Model Based Nonlinear Control of
Refrigeration Systems

MASTER THESIS, AAU
SECTION FOR AUTOMATION AND CONTROL

Group 1032a, 2008
Gustav Hggh
Rasmus Nielsen



QVAH woy

HALYM ONITOOD

=

o

L1

8LA

YILYM avL

aioo

1nosd @

VAVAYA

+ 10H

FZ_ 80

(60) ¥3IHA Y31

(L0} HIAIZOTH (80) 4310008NS

ﬂoi
<

HA
S0L 089

T
I

Q Q
Q Q
z =4
[S] o
m m
r4 z
0
i q_
b T
9] S
2 2
A
501080 ¢
501089
(710) uea EQ >
91 TewoIny

- m Uv (20}

€10y HOLYH3d3S
uojsuedx3

BIE

2dA3d

Moty Aieded Bujoog

(10) HOSSIHANOD

=

($0) 1eis0SSaIY

XHd
(210) HOLYHOdVYAT

(umop dwnd)
(010) aA/eA UMOP INUS

(ar1o)
3IATVA NOISNYAX3
OILY.LSOWHIHL

BIE

P (TN
so Nog  SOL0ED

[ ¥0
81089 ANEES

biE

]

A9

(6¢D) HALYIH HALYM

{re0) dwnd

s

WFE

1S
S61 NOS

-

(2z0) e

uorsuedk

NG

%
53




(3

AALBORG UNIVERSITET

Title:
Model Based Nonlinear Control
of Refrigeration Systems

Projectperiod:
9th - 10th semester

Project group:
1032a

Members:
Gustav Hggh
Rasmus Nielsen

Supervisor:
Henrik Rasmussen
Rafael Wisniewski

Copies: 6
Pages in report:

Printed: June 3, 2008

Section for Automation and Control
Fredrik Bajers Vej 7C

Telefon 96 35 87 00

Fax 98 15 17 39
http://www.control.aau.dk

Synopsis:

Refrigeration systems are traditionally con-
trolled using a thermostatic expansion valve.
This thesis presents a new control strategy.
The new strategy uses the compressor to con-
trol the superheat and an electronic expansion
valve to control the cooling capacity. The re-
frigerant system is modelled to allow for the
use of model-based feedback and feedforward.
This yields better control of the superheat
level. An analysis of the system efficiency is
made to find the optimal superheat setpoint.
Operating the system at the optimal super-
heat will reduce the energy needed to provide
a given cooling capacity. The optimal super-
heat is found to be approximately 12 degrees
celsius. At lower temperatures the efficiency
is decreasing due to refrigerant spray. An au-
tonomous method of detecting the optimal su-
perheat is presented. The control problem is
comprehensive investigated and a number of
controllers are developed. They are all capa-
ble of stabilising and controlling the system
and utilise both linear and nonlinear control
theory. This thesis proves that is possible to
control the refrigeration system using the new
control strategy. Furthermore it is shown that
it is possible to maintain the correct superheat
over a wide range of working points.
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Measurements:

P, Evaporator pressure
P, Condenser pressure
Tw.i Water inlet temperature
Two Water outlet temperature
T Evaporation temperature
Te,o Evaporator outlet temperature
My Refrigerant flow
Q fan Condenser fan power
Qcom Compressor power
Control signals:
Uezw Electronic expansion valve
Ucom Compressor
Ufan Condenser fan
Uheat Water heater
Other stuff:
T, Water temperature
Tsh Superheat, T, , — T,
Weom Compressor speed
Qload Heat load
Qcool Cooling capacity
Qnet Qload - Qcool
General notation:
1% Volume
1% Volume flow
A Area
v Velocity
p Density
w Work (non thermic)
Q Thermic energy
Q Thermic energy flow (work)
Special functions:
Piew(:)  Dew point pressure, given a temperature
Tyus()  Bubble temperature, given a pressure

SAT ()

Saturate at upper limit a or lower limit b

PT04
PTO03
TTO07
TTO08
TT04
TTO01

FT01
JT02a
JT01

VCo1
SCo1
SC02a
JCo1



Terms

Isentropic describes a process during which the entropy remains constant.

Adiabatic A process is adiabatic when it occurs without exchanging heat with its sur-
roundings.

Capacity or cooling capacity is the rate with which the system is capable of removing
heat (energy) from the cooled medium.

COP is an acronym for Coefficient Of Performance. It is the relation between the cooling
capacity and the work added by the compressor.

Enthalpy is the internal energy per kilogram of substance e.g. refrigerant.

Refrigerant is the substance used to transfer the heat. Its should be able to evaporate
at the desired cooling temperature and condensate above the ambient temperature,
both at manageable pressures.

R134a is the specific refrigerant used in this project. DuPont ﬂm]

Cooled medium is the medium from which the heat is removed. This is often air, but
in this case it is a 30% ethylene glycol / water solution.

Superheat is the temperature a vapor is above its evaporation temperature.
Subcool is the temperature a liquid is below its condensation temperature.
Vapor is a state where the refrigerant is on vapor (gas) phase.

Liquid is a state where the refrigerant is on liquid (fluid) phase.

Two-phase is a state where the refrigerant is locally on both vapor and gas phase.

Saturated is a state where the refrigerant is between either the vapor or the liquid state
and the two-phase state.

Expansion valve is the valve responsible for creating the pressure drop from the high
pressure part to the low pressure part

EXYV is an acronym for Electronic eXpansion Valve.
TXYV is an acronym for Thermostatic eXpansion Valve.

HVAC is an acronym for Heating, Ventilation and Air Conditioning systems.
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CHAPTER 1. INTRODUCTION

Chapter

Introduction

This chapter contains a basic introduction to refrigeration, the processes and equipment
involved. First the vapour-compression cycle is described followed by a short description
of the test rig available at AAU. The classic control strategy used with refrigeration
systems is then presented, to give an overview of the control problem. An analysis of
how to minimise the energy consumption of the refrigeration system is then completed.
This analysis is the basis for the thesis and suggest controlling the refrigeration system
using a new control strategy.

1.1 The Vapour-Compression Cycle

The following section will cover the basic theory of a two-phase refrigeration system.

The purpose of a refrigeration system is to provide cooling of a given location. The
cooling process involves moving heat from one location to another. This is done by ex-
ploiting the chemical properties of the refrigerant during phase transition. In a vapour-
compression system the phase transition between liquid and gas is utilised. This tran-
sition occur at different temperatures at different absolute pressure levels. E.g. at high
pressure levels the phase transition from liquid to gas or from gas to liquid occur at
a higher temperature than at lower pressure levels. The transition from liquid to gas,
called vaporisation, requires energy. The refrigerant moves from one state (liquid) to
another state (gas) which have a higher heat energy content. The energy content per
mass is called enthalpy and is measured in [J/kg]. The transition from gas to liquid,
called condensation, dissipates energy. E.g. at a constant pressure level the enthalpy of
matter has a lower enthalpy in liquid state than in gas phase. Figure[[lis an illustration
of a refrigeration system.

In order to utilise the phase change properties the system must operate at two differ-
ent pressure levels. The upper part of the figure operates at a higher pressure level than
the lower part. In the low pressure part of the system, the phase transition from liquid to
gas happens at temperature T,.. If the ambient temperature on the low pressure side is
above T, the refrigerant will evaporate and remove energy from the higher temperature
environment, thus having a cooling effect. In the high pressure part of the system the
phase transition happens at T, which is higher than T,. If the ambient temperature on
the high pressure side is lower than T, energy will dissipate from the refrigerant, thus
heating the lower temperature environment.

11



1.1.

THE VAPOUR-COMPRESSION CYCLE

® 4,\ O
— —

- High pressure / temperature side ﬂ
Expansion _ C >

Low pressure / temperature side N—1 Compressor
valve
@ Evaporator @

C] = liquid state C] = gas state

Figure 1.1: Illustration of the vapour-compression cycle.

The unit of heat content, enthalpy, was shortly mentioned. Enthalpy is defined as

H=U+pV (1.1)
where:
H is the enthalpy [J/kg]
U is the internal energy [J/kg]
p s the pressure [pa]
V' is the volume [m?]

One way to describe the vapour-compression cycle is using a log(p)-H diagram. Fig-
ure shows a log(p)-H diagram of the refrigerant used in the test refrigeration system.
A detailed version can be found in appendix [ on page [[TA

The marked points in figure [Tl correspond to the points in figure

e [1 — > 2] At (1) the refrigerant is in a liquid state at high pressure but with low

enthalpy. The liquid flow through the expansion valve causes a pressure drop. The
log(p)-H diagram shows that the enthalpy remains constant across the valve.

[2 — > 3] At (2) the refrigerant is in a liquid-gas mixed state at low pressure and
low enthalpy. This can be seen on the log(p)-H diagram as the state enters the two-
phase area. It is called two-phase because refrigerant exist in two different phases.
Since the pressure is low, the evaporation temperature T, is low. Heat energy
is absorbed from the ambient environment, thus the enthalpy of the refrigerant
increases. At some point the refrigerant state goes into the gas area, this happens
when all the liquid has evaporated. It is important to notice that 7, is constant as
long as there is still refrigerant on liquid state.

12
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Figure 1.2: Log(p)-H diagram of refrigerant R134a.

e [3 — > 4] At (3) all the liquid refrigerant has evaporated and the gas has been
superheated. Superheat is a measure of how much the gas has been heated above
T.. The compressor increases the pressure of the gas. Since the compressor can
not compress the gas without adding work, the enthalpy increases.

o [4 — > 1] At (4) the refrigerant is at high pressure and high enthalpy. The high
pressure results in a high temperature 7,.. The condenser dissipate the energy of the
gas to the cooler ambient environment. The enthalpy decreases and the refrigerant
changes to liquid state. The liquid may be subcooled. Subcooling is a measure of
how much the liquid is cooled below T.

1.2 The Test Rig

The refrigeration laboratory at Aalborg University consist of a state of the art refriger-
ation system. The refrigeration system is constructed with sponsorship from a number
of companies, including Danfoss A/S, Danfoss Drives A/S, Siemens A /S, Grundfos A/S
and Findan A/S. More information about the refrigeration system can be found on the
refrigeration laboratory homepage: http://control.aau.dk/koelelab. A diagram of
the system can be found on the back of the front page or in appendix [Al The diagram
shows all the major components such as the compressor, evaporator, condenser and ex-
pansions valves etc. The diagram also shows a number of transducers and control signals
marked with an encircled four letter ID. All the transducers and control signal are inter-
faced with a Matlab Simulink model using National Instruments sampling boards. See
appendix [Al for a short description of the key components.

13



1.3. CLASSIC CONTROL STRATEGY

1.3 Classic Control Strategy

The following section describes the classic control strategy used in refrigeration systems
as shown in figure The condenser pressure is controlled using a pressure controller

ref
Pressure <—

Controllor

PTO3

B ]

Condenser

Superheat ref ref Pressure
Controllor | —»| controlior
N—1 Compressor
Expansion t

valve PTOL

‘A

TT04 | TTOL1

| |

Evaporator

Figure 1.3: Classic control strategy.

regulating the speed of the fan. Increasing the speed of the fan increases the cooling
effect on the refrigerant. With sufficient cooling the refrigerant enters liquid state and
due to the increase in density the pressure drops. The cooling capacity is depended on
the difference between the evaporation temperature and the temperature of the cooled
medium. The evaporation temperature is a function of the evaporator pressure. Given
an estimated required cooling capacity the evaporator pressure must be selected. The
evaporator pressure is controlled by the speed of the compressor. The superheat is a
function of the refrigerant level in the evaporator. The amount of refrigerant in the
evaporator is controlled by the expansion valve. Normally refrigeration systems are
fitted with a thermostatic expansion valve, which by a measure of superheat regulates
the refrigerant flow.

The key advantage of this control strategy is it’s simplicity. There is however one
problem. The control strategy is know to suffer from ’hunting’ effects, which are caused
by two controllers affecting the same state. A change in evaporator pressure affect the
cooling capacity which affect the superheat. The pressure controller therefore acts as a
disturbance to the refrigerant flow controller. This problem can be reduced by decoupling

the two controller [Petersen & Lund, 2004].
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CHAPTER 1. INTRODUCTION

1.4 Minimising Energy Consumption

The goal of this project is to minimise the energy required to deliver a given cooling
capacity. The energy optimisation methods proposed in this section also indicates the
existence of a new approach to controlling refrigeration systems, which does not suffer
from hunting effects as seen in the classic control strategy. This new approach will be
described in details later in this thesis. A simple refrigeration system may have the layout
as illustrated in figure [[4l There are two main uses of energy in the vapour-compression

cycle, the primary is the compression of the refrigerant (W, ), while the secondary is the

forced draft through either evaporator (W, r), condenser (W, ) or both. The optimal

Wcom
1 A
—

|a)o|ing area

I |
| W [— | Compressor [E— .
ef — — We s
I — | — '
Fan - - Fan
I — | —
- Expansion valve -
| | e |
I Evaporator I Condenser
—_ — —_ —_— —_— -
Heat load

Figure 1.4: Typical refrigeration system layout.

control algorithm will minimised the overall energy usage while upholding the required
cooling capacity

min  (Weom + We p + Wep) (1.2)
Pc-,Pe-,Qcool

subject to: Qcool = Qref

1.4.1 Condenser Fan Optimisation

The fan energy consumption depends on the rotational speed. In order to minimise
the energy usage by the fan, the rotational speed must be as low as possible. However
reducing the speed of the fan increases the condenser pressure and thus the energy usage
by the compressor. The optimisation problem

min (Wcom + Wc,f) (1.3)
Pcanool

with subject to ambient air temperature is treated in the Ph.D. Thesis m, m
Since this part of the energy optimisation is not the focus of this project, a constant
condenser pressure of 10 bar is used.

15



1.4. MINIMISING ENERGY CONSUMPTION

1.4.2 Evaporator Fan Optimisation

As with the condenser fan optimisation there is a trade off between fan speed and evap-
orator pressure. In the available system the refrigerant is evaporated by heat from water
circulated by a pump. The same consideration applies to the pump as the fan. In this
project the energy consumption of the pump is assumed constant.

