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encompasses food quality, system efficiency and also component reliability is established. Depending
on whether the focus is on optimising the system performance under steady state or dynamic conditions
different set of parameters will be subject to optimisation. Focusing on steady state operations the

total system performance is shown to predominantly be influenced by the suction pressure. Employing
appropriate performance function leads to conclusions on the choice of set-point for the suction pres-
sure that are contrary to the existing practice. The dynamic optimisation requires use of dedicated
excitation signals. A method for designing such signals under realistic operational conditions is been
suggested. A derivative free optimisation technique based on invasive weed optimisation (IWO) has
been utilised to optimize the parameters of the controllers in the system. Simulation results have been
used to substantiate the suggested methodology.
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1. General (positions: spread throughout the paper): Avoid using "future tense" and
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optimising the system performance under steady state or dynamic conditions different
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controller which adjusts the temperature by manipulating the opening degree of the
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please provide comments why air temperature is used to control the opening degree of
the expansion valve. Commonly the valve is regulated by temperature of evaporator
outlet and evaporating pressure because the purpose of regulating the opening of the
valve is to maintain the set degree of superheat at the outlet of the evaporator not to
control the air temperature in the cabinet. Typo "cases" should be "case"

11. Page 8, lines 54-11 page 10: " The inlet valves have been modified to enabled
the possibility of continuous control ... continuously." Rephrase this sentence. It is
confusing.

12. Page 9, the title of Figure 2 should be "Schematic diagram of the supermarket
refrigeration system"

13. Page 10, explain the use of UA term in the eq.(2). What does the heat transfer
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reference for the eq.(2).
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other terms in the equation. Please double-check the equation.

15. Page 11, lines 32-36: "The control structure is comprised of PI controller for each
of the display cases, which controles the air temperature by manipulating the opening
degree of the expansion valve, ODi." In practice the air temperature of the cabinet is
controlled by regulating solenoid valves upstream of the expansion valves or switching
the compressors On/Off. Please explain the use of expansion valve to control the
cabinet air temperature.
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frequency of the compressors ..." should be "... the switching frequency of the
compressors ..."
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performance function to provide overview was introduced in Green et al. (2010),"
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state conditions most of the time (i.e. over 80% of the time) ..." Is this "over 80%"
your estimation or based on published source? Please provide a reference.

19. Page 16, line 43: "For these systems, the conditions and objectives of the
operation, are predominantly realized through the choice of appropriate set-points"
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20. Page 17, lines 47-51: "In the simulations, the suction pressure reference has
been changed in steps from 1.0 * 105 [Pa] to 2.5 * 105 [Pa] with a step size of 0.1 *
105[Pa] or the equivalent of changing the evaporation temperature approximately 2-C."
Please add an explanation, how to determine this pressure-range and its evaporation
temperature equivalence?

21. Page 18, Fig.3: the 4 graphs in this figure should be numbered with a, b, cand d
then described by using the figure number e.g.: Fig.3a, Fig.3b, etc.
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24. Page 21, the last paragraph: Would it be possible to determine the range of
optimal suction pressure set point at the given load? Let say at 180C. This will help the
readers to clearly understand the proposed control optimisation.

25. Page 22, Section 4.3: In practice, it is not very common to control the suction
pressure set point based on the cabinet load. The suction pressure is usually set up
based on the product temperature requirement (or air on/off temperature of the
evaporator). How do you justify the control strategy using estimated load instead of
product temperature requirements?

26. Page 30, line 9: typo "extrema" should be "extreme value"

27. Page 30, line 49: "Meaning that they rely on ..." it is better to use "These mean
that they rely on ..."

28. Page 31, lines 29-42:"In the next generation of ..." this description is not very
relevant to the paper.
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Optimising the operation of a supermarket refrigeration system under dynamic as well as
steady state conditionsis addressed in this paper. For this purpose an appropriate performance
function that encompasses food quality, system efficiency, and also component reliability is
established. The choice of setup parameters, which are necessary for system performance
optimisation, depends on whether the system operates under steady state or dynamic con-
ditions. While operating under steady state conditions, the total system performance is shown
to predominantly be influenced by the suction pressure. The dynamic optimisation requires
use of dedicated excitation signals. A method for designing such signals under realistic oper-
ational conditions is proposed. A derivative free optimisation technique based on Invasive
Weed Optimisation (IWO) is utilised to optimise the parameters of the controllers in the sys-
tem. Simulation results is used to substantiate the suggested methodology.
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1. Introduction industry have increasingly become important issues as they

have direct impact on the operational costs, energy and
In a competitive and global business environment plant-wise environmental issues. Supermarket refrigeration systems are
performance assessment and optimisation in the process no exception: One of the larger operational costs of a
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Nomenclature

] Performance function

r Contribution from neighbouring subsystems
y Output from subsystem

Vref Reference signal

n Excitation signal

) Parameter set

u Control signal

e Control error

T[K] Temperature, subscript describes the context
Q [J-s7!] Heat transfer, subscript describes the context
M[kg] Mass, subscript describes the medium

(€ J-kg *-K!] Specific heat capacity of air

UA [J-s~1.K~1] Overall heat transfer coefficient

OD Opening degree of the inlet valve

o Cross sectional area

P.[Pa] Condensing pressure

Psuc [Pa] Suction pressure

Ahpg J-kg !] Enthalpy difference across the two phase
region of the evaporator

m [kg-s~1] Mass flow rate, subscript describes the context

Ve [m3] Volume of the suction manifold

psuc [kg m~3] Density of the refrigerant in the suction

manifold
Vpsue [kg+J Y] Pressure derivative of the refrigerant density
Cap Delivered compressor capacity
Nvol Volumetric efficiency
Vg [m3-s~1] Swept volume flow rate
COP Coefficient of performance

fsw [Hz] Switch frequency of the compressors

supermarket is the refrigeration plant. In a supermarket, the
refrigeration system accounts for 40—60% of annual electrical
energy consumption Energie-Konsens (2005). Furthermore,
there are substantial costs related to component replacement
and unscheduled maintenance.

