to the formula (4) Laplace
transfer function G (s) is equal to:

_ &8 _ ro DX
G(s) =2 = hve™,

where:
T Tps +AlT, —T )s+T,5—4
T, Tos+4(T, -T;) '

Source: own work Zrodio: opracowanie wasne

Fig. 3. Diagrams of Bode frequency responses of aga

— LT A * ; ; ;
h = T.L=tA(T, T.) y= E’X =3 (5) phange process in the potatoes in a ventilated geend-
where? “ - B ing on the he|ght (x) of bulbs layer _ _
T _ time constant [s], Rys. 3. Przebieg charakterystykestotliwasciowych Bo-

de’'go procesu wymiany ciepta w ziemniakach w wentyl

— Laplace operator, wanej warstwie w zateosci od wysokéci x warstwy bulw

S
X — height of the bulb layer [m],
v — air flow rate [m-H].
Laplace transform of the time-varying step respoHs
(s) is expressed by the relation
2(Te+1) €

1 Ry -
H(s) =-G(s) = Lo
_5 . # _ (5) For the transmittance discrete time-varying stejpoese of
The time-varying step response is the Laplacers®/e the heat exchange process in potatoes is expréysete
transform applied to the expression (6) relationship:
t. (£) = h(t) = AH()] ) (11)
Laplace transform of G(s) (formula 6) is an expti@  tax = (@182, + apdty o+ +ayht, o )q ™7
function with the exponent in the form of a fractic®Since  where:
the row counter this fraction is greater than treeo of the q-f_ delay operator of input signal, wherein f = J/T
denominator, there isn't exist inverse Laplace
transformation of the transform H (s), and thussitnot 4. Optimizer
possible to determine analytically the time-varyiatgp Ootimi ; Vobtimization task with whi
response of the heat exchange process in storatbpst P |:jn|ze|_r per (t)r:mst polyop |fm|z? ;Oﬂ afmsvé' : tlc
The time-varying step response of the interesting’© &€ dealing in the siorage of potatoes. 88SIStS
process was obtained using metod known in chemic&f finding a compromise between obtaining the reggli
engineering process using frequency responce [fp T qg?"'ti’ of ?tor(_et?] Fr?taltoes (tobtalnlng the rqumedg;pn
essence of this method is described below. Knowirgg ~2adiustment) with the lowest power consumption. @jzer

transfer function (5), shall designate the spectraf Part of the DMC algorithm (Fig. 2) and is designto

transmittance G() of the process. For this purpose theMinimize operating costs vault. The objective fimtis:

Thus, the transform of the time-varying step resgoof
the process takes the form:

H(.sj=jc(s)= T el (10)

; : P 12
following formula is using: ] = [eg G 4 1) — 10+ D+, 262+ 1) (12)
G(jw) — G(.sj__-;:}.m ®)  where:

t,;io — the temperature of potatoes required by teclyist®
where: _ in step k+1 [°C],
| — Imaginary unit, t;; — the actual temperature of potatoes in step k&), [°
w — pulsation, ton — supply air temperature in the step k+1 [°C],
s — Laplace operator. w

Izi — weighting factor reflecting the relative importa

Then the Bode frequency response are calculatedfthe accuracy of regulation

(Fig. 3) and based on them determines a simplifiadsfer 0
function the Laplace of the heat exchange proacegmoia- Wepn _ weighting factor reflecting the relative imporntan
toes in storage (9). of energy consumption.
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Enclosed in parentheses (formula 12) the firantef
the objective function is responsible for the daweiaof the
temperature value of potatoes, and thus for tharacy of
regulation. It determines the height of technolabilosses
and quality of potato tubers at the end of theragie. The
second term of formula (12), which is the squarthefcon-
trol signal corresponds to a value of the consuemergy
supply. To the objective function introduced weght
Changing the values of weights gives the abilityrtake a
control decisions. By introducing appropriate weigalues
it is possible:

» energy-efficient temperature control of potatoessmwh
stored are potatoes of inferior quality potatoes,

As is known from control theory, which confirmseth
waveform shown in Fig. 4, such possibility does giie
the commonly used in the potato stores on-off dtligar.
The lower the variations of storage potatoes teatpeg,
the lower the loss of potatoes and the better tnadtity at
the end of storage. Hence the conclusion of thamrtdges
of using DMC algorithm compared with PID controldan
on-off algorithm. In addition, the DMC algorithmmmpared
with PID control allows faster achieve the desivatlie of
temperature of potatoes.

6. Summary

e accurate control during which consumes more energy Preliminary results of simulation of the temperatu

when stored are potatoes of very good quality.

5. Use of a DMC algorithm to control the temperature
in the storage

The above-described DMC control algorithm was used

for potatoes temperature control during storagee ©h-
tained results were compared with the effects aferuly
used in the storage of potatoes control algorithtims:two-
position and the PID (proportional-integral-diffetial).
Figure 4 shows the waveforms of potatoes temperathr
tained during cooling tubers layer to the desirgdtie
technologist value 4°C by using the aforementiocutrol
algorithms.

control in the storage of potatoes, implementirgydbntrol
algorithm DMC indicate that this system comparedhwi
conventional control systems (the most commonlyduse
two-point system, and less used system PID):
- allows to achieve the desired temperature in @tsh
time potatoes,
- provides more accurate control without overshoot.
Thus providing a better quality of regulation, ambat
goes with it lower technological losses and theuiregl
quality of stored potato tubers. Moreover, takingpiac-
count the weights in the objective function of ap#er al-
lows such a process control that optimizes eneoggemp-

tion.

Preliminary studies suggest that the use of theCDM

control algorithm for stored can be for an entrepres a
tool for the task polyoptimization, i.e. to meetnsamer
requirements regarding the quality of agricultypedducts
and their prices. This issue will be examined m filture.

On the basis of the waveforms shown in Fig. dait be
concluded that: DMC control algorithm asymptotigadind
the PID algorithm in an oscillating manner allowaithieve
the desired (set point) by the technologist posteepera-
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Fig. 4. Sample diagrams of a potatoes temperatsra a 6]
function of time obtained with the use of contrdga
rithms: DMC, PID and a two-position

Rys. 4. Przebiegi temperatury ziemniakéw uzyskanga-
rzystaniem algorytmOw sterowania: DMC, PID oraz dwu [7]
potazeniowego
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