1.4.3 Compressor Optimisation

The optimisation problem using a fixed condenser pressure and fixed water flow is reduced
to

min  (Weom) (1.4)
Percool

SubjeCt to: Qcool Qref
The only free parameter is the evaporator pressure. The value of Weoy, can be found

using energy considerations |Guntoft. & Laurtiser, 2003, p. 100].

Wc = Wgas + VVloss (15)
mcom : (hcom,o - hcom,i) + V.Vloss (16)

where:
Wyas  is the work from the compressor [W]

Wioss  is the power loss [V]

Meom  1s the refrigerant flow through the compressor [kg/s]

heom,i  is the enthalpy of the refrigerant before the compressor [.J/kg]
heom,o  is the enthalpy of the refrigerant after the compressor [J/kg]

The value of Wloss is assumed constant. If the dew point enthalpy (or hcom,; and h,
with zero superheat) is assumed constant for all evaporator pressures (between 2 and 3
bar), the value of 1, is constant and determined by the required cooling capacity (see
equation (7)), then the only free parameter in equation ([L8) iS Reom,o-

Figure [[H shows two vapour-compression cycles. The cooling capacity and condenser
pressure is the same, but the evaporator pressure is 2 or 2.5 bar respectively. It is clear
from the figure that the vapour-compression cycle using the highest evaporator pressure
have the lowest enthalpy at the compressor outlet side. It is therefore clear that min-
imising the compressor power usage is archived by maximising the evaporator pressure.
It should be noted that VVlOSS is not constant. Data from the compressor datasheet,
shows that the efficiency of the compressor increases when the pressure difference over
it is decreased. This further supports that the evaporator pressure should be as high as
possible to minimise the compressor power usage.

The optimisation problem of equation () is subject to a required cooling capacity. The
cooling capacity is given by

Q = nip-(ho—hy) (1.7)
= a A (Ty—T)) (1.8)

where:

16



CHAPTER 1. INTRODUCTION
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Figure 1.5: Two vapour-compression cycles. The condenser pressure and cooling capacity
are constant. The evaporator pressure is 2 or 2.5 bar respectively.

m, is the refrigerant flow through the evaporator [kg/s]

ho  is the enthalpy of the refrigerant running into the evaporator [J/kg]

h; is the enthalpy of the refrigerant running from the evaporator [.J/kg]

a is the thermal resistance between the water and the refrigerant [J/Km?]
A, is the surface area of the evaporator [m?]

T is the average water temperature in the evaporator [°C]

T. is the evaporation temperature [°C)|

The water temperature and the thermal resistance is assumed constant. It the clear
that if the surface area is increased, the evaporation temperature can be increased with-
out changing the cooling capacity. The evaporation temperature is a function of the
pressure. Increasing the pressure increases the evaporation temperature. The active
surface of the evaporator, i.e.. the part of the evaporator that is filled with refrigerant,
can be increased if the superheat is decreased. The optimisation problem is therefore a
problem of minimising the superheat.

min (Wcom)—> min  (Tsp) (1.9)
P€7Qcool Pe;Qcool

subject to: Qcool = Qref
where:
Tsp  is the superheat temperature [°C]

While the evaporator should be filled for maximum cooling capacity, any evaporation
of refrigerant outside the evaporator, i.e. not used to cool the desired medium, is a
waste. Therefore the optimal efficiency will be to trade some filling for reduced risk of
waste due to model uncertainty, unmodelled behaviour and unknown disturbances. Fig-
ure [CHl illustrates how the heat transfer is distributed with the same cooling capacity,
but at different pressures and degrees of superheat.

17



1.5. THESIS

Figure[LHA is a case of high superheat, the heat transfer is concentrated in the two-phase
area. Increasing the pressure would distribute the heat transfer more evenly and reduce
the required work. Figure [LAB is a case of optimal pressure, the entire evaporator area
is utilised. Figure[CHC is a case of an overfilled evaporator, the pressure is high, reducing
the compressor work, but with two-phase refrigerant outside the evaporator the cooling
efficiency is reduced.

High pressure part High pressure part High pressure part

Figure 1.6: Constant capacity at, A: Low pressure, B: Optimal pressure, C: High pressure.
The arrows illustrate heat transfer.

1.5 Thesis

The considerations described in the ’Compressor Optimisation’ are apparently not cov-
ered in the literature. The primary differences are outlined below.

The usual approach is to select an evaporation pressure/temperature below the re-
quired temperature of the cooled goods depending on the expected load. I.e. the
cooling capacity is controlled using a compressor. The superheat is controlled using
a TXV which keeps the evaporator filled to obtain a preset superheat.

Our suggestion is to continuously determine the required cooling capacity more di-
rectly. The capacity will be realised by controlling an EXV, which will provide the
required refrigerant flow. Optimisation is performed by keeping the evaporation
pressure ’as high as possible’ i.e. controlling the compressor to obtain the optimal
superheat.

This new approach is expected to have the following characteristics:
e Full control of the temperature error / cooling capacity relationship.
e Possible autonomous tracking of required capacity.

e Optimal evaporation temperature at any capacity only limited by the systems ac-
tuators.

e Decoupling inherent from principle, expanded by model-based control.
This project seeks to show that the following hypotheses are valid:

e The novel control approach described above is feasible.

e Furthermore it provides superior efficiency.

e Fast startup (ON-OFF).

18



CHAPTER 2. EFFICIENCY ANALYSIS

Chapter

Efficiency Analysis

The previous chapter outlined a method of minimising the energy consumption of the
system by minimising the superheat. This chapter will describe how the superheat is
measured on the test rig using the available temperature sensors. Measurement of the
superheat with the system running at different working points will then be presented.
These measurement are used to analyse the system and find the optimal superheat level.
Finally the cooling COP-value is evaluated at different superheat levels.

2.1 Evaporator Overflow

The rig has been fitted with three temperature sensors on the pipe going from the evap-
orator to the compressor. The three sensors all measure the temperature 7. , but at
different distances along the pipe. They have been named "TT A’ "TT B’ and "TT C’,
see figure Bl An experiment is performed in order to analyse the superheat measured

Low pressure, two-phase refrigerant

C— [ ¥ ><_
-» igh pressure refrigerant

\\ G »

NSA 1 @ @Isolallon

o [ A (@I
/

Vapourised refrigerant

Figure 2.1: Illustration of the system with temperature sensor placement. The red arrows
indicate energy transfer.

with the available sensors. During the experiment both the flow of refrigerant and the
water temperature are kept constant. A ramp signal is applied to the compressor. The
upper left part of figure shows the superheat calculated using the tree different tem-
perature sensors, while the lower shows the compressor speed. The right part of the
figure is a zoom of the superheat. It can be seen that the superheat generally decreases
when the compressor speed is decreased. This is as expected since a lower superheat

19



2.2. OPTIMAL SUPERHEAT

should yield a lower energy consumption by the compressor (lower speed). The calcu-
lated superheat levels are not the same for all sensors over the entire measurement. The

Superheat [5 C]

200 400 600 800 1000 1200

Superheat [ C]

@
3

@

&

Compressor speed [Hz]
5 5 g 9

S

w
&

; ; ; ; ; i ; ; ; ;
200 400 600 800 1000 1200 1000 1050 1100 1150 1200 1250
Time [s] Time (5]

Figure 2.2: Measured superheat with constant flow and decreasing compressor speed. To
the right is a zoom of the superheat.

three superheats are almost equal until approximately time 1050. After this time the
superheat based on measurement from "T'T A’ drops, later the superheat based on mea-
surements from TT B drops as well and finally the superheat from "TT C’ follows. The
temperature sensor "T'T A’ is closest to the evaporator and the sudden drop in superheat
can perhaps be explained by liquid refrigerant spraying onto the part of the pipe where
the sensor is attached, causing a rapid cooling of the sensor probe. The superheat is
further decreased and the spray hits sensor "T'T B’ causing the drop in its superheat.
Finally the spray hits the last sensor, "T'T C’. The concept of refrigerant spray impose a
lower bound on the superheat level to reach optimal energy efficiency. The next section
will describe this in details.

2.2 Optimal Superheat

To find the optimal superheat and to support the concept of refrigerant spray an experi-
ment is made to evaluate the COP-value at different levels of superheat. The COP-value
is a measure of the ratio between compressor power usage and the achieved cooling capac-
ity. Decreasing the superheat is normally considered to increase the COP. However the
previous graph indicate that refrigerant spray hits the sensors. Since these sensors are lo-
cated outside the evaporator, the spray refrigerant is lost, causing a lowered COP-value.
If this is the case, optimal superheat will be around 10 to 12 degrees. Experimental data
is obtained to support this hypothesis. See appendix [ on page [[0H for a description
of the experiment and detailed results. Figure shows the results of the experiment.
The upper part of the figure shows the COP-value plotted as a function of superheat
measured using "T'T C’. It is clear that the maximum COP is obtained at approximately
12 degrees superheat. The superheat measurement and superheat control is done using
sensor "TT C’ because the superheat measurement from sensor "T'T' A’ is useless when
the refrigerant spray starts to hit the sensor. This has a small effect on the measured
superheat levels because the superheat measured with sensor "TT A’ and "TT C’ differs
a small amount even when the spray does not hit any of the sensors. The lower part
of the plot shows the average difference between the temperature measured by sensors

20



CHAPTER 2. EFFICIENCY ANALYSIS
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Figure 2.3: The COP-value and the differences on T , at different levels of superheat.

"TT A’ and "TT C’. A positive value in the graph means that sensor "T'T C’ measures
a higher mean temperature than "TT A’, which would indicate that the spray has hit
sensor "TT A’. Comparing the upper and lower graph it is clear that the maximum COP
is obtained approximately 2 degrees before the difference is significantly increased by the
refrigerant spray. It can also be concluded that refrigerant spray has a negative effect on
the COP-value.

2.3 Summary

The COP-value af different superheat levels is evaluated. The optimal superheat level
is found to be aproximately 12 degrees. At superheat temperatures below 12 degress
the COP-value begins to decrease. This is likely caused by refrigerant spray exiting the
evaporator and thereby not providing any useful cooling. In the later controller design
the superheat reference should therefore be approximately 12 degress.
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CHAPTER 3. MODELLING

Chapter

Modelling

In this chapter the key parts of the test rig will be modelled. These include the evaporator,
expansion valve and compressor. The condenser and water heater are outside the main

scope of this thesis and are therefore not thoroughly modelled.

Resume:

Evaporator

The evaporator model is based on the moving-boundary formulation, where
the idea is to have a single state describing how far along the evaporator the
refrigerant is on two-phase from. This value is normed with the evaporators
length and called the relative filling or z..

1
Tw,c‘ 2 My
jw,i
Titg| — ,
n; - 4
< Te <« >

Two-phase section Superheat section

The relative filling is described by a dynamic expression with a number of
parameters, many of which are working point (or time) dependent. The relative
filling cannot be measured directly, but the model includes a static expression
for the measurable superheat, which depends on the filling.

23



Two of the constant parameters were estimated by bringing the system to a
state with known filling, i.e. flooded evaporator or no superheat. From there,
the superheat was slowly increased by reducing the refrigerant flow while the
other system parameters were kept constant. The refrigerant flow was reduced
very slowly to allow for an assumption of steady state.

- Measured
- Estimated

Superheat [°C]

0006 0008 001 0012 0014 0016 0018 002

~/

0006 0008 001 0012 0014 0016 0018 002
Refrigerant flow [kgs]

Superheat error [ °C]

The last constant parameter, the time constant, was estimated by fitting simu-
lations to measurements during various steps.

—— Calculated superheat
Measured superheat

Superheat

Electronic Expansion Valve

The electronic expansion valve is considered an orifice plate with variable orifice
area.

Pipe wall ol

~,

~J

Plate

The upstream / downstream balance of pressure and velocity of a flow passing
an obstacle like an orifice plate, is described by the Bernoulli Equation.
o

Pg‘f’%'pc'Uf):Pe'i_%'pe"UQ

Using various assumptions, lumping of parameters and conversion of units, the
refrigerant flow through the evaporator can be expressed by

m:K-uzm-\/AP

Requiring only one parameter to be estimated from experiments.
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Compressor

For the ideal reciprocating compressor, the volume flow would be the displace-
ment times the rotational frequency. For non ideal compressors the delivery rate
A is the relationship between the ideal and the actual volume flow. The com-
pressor datasheet includes data which can be used for calculating the delivery
rate at different condenser and evaporator pressures. Knowing the refrigerant
density, the mass flow through the compressor can be found.

Mecom = P(Pe o,Te,0) * /\(Pe,mPc,i) > Ve ° Weamm

However the expansion valve is used for control of the refrigerant flow. In
steady state the flow through the expansion valve and through the compressor
are assumed equal. Hence given the refrigerant flow, the compressor speed
to evaporator pressure relation can be found by numerically searching for the
pressure resulting in the best match between the actual refrigerant flow and
the estimated compressor flow. [Rasmusser, 2008] has provided a very simple
algebraic expression

P — com
€,0 Q- Weom

which also approximates the compressor speed / evaporator pressure relation.

Evaporator pressure [bar]
- ~ w -

1 L L L L L h
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time [s]

Water Tank

The water tank stores the water to be pumped through the evaporator and
features a water heater to from a load. The water temperature is a function of
both the cooling and the heating. The response to both inputs also depends on
where the temperature is measured.

Qtoad—| Gioad|
Qooor— Geool
e Tl

Gload(s) =q - PR

_ e Td,c’?
Geoot(8) = cc - PRy

25



3.1. EVAPORATOR

The model parameters have been estimated for both inputs and to both tem-
perature measurement points. For simplicity the model is reduced to a system
having only the difference between Qload and Qcool, Qnet as input. The averaged
system parameters are used as parameters for the simplified system. The model
is useful as a description of the water tank dynamics, it is not reliable for water
temperature estimation as even small errors integrate to significant size over
time. The figure below shows the measured and estimated water temperature
during a drop in the cooling capacity.

—— Measured
155 Simulated
o
= 15
i
145

o 500 1000 1500 2000 2500 3000 3500 4000

Qi

o 500 1000 1500 2000 2500 3000 3500 4000
Time [s]

Superheat Gain Analysis

The developed nonlinear models are used to analyse the gain from the compres-
sor to the superheat. i.e. how much the superheat change when the compressor
speed is changed.