In many industrial systems, it is customary to use over-
dimensioned components that provide excess capacity in
order to guarantee that the system functionality is provided
under all conditions, which are in particular caused by non-
optimal operational conditions.

For instance, the common practice within the industry is
that the design of a compressor rack for a supermarket
refrigeration system is usually based on two basic re-
quirements. The first requirement concerns the ability to
provide sufficient cooling at maximum load on the hottest day
of the year and the second requirement is to have the option
for future expansion of the cooling demand, e.g. adding
another display case to the system. This design strategy leads
to an over dimension rack with an average operating point
significantly lower than what has been used for the design.
Non-optimal operation not only affects the cooling efficiency
and food quality but also have direct impact on the opera-
tional life-time of the components. Proper optimisation tools/
methods can not only be used to optimise the performance of
an operating system but also assist the design engineering
group to choose appropriate components of right dimensions/
capacities at more suitable costs in future plants. An appro-
priate performance function for plant-wise operation should
include contributing terms that describe the quality of prod-
ucts, system efficiency, as well as the operating life-time of

J [Perf T
Vief Optimiser erformance T
assessment
{Y’rcf, 71} ¢ {u’ e} <—‘
|
Controller Subsystem — ¥
+

Fig. 1 — Block diagram illustrating the system-wide
performance assessment and optimisation approach.

the subsystems. Optimisation of refrigeration systems have
been attempted in other references such as He et al. (1998)
where multi variable control is used to get a better perfor-
mance of a vapour compression system. Jakobsen et al. (2000)
introduces an energy optimal control approach for refrigera-
tion system and in Larsen et al. (2004) an online steady state
energy minimisation is presented, where the minimisation is
relying on a model of the refrigeration system.

The strategy toward system-wide performance assess-
ment and optimisation, proposed in this paper, can be
described by using Fig. 1. In Fig. 1 the optimiser adjusts the
behaviour of the controller for the subsystem. This is achieved
by passing an alternated reference signal y,.; and excitation
signal n, or by changing the parameters, ¢. The output from
the optimiser is based on the performance function, J which is
the output from the performance assessment block. The
performance assessment was based on the control error, e, the
output from the controller, u, the output from the subsystem,
y, and contribution from the other subsystems, I'. The con-
tributions from the other subsystems ensure that the system-
wide perspective is preserved.

Supermarket refrigeration systems, like many other plants
in the process industry, operate in steady state conditions in
the majority of their operating time it is reasonable to separate
the optimisation task in two parts; the first one will be
addressing the plant-wide optimisation in steady state condi-
tions and the second one will be focussing on optimising the
local subsystems’ dynamic behaviour. To perform the opti-
misation task an appropriate performance function is pro-
posed in Section 2.3. Optimisation in steady state is typically
formulated in terms of set-point optimisation. For considered
supermarket systems the suction pressure is chosen as the
dominating variable. In Section 4.1 it is shown that the sug-
gested operating set-points for the suction pressure differ
significantly from the ones that can be obtained by using per-
formance function that is used in common practice. The
knowledge based on investigating the resulting performance
under differentload conditions is used in Section 4.3 to suggest
a simple procedure for determining the pressure set-point that
leads to optimal operation for any given load condition. In
Section 4.4 the approach is generalised to the case where a
compressor rack with three compressors is employed.
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Carrying out the dynamic optimisation task will be a
challenge as refrigeration systems usually operate in steady
state conditions and, therefore, will not be affected by a
change in controller parameters unless the dynamics of the
local subsystem is actively excited. This leads to the problem
of designing/choosing auxiliary signals for a given subsystem
that can be used for optimisation without affecting the per-
formance of the subsystem. The problem is accumulated by
the fact that there is little or no prior knowledge of the un-
derlying system dynamics. In Section 5.1 the design of
appropriate excitation signals will be discussed and a design
method will be suggested.

In complex plants, such as large supermarket systems,
when the subsystems are coupled and interact dynamically,
local tuning of individual controllers for each of the sub-
systems does not guarantee that an optimal plant-wide per-
formance can be achieved. Furthermore, due to the lack of
knowledge of the underlying dynamics, it is very difficult to
use the same techniques/methods that are typically used for
local control tuning/subsystem optimisation. As the pre-
dominant used controllers in the process industry are of PI(D)
types there exist a number of optimisation/tuning methods
that can be utilised to modify the controller parameters in
order to achieve improved performance (see for instance,
Astrom and Hagglund (2006, 1995); Smith and Corripio (1997)).
However, these methods are developed in order to achieve
local performance optimisation. The optimisation techniques
in these methods are often gradient based and utilise the
derivative of a performance function. An alternative is uti-
lisation of derivative-free search algorithms, which use the
performance function and constrain values to steer towards
the optimal solution. Recently, genetic algorithm Goldberg
(1989), particle swarm optimisation Kennedy and Eberhart
(1995), ant colony optimisation Dorigo et al. (1996), simulated
annealing Otten and van Ginnekent (1989) and tabu search
Pham and Karaboga (2000) have been extensively used for
optimisation and have shown high capability of searching for
global minimum in different engineering applications Razavi-
Far et al. (2009); Boeringer and Werner (2004). Invasive Weed
Optimisation (IWO), which is introduced in Mehrabian and
Lucas (2006) for the first time, is a bio-inspired numerical
optimisation algorithm that simply simulates natural behav-
iour of weeds in colonizing and finding suitable place for
growth and reproduction. In this work, invasive weed opti-
misation algorithm, IWO, is employed for plant-wide perfor-
mance optimisation by finding the most suitable parameters
for the local controllers. A short description of the IWO
scheme is presented in Section 5.2. Simulation setup and re-
sults are presented (and discussed) in Sections 5.3 and 5.4.
Finally, concluding remarks will be provided in Section 6.

2. System description

The refrigeration system considered in this paper is a
simplified supermarket refrigeration system for which a
sketch can be seen in Fig. 2. The refrigeration system is
comprised of two display cases, a compressor rack which is
comprised of two compressors and a condenser unit.

Each of the display cases are fitted with a cascade control
comprised of an air temperature controller, (outer loop), and a
superheat control, (inner loop). The air temperature controller
provides reference to the superheat controller, which then
manipulates the opening degree of the expansion valve. The
superheat controller is assumed to be able to maintain a
positive superheat at all times and the focus in this paper is
therefore on the air temperature loop. The control task of the
compressor rack is to ensure a certain suction pressure, by
switching the compressors on or off, to fit the demand. In this
work the condenser unit has been considered to be ideal and is
therefore not explained further.

2.1. Model of the simplified refrigeration system

A slightly modified version of the model, for a supermarket
refrigeration system, presented in Larsen et al. (2007) has been
adopted. The model of the inlet valves has been changed from
only modelling thermostat control to enable continuous
control of the air temperature in the display cases. The
mathematical model features two display cases, a suction
manifold, a compressor rack and a condenser. The air tem-
perature within each of the display cases is described by (1).
The heat flow from the surroundings and into the display case
is described by (2), see Larsen et al. (2007) for details, and is
considered to act as a disturbance. The overall heat transfer
coefficient, UA,mp, describes the heat transfer per tempera-
ture difference for the entire area of the display case. Hence,
the notation UAamp is used to describe the parameter.

The other terms in (1) are described in detail in Larsen et al.
(2007).

dTair.i _ ngods—air.i ( ') + Qairload.i ( ') B Qair—wall,i ( ') (1)
dt Maircp.air.i
Qairload,i =UAamp- (Tamb - Tair,i) (2)

0D a2 (P~ Prad) — ®
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Condenser unit
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Fig. 2 — Schematic diagram of the supermarket system.
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dPgyc _ Min_suc(*) — Meomp @
dt Vsuchsuc (Psuc)
In (3) OD denotes the opening degree of the expansion valve
and P, represents the condensing pressure. The heat removed
by evaporation is denoted by Q,;, and the enthalpy difference
across the two-phase region is denoted by Ahy. For details
about the modelling of Q,; and Ahy, see Larsen et al. (2007).
The suction pressure is assumed to be the same across the
low pressure section of the refrigeration system and is
therefore modelled as a common state for all of the display
cases in the suction manifold. The dynamics of the suction
pressure is modelled by (4), where pg,. and Vpg,. denote the
refrigerant density and the pressure derivative of the refrig-
erant density. The mass flow rate into the suction manifold,
Min_suc 1S described by:

s
. Qe;(+)
Min-—suc (Mr,ia Tywan, Psuc) = ; mv (5)
which is a sum over the mass flow contributions from the I
display cases. The terms Ahyg, pg,. and Vpg, are all refrigerant
specific functions which are explained in detail in Larsen et al.
(2007) The mass flow rate created by the compressor rack is

described by:

. 1
Meomp = Cap 'm"’]vol,i *Vli* Psuc; (6)

where the running compressor capacity of the rack is denoted
by Cap and 7,,, and Vg denotes the volumetric efficiency and
the swept volume flow rate, respectively. No dynamics of the
condenser is modelled. Hence, the condenser simply defines a
static condensing pressure and a static sub-cooling which
indicates that the condenser is considered ideal.

2.2. Controller structure

The control structure is comprised of PI controller for each of
the display cases, which controls the air temperature by
manipulating the opening degree of the expansion valve, OD;.
In addition the suction pressure is controlled by a PI controller
and switch logic that manipulates the running compressor
capacity in the compressor rack. The discrete behaviour of the
compressor rack is achieved by describing the delivered
compressor capacity, Cap in (6) by:

=N
Cap =Y 4Cap, )
i1

In (7) 6;c{0,1} and YV ,Cap; = 100%. In this particular appli-
cation two compressors are used i.e. N = 2, Cap; = 45% and
Cap, = 45%. A hysteresis band is applied around each
compressor step to avoid excessive switching of the com-
pressors. The layout of the compressor rack is based on a real
supermarket system which has the same layout of the
compressor rack.