The gain is found to be between 0.36 and 2.78 for all valid working points.
Limiting the work points to those obtained during normal operation reduces
the range to gains between 0.92 and 2.61.

3.1 Evaporator

The modelling of the two-phase evaporator is based on a first principle approach where
mass and energy of the refrigerant, evaporator and water is conserved. To simplify the

model a number of assumptions are made: [He et all, July 1998

e One dimensional fluid flow.

e Negligible pressure drop along the evaporator.
e Negligible heat conduction along the flow direction of the evaporator.

e Invariant mean void fraction in the two-phase section.

The model is based on a formulation presented by [Grald & MacArthml, [1997] describing

a moving-boundary between the two-phase section and the superheat section in the
evaporator. An illustration of the evaporator with the moving-boundary can be seen in
figure Bl Conservation of mass and energy in the two-phase section of the evaporator
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Figure 3.1: Illustration of the evaporator with moving-boundary.

yield the following equation, describing the time derivative of [.

dl.

plehlgA’éle(1 - '}76)% = mr(ho - h”L) - Q (31)

ple  is the refrigerant density [kg/m?]

hig  is the specific evaporation energy [J/kg]

A, is the cross section area of the evaporator [m
e is the mean void fraction (vapour to liquid ratio) [-]
m, is the mass flow of refrigerant [kg/s]

h;  is the enthalpy of the inflow refrigerant [.J/kg]

ho s the enthalpy of the outflow refrigerant [.J/kg]

Q  is the heat transfer to the refrigerant [.J/s]

’]

The first term on the right side is the power flow out of the evaporator, caused by
the difference in the enthalpy of the inflow and outflow of refrigerant mass. The second
term is the heat transfer from the ambient water to the cooler refrigerant. The two terms
gives the net energy change rate of the two-phase section. If the system is in steady state
the heat power is equal to the power used to evaporate the refrigerant inflow mass. If
the heat power is increased, more refrigerant than the inflow mass is evaporated, thus [,
decreases. The heat exchange in the superheat section is assumed negligible compared
to that of the two-phase section. The last term in equation [BII) can be expressed as

Q = Cwmw(Tw,i - T’w,o) (32)

where:
Cy  is the specific heat capacity of the water/antifreeze solution [J/Kkg]
My, is the mass flow of water [kg/s]
Ty, is the water inflow temperature [°C]

)

wo 1s the water outflow temperature [°C]|

~
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3.1. EVAPORATOR

The value of T, , can be derived as follows. Consider a cross section of the evapo-

Ty
Water
mﬂ)
<« :
dQ
Evaporator wall
v T.
Refrigerant b
e
d »
| >

dz

Figure 3.2: Cross section of the evaporator.

rator (dz), which is illustrated in figure The heat transfer rate from the water to the
refrigerant over this cross section is

dQ = yrbe (T (2) — To(2))dz (3.3)
where:
Q. is the thermal resistance between the water and the refrigerant [J/Km?]
be is the width of the evaporator plates [m]

Tw(z) is the temperature of the water [°C]
T.(z) is the evaporation temperature [°C]

Considering energy conservation, the heat transfer from the water to the refrigerant
must cause a decrease in the water temperature.

dQ = —11yCpydT(2) (3.4)
Combining equations [B3)) and @) yields
— MyCopdTy(2) = urbe(Tw(z) — Te(2))dz (3.5)
dTy, (Z) Qe
HwlZ) _ _Qwidep oy, 3.6
ol S (T, (2) ~ T.(2) (3.6

The value of T, (z) is equal to the evaporation temperature of the refrigerant and assumed
constant over the entire two-phase section. The resulting first order differential equation
is on the same form as Newton’s cooling law and solving it with initial condition 7°,(0) =
Ty, yields

aw,rbe

Tw(z) = (T, — Te)e” Twew = + T, (3.7)
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CHAPTER 3. MODELLING

The changes in the outlet water temperature caused by the superheat section is assumed
negligible compared to that of the two-phase section. The outlet temperature can then
be found using equation ([B7) and assuming (z = l.).

aw,rb

Tw,out = (Tw,i - Te)67 mwcj le + Te (38)

Rewriting equation () with L, = %=l vields

M C
Tw,o = (Tw,i - Te>€7LWI€ + T, (39)
Inserting this equation into equation ([B2) yields

Q = C’wmw (Tw,i - ((Tw,i - Te)e_Lwle + Te))
= Cuiig(Tywi — To)(1 — e~ Lule) (3.10)

There are unknown parameters in (L,l.), however it is reasonable to assume that
(Lyle << 1). Remembering that e ~ 1 — x for & << 1 and inserting the expres-
sion for L,, equation (BI0) can be rewritten as

Q = Cwmw(Tw,i - Te>Lwle
= (Tw,i - Te)aw,rbele (3-11)
The equation shows that the heat transfer is a function of the temperature difference
between the water and the refrigerant and does not model any temperature drop in the
water through the evaporator. The accuracy of the assumption (L,l. << 1) therefore

depends on a small temperature drop of the water temperature. Inserting equation B
into equation [BI]) yields

_dle
plehlgeAe(l - 7&)% ==

The superheat temperature can be expressed as [He et all, Uuly 1998]

o(Le—le)
Top = (Tus — To) (1 _ e~ T ) (3.13)

My (ho — hi) — (Tw,i — Te) o rbele (3.12)

where:
L. is the length of the evaporator [m)

C, s the specific heat capacity of the refrigerant [J/Kkg]
o is the thermal resistance between the water and the refrigerant gas [J/Km?]

To make the model more genetic many of the unknown parameters can be lumped to-
gether. It is also possible to define a new parameter which describe the filling level of
the evaporator. This is done in equations (BI4) - (BId).

le

e = T 14
e = 1 (314)
(& —— plehlgAAe(1 - 'Ye)Le (315)
2 = Qqrbele (3.16)

Using these parameters the system can be written as

dr.
dt

C1 = mr(ho — hl) — CQ(Tw,i — Te)xe (317)
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3.1. EVAPORATOR

and
Top = (T = T.) (1 =6 (3.18)

There are now three unknown constant to be fitted. The superheat depends on x. which
depends on ;.. In steady state (dz./dt = 0) the value of z. can be expressed as

0 = mr(ho — hz) — CQ(Twﬁi — Te)l'e
tive (ho — hi)
., = o™ M) 3.19
* CQ(Tw,i - Te) ( )

The constant c¢o is unknown. It can be estimated if knowledge about the value of x.
exists. If the refrigeration system is in a state, where the superheat is zero the length of
lsp, must also be zero and x. must be unity. A measurement of the superheat as a func-
tion of 1, should provide enough data to estimate the two unknown constants. However
since equation (BIJ) is only valid in steady state (ze = k1,7, = k2) the measurement
must be made with a very slow changing m, to ensure steady state like behaviour. The
left part of figure shows a measurement of the superheat as a function of m,. The
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Figure 3.3: Estimated and measured superheat as a function of 7.

measurement is made by manually finding a rh,.-value, that results in zero superheat and
then slowly decreasing the r,-value. A drn,./dt value of 0.00001 was used. During the
measurement it is important to keep all other states constant. The measurement is with
constant Ty, ;, condenser pressure and compressor speed. Using this measurement the
constants can be fitted to the data. The right part of figure shows the estimated
superheat using the fitted constants o = 220 and ¢y = 250 and the measured superheat.
The lower right graph is the error between the measured and estimated superheat. As
it can be seen the estimation in not perfect and other data sets shows that the constant
values are different when using different data sets. One of the main sources of error is
the estimate of x.. Figure B4 shows a measurement where 1, is slowly decreased from
a superheat equal to zero. It is important to note that the superheat does not start to
drop before 7h,. has been decreased from approximately 0.033 to 0.029 kg/s . The model
does not take this effect into account. The phenomenon is likely caused be the refrigerant
spray described in chapter

The only unknown constant to be fitted is ¢;. The value of ¢; has to do with the dynamics
of the system and can therefore not be evaluated in steady state like behaviour. Equation
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Figure 3.4: Measured superheat and refrigerant flow.

BIR) can be used to calculate the filling given a measurement of the superheat. Figure
B show the filling calculated by using superheat measurement and the filling calcu-
lated using the dynamic system described in equation [BID) using a ¢; value of 100000.
The figure shows that the dynamic system have approximately the same dynamics as
expected from equation (BIX). Figure B shows the resulting superheat compared with
the measured superheat.

3.1.1 Summary

The evaporator is modelled using a first principle approach and the moving-boundary
formulation presented by [Grald & MacArthuil, [1994]. Multiple assumptions are made
to simplify the model. These include: One dimensional fluid flow, negligible pressure
drop along the evaporator, negligible heat conduction along the flow direction of the
evaporator and invariant mean void fraction in the two-phase section. The parameters in
the resulting model are then lumped together and fitted to experimental data. Additional
data is used to validate the model. An algebraic expression of the superheat is also
presented.
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Figure 3.6: Calculated and measured superheat.
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3.2 Electronic Expansion Valve

The expansion valve is used to control the refrigerant flow. It acts like a variable orifice
plate on the flow of refrigerant from the condenser to the evaporator, see figure B2l Due
to the fact that the mass flow is the same in both ends of a pipe, the velocity will increase
to compensate for the reduced cross section area. With constant energy the increased
velocity means reduced pressure, which is expressed by the Bernoulli Equation (B20).

[Auld & Srinivad, -

Pipe wall

Orifice

\LA_’ L+V

Figure 3.7: The expansion value illustrated as an orifice. The refrigerant is liquid up-
stream and two-phase downstream.

1
Pc+§'pc'v12):P€+ .pe.'U2 (320)

P. is the condenser pressure [bar]

P, is the evaporator pressure [bar]

pe is the upstream refrigerant density pressure [kg/m?]
pe is the downstream refrigerant density [kg/m?]

vp  is the refrigerant velocity in the pipe [m/s]

v, is the refrigerant velocity in through the orifice [m/s]

Assuming known cross section areas equation ([B20) can be written in terms of volume
flow. The volume flow is defined in equation BZI)
V=uv-A4 (3.21)

where:
V is the refrigerant volume flow [m?/m)]

v is the refrigerant velocity [m/s]
A is the cross section areas [m?]

The volume flow is assumed constant at this point (V = V, = Vp), so is the density
(p = pe = p.) although the refrigerant is subject to a partly phase change. Inserting

equation (B2]) into (B20) yields equation B2ZJ).

. 2 . 2
1 114 1 1%
Pt-—p|—)| =P.+=-p- | — 22
+20<AP> +2P<Ao> (3.22)

’]

where:
A, is the cross section area of the pipe [m

A, is the cross section area of the orifice [m
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3.2. ELECTRONIC EXPANSION VALVE

It is now possible to find the pressure drop across the orifice. The pressure drop is
calculated in equation ([BZ3)).

1 vzoov?
AP=P,— P ==.p. | —— - (3.23)
2 <A02 Ap2>

Solving equation [B2ZJ) for the volume flow.

. 1 2-AP
V = i A, - (3.24)
e

The massflow can then be found by multiplying equation (BZd) with the refrigerant

density.
m = C-A,-\/2-p-AP (3.25)
1
Cc = — 3.26
— (3.26)

Simulations have shown that, for A, < 0.4-A4,, C- A, is quite linear with A,, see figure
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Figure 3.8: For A, < 0.4- A,, C' is approximately constant.

Assuming A, < 0.4 - A,, C can be approximated by a constant.

m=C-A, - \/2-p-AP (3.27)
The work of [Petersen & Lund, 2004, p. 60] suggests a squared relationship between

the control signal ue,, and the flow 7. Hence the orifice area, A,, in equation (BZ7)
is substituted by u2,,. The constant C' is renamed K as it has to include other factors
which has to be estimated. The resulting equation can be seen in equation ([B2F).

m, =K -u2,, - VAP (3.28)
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3.2.1 Verification

The value of K is estimated through experiments and should be constant for the model
to be valid. The plant should be excited with different expansion valve control signals
(Uexv) and different pressure drops across the expansion valve.

Appendix [Bl describes the experiments performed and estimates the value of K to
0.0152. The appendix also describes the issue of occasional inconsistency between mea-
sured and calculated flow. Figure B is a plot of some of the results.
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Figure 3.9: Steps on expansion valve, measured and estimated flow.

3.2.2 Summary

The flow through the expansion valve primarily depends on the pressure drop and the
control signal. The relationship has been modeled using the Bernoulli Equation and dif-
ferent assumptions about the behaviour of the refrigerant and the valve. All the unknown
parameters have been collected in a single constant, whos value has been estimated by
experiments. The same experiments revealed sudden changes in the control signal /
refrigerant flow relationship, often trigged by operation of the solenoid valve.

3.3 Compressor

In this section concerns the development of a model of the compressor. The model
describes the mass flow of refrigerant through the compressor. After the model of the
compressor is verified, it is used to calculate the evaporator pressure. The following is

largely based on [Guntoft & Laurtiserl, 200d]. The ideal volume flow of a reciprocating

compressor is the piston displacement times the rotational speed

‘/com = Vcom * Wcom (329)
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where:
Weom  is the compressor rotational speed [s71]

Veom 18 the compressor piston displacement [I]

However this does not hold and the rate of delivery is introduced to express the re-
lationship between the actual and the ideal volume flow.
‘./CO’ITL
A== (3.30)
‘/CO’ITL

where:
A is the rate of delivery [—].

It is possible to calculate the value of A\ based on performance data of the compres-
sor. The following is based on |Guntoft & Lanrtiserl, 2003, p. 100]. The compressor
performance data describes a cooling capacity at known condenser and evaporator tem-
peratures. Assuming zero subcool the enthalpy of the refrigerant flow into the evaporator
equals the enthalpy at the bubbling point at the condenser pressure. The enthalpy of
the refrigerant flow out of the evaporator is known given the evaporator pressure and a
measure of the superheat. The cooling capacity per kilogram of refrigerant is given as

Ah = he — h; (3.31)

The performance data of compressor specifies a cooling capacity Qo. The required re-
frigerant flow to provide the cooling capacity can be calculated by

Qo

7 = — .2
e = A7 (3.32)

If the temperature and pressure of the refrigerant into the compressor is known it is
possible to calculate the density of the refrigerant. The density can be used to calculate
the volume flow.