2.3. Performance function

Improving the performance of any given plant requires a
predefined notion for the performance. Evaluating the

performance based on total cost of ownership, TOC, can be
seen as the optimal solution. Direct measurement of the TOC
is a difficult task and it can therefore be beneficial to identify
certain performance criteria for the process and then use
them as a performance measure. This idea has been pre-
sented in Green et al. (2010) where the following has been
identified as relevant performance criteria for a supermarket
refrigeration system:

e Food quality
e Energy efficiency
e Reliability

The food quality is monitored by measuring the control
errors for the temperature controller and the suction pressure
controller. The energy efficiency is measured by using the
coefficient of performance, COP, in the setup. The COP is
defined as the cooling load divided by the total electrical
power consumed. The reliability of the system is measured by
the switching frequency of the compressors because it gives
an indication of the wear of the compressors. Excessive
switching of the compressors will lead to unnecessary wear of
the compressors and thereby increase the need for mainte-
nance and thus decreases the general reliability of the refrig-
eration system.

Combining all of the three performance criteria in one
performance function to provide a better overview of the
performance was introduced in Green et al. (2010), and has
been used in this work:

2 M

R+Z|tfsw<m>n§ ®

=1

— S 2 L L
J(t) = ; le()lq + ; Hcop(l)

The first term in (8) is the control errors of K controllers. The
second term is the inverted COP of L refrigeration cycles and
the third term is the switch frequency of M compressors. The
inverted COP is used to ensure that the term has the same
properties as the two other terms in connection with perfor-
mance optimisation. The performance function (8) is a sum of
quadratic terms where the notation is given by:

|3 = x"Ax, )

where x is a vector and A is a weight matrix for the particular
term.

2.4. Normalisation

The performance function should be made of scalable terms
that can be easily adapted for a given supermarket, because
the main objective is of course to be able to employ the per-
formance function and the related algorithms in various su-
permarkets (with different subsystems of different sizes and
dimensions). To achieve scalability property the performance
function has to be comprised of scalable terms. Normalisation
of the terms in the performance function provides precisely
this scalability. The choice of the weights Q, R and S for the
performance function (8) will have to reflect the regional
regulations on safety requirements as well as local opera-
tional expenses, for a particular supermarket.

The normalisation of the terms will be described hereafter.
Each display case has a lower and an upper limit and the
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reference is chosen as the mean value of the temperature
limits and this knowledge is then used to achieve the nor-
malisation. By using the same argumentation on the suction
pressure controller the normalisation of the error term can be
described as:

2 . ..
oy (Treti = Tairi)

e= (10)
2 : (Psucref - Psuc)

(Psuc.max ~Psucmin )

Normalisation of the switch frequency term is achieved by
dividing the measured switch frequency with the maximum
allowable switch frequency of the compressors in the rack.
Hence, the switch frequency term is normalised in the
following way:

fsw :% 5 (11)

where fimeas denotes the measured switch frequency and fmax
denotes the maximum allowable switch frequency of the
Compressors.

Due to the definition of the COP the term 1/COP is unit less
and does therefore not need any normalisation. The range of
all of the three terms e, 1/COP and f,, will after normalisation
be in the interval between 0 and 1 and the weight will there-
fore represent the cost associated with each of the terms. The
weights Q, R and S represent the costs, in terms of economic
penalties or lost profits, which are associated with the per-
formance of each subsystem. The choice of the weights has to
be done based on the impact on the total operation cost from
each of the terms in the performance function.

The price associated with temperature requirements for
the display cases in the supermarket should be used as a base
for the weight in the error term, Q. Too high or low tempera-
ture will destroy the stored food and thereby provide a
financial loss for the supermarket. The cost of electrical energy
is the base for the weight on the inverted COP term, R, since it
is basically an efficiency. The weight on the switch term, S, has
to be based on all the cost associated with replacing and
maintaining a compressor in the refrigeration system.
Because some of the contributions to the cost are hard to
define a significant freedom for manipulating the weights
based on intuition is maintained. The simulation data pre-
sented in this paper is scaled. Thus, the absolute values of the
performance function do not have any physical interpretation.

3. Optimisation formulation

The formulations of the optimisation problem will be pre-
sented in this section. For the majority of the operation time
the supermarket refrigeration system is in steady state. How-
ever, the quality of the operation is still important under dy-
namic behaviour. Thus, the problem of optimising the general
operation of the plant has been split into two separate tasks,
where the first task is the optimisation of the steady state
performance and the second tasks is optimising the dynamic
performance. From here on they will be referred to as static
optimisation and dynamic optimisation, respectively. The
static and dynamic optimisation will be described in detail in 4

and 5, respectively. Depending on whether the optimisation
focus is on static or dynamic performance, different parame-
ters will be subject to optimisation. For the static optimisation
case the proposed strategy is to identify the predominant
subsystem, with respect to the performance measure for the
entire refrigeration plant. The optimisation parameters should
then be chosen to be the parameters with highest influence on
the performance. Parameters with these characteristics are
usually the set-points for the controllers. In the case of the
supermarket refrigeration system the predominant subsystem
is the suction pressure control loop and the optimisation
parameter is the suction pressure reference. In the dynamic
optimisation case the controller parameters will be the opti-
misation variables. The common optimisation problem can be
formulated by rewriting the performance function in (8) as:

I=K+M+L

Je®) = > Jle(), (12)

where Ji(o(t)) is the local performance function for the ith
subsystem which is depending on the parameter set ¢(t).

4. Static performance optimisation

As supermarket refrigeration systems operate in steady state
conditions most of the time it makes sense to first focus on
optimising the system performance for steady state opera-
tions, henceforth denoted static performance optimisation.
When the main objective is to optimise the static performance
one should look for the subsystems that have the highest
impact on the total performance of the plant. For supermarket
refrigeration systems, like the one in Fig. 2, the conditions and
objectives of the operation, are predominantly realised
through the choice of appropriate set-points.

o(t) in (12) is the set of optimisation variables which, in the
static case, is defined as:

9(t) = {Porer(t), Quinoaa(t) }- (13)

where Po,., denotes the suction pressure reference for the
compressor rack controller, which is the controllable variable
and Quueaa denotes the heat loss to the surroundings in the
supermarket sales are, which is considered to be the main
disturbance in the system.

Set-point optimisation of the supermarket is defined as:

mln}(¢(t)) v Qairload (14)

Poyef

The optimisation problem is to find the optimal value for
Po,c£(t) that minimises J(¢(t)) for any given disturbance Q,iioad-
To solve the optimisation problem it is required to obtain
deeper knowledge about the profile of the performance
function Jy over the relevant search space ¢. This can be done
by either carrying out comprehensive field tests or simulating
the case by using appropriate models of the plant.

4.1. Simulation setup and results

The simulation model presented in Section 2.1 has been used
for the purpose. Hence, the simulated refrigeration system is
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Fig. 3 — Performance function and each of the terms plotted separately versus Po,s at different load levels. The top plot is the
performance function and the following plots are the error term, the inverted COP term and the switch term of the

performance function.

comprised of two display cases and a compressor rack
comprised of two compressors. Simulations under varying
loads and suction pressures have been performed to get a
deeper knowledge about the performance function over a
realistic search space. Investigation of simulation results
leads to a proposed procedure for choosing the optimal set-
point under any given load conditions. In the simulations,

6 1
dOtQa\irload Po

Fig. 4 — Performance function versus Po,s and Qairload

the suction pressure reference has been changed in steps
from 1.0-10° [Pa] to 2.5-10° [Pa] with a step size of 0.1-10°[Pa]
or the equivalent of changing the evaporation temperature
approximately 2 °C per step. The pressure range is chosen to
cover a relevant set for the suction pressure. The equivalent
evaporation temperature range is —26.4 °C to —4.3 °C. The
relation between the suction pressure and the evaporation
temperature is given by a refrigerant specific function, see
Skovrup (2000). For each of the steps in the suction pressure
reference the disturbance, Q,i10a4, and thereby also the load of
the system has been changed by changing the ambient tem-
perature of the display cases in steps from 18 [°C] to 28 [°C],
with a step size of 0.5 °C. In these simulations, steady state
values of various measurements have been used.

Fig. 3a shows the performance function and Fig. 3b,c and d,
shows each of the terms from the performance function
versus Po,r at three different loads, Low, Medium and High,
which in the simulation corresponds to a change in the
ambient temperature of the display cases.

As shown in Fig. 3, by increasing the load, the minimums
are shifted to the right on the Po,eraxis. The inverted COP term
is not changed in different loads. The performance function is
highly correlated with the switch frequency and this term
mostly shapes the behavior of the performance function.

Fig. 4 shows the performance function plotted versus Poy.¢
and the load, Q,iy0aq and it can be seen that the reference for
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Fig. 5 — Error term from the performance function versus
Pores and Qairioad

the suction pressure is dependent on the load, Q0.4 Since
the valleys in the plot on Fig. 4 are not perpendicular to the
PoLr axis, an increase in the load, Quinoad, Will move the
optimal point in the positive direction on the Po,.r axis. Hence,
an increase in the load will require an increase in the suction
pressure reference if optimal operation should be maintained.
The same conclusion can be made by looking at Figs. 5 and 6.
The contribution from the inverted COP term is shown in
Fig. 7, which represents the curve form that will be used for
optimising a refrigeration plant. Hence, using the perfor-
mance function (8) as shown on Fig. 4 for choosing the optimal
suction pressure will present a better set-point than solely
basing the choice on the inverted COP.

4.2. Set-point optimisation

Under realistic conditions generating complete set of data is
not a viable solution. Nor it is normally possible to use a suf-
ficiently detailed model of a given (arbitrary) refrigeration
plant. However, it is feasible to online generate a limited data
set. Taking these constraints into considerations and studying
the simulation results lead to an interesting observation; the
optimal set-points for suction pressure lie along two lines on
the search space, see Fig. 8. Analysis of Figs. 4—6, shows that
the optimal point is changing linearly with respect to the
change in the disturbance, Qunoaq- Therefore, by means of
three or at least two optimal set-points, an optimal set-point
line at different values of Quinoaq Can be interpolated. These
lines can be sufficiently characterised by a linear interpolation
of the following form:

Poref = Poref.a + (Poref‘b - Poref‘a) 'M (15)

Quirtoads — Qairload.a

Hence, when at least two sweeps of the suction pressure
and the interpolation have been executed, the optimal suction
pressure reference will be uniquely given as a function of the
load. Therefore, the optimisation problem could be solved by
determining the value of Q_,.q at each instance and then set
Po,r to the corresponding value of Quu.q based on the

knowledge gained by the two sweeps and the interpolation.
Since the interpolation approach is based on the ability to do
at least two sweeps at different values of Qi0aq, the method
relies on the changes of the disturbance over time and thereby
renders sweeping at different load situations possible. The
load change between opening and closing hours of the su-
permarket system will be sufficient to provide a good inter-
polation results. However, extending the algorithm to update
the interpolation when there has been a seasonal change
might be a good idea.