Veom = — (3.33)

By inserting equation ([B33) and B29)) into ([B30) it is possible to calculate the rate of
delivery based on the performance data of the compressor. The performance data of the
compressor is given for a number of different evaporator and condenser temperatures.
Figure BT shows the calculated rate of delivery based on the available performance data.
The mass flow can now be calculated by multiplying equation ([B2d) with the density
and the rate of delivery

mcom = p- A ‘/com * Weom (334)

The rotational speed is controlled by a frequency drive, whose frequency is determined
by equation ([B33). According to its datasheet, the compressor takes 2900 RPM at 50
Hz input, yielding equation (B34).

feom = 3557142557 teom (3.35)
Weom = feom - 0.967 (3.36)
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Figure 3.10: The rate of delivery at different evaporator and condenser pressures.

3.3.1 Verification

In order to verify the mass flow model an experiment was performed on the system,
where the compressor speed and refrigerant inflow was changed in steps. Figure BTl
shows the steps in compressor speed and refrigerant flow and how this resulted in changes
in the superheat. It is clear that is takes some time after a change before the system
reach steady state. Figure shows the measured refrigerant inflow and the calculated
refrigerant flow through the compressor. The refrigerant inflow and refrigerant flow
through the compressor should be equal when the superheat in constant. As it can
be seen from the figure, the inflow refrigerant is almost the same as the flow through
the compressor, however they deviate somewhat, especially after 4000 seconds. The
refrigerant flow through the compressor can now be calculated, but more important the
evaporator pressure can also be calculated using equation B34 if 1.0, is known. It has
been shown that 1.0, = ™, is a good assumption in steady state. Rewriting equation
B33 using this assumption and a more strict notation yields

mcom = P(PE,D,TE,D) ' )‘(PE,D,PC,.;) ' chom * Weom (337)

It should now be possible find the evaporator pressure as a function of refrigerant flow
(r,) and the compressor speed (weom ). This can later be used to derive the model gain
dPe/dm and dPe/dweonm which is needed to control the system. There is however one
problem, the refrigerant density p is an 'unknown’ function of pressure and temperature
i.e. available through a ’blackbox’ function or as a lookup table. The value of A is
a function of evaporator and condenser pressure and available as a interpolation of a
lookup table. Tt is therefore not possible to algebraic solve equation B3). It is however
possible to numerical find the evaporator pressure in a least square sense.

min mcom - (p(Pewo,Tewo) : A(Pe,oapc,i) : ‘/com : Wcom>| (338)

e,0
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Figure 3.11: Measured compressor speed, refrigerant flow and superheat

Figure shows the calculated pressure and the measured pressure of the data set
shown in figure BT0l Is can be seen from the figure that the calculated pressure overall
fits the measured pressure.

Later in this thesis an algebraic expression is needed to simplify calculations. A good

approximation is possible using equation (B39 ﬂB.as.m.]_lssﬁd, |2.0_Oﬁ]

P.,= _Meom (3.39)

>
Q- Weom

where:
a s a system constant [kg/bar]

FigureEIdshows the pressure calculated using equation [E39) with a a-value of 1.8-107%,
The figure also shows the measured pressure and the pressure calculated using equation
B3D) (same as in figure BI3). Tt can be seen from the figure that the pressure calculated
numerically is closer to the measure pressure than the algebraically calculated pressure.
This is expected since the algebraic equation is much simpler.

3.3.2 Summary

The refrigerant flow through the compressor has been modelled. The flow primarely
depends on the control signal to the compressor, the refrigerant density and the rate of
delivery. The rate of deliery is a measure of how efficient the compressor can pump the
refrigerant. E.g. at high pressure differences over the compressor, the rate of delivery
is low and the flow is reduced. Both a numerical and an algebraic expression for the
mass flow is presented. The numerical expression is more accurate than the algebraic
expression, but is harder to utilise in the control design.
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Figure 3.13: Measured and calculated evaporator pressure.
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3.4 Condenser

A makeshift PI regulator of the condenser fan has been implemented to keep the con-
denser pressure constant. As the condenser is outside the main scope of this project, it
will not be modelled.

3.5 Water Tank

This section concerns the development of a model of the water temperature. The water
temperature is a function of the heat energy added by the load and the heat energy
removed by the cooling process. Figure BIH and equations (BZ0) and BT illustrates
an assumption about the relationship between load, cooling, time and water temperature.
Besides gains and time constants it contains time delays to reflect the transportation of
the water and integration to reflect the accumulation of energy.

Qroar—> Gload

S— 0

A -

Qcool GCOOl

Figure 3.15: Water tank model with separate inputs.

e*‘rdyl'S
Gload(s) = cr- m (340)
e_Td,c'S
Gcool(s) = Ce- m (341)
where:
c are the power to temperature gains (inverse heat capacity) [kg/J]
Td are the time delays [s]
T are the time constants [s]

Qloaqa s the rate of energy added to the water [IV]
Qcoor  1s the rate of energy removed from the water [IV]

If the responses to onad and Qcool can be assumed equal the model can be simpli-
fied by considering the resulting energy rate, see figure BI8 and equation ([BZ2).

Qnet_’ Gtcmk _’Tw

Figure 3.16: Water tank model with combined input.

e~ TS
Grank(s) = ¢ —— (3.42)

s+ 782

Qnet = Qload - Qcool (343)
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where:
Qnet 18 the resulting energy rate [IW]

Table Bl lists the parameters from equation ([BZ2) fittet to different measurements. The
first two columns are steps in the cooling capacity with no load. The first is the response
at the temperature sensor just after the evaporator while the second is the response just
before the evaporator, i.e. through the water tank. The next two are two different mea-
surements with no cooling and multiple or a single step in the load respectively. The
last column is the average parameter values. The figures BI7 and BI8 shows plots of

|Parameter | cool-TT07 cool-TT08 heat-TT07 heat-TTO7 Average |

c 39-107% 395-107°® 3.15-107° 3.45.-107° 3.6-10°°
Td 0 60 30 70 40
T 0 20 355 215 148

Table 3.1: Model parameters.

the water temperature during the measurements associated with column two and four of
table Bl respectively. Both plots features the measured temperature, the temperature
estimated from the fitted parameters and the temperature estimated from the average
parameters. Notice how the average parameters results in increasing errors. This is due
to small errors being integrated up. Fortunately the water tank model is not used for
water temperature estimation, but its dynamics are used for controller parameter tun-
ing. Figure is a similar plot of a measurement with both cooling and heating. The
estimated temperature uses the average parameters, but the gain from wupeqt to Qload
was changed from 600 to 610 to give the correct balance in OQnet.

Measured
301 Fitted
_ — — — Average
O 25 4
=

200 400 600 800 1000 1200 1400 1600 1800 2000

-5000t i i i i L i i i i i
200 400 600 800 1000 1200 1400 1600 1800 2000
Time [s]

Figure 3.17: Water temperature (TT08) during varying cooling capacity.
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Figure 3.18: Water temperature (TT07) during steady heating.

3.5.1 Water Tank Summary

The water tank contains the cooled medium, the water. The temperature can be ma-
nipulated by both the load from the water heater and the cooling in the evaporator.
The response to these inputs depends on both which input is actuated and where the
temperature is measured. For simplicity the developed model only has one input: the
difference between the two actual inputs. The model parameters are found by averaging
parameters fitted to the different possible system responses. Due to the integrating na-
ture of the water temperature and the error introduced by the simplification, this model
is not reliable for temperature estimation, but describes the water temperature dynamics
well.
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Figure 3.19: Water temperature (TT08) during 'normal’ operation.

3.6 Superheat Gain Analysis

This section utilise the developed models of the system to derive the gain from the com-
pressor speed to the superheat. The gain is then evaluated in normal working conditions.
The gain is defined as

aTsh
in = —— 3.44
galn awcom ( )
From the superheat equation (B3] the gain can be derived as

sp  _ 0Ty, 0L 0P, 0Ty Oz OT. 0P, (3.45)

Oweom  OTe OP.o Oweom  Ore OT. OPey OWeom '

0Tsn ol, 0P, (0Ts, = OTsn Oxe

_ . : : 3.46
Owcom Py Oeom ( T, Oz, OT. (3.46)

The first part describes how the change in evaporator pressure and evaporation tem-
perature affects the superheat. The last part describes how the change in pressure and
evaporation temperature affects the superheat through changes in the filling of the evap-
orator. The refrigerant mass flow can be estimated using equation [BZ1).

My = Q- Weom * Pe,o (347)
yielding
OPe o my
— = - 3.48
OWeom o w2 (3.48)

The evaporation temperature at a given pressure can be found using ﬂm, mﬂ as
Te = Tyup(Pe,o). The exact function is unknown, but as figure shows, the second
order function in equation ([BZ9) is a good approximation.
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20

Evaporation temperature [ﬂ C]

RefEqn: Tdew(P)
— — - 2nd order function
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Pressure [bar]

Figure 3.20: Output from RefEqn’s Ty, function and fitted function.

Te = Tyup(Pe,o) = —1.44P2 )+ 18.62P, , — 42.11 (3.49)
which yields
oT.
= —2.88P, , + 18.62 .
oP.. 88P, , + 18.6 (3.50)

Calculating the partial derivative Ty, /0T, from equation [BI3F) yields

0T oo - —ore
aTeh — (echT — eCrWLr) ecrmr (351)

Again using the superheat equation, (B2I3), the partial derivative 0Ty, /Jx,. yields

s, —a(T. — Tp)ewm e

(3.52)

0xe Crmy

Finally the partial derivative dx./d0T, must be calculated. Since we are not interested
in the time continuous description of x. but only the steady state gain, it is possible to
use equation [BIJ). The partial derivative yields

0z,  m,(H, — H;)
oT. (T, —T,)?

(3.53)

Using equation (B4X) and BE0)-BX23) it is now possible to calculate the gain 9Tsp, /Oweom
in any system state.

In the later superheat controller design process it is beneficial to have information about
the gain in the reachable states of the system. E.g. if the gain is almost constant it might
be possible to design a simple controller. In the following the constraints of the system

states are calculated given information about the external environment. It is assumed
that
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e Inlet water temperature is known (Tw,i).
e Ambient temperature in known (77).

e Minimum temperature difference between inlet water temperature and evaporation
temperature is known (AT).

e Negligible heat transfer in the superheat section.
Furthermore the test rig absolute maximum and minimum values are maintained i.e.
e Maximum condenser pressure: 15 bar
e Minimum evaporator pressure: 1.6 bar
e Maximum evaporator pressure: 4.9 bar
e Minimum compressor speed: 35 Hz
e Maximum compressor speed: 60 Hz

It is now possible to find the extreme evaporator pressure levels

Pe,o,min = 16 (354)
Pe,o,maz - Pbub(Tw,i - AT) (355)

The maximum pressure level corresponds to the evaporation temperature given by the
water inlet temperature and the AT temperature. The extreme values of the compres-
sor speed are known. It is therefore possible to calculate the resulting refrigerant flow
bounded by the extreme values of the evaporator pressure and compressor speeds using
equation (BA1).

Since the energy transfer in the superheat section is assumed neglectable the enthalpy
of the refrigerant out of evaporator is found by assuming zero superheat. It can then be
calculated as a function of the evaporator pressure. The enthalpy of the refrigerant into
the evaporator is lower bounded by assuming that the refrigerant is on liquid phase and
subcooled down to the ambient temperature. The upper bonded value is the saturation
enthalpy at maximum condenser pressure.

The idea is to numerically loop trough all the combinations of evaporator pressure, com-
pressor speed and inflow enthalpy. For each set of values the refrigerant flow is calculated
using equation ([BZ7). The filling of the evaporator is then calculated using equation
@BT9). If the filling is less the unity, the gain 0Tsp/Oweom for the set of values is calcu-
lated using the previously described method. If the filling is more than unity the set of
values is not valid.

Figure BZ20 shows an example of the calculation using the following values T, ; = 15,
T, = 30 and AT = 10 degrees. The upper left part of figure B2l shows the refrigerant
flow with minimum inflow refrigerant enthalpy. The lower left shows the corresponding
gain. The right part of the graph shows the same but with the maximal inflow refrigerant
enthalpy. The maximum gain is 2.78 and the minimum is 0.36

Figure B2 shows a similar figure, however the filling level is not used as the constraint.
In this figure only states resulting in a superheat between 10 and 15 degrees are plotted
as it can be seen the valid states are quite limited. The maximum gain is 2.61 and the
minimum is 0.92
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. o e o ‘ o E N s 0.03

0.025

3 : - - . 3 - * 0.025
-0.02
3 25 - 0.02

0.015

2 0.015

Evaporator pressure

Figure 3.21: Refrigerant flow and gain 07T, /0weom. Only working points with z, < 1
are shown.

3.6.1 Summary

The developed system models are used to calculate the compressor to superheat gain.
The gain is found to be between 0.36 and 2.78 for all valid working points. Limiting the
working point to those found during normal operation i.e. with superheat levels higher
than 10 and lower than 15 degrees the gain is between 0.92 and 2.61. This information
can be used when designing the controllers.
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Figure 3.22: Refrigerant flow and gain 07%p,/0weom. Only working points with 10

Tsn < 15 are shown.
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Chapter

Controller Design

This chapter covers the design of the controllers, which will implement the control
paradigm described in the thesis (section [LH on page [[¥). The first section features
a brief overview of the three primary control tasks and the difference between the new
and classic control strategy. The control strategy is broken down into three controllers
which are described in the following three sections. Experiments are used to validate
the controller designs and tune the controller constants. The final section wraps up the
chapter with an overall description of the controller performance.

Resume:

A new control strategy is suggest, where the superheat is controlled using the
compressor and the cooling capacity is controlled using the electronic expansion
value. The next figure illustrates the controller strategy.
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It is clear that a total of three controllers are needed to control the refrigeration
system. These include: A temperature controller which calculate the required
cooling capacity, a superheat controller which regulates the compressor speed
and a condenser pressure controller which regulates the speed of the condenser
fan.