4.3. Choosing strategy of the optimal set-point

For a given/estimated load the optimal set-point for the suc-
tion pressure needs to be identified. This can be done based on
calculation of the minimum distance from the current oper-
ating conditions, i.e. (POrefcurrent; Qairload.current) t0 the inter-
polated lines. The procedure is described in the following:

The distance d; between the point (POref currents
Q.airloadpurrent) and the ith line % : Poys= miQairload + by,
ie{1,2} is given by the following formula:

}Poref.current - miQairIoadcurrent) - b1|

I mi+1

The candidate line, 2*, will be the one that lies within the
shortest distance from the working point, i.e.

(16)

A=k, suchthat: Vj=i, d <d; (17)
if d; = d; then the candidate line should be chosen as the one
that goes through the higher suction pressure.

The proposed method will provide a close to optimal set-

point based on the interpolation.

4.4. Generalisation of the method

The considered system corresponds to a small supermarket
refrigeration system where the compressor rack consists of
two compressors. The compressor rack for larger supermar-
kets contains three or more compressors. Use of more com-
pressors implies that it is possible to combine the
compressors so that the risk of possible gaps in the delivered
capacity is minimised. Furthermore, in compressor racks with
more than three compressors it is customary to use at least
one frequency controlled compressor. This will virtually
remove any risk of gap in the delivered compressor capacity.
However, as there is a large segment in the (small-medium)
supermarket refrigeration systems where the compressor
rack consists of three on-off compressors it is appropriate to
generalise the method in order to cover this case as well.

The compressors in the compressor rack is denoted by
Ca,Cs and Cc. The corresponding control strategy always
pursues the following switching pattern:

{CA} And {CA;CB} < {CA7CB7CC} 5
—— ——— —_——

Low Medium High
i.e. start a compressor to deal with demands in low capacity
area, then switch the second one when the demand increases
to medium level. All compressors are then started in order to
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Fig. 6 — Switch term from the performance function versus
Porer and Qairioad

meet high capacity demand. There are two possible gaps in
the compressor capacities, i.e. one in the capacity area be-
tween {Ca} and {Ca,Cg} and the other one between {Cx,Cs} and
{Ca,Cs,Cc}. Similar to the two-compressor case, the perfor-
mance of the system within each gap degrades, i.e. the value
of the performance function (the cost) increases. Corre-
spondingly, the profile of the performance function will look
similar to the two-compressor case. The difference is that in
stead of having two interpolated lines that represent the
optimal set-points for the suction pressure for given external
load, now we have three non-overlapping interpolated lines.
The area between two neighboring lines corresponds to a gap
in compressor capacities due to switches between two
compressor configurations, for instance {Ca} and {Ca,Cg}.To
establish the three interpolated lines it is sufficient to perform
a sweep over the suction pressure range for two different load
conditions as it is prescribed in Section 4.2. Similarly, for a
given load Quioadcurrent the strategy of calculating the corre-
sponding optimal set-point for the suction pressure follows
exactly the procedure presented in Section 4.3. The only
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Fig. 7 — Inverted COP term from the performance function
versus Poyer and Qinoad

dotQ 6 1 Po
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Fig. 8 — Performance function versus Po,.s and Q,;;j0.q With
the optimal interpolated line.

difference is that there are three interpolated lines, i.e.
i€ {1,2,3}, that need be considered.

5. Dynamic performance optimisation

As stated before optimising the dynamic behaviour of a su-
permarket refrigeration system with the controller parame-
ters as optimisation variables, creates the need for active
performance monitoring. The systems are usually in steady
state for a significant amount of time, and a change in
controller parameters will not affect the error and therefore
not influence the plant-wide performance. Hence, excitation
of the dynamics is required to optimise the dynamic behav-
iour of the system. The setup for active system monitoring is
shown on Fig. 9, as a block diagram of the closed loop under
investigation.

The controller is denoted by K and the system is denoted by
G. The input to the system and the measured output is
denoted by u and y, respectively and the reference to the
controller is denoted by y.r. The applied parameter change is
denoted by A¢ and the contributions to the plant-wide per-
formance function, J, is denoted by I'. The excitation signal is
denoted by 7s. The novel idea is in essence to excited relevant
dynamics and then evaluate the current parameter setting
with respect to].