Temperature Controller

The temperature controller regulates the cooling capacity such that a desired
water temperature can be reached and maintained. An overview of the temper-
ature controller can be seen in the next figure.

Tthrottle_l e f fewv() Yexv, ff

Tw,ref () PIQ 1 fme()

Fan)
A\

| R — | R —

PI,; ' EXV T Evap T,

oy

Req. Capacity Req. Flow EXV Control System

The temperature controller consist of a number of control loops. The outer loop
is a PI controller which regulates the required cooling capacity. This will effec-
tively track the amount of heat needed to be removed. Le. if the water is heated
by 4000 W, the outer loop will regulate the system such that 4000 W cooling
capacity is obtained in steady state. The cooling capacity is then converted to
refrigerant flow. A model of the expansion value is used to feedforward the valve
opening required to obtain the calculated refrigerant flow. On the test rig it is
possible to measure the refrigerant flow which is utilised in an inner feedback PI
control loop. This result is a very accurate refrigerant flow. This control method
does not inherently include any protection from flooding the compressor with
refrigerant. A throttle is implemented to reduce the refrigerant flow whenever
the compressor is running at maximal speed. The refrigerant flow needs to be
reduced e.g. when there is a large temperature error and the outer loop therefor
tries to obtain a very large cooling capacity.

Superheat Controller

The superheat controller regulates the compressor speed to maintain a reference
superheat level. The next figure illustrates the superheat controller.

te,cale Pe,calc

) “Ycomp,ff

fie() = Paew O Jul ]

1 1
tshrefLlo@ PI |- Comp! Evap:Ttsh

| N E |

FF control

FB control System
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It consists of a feedback loop and a model-based feedforward loop. The feed-
forward is used to calculate the evaporation temperature needed to reach the
reference superheat level. The evaporator model is

dx,
@
Yt

= me(ho - hz) - CQ(Tw - Te)ze

In steady state it is possible to calculate the evaporator filling as

mr(ho - hz)
CQ(Tw — Te)

Le =

This expression can then be inserted into

o(1=we)

T = @u-T)(1- %)

Solving for T, yields the evaporation temperature which is need to obtain a
given superheat level. This function is denoted fi.(). The remaining part of
the feedforward calculates the evaporator pressure given by the evaporation
temperature. The compressor speed needed to reach the pressure is the last
part of the feedforward. A standard PI controller is used as feedback.

Condenser Pressure controller

The condenser pressure is controlled by the condenser fan. A higher condenser
fan speed will provide better cooling of the refrigerant and the pressure will
drop. The next figure illustrate the implemented PI controller.

nY
A\

PI — Fan — Cond :—756

| ——— | E——

Pc,re}'

Req. Pressure System

4.1 Controller Strategy

The thesis suggested a new approach to controlling the refrigeration system. Figure
ET illustrates the overall control of the refrigeration rig for both the classic and the
new method. The classic approach uses a thermostatic expansion valve to control the
superheat and the compressor to control the cooling capacity. The new approach controls
the superheat using the compressor and the capacity using an electronic expansion valve.

The controllers includes more inputs to improve performance and properly utilise the
models. The three new controllers are:

TC The temperature controller calculates the required cooling capacity from the error
between the desired temperature (Ty rcr) and the estimated temperature of the
cooled goods (T,,). The value of T, might be estimated as T, ;, Thw,o Or & combi-
nation depending on the application. The cooling capacity depends on the rate of
evaporation, hence TC controls the flow of refrigerant through the expansion valve
to the evaporator.
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Classic method

New method

Figure 4.1: Overview of the classic and new controlller strategy.

SHC The superheat controller regulates the compressor speed to keep the superheat at
the reference level (Tsp rer). In the design process feedforward is included from
the flow controller to the superheat controller to archive better performance and
disturbance rejection.

CPC The condenser pressure controller keeps the condenser pressure constant by regu-
lating the condenser fan.

4.2 Temperature Controller (TC)

This section concerns the water temperature controller. The water temperature con-
troller determines how much cooling capacity is needed to reach and hold the desired
water temperature (T, rer), this is the topic of the first subsection. Some applications
may benefit from determining the the required cooling capacity from other sources e.g.
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an operator set constant or some supervisor. The second subsection describes the conver-
sion from required cooling capacity to required refrigerant flow. Hereafter a subsection
deals with realising the required flow through control of the electronic expansion valve
(EXV). The expansion valve controller features both model-based feedforward and clas-
sic feedback. The expansion valve controller constitutes an inner cascaded loop. Figure
shows an overview of the temperature controller.

Tthrottle—l Mor,re f > femv() —[”ewv,ff

o Plg fme() +(

Y
A

Tow,res—4

I
PIL;, |+@&—! EXV T Evap T,
1

Ty

Req. Capacity Req. Flow EXV Control System

Figure 4.2: Temperature controller overview.

4.2.1 Required Cooling Capacity

The water temperature (T),) is to be controlled by regulating the cooling capacity (QCOOZ)
while the load (Qload) is an unknown, ’steady’ disturbance. The drift introduced by the
load and the fact that Qoo is constrained by the limits of the setup (approximately the
range between 1000 and 7000 Watt) makes it a nonlinear system. The regulator is based
on feedback of the measured water temperature, as seen in figure The regulator
parameters are tuned to the simplified water tank model developed in section on
pageHT], see equation [ETl). As the actual load is unknown to the temperature controller,
the value of Qe is found using a working point (pr) which approximates the load.

Grani(s) = csjjﬂ (4.1)
Qnet(t) = pr(t)chool(t) (42)

where:
Qnet 18 the resulting energy rate [IW]
Qup is the working point [I¥]
c is the power to temperature gain (3.6 - 1079) |]
Td is the time delay (40) [s]
T is the time constant (148) [s]

Figure is a root locus plot of equation ([I]) with unit feedback and varying pro-
portional gain. The time delay is approximated by a third order Pade Approximation.
Using sisotool this approximated, linearised system is found to be stable up to a pro-
portional gain of 7000. The phase margin is 45 degrees at 1550, where the gain margin
is 13 dB.

The working point has to track the load for the resulting energy rate assumption
(Qnet) to be valid. The leftmost plot in figure Edlon the following page shows a simulation
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of the linearised system with a proportional gain of 1500 and Qcool saturated to 7000 W.
The initial temperature (T5,,0) is 20 °C and the temperature reference (T rey) is 14 °C.
The working point (pr) is fixed at 3500 W, the load starts at 3500 W but steps to 3000
W at 5000 s. This clearly introduces a temperature offset, as expected when using a P
controller with limited gain. If one has a good guess of the load, the temperature offset
is likely to be acceptable.
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Imaginary Axis
.
2
. &
Imaginary Axis
i
e
.=

-0.01

—
—

-0.02 —

-0.03
005 01 015 02 025 03 035 -0.01 -0.008 -0.006 -0.004 -0.002 0  0.002 0.004 0.006 0.008 0.01
Real Axis Real Axis

-0.1 -0.05 0

Figure 4.3: Root locus, proportional gain, K = 1500 and 7000 marked. The figure to the
right is a zoomed version of the figure on the left.

On the other hand it is possible to let pr automatically track onad- One solution is to
integrate the temperature error to get a working point with no temperature offset, i.e.
the true working point. The integral effect can be achieved by using a PI controller, see

equation (E3).

K
Ky

|~

+ s

S

KerKi-%iKp- (4.3)
Again using sisotool the system was tuned to 45 degrees P.M., giving a 21 dB G.M.
and requiring a proportional gain of 550 and an integral gain of 0.49. The rightmost plot
in figure B4l shows a simulation identical to the previous, but with integral action and
K, =500, K; = 0.5 (P.M.:42, G.M.:22). The initial value of the integrator corresponds
to the initial load. The new root locus can be seen in figure EERQ
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Figure 4.4: Simulations, P / PI regulator, i.e. fixed / tracked working point.
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Figure 4.5: Root locus, with extra pole in origo, K; = K,/1000, K, = 500 marked.

Tw,err = Ty— Tw,ref (44)
pr - pr,guess +0.5- /(Tw,err + Tthrottle) (45)
Qref = 500- Tw,err + pr (46)

where:

pr,guess is an initial guess on the cooling capacity [W]
Tihrottle is used to prevent the evaporator from flooding []

Equation () is the developed expression for the required cooling capacity. Contrary
to when the superheat (through the refrigerant flow) is regulated by a TXV, this new
scheme has no inherent protection against flooding the compressor if the calculated re-
quired capacity is beyond the compressors capabilities. In the previous two simulations
the cooling capacity was saturated to 7000 W, however the actual limit varies with the
operating conditions.

The superheat controller easily detects compressor saturation. This is exploited in a
‘throttle’ feedback signal from the superheat controller to the capacity calculation. De-
tails are given later in this chapter.

4.2.2 Required Refrigerant Flow

When the required cooling capacity is found it has to be converted to a refrigerant flow
so it can be realised by control of the expansion valve.

The relationship between the cooling capacity and the refrigerant flow depends on the
different working points of the entire system. Recall figure on page [ repeated
in figure E8 The gain in enthalpy from [2] to [3] is a measure of how much energy is
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absorbed per kg refrigerant, hence it can be used to calculate the refrigerant flow required
to absorb energy at a given rate.

The enthalpy gain depends on the two pressures (P. and P.), the subcooling and the
superheat. With a 8 — 10 bar condenser pressure and a 2 — 3 bar evaporator pressure
the enthalpy is approximately increased by 145 + 9 kJ/kg plus a contribution from the
subcool and superheat. For simplicity the capacity to flow factor is held constant at 155
kJ/kg, noting that the integral action in the capacity calculation will compensate the
error. The expression can be seen in equation (E1).
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Figure 4.6: Log(p)-H diagram of refrigerant R134a.

QTef Qref

= 4.
ho—h;  165kJ/kg (4.7)

My ref =

4.2.3 Expansion Valve Control

The final stage in the temperature controller is responsible of finding the expansion
valve control signal resulting in the refrigerant flow calculated from the required cooling
capacity. By isolating the control signal in the expansion valve model, found in section B2
on page B3 it is possible to do open loop control of the expansion valve, see equation
(). Unlike most real refrigeration systems the test rig also measures the actual flow,
making an additional feedback loop an option, see equation [EIM).

The combined control signal is saturated to lie in the range 0 — 10 V, as seen in equation

ETD.
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My ref

Uepp = — 4.8
g1 K. .JAD (4.8)
mr,err = mr,ref - mr,meas (49)
Uexv, fb = KP,m . mr,err + /(Kl,m . mr,err) (410)

Uegy = SAT()lo(uezv,ff + uewv,fb) (411)

Uegw,ff 1S the model-based component of EXV control signal [-]
Uegw, fb 1S the feedback component of EXV control signal [-]
Kp,, is the proportional gain for the flow feedback -]

K is the integral gain for the flow feedback [-]

AP is the pressure difference P, — P, [bar]

Kezo is the EXV constant fitted in section -]

The values of Kp,;, and K7, have been hand-tuned to 200 and 10 respectively.

4.2.4 TC Test

The leftmost plot in figure B shows a measurement of the water temperature controlled
with the automatic working point tracking (PI control, equation (H)). Similar to the
simulations, Qload steps from the initial 3500 W to 3000 W at 5000 s. It is evident that
the simulated water temperature response, reprinted in the rightmost plot, is close to
the measured. The main differences are contributed to the throttling during startup.
Where the simulated working point increases while the water temperature is too high,
the implemented working point is lowered slightly because the compressor is saturating.
The simulated and measured responses to the step in Qload are almost identical. The left
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Figure 4.7: Temperature control with pr tracking, measurement / simulation.

plot of figure shows the flow reference and measurement during the step in onad- As
seen, the inner loop (EXV controller) tracks the calculated flow reference well. The right
plot of figure shows the response to a step in the flow reference. From the figures it
is clear that the expansion value control is capable of controlling the refrigerant flow.
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Figure 4.8: Control of the refrigerant, tracking and step response.

4.2.5 TC Summary

The water temperature is controlled by regulating the cooling capacity. The required
cooling capacity is calculated by a PI regulator which was tuned to the water tank model.
The cooling capacity is obtained by regulating the refrigerant flow, whose reference is
calculated proportional to the required cooling capacity. The actual flow is actuated by
the EXV, which is controlled by an inner loop consisting of both model-based feedforward
and PI feedback. Tests have shown consistency between simulations of the regulated
water temperature and actual measurements on the regulated system.

4.3 Superheat Controller (SHC)

The topic of this section is regulation of the superheat. The goals for the superheat
controller are as follows:

e Keep T, near reference.
e Fast convergence after startup and steps in capacity.

The evaporator model and the superheat equation from equation BI) and (BIX) on
page Ed is for convenience repeated here:

dme ’I’i’LT(hO — hl) Co

= ——F = =Ty, —Te)xe 4.12
dt 1 1 ( , )$ ( )
Tsh = (Tw,i - T7) (1 —e U(Clrjjff)) (413)

Assuming a constant (or uncontrollable) water inlet temperature (T, ;) and the almost
constant values of h, and h; and finally that the value of i, is given by the temperature
controller, the only method of controlling the filling of the evaporator is by controlling
the evaporation temperature. The superheat is a function of both the evaporator filling
and the evaporation temperature, hence the superheat must be controlled through the
evaporation temperature. The evaporation temperature is a function of the evaporator
pressure, which can be controlled by the compressor speed. To ensure optimal efficiency
the superheat should be kept as close to the optimal value as possible during normal
operation. Efficiency during low capacity operation (start-stop-start-stop) depends on
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the controllers ability to quickly bring the superheat to the desired operating point.

An important characteristic of the overall control strategy is that the regulation of the
cooling capacity can be considered a disturbance to the required compressor speed.

The disturbance can be suppressed by predicting its influence and feeding it for-
ward, parallel to the feedback-controller. Figure EEd illustrates the overall layout of the
superheat controller. The use of model-based control (feedforward) reduces the feedback-
controller to correcting the model mismatch, hence its performance requirements can be
relaxed. This makes it acceptable to have fixed parameters during the entire working
area, despite the gain variation documented in section Bl on page B4l

te,calc Pe,cale

“comp, ff

fte() ] Pdew() a fw()

NI

tshref " P! Comp ! Evap Ttsh
i I |

A
v
o)
—
MDe

FF control

FB control System

Figure 4.9: Superheat controller overview.