5.1. Design of excitation signal

A prerequisite for the active system monitoring scheme is the
design of an excitation signal. Excitation of relevant dynamics
of the system is the purpose and the problem is therefore to
design a set of signals, {n,,:-,n,}, that lie in the appropriate
frequency range of their corresponding closed loop systems.
Since the dynamics of the subsystem in the closed loop under
investigation is unknown the design problem is non-trivial.
The knowledge regarding the closed loop is limited to a
structural level. The use of design strategies from Niemann
(2006) and Poulsen and Niemann (2008) is therefore restricted.
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The intention is that the active performance monitoring
setup should run on a supermarket refrigeration system in
operation, and it is therefore important that an excitation
signal does not compromise the operational performance
significantly. In other words, the impact of on the system
should be taken into account when the excitation signal is
designed.

The air temperature control loop in the display case of a
supermarket refrigeration system has been used show case
for the proposed method in this work. The following facts are
used as base for the design process hereafter:

1. The closed loop consists of a PI controller and a physical
system, here a display case, for which the dynamics are
unknown.

2. The parameters of the PI controller are known.

3. The existing controller is stabilizing the closed loop.

Furthermore, the following assumptions are used in the
design process:

1. The system can be described sufficiently using a first-order
model plus dead time (FOPDT).

2. The response time delay to an abrupt change in control
action is known.

Verification of the first assumption can be obtained by
consulting He et al. (1998); Rasmussen et al. (2006); Rasmussen
and Larsen (2011) and the time delay can be measured with
sufficient accuracy on the system. The following notation is
introduced for the kth subsystem which is described as a first-
order-plus-dead time (FOPDT) process model:

k ke—TdkS
G =71

where Tg, denote the time delay and ky, and 7, denotes the
gain and time constant, respectively. The corresponding
controller Ci(s) is a PI type, i.e.
k
Cr(s) = ke + -
k(s) + TiS

The closed loop transfer function for the subsystem is then

given by:

Ck (S)Gk (S)
H =
R NN
For the chosen subsystem k, the task is then to find an
appropriate set of excitation signals {n,(t),---,n,(t)} which
excites relevant dynamics of the system and therefore assists
in the task of finding the optimal controller parameters {ke, Tir}
with respect to the plant-wide performance as describe in (8).
The optimisation problem can be formulated as:
minimize J(t)

ke T,

subject to : (18)
Ye(t) = (ex0)(1),  E(t) = ;ﬂi(t)-

where yi, denotes the output of the kth system. *’ denotes the
convolution function and represents the time domain
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Fig. 9 — The general active system monitoring setup.

description of y(s) = Hg(s)¢(s). The excitation signal is repre-
sented by {(t). Hence, there exist two main problems that
need to be solved. Firstly, the excitation signal has to be
designed and secondly a suitable optimisation strategy has to
be applied. The two problems will be dealt with in the
following.

The design of the excitation signal has been split into two
different tasks. The first task is to determine the frequency
content of the signal and the second task is to determine a
reasonable amplitude for the signal. To assist the design
process the following simplification has been made:

o) = mt)y=>_ nlwit) (19)
io1 i1

Thus, ¢ is essentially a sum of identical functions with
different frequency w;. The candidate function is chosen to be
a sinusoidal function described by:

m(t) = Al' sin(wit). (20)

The excitation signal is then injected to the system as
shown in Fig. 9.

The following will describe how the frequencies and the
magnitude for the excitation signal will be described. Based on
the knowledge of the controller parameters, k. and T; the
corresponding system parameters, i.e. r and k,, can be esti-
mated based on the desired gain and phase margins, see
Green et al. (2011). The cutoff frequency w, of the closed loop
can then be estimated based on the transfer function of the
closed loop. The estimated parameters of a real system might
deviate from the estimation by up to 100%. Hence, to ensure
that the resulting excitation signal provides the proper impact
on the dynamics a set of frequencies should be used.

Choosing the frequencies can be done based on the strat-
egy presented in (22) and (21)

Wna = o (21)
where m is chosen to be an odd number and hence the fre-
quencies will be spread using (22).

u)i:Ele V1:1~m—1 (22)

After the frequency content has been chosen the amplitude
of the signal should be determined. The method for choosing
the amplitude for the excitation signal will be described
hereafter. Since the choice of the frequency content relies on
the closed loop transfer function the assumption is that the
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current controller is able to stabilise the closed loop and the
choice of amplitude can therefore be done by using the
following method. The boundaries for a controllable signal is
usually provided as constraints on the set-point which can be
denoted by SPypper and SPiower and can therefore be used in the
following way:

SetPoint + |[¢]|., < SPupper (23)

SetPoint — ||¢||., > SPiower (24)

Extreme values for { does exists due to the definition in (19)
and (20), which defines ¢ as a bounded function. Furthermore
by assuming that the closed loop has reached steady state the
contribution from the P-term of the PI controller can be
neglected and the I-term is the only contributer that enables
the controller to keep set point tracking. Based on the dis-
cussion above, it is proposed to choose |||, using the
following equation:

IEll. = (25)

kple

I— term‘

In (25) ae{0.01---0.25} and Epk is the estimated system gain.
The value of « should be chosen as high as possible without
violating (23), and (24). A reasonable choice is & = 0.15. The
correct amplitude for ¢ is the sum of amplitudes of the sinu-
soidal function in (20) which are given by:

I —term

A=a Vie{1,---,m}. (26)

m kp]e

After the design of the excitation signal a proper method for
optimisation with respect to the plant-wide performance has
to be employed.