The feedforward and feedback will be described in the following sections.

4.3.1 SHC Feedforward

The purpose of the feedforward is to calculate the compressor speed needed to keep the
superheat at a reference level. From equation [I2) and [I3J) it is possible to solve for
the evaporation temperature (T¢), deriving a function (fi.). This function calculates the
steady state evaporation temperature needed to reach the correct superheat. The inputs
to the function are the superheat reference, the water temperature and the refrigerant
flow. The calculated evaporation temperature translates to an evaporation pressure
which, by rearranging equation [3J), yields an estimated required compressor speed,

see equation (EEIG).

Te,calc = fte (Tsh,refv Tw; mr) (414)
Pe,calc = Piew (Te,calc) (415)
my
W - 4.16
com, ff o - Pe,calc ( )
where:

Te.cale is the estimated required evaporation temperature [°C]

P caie is the estimated required evaporation pressure [bar]

« is a compressor constant found in section [kg/bar]

Pyew()  is an interpolated lookup for T, to P, conversion [bar]
Weom, ff  is the model-based component of the compressor speed [Hz]
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4.3. SUPERHEAT CONTROLLER (SHC)

The compressor speed calculated from equation [EIH) responds to changes in both re-
frigerant flow and water temperature, before they influence the superheat. The function
fte() is derived and validated in appendix

4.3.2 SHC Feedback

Although the feedforward responds instantaneous to changes in capacity and water tem-
perature, it results in varying offsets from the superheat reference given varying working
points. The is caused by the model not beeing perfect. A P or PI controller should be
able to eliminate or reduce these offsets. The PI feedback law is described in equation

ETR).

Tsh,err = Tsh - Tsh,ref (417)

Weom, fb = KP,sh ' Tsh,err + /(KI,sh : Tsh,err) (418)

where:
Kpgp is the proportional gain for the superheat feedback [-]

Krsn  is the integral gain for the superheat feedback [-]

4.3.3 Stability analysis

The system is controlled by changing the compressor speed and thereby the evaporation
temperature. I.e. the system is controlled by changing the model parameter 7.. This
complicates stability analysis. However it is possible to analyse the system behaviour by
simulations to confirm that it is stable. The combind control signal from the feedforward
and feedback is saturated at the compressor lower and upper speed.

Weom = SAT(Weom, ff + Weom, fb) (4.19)

Experiments have shown that the evaporation temperature does not change instantly
when the compressor speed is changed. The change in temperature can be approximated
using a first order system with a settling time of approximately 70 seconds. With a
sample frequency of 1 Hz this yields

To(k) = 0.9311 - T,(k — 1) + 0.0687 - u(k) (4.20)

where:
u is the steady state value of T, [°C]

As described earlier the system is controlled using the compressor to change the evapo-
rator pressure and consequently the evaporation temperature. A new nonlinear system
can now be formulated:

dxe my(he — hi) ¢
= 00 W (Twi—T.)xe 4.21
- e = 2Ty - T (4.21)
T.(k) = 0.9311-T,(k — 1)+ 0.0687 - u(k) (4.22)
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The value of u is used as the input signal. In the simulation the input singal must be
calculated from the control signal weom, .

PG,O = mr/(a ' Wcom) (423)
u = Tbub(Pe,o) (424)

Equations [@23)) - @24 describes the implementation of the controller simulation. When
simulating the close loop system the value of Ty, is calculated using the superheat equa-
tion. Phase plots (or trajectories) can be used to examin stability. Simulated trajectories
of the closed loop system using a Kp g, value of 2 can be seen in figure ET0 The sim-
ulations are done with four different values of the water temperature (5, 10, 15 and 20
°C) and matching refrigerant flow. The same superheat reference (12 °C) is used for
all the simulations. The simulations are started with a wide range of initial evaporator
filling levels and evaporation temperature levels. All the trajectories converge to a single
working point with a superheat of approximately 12 degrees. Figure ELT1 on the next
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Figure 4.10: Phase plot of the system using a P controller. A number of trajectories are
shown with dashed lines.

page shows the same simulations, this time using a PI controller with Kp g, = 2 and
K sn = 0.015. All the trajectories converge to a single working point with a superheat
of approximately 12 degrees. It should therefore be possible to control the system using
both a P and PI controller. Later in this chapter is will be clear that the PI controller is
the best. But first measures are taken to prevent the evaporator from being completely
filled with refrigerant. The next section describes a method of limiting the refrigerant
flow.

4.3.4 Throttle

In some cases the combination of high cooling capacity determined by the temperature
controller and low water temperature calls for a compressor speed in excess of the maxi-
mal bound. In these cases the superheat controller must ask the flow controller to throttle
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Figure 4.11: Phase plot of the system using a PI controller. A number of trajectories are
shown with dashed lines.

the cooling capacity. This problem is similar to the anti-windup problem: When the com-
pressor saturates, the integrator in the flow controller must be prevented from winding up
cooling capacity. Figure shows an overview of the throttle implementation between
the temperature controller and the superheat controller. Figure EET3 shows an exper-
iment where the throttle is utilised. The water temperature and superheat references
are constant at 14 and 12 degrees respectively. The upper plot shows an increasing heat
load and the calculated capacity tracking the load up to approximately 5000 s. At that
time, the middle plot shows that the compressor saturates. This throttels the capacity
calculation, preventing it from tracking the heat load. The effect of the throtteling is that
the unsaturated compressor control signal stays near the saturation threshold, i.e. the
resulting capacity approximately matches the maximal achievable cooling capacity under
the given conditions. As the heat load is no longer matched by the cooling capacity, the
water temperature increases, which is seen in the lower plot.
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Figure 4.12: Tllustration of the implemented throttle.
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Figure 4.13: Experiment utilising throttle.
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4.3. SUPERHEAT CONTROLLER (SHC)

4.3.5 SHC Test

The superheat controller performance is tested by introducing a disturbances in the re-
frigerant flow. The refrigerant flow changes are generated by introducing several steps
between 3000 and 4000 watt in the required cooling capacity. The resulting superheat
is measured to see how the closed loop system holds the superheat reference. The step
in cooling capacity is done by changing the reference on the refrigerant flow (i.e. the ca-
pacity is changed almost instantaniously). The water outlet temperature is maintained
constant by controlling the power used to heat the water. Figure EET4l shows how re-
spectively the P controller and PI controller, both with feedforward, performs. From the
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Figure 4.14: Performance of the P and PI superheat controllers.

figure it is clear that both controllers are able to keep the superheat at approximately the
reference value. However it is clear that the P controller has a small amount of steady
state error, which is removed using the PI controller. Figure EETH shows a measurement
of the feedforward control signal and the control signal including feedback. As it can be
seen the feedforward signal is not prefect, but overall is matches the ’correct’ compressor
speed. It should be noted that the system in some working points is affected by an
unmodelled property. Appendix [E] describes this property and finds that there appears
to be a relationship between this property and the vapourised refrigerant volume flow
[m3/s] through the evaporator: At a given volume flow the required compressor speed
changes approximately 2 Hz.

In cases where the load is very low, the compressor will saturate at the lower bound,
35 Hz. This might prevent the superheat controller from maintaining a reasonable low
superheat. In these cases it might be beneficial to set a lower limit for normal operation
and switch the cooling process on and off to achieve cooling below that limit. Whether
and when this is beneficial depends on the superheat controllers performance when re-
covering from a halted system. In the test shown in figure EETA the heat load is 2000
W, but the system is limited to a minimum cooling capacity of 3000 W. To match the

64



CHAPTER 4. CONTROLLER DESIGN

65

/
q

a
o
T

i

Compressor speed [Hz]
N
(63}
i

3

Actual (FF+FB)
Model (FF)
T T

i i i i i i i T

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
Time [s]

Figure 4.15: Combined control signal to the compressor and the model-based component.

load, the system utilises the solenoid valve to completely shut off the refrigerant flow
when Ty, , reaches T, ..y — 1 and reopenes the valve when the water reaches T’y ,ef + 1.
When the refrigerant flow is stopped the compressor continues at 35 Hz until P, is low
enough for the pressostat to shut it off. During the off periods all controller integrators
are reset. The upper plot of figure ELTH is the superheat. The middle plot is the water
temperature which zigzags in the range T\, ,..f £ 1. The lower plot is the refrigerant flow
which toggels on and off when T, , reaches the respective thresholds.

From figure EETH the controller is deemed reasonably fast at recovery from halt, but it
will require a number of comparable high superheat / switched system measurements to
determine when which strategy is more efficient.

4.3.6 SHC Summary

The superheat is controlled by regulation the compressor speed. The superheat controller
utilises model-based feedforward and a PI controller as feedback. The feedforward calcu-
lates the steady state compressor speed needed to obtain the reference superheat. Due to
the quality of the feedforward signal a low gain PI controller can be used. Phase plots are
used to evaluate the stability of the system. Simulations and experimental data shows
that the controller performs as expected.
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Figure 4.16: The system is periodically halted to match a low load.

4.4 Condenser Pressure Controller (CPC)

The condenser pressure is regulated with a plain PI regulator, see figure ET7 Equation
E28) describe a standard PI controller.

”

Pc,ref

& Pl — Fan — Cond \—3

| IR —— | IR ——

Req. Pressure System

Figure 4.17: Condenser pressure controller overview.

Pc,err = Pc - Pc,ref (425)

Ufan — KP,PC ' Pc,err + /(KI,PC ' Pc,err) (426)

where:
Kp pc is the proportional gain for the condenser pressure regulator [-]
K p. s the integral gain for the condenser pressure regulator [-]

Figure EETY shows the measured condenser pressure. The controller are using the fol-
lowing constants: Kpp. = 2 and Ky p. = 0.1. The pressure reference is 10 bar. The
system is started at ¢ = 0, and pressure slowly builds in the condenser. At approximately
140 s the control signal is large enough to start the rotation of the fan. After the fan is
in motion the controller keeps the condenser pressure close to the reference.
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Figure 4.18: Condenser pressure measured during startup.

4.5 Controller Conclusion

As evident by the different plots during this chapter, the proposed control paradigm
works. The flow controller determines a cooling capacity from the temperature error and
lets the corresponding flow of refrigerant through the evaporator. From startup excess
capacity is utilised to bring the water to the desired temperature. As the water temper-
ature settles the capacity converges to match the load.

The superheat controller regulates the compressor speed to maintain the desired amount
of superheat. For good disturbances suppression the controller is based on feedforward
control, derived from the models developed in chapter Bl on page The superheat
controller also features feedback to compensate model errors. Furthermore the super-
heat controller is allowed to throttle the refrigerant flow if the compressor saturates, this
prevents flooding the evaporator or even the compressor.

So far, all the tuning parameters have been coarsely hand-tuned during experiments,
which suggests that this performance can be easily transfered to similar systems, given
the feedforward model fits, or even tuned for improved performance.
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Chapter

Nonlinear Control

Section EE3 on pageb describes the design of a superheat controller using methods similar
to those used in linear control design. This chapter describe two controller designs using
nonlinear control theory. These methods include feedback linearization and backstepping.
The two controllers both uses the evaporator filling as the reference. It is possible to use
a fixed evaporator filling as the reference or calculate a reference filling that will result
in a given superheat at the working point. Using a fixed reference is the simplest, but
the superheat level will change when the working point is changed.

Resume:

Two different nonlinear controllers are developed in this chapter. They are
respectively based on feedback linearization and backstepping. Both controllers
regulates the evaporator filling z.. The filling can not be measured directly,
but it is possible to isolate the filling in the superheat equation. The resulting
equation is

1 iy
Te = glog <T—h’f‘e+1) (Crmr)‘i’l

The controllers make use of both the evaporator filling and the time derivative
of the evaporator filling. Any noise in the measurement of the superheat or
the refrigerant flow will deteriorate the quality of the calculated signals. To
reduce the problem, an observer is used for estimating the evaporator filling.
The observer is made using the following model

Te(k +1) = A() - Ze(k) + B(-) - u(k) + glae(k) — 2e(k)]

The next figure illustrates the control strategy used for both controllers.

Tsh

e,ref

Controller —p Compressor—pp Evaporator

Observer €¢— f() €¢—
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The principle of feedback linearization is that a nonlinear system is made to
appear linear by modifying the system inputs. Once the system appears linear
it is possible to use linear control theory. In order for the system to be feedback
linearizable the nonlinearities must appear together with the input m, m,
p. 505-509]. The general form of a feedback linearizable system is

= Az+B-7(2)- (u—a(2))
a(z) +77H(2) - w

u

The system will appear linear using the control signal w. The next figure illus-
trate process of feedback linearization.

prTmTees Lo :
w—>y(2)7! (‘) 4 ? : v(2) i—»ilin. sys—>Y
ofz) | alz)
Encapsulation Transformed system

The nonlinear evaporator model does not fit this form directly and a transforma-
tion is utilised. Once the system is feedback linearized a P-controller is used to
control the evaporator filling. Simulation and experiments are used to validate
the control law.

The principle of backstepping is to use Lyapounov functions to express feedback
laws that will stabilise the system. It is possible to 'backstep’ trough the system
model until a controllable system parameter is included in the stablilzing control
law. The generic model for a second order system is

&1 = f(x1) +g(x1)z2

3'52 = —Xo+u

The nonlinear evaporator model does not fit this form directly, but it is possible
to transform the system to make it fit. Introducing two new states e; and e,
where €7 is the evaporator filling and €2 ’contains’ the 'non-stable’ parts of the
system, it is possible to formulate a Lyapounov candidate function

2V =k(e1 —&1)% + €2
Using the candidate function it is shown that
V= —k(e1 — €1)% — kogl
if the following control law is used

u 7(k+k2)(x1ff1)+i1(1+k2+cTw,z‘+cx2)JrTTe
CTq

For positive values of k£ and ks the resulting system is stable. Simulations and
experiments are used to validate the control law.
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5.1 Reference Signal

The evaporator filling reference can be calculated by isolating the evaporator filling in
e.g. equation [BIF), this yields equation (BII).

1 Ts re .
Teref = —log <—# + 1> (Cy 1) +1 (5.1)

The calculated filling reference will be affected by noise in the measured states and
the controller will then try to track the noise. The reference filling should be kept
‘constant” when the system in running in steady state mode. This can be done by low
pass filtering the filling reference. This way the reference can change when the working
point is changed, but remain unaffected by noise and small variations around the working
point.

The evaporator filling can not be measured directly, but can be estimated using
an equation similar to equation [@Jl) where Ty, ref is substituted with the measured
superheat level. The estimate will be affected by the high gain caused by the nonlinear
logarithm function when T, / (T, —Te) approaches unity. Figure[plshows the nonlinear
behaviour of the evaporator filling with o = 220, C,, = 1100, 7,» = 0.02. The noise in the

Evaporator filling (xe)

0 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Tsh/(T T)

wi e

Figure 5.1: Evaporator filling as a function of Ty, /(T — Te).

measured temperatures and refrigerant flow yields a noisy calculation of the evaporator
filling. To ensure a good estimate to the evaporator filling an observer is made using the
model of the evaporator and the calculated evaporator filling. The following observer
model is used in this chapter.

Te(k+1) = AC) - 2e(k) + B() - u(k) + qlze(k) — Ze (k)] (5-2)

If the value of ¢ is zero then Z. would be given purely by the model which may drift
away from the true evaporator filling. A ¢ value of 0.1 is used to ’feedback’ the error
between the estimated evaporator filling and the measured evaporator filling. Figure
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is an illustration of the nonlinear system and controller. The rest of the system,
i.e. the refrigerant flow and condenser pressure, is controlled with the already developed
controllers.

Te,ref, Tsh

Controller —p Compressor —p Evaporator

Observer €—< f(-)

Figure 5.2: Illustration of the nonlinear controlled system.

5.2 Feedback Linearization

In feedback linearization a nonlinear system is encapsulated to make it appear as a linear
system. The feedback linearization in this section is based on m, m, p. 505-509].
The key principle in feedback linearization is to cancel the nonlinear behaviour by modi-
fying the system input. To make this possible the nonlinearities have to appear together
with the input, hence the system model may have to be transformed.

w—>y(z)7"

a(z) afz) i

Pany
D
)
—~
S
S—
=
wn
<
_.T..
N

Encapsulation Transformed system

Figure 5.3: Feedback linearization.

Figure illustrates the feedback linearization principle. The system is transformed
to a form where the nonlinearities consists of two contributions which are respectively
added or multiplied with the input, u, before it reaches the linear part of the system.
The ’inverse’ nonlinear contributions are applied to the outer input, w, hence the states
of the linear part of the system will relate linear to w.

Khalils condition for a system to be feedback linearizationable is that it can be written
on the form seen in equation (E3), where (A, B) is controllable, y(z) and a(z) are defined
in a domain containing origo and «(z) is nonsingular in that domain. Input on the form
of equation (&2l cancels the nonlinearities, m, m, p. 506].

= Az+B-v(z) (u—a(z)) (5.3)
u = az)+yH2) w

5.2.1 Coordinate transformation

The relative filling (z.) model is nonlinear and includes parameters which depends on
the operating point. The regulated variable is the evaporation temperature, Tr, which
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is considered a linear system with the steady state evaporation temperature, T, s, as
input.

The system is first rewritten to a more compact form by collecting the constants and
parameters in 4.. The parameter T, is also included in the system.

mr C2

Te = C_l ' (ho - hz) - a : (Tw - Te) *Te (55)
kl - k2 : (Tw - Te) *Le (56)
= ki —ks 2o+ ko -To e (5.7)
t.e = a- (Te,ss - Te) (58)
= —a-Te+a -Tess (5.9)
ke o= 20 (hy —hy) (5.10)
C1
C2
ko = a (5.11)
ks = ko Ty (5.12)

The value of T¢ 4, is the steady state evaporation temperature, as derived in the static
models. It is utilised as the input to the above system, hence it is renamed u.

u = Tegss (5.13)

The following coordinate transformation is shown to bring the input and the nonlineari-
ties in the same expression.

2 = e (5.14)

Zo = Zeref — Te 5.15)

Below are the state equations for the transformed system, expressed in the original
coordinates.

5= e (5.16)
= k3ot ko To-det+hy T, . (5.17)
by = —de (5.18)

Using the inverse coordinate transformations, the above state equations can be expressed
in the transformed coordinate system. The required transformations are shown in equa-

tions (T9) - (24).

Te = Teref — 22 (5.19)
Sl'Se = 21 (520)
Te + k3 -xe — k1l
T, = —— 21
Ty 2. (5.21)
ks (Terer — — k1
_ Atk @eres = 2) (5.22)
k? : (ze,ref - 22)
T. = —a-T.4a-u (5.23)
ks - e,ref — -kl
_ ks (Teref — 22) e (5.24)

k2 . (ze,ref - 22)
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Equations (208) and (21) describes the fully transformed system.

S.Ce+k3'1'efl€1
k2'$e
ks (Zerer — — k1
+ kz'(_a-zl+3($’f 22)
k? : (ze,ref - 22)
= a-z1—a- kg2

Z21 = —ks-z1+ke- z1

+a- u) A(xeper — 22) (5.25)

k) -
v B R e — k)
Te,ref — 22
+ a-ko (Teyef —22) - u (5.26)
22 = —21 (527)

On a more compact form, the system may be expressed as equation (28) or (B22d). The
first two terms of equation ([xZO) are linear and could be included in A, however care
should be taken as k3 changes with the water temperature. For simplicity both terms
are included in f(z).

2 = Az+B-(f(2)+g(2)-u) (5.28)
1 0 0 21 1
[] - | OH . 0]-<f<x>+g<x>-u> (5.29)
fz) = a-z1—a-ks 2
+ % +a- (ks Terer — k1) (5.30)
9(z) = a-ky-(Tepef — 22) (5.31)

Notice that equation (E28) can be rewritten to the form of equation (B3]), by using the
substitutions seen in ([32) and [&32). This suggests that the system can be feedback
linearized.

(5.32)
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w
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(5.33)

5.2.2 Feedback Law

Given the transformed system in equation ([B25)), the nonlinearities collected in f(x) and
g(x) can be cancelled by using an input on the form of equation (B34)). The system will
then seem linear, when seen from the outer input, w.

u

1
ag-w—f@D (5.34)
i = Az+4B-w (5.35)

As the system transformation moves the original reference to origo, the states can be
used for feedback, i.e. w = —K - z. This results in the system seen in equation (E31).
The values of K can be selected to make the transformed origo, i.e. the original reference,
asymptotically stable.
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[Z] - [—012121_“][& Kz}[z] (5.36)

21 I —Kl —Kg z1
_ . (5.37)

22 L —1 0 z9
When the required control signal u, i.e. the required steady state evaporation tempera-
ture (T¢ ss), is calculated, the required compressor speed can be estimated from equation

D).

L (5.38)

Weom
Q- Pe,ss

Pe,ss = Pdew(Te,ss) (539)

5.2.3 Simulation

The feedback linarized has been simulated using K = [0.01 — 0.05]. Figure Bl shows
Ze during startup from a low filling. Figure [E0 shows the associated superheat and
compressor speed. The reference for x. is 0.85, T, = 16 and 7, = 0.025. As seen in

1 T T T T T T

T
0.9k /\ﬁ Reference| |

0.7 1

e

0.6 1

0.5} 1

Relative filling, x

0.3 4

0.2 1

Ol 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200

Time [s]

Figure 5.4: Simulated z., z¢ rcf = 0.85.

figure 24 the selected gains in K results in a certain steady state error on x.. The error
can be reduced by selecting higher gains, but costs more compressor speed settling time
and saturation during startup. This is subject to later tuning. The compressor behaviour
with the selected K values is seen in figure 20

(6]
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Figure 5.5: Simulated superheat and compressor speed.

5.2.4 Test

Figure B0 is from a test of feedback linarized control of the relative filling. The left
plot is the estimated value of z., the reference is 0.75 and K = [0.15 — 0.016]. Due to
inconsist results . was found by differentiating a filtered version of the estimated z.,
rather than by equation ([3). The right plot shows the corresponding superheat. Figure
B shows the compressor speed and cooling capacity from the same test.
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Figure 5.6: Measured z. and Typ,.

5.2.5 Feedback Linearization Summary

The nonlinear evaporator model has been combined with the linear evaporation tempera-
ture model. The system has been transformed to make the input, the steady state evapo-
ration temperature, appear together with the nonlinear elements. The nonlinearities are
cancelled by input modification, the structure of a feedback law for the outer input has
been found and the calculated, modified input can be converted to a compressor control
signal. According to the simulation, the relative filling, x., does seem linarized, reducing
the rest of the controller design (tuning of the gains) to the linear approach. Tests using
feedback linarized control of x. reveals difficulties in finding satisfactory values for K,
i.e. values resulting in acceptable offsets and stability. The difficulties may be due to the
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Figure 5.7: Compressor speed and cooling capacity.

controllers sensitivity to the feedback from the states, who are estimated from filtered
measurements (z.) and the numerically calculated derivative (i.). A possible expansion
is input/output linearization, which will utilise the same coordinate transformation, but
continues to linearize the output (Tp).

5.3 Backstepping

This section describes a superheat controller developed using the nonlinear control theory

of backstepping. Based on [Rasmussed, 200d], [Khalil, 2004] and [Astrém & Wittenmark,

5.3.1 Design of backstepping controller

The refrigeration system can be described by equations (40) - (BZTI).

dx.
C1 CZ; T;’LT (h,g — h/zn) — CQTw,inSCe + CQTSSCS (540)
T, = —1T.+u (5.41)

The genetic model for backstepping of second order is as shown in equations ([EZ2)-

E13).

1 = f(o1) +g(z1)z2 (5.42)
To = —ma+tu (5.43)
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The system described in equations (E0) - (BZ0]) can be transformed to fit the genetic

model using equations (44 - (E2Y)

T1 = Te (5.44)
T2 = Te (545)

i T hg — hzn
f(zl) = Tn(gcil) - CTw.inzl (546)
g(z1) = cm (5.47)
c = 2 (5.48)

C1
Introducing £; = x; yields

é1=—(e1—¢&1) + (e1 —&1) + fle1) + g(e1)z2 (5.49)

If 2o could be chosen freely as a control variable and g(e1) # 0 for all working points, it
world be possible to stabilise the system directly. However x5 is described by the system
equations and the system must therefore be stabilised through the control signal w. This
is known as backstepping. Introducing €2 as the 'non-stable’ part of £;.

ez = (e1—¢&1) + fle1) + g(e1)z2 (5.50)

The differential equations of €; and €5 can be now be calculated.

F-fl = —(61 —51)4'52 (551)
. ) af . dg .
g &1+ T T+ T #1292 + g(e1)(—7Te + u) (5.52)

The control signal u is now present in the system description. The task is now to derive
a control signal that will stabilise the system. Nonlinear system stability can be analysed
using Lyapunov theory. Considering the Lyapunov candidate function

2V =k(e1 —&1)* + &5 (5.53)

The Lyapunov candidate function yields equation (B5h4).

. d d
V = k(El — 51) . [52 — (61 — 51)] + €9 - —f T+ &1+ —g T1To + g(€1>(7TTe =+ u) 554)
dJEl dJEl

Defining equation (20) as

d d
k(El — 51) + k2€2 + —fi'l + él + —giblxz + 9(51)(7TT6 + u) =0 (555)
dl‘l d$1

By inserting equation ([E53) into equation (B4l the Lyapunov function yields equation
(EX20) and the system is stable.

V = *k(é‘l — 51)2 — kgE% (556)
Isolation the control signal u in equation (E23) yields
_ df - . dg -
k(ey —2&1) + kaea + Ter i1+ E1+ -iiwe

u=— ey + 7T, (5.57)
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Figure 5.8: Diagram of the backstepping controller.
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Rearranging equation (A1) and inserting the previously defined values yields equation

).

k k - r1(1 k Twi
R (5.58)
1

A block diagram illustration of equation (E58) can be seen in figure The model is
mathematically proofed stable, however there are no guarantees that the real system is
stable. There are multiple reasons why the model and the real system may not behave
exactly the same way. These include model simplification, parameter errors, actuator
saturation and discretisation problems (e.g. the feedback law is calculated using a con-
tinuous system which is applied on a discrete system). To further examine the stability
of the discrete system with actuator limits, a number of phase plots are simulated on the
closed loop system. These are shown in figure E@ The simulations are done with four
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Figure 5.9: Phase plot of the system using the backstepping controller. A number of
trajectories are shown with dashed lines.

different values of the water temperature (5, 10, 15 and 20 °C') and matching refrigerant
flow. The same evaporator filling reference (1 .y = 0.75) is used for all the simulations.
The simulation are started with a wide range for initial evaporator filling levels and evap-
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oration temperature levels. All the trajectories converge to a single working point with
a filling of approximately 0.75.

5.3.2 Backstepping Test

The backstepping controller is tested by performing an experiment. During the exper-
iment the water inlet temperature is kept constant. The filling reference is set to 0.75.
At approximately 350 s a step from 3800 W to 3000 W is applied to the cooling capac-
ity. Figure [ shows the measured filling and the measured superheat. The compressor
speed and cooling capacity can be seen in figure BLTTl
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Figure 5.10: Calculated evaporator filling and measured superheat.
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Figure 5.11: Compressor speed and cooling capacity.
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5.3.3 Backstepping Summary

A evaporator filling controller has been developed using system models and the nonlinear
backstepping method. The controller stability was analysed using Lyapunov stability
theory combined with phase plots and found to be stable. Experimental data shows that
the closed loop system is stable and able to track the reference during a step in cooling
capacity with acceptable offset error.
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Chapter

Supervisor

The previous chapters have described different superheat controllers capable of main-
taining a given superheat level. The supervisor problem is how to find the optimal
superheat temperature and how to handle situations where it is impossible to maintain
the optimal superheat. The optimal superheat temperature may vary from system to
system. It is therefore beneficial if the supervisor autonomously can estimate the optimal
temperature e.g. once at the first system startup. Naturally, refrigeration systems are
designed to match the highest possible sustained cooling requirement, it is therefore not
always possible for the system to operate with optimal superheat under reduced cooling
requirements. The threshold depends on the lower operating limit of the compressor.