5.2. Invasive Weed Optimisation (IWO)

The use of traditional optimisation techniques as those pre-
sented in Boyd and Vandenberghe (2004) is hard in complex
industrial settings like the supermarket refrigeration system.
The methods usually rely on the existence of a process model
and secondly the methods are derivative-based, which means
that they rely on calculating the derivative of the performance
function. To avoid the problem of dealing with online calcu-
lation of the derivative of the performance measurement the
aim has been to employ a derivative-free optimisation
scheme. The invasive weed optimisation, which was in-
troduces in Mehrabian and Lucas (2006), is a derivative-free
optimisation scheme that in this paper has been used as a
method for searching the parameter space.

The bio-inspired IWO algorithm basically tries to mimic
the way an invasive weed colonises an area to find the best
position for the weed. The idea proposed in this paper is to
utilise the IWO algorithm to find the best parameters for the
controllers with respect to the plant-wide performance mea-
surement. The IWO algorithm searches the parameter space
by randomly choosing an initial setup parameters in the pre-
defined search space and then evaluating the performance of
each parameter set. Then by applying the survival of the fittest
principle only the best parameter sets are selected. For each of

the following generations of the algorithm a new and
randomly chosen parameter set is selected in a radius sur-
rounding the surviving parameter sets from the previous
generation. The radius is reduced after each generation of the
algorithm and after a predefined number of generations a
solution is provided. This process corresponds to an invasive
weed that colonises a field with crops by randomly spreading
seeds and then allowing them to grow into plants where the
best plants will be able to spread their seeds until there is no
more space between the crops.

5.3. Simulation setup and results

This section presents the simulation setup results for the use
of the IWO algorithm for plant-wide optimisation of the dy-
namic performance of the supermarket refrigeration system.
The basic idea is to employ the approach online on a real
system and the method is therefore tested on the simulation
model. The simulation model used in the setup is described in
Section 2. The IWO algorithm has been used to find the
optimal parameter set for the PI controller in a display case
which is the controller gain, k., and the integration time, T;.
The size of the search space has been chosen based on the
knowledge about what reasonable ranges can be accepted for
the different optimisation variables. Furthermore, to assist
the IWO algorithm an initial guess has been used in the first
generation of the algorithm to ensure that at least one
parameter set is reasonable.

In this setup the simulation runs for 5000 s to ensure that
the performance function is in steady state with the given set
of controller parameters, k. and T;.

5.4. Results

The result produced by the IWO algorithm over 150 generation
can be seen in Fig. 10, where the minimum, the mean and the
maximum values of the performance function is plotted for
each generation each corresponding to a different parameter
set. In Fig. 11 the evolution of the worst and the best
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Fig. 10 — Generations versus the performance function J.
The best achieved performance over 150 generations is
1.1512.
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Fig. 11 — Evolution of T;. The red line plots the evolution of
the worst choice of T; and the blue line plots the evolution
of the best choice of T;. (For interpretation of the references
to colour in this figure legend, the reader is referred to the
web version of this article.)

integration time T; is plotted and it can be seen that even the
worst performing converges toward the solution. The worst
and the best controller gain k. is plotted in Fig. 12. In addition,
it also shows that the worst performing choice of k. is on the
edge of the search space for many generationsi.e. k. = —0.001.
However, despite that even the worst performing choice of k.
converges toward the best solution.

In Fig. 13 the integration time T; is plotted versus the
controller gain k. and it shows that all the best performing
parameter sets from all the generation are within a narrow
area of the solution.

Another important point is that the initial guess of the
controller parameter, k. = —0.1 and T; = 100, has never been

0.2 T .
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Fig. 12 — Evolution of k.. The red line plots the evolution of
the worst choice of k. and the blue line plots the evolution
of the best choice of k.. (For interpretation of the references
to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 13 — T; versus k., The blue triangle indicates the end
result for the parameters, k. = —0.1716 and T; = 55.84. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)

the best performing parameter set. The initial parameter setis
chosen based on empirical knowledge about the system.
However, the solution provided by using the IWO algorithm is

a controller gain of k. = —0.1716 and an integration time of
T; = 55.84.
6. Conclusion

The focus of this paper was on achieving optimised system
performance from a plant-wide point of view. To enable per-
formance assessment and optimisation an appropriate per-
formance function, which encompasses food quality, energy
efficiency, and system reliability, was introduced. Due to the
fact that the supermarket refrigeration systems operate the
majority of time under steady-state (i.e. static) conditions, it
was appropriate to consider the performance optimisation
case under two different conditions; static (steady state)
conditions and dynamic (transient) conditions. The static
performance optimisation was realised through set-point
optimisation. The simulation results on a supermarket
refrigeration system with a compressor rack, consisting of two
on-off compressors with different capacities, lead to a strategy
for choosing set-point that is contrary to the existing practice.
A generalisation of the method to a compressor rack with
three compressors was also provided. As the system operates
in steady state conditions most of the time, it is necessary to
generate auxiliary signals in order to sufficiently excite the
local subsystems to enable parameter optimisation of their
corresponding controllers. The paper suggested a design
strategy for these signals that also takes the realistic opera-
tional conditions into considerations. A derivative-free opti-
misation strategy, based on invasive weed optimisation
method, was employed to search for optimal parameters of
the local controllers. Simulation results were used to discuss
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and propose a strategy for appropriate employment of the
optimisation method.
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