In situation where the cooling requirement results in a far from optimal superheat
temperature, it might be more efficient to switch the system on and off to match the
capacity. The supervisor would have to calculate when it is more efficient to operate in
the switching mode than to run continuously at a sub-optimal superheat. The superheat
controllers are designed to converge to the superheat reference temperature within a
short period after startup, which suggest using the switch method whenever the system
is forced to use sub-optimal working points.

The focus of this chapter is on finding the optimal superheat. A number of possible
methods are described. These include detecting the refrigerant spray using two tem-
perature sensors. Detection using two sensors is the most elegant and robust, however
methods using only one sensor are also described. The most promising method is by
comparing the superheat reference with the measured superheat.

Resume:

The optimal superheat can be autonomous detected using knowledge about the
system behaviour when the refrigerant starts to hit the temperature sensors. The
next figure shows a measurement where the superheat reference is continuously
decreased.
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At some point the superheat controller is so affected by the refrigerant spray,
that it can no longer maintain the correct superheat. This can be detected using
e.g. a CUSUM algorithm. The lower part of the figure shows the output from
an implemented CUSUM algorithm. The chapter describes multiple methods of
detecting the refrigerant spray, using one or two temperature sensors.

6.1 Superheat Setpoint

As described earlier the optimal superheat reference is approximately 2 degrees before the
refrigerant spray starts to hit the first temperature sensor. Not all refrigeration systems
have the same sensor placement or design of the evaporator. It is therefore reasonably
to assume that the 2 degrees value is not a fixed value for all systems, but as soon as the
spray is detected the refrigeration system is running in an (sub)-optimal configuration.
If the optimal superheat temperature must be found for a given system it might be
necessary to run a COP-test on the given system or class of systems. Experiments on
multiple system and guidelines on how to place the sensors may limit this problem. In
this thesis the optimal superheat is considered to be 2 degrees above the superheat where
refrigerant spray is detected. Figure illustrates the temperature sensor placement on
the test system. There are multiple methods to detect overflow of the evaporator, i.e.

Low pressure, two-phase refrigerant

L— [ ¥ ><_
-»> igh pressure refrigerant

\\ - _
A 1 @ @/Isolatlon

Vapourised refrigerant’

Figure 6.1: Measuring evaporator overflow.
the refrigerant spray. These methods includes:

e Evaluating the difference between temperature sensor TT A and TT B (or TT C).
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e The difference between superheat calculated based on TT A and the modelled
superheat. When the spray hits the sensors the calculated and estimated superheat
values does not match. This could be detected using residuals.

e Observe the controlled superheat. The controller will be unable to maintain a
constant superheat when the spray hits the sensors. This could be detected e.g. by
looking at changes in superheat variance.

These different overflow detecting methods results in multiple ways to calculate op-
timal set point value for the superheat controller designed earlier in this thesis. These
includes:

e Detect the temperature at which the overflow occurs using two temperature sensors.
A few degrees must be subtracted.

— Elegant,

— Requires an extra sensor

e Detect the temperature at which the overflow occurs using one temperature sensor
and a model of the superheat. A few degrees must be subtracted.

— Requires no extra sensors.

— Requires a valid model

e Detect the temperature at which the overflow occurs using one temperature sensor
and knowledge of the normal superheat variance. A few degrees must be subtracted.

— Requires no extra sensor and no model.

6.1.1 Two temperature sensors

The spray can be detected by comparing the superheat calculated using two different
temperature sensors. The first superheat temperature is calculated as the difference
between the evaporation temperature and temperature of sensor TT A. The second
superheat temperature is calculated using temperature of sensor TT B. Figure shows
a measurement where the superheat reference is continuously lowered using a decaying
ramp signal for the compressor speed. The upper part of the graph shows the measured
superheat. The superheat controllers use TT A as the superheat feedback signal. When
the spray hits sensor T'T' A the controller will see this as the superheat being too low and
and try to increase it. The high gain will result in oscillations of the measured superheat.
Sensor TT B, which is not affected by the refrigerant spray, will measure an increased
superheat. The lower part of the graph shows the difference between the two superheat
levels. A simple way to detect the refrigerant spray is to use a threshold. E.g. when the
difference is more than 1 degree it must be caused by refrigerant spray hitting the first
sensor. The advantage of using two sensor is that it is very simple and robust. It also
does not require any model knowledge, making it easy to implement on a wide range of
systems. The only negative property of using two sensors is the addition of the second
sensor. Refrigerant spray detection using only one sensor is described in the next two
sections.

85



6.1. SUPERHEAT SETPOINT

Superheat [ C]
N
5

Superheat: TT A|
Superheat: TT B

o o

L L L L
1000 2000 3000 4000 5000 6000

L L L L L L
1000 2000 3000 4000 5000 6000

time [s]

Figure 6.2: Superheat from TT A and T'T B, difference between them.

6.1.2 Detection with model

The spray can be detected by comparing the model superheat output with the measured
superheat. Figure[BE3 shows the principle of a residual generator. Residual generators are
normally used to detect faults within a system. When e.g. an actuator, sensor or system
component fails the system will no longer behave as described by the system model.
The difference between the model output and the system output is used to generate the
residuals. In more advanced systems residual decoupling can be used for isolating failures
in the system. In this thesis the residual generator is not used to detect component faults,
but to detect when the model does no longer describe the system correctly. The spray
effect is not modelled, so when it hits the sensors the superheat model is no longer
valid. This can be detected as a inconsistency between model and system output. The

System

Residual generator H Detector }_>

Figure 6.3: Residual generator.

model consist of the evaporator model described in equation [BIZ) on page B9 and the
superheat model described in equation [BI3) on page The left part of figure 4]
shows the measured superheat and the superheat from the model. The data is the same
as in the two sensor section. It can be seen that the model does not include effects from
the refrigerant spray. The right part of figure shows the difference between the model
and system output. To make a detector it is possible to use a CUSUM algorithm with a
defined threshold. The CUSUM algorithm can be seen in equation (GII) m,

k
S(k) = Zs(z) (6.1)

Pt91 (Z)

s(z) = 1nP90(Z)
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Figure 6.4: Measured and model superheat and the difference.

where:
s(z) s the log-likelihood ratio of an observation z.

The log-likelihood is a measure of the probability that an observation z belong to a
probability density function described by P#; rather than one described by P6y. It is
assumed that the probability density functions are normal distributed. The probability
density functions can then be described by equation (E3) and (G).

PoL(z) — Ul\l/%exp(—%) (6.3)

1 (z— MO)Q)
———exp | ———5— 6.4
(53 oy
The CUSUM algorithm assumes a constant mean (u,) and variance (og) when k < kerror-
Where kepror is the time at which an error occurs. It also assumes a constant mean (u;)

and variance (o1) when k > kepror. Using the data in figure B4 the following values can
be found when kepporr = 4500.

Pby(z) =

u, = 0.4 (6.5)
oo = 0.1103 (6.6)

The values after k ~ 4500 are approximately

u, = —1.6323 (6.7)
o1 = 0.7485; (6.8)

Implementing these values in the CUSUM algorithm, equation (GI), yields the result
seen in figure The upper part of the figure is the data used in the CUSUM algo-
rithm and the lower part is the output from the algorithm. It is clear that the simple
CUSUM algorithm works, however the superheat model is quite parameter sensitive. If
the parameters changes just 10% there will be a significant offset between the measured
superheat and the modelled. This offset will be detected by the CUSUM algorithm and
thereby falsely be detected as refrigerant spray. The data also shows that the model,
even within its valid area, can have an offset from the measured value. This has the same
effect as mistuned parameters. One way to remove the offset between the model and the
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Figure 6.5: Input to and output from the CUSUM algorithm.

ResmualgeneramrH Detector }_,

Figure 6.6: Residual generator, LP filtered input.

system output could be by high pass filtering the outputs. The idea is illustrated in figure
B4 The previously described CUSUM algorithm implementation used a change in mean
to detect the spray. Having high passed filtered the data the mean offset is removed. It
is therefore necessary to detect the spray only as a change in variance. Figure shows
two different normal distributions N(0,0.1) and N(0,0.2). If a given measurement z is

N(0,0.1)
——N(0.02)

Figure 6.7: Two normal distributions N(0,0.1) and N(0,0.2).

between the two horizontal lines it is more likely that is belongs to distribution N(0,0.1)
than N(0,0.2). If the measurement is outside the reverse is true. The upper part of
figure shows the high pass filtered data and the lower part shows the output from
the CUSUM algorithm. It is clear that the detection algorithm works. It can however
be seen that the model data is quite uniform. It should therefore be possible the detect
the spray without using the model. This will be described in the next section.
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Figure 6.8: Input to and output from the CUSUM algorithm.

6.1.3 Detection without model

Based on the previously result is should be possible to detect the spray using only the
measured superheat. Figure B illustrates the idea. The principle is that the variance

4,‘ System H / H Residual generator H Detector }_,

Figure 6.9: Residual generator, LP filtered input, no model.

of the superheat measurement increases when the spray starts to hit the temperature
sensor. The variance CUSUM algorithm is the same as described previously. The upper
part of figure shows the high pass filtered data and the lower part shows the output
from the CUSUM algorithm. The settling time for the filter is quite high due to the low
frequency of the passband required to remove the offset. It is therefore necessary to set
the first many samples of the CUSUM algorithm to zero. It is possible to avoid the use of
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Figure 6.10: Input to and output from the CUSUM algorithm.

filters if the measured superheat is compared with the superheat reference. Figure
illustrates the idea. The upper part of figure shows the data used by the CUSUM
algorithm and the lower part shows the output.
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Figure 6.12: Input to and output from the CUSUM algorithm.

6.2 Summary

This chapter described multiple autonomous methods of finding the optimal superheat.
The most promising method compared the superheat reference with the measured super-
heat. Refrigerant spray hitting the temperature sensor will render the controller unable

to maintain a constant superheat level. This can be detected using a simple CUSUM
algorithm.
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Chapter

Conclusion

The overall purpose of this project was to develop and implement a set of controllers
capable of controlling the available refrigeration systems. The motivation was an attempt
to improve the energy efficiency compared to the controller implementations on present
refrigeration systems.

To support the choice of focus, the main energy consumers were identified and the
immediate optimisation possibilities discussed. The choice fell on the compressor, whose
rotational speed can be continuously regulated through the use of a frequency drive.
By choosing a constant condenser pressure, the compressor power minimisation problem
turns out to be an evaporator pressure maximisation or superheat minimisation problem,
with the constraint that liquid refrigerant should not reach the compressor.

Some unexplained behaviour at the transition to low superheats led to an experimen-
tal analysis of the superheat’s influence on the compressor power consumption, not for a
given setpoint, but relative to the actual cooling capacity (COP). The analysis suggest an
optimal superheat temperature of around 12 °C for the available system configuration.
At lower superheats, sprays of liquid refrigerant seems to exit the evaporator causing
significant drops in the superheat measurement. This behaviour was later exploited in
an algorithm developed to detect the phenomena and thus automatically find the optimal
superheat reference.

Present refrigeration systems usually use a thermostatic expansion valve (TXV) to
regulate the superheat. The TXV measures the evaporator outlet temperature and reg-
ulates the refrigerant flow to obtain a matching evaporator pressure. The compressor
or other actuators influencing the evaporator may then be used offset how much flow is
required to maintain a certain pressure, thus regulation the cooling capacity.

The available refrigeration system features an electronic expansion valve (EXV),
which may be used to electronically mimic the function of a TXV but with more ’intel-
ligence’. However the presence of a frequency drive for the compressor inspired a new
control strategy, where the cooling capacity is directly controlled by the flow of refrigerant
led through the evaporator, i.e. regulated by the EXV. The superheat is then controlled
by regulating the compressor speed.

Changes to either refrigerant flow or superheat temperature acts as disturbances to
the other. Given the time delays or constants present in the system, pure feedback control
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might result in instability or very low performance.

To avoid the performance/stability problem both of these controllers were to include
model-based control, hence models were made for the evaporator, the compressor and the
EXV. The water tank was also modelled for tuning purposes. Most model parameters
were estimated from experimental measurements.

Both the superheat and capacity controllers, i.e. compressor and EXV regulators,
were based on model feedforward and PI feedback. The capacity controller was em-
bedded in an outer loop which calculates a cooling capacity in a PI fashion from a
temperature error, hence the system is capable of obtaining a reference temperature and
keep it, if the load is within the systems operating range. If the load is too high the
compressor will saturate due to the large amount of refrigerant which has to be removed.
When the compressor saturates the superheat controller has no means of preventing the
superheat from dropping below the optimal 12 °C' or even flooding the compressor. To
counter this potential hazard the capacity controller was designed to accept feedback
from the superheat controller in terms of compressor overload: When the compressor
is overloaded the capacity controller will throttle, i.e. the refrigerant flow is reduced,
allowing the superheat controller to regain control of the superheat.

With superheat control as the main topic of the project, further two superheat con-
trollers were implemented. Both based on nonlinear control theory, namely feedback
linearization and backstepping.

The main subject of the thesis is to prove that it feasible to control the system
using the new control strategy and to show that it offers better control of the superheat,
which should yield a better system efficiency. Furthermore the improved control of the
superheat should provide faster startup and thus a more efficient system during periods
with low load.

The new control strategy succeeded in stabilising the system and in controlling the
superheat level. It is possible to obtain an optimal superheat level over a wide range
of working points. The system is furthermore able to startup and settle at the optimal
superheat level within approximately 200 seconds. The new control strategy also provide
full control over the cooling capacity through controlling the refrigerant flow with the
expansion value.

The thesis proved that the refrigeration system is more efficient when running at the
optimal superheat. A COP-measurement on a system controlled using a TXV operating
under similar conditions is needed. It whould then be possible to evaluate how much the
new control strategy increases the efficiency.
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APPENDIX A. THE TEST RIG

Appendix

The Test Rig

Since the test rig has been described in details multiply times by previously groups and
Ph.D projects ﬂLaJ:s_e_d, |2Q0£]] ﬂ]ie_t_e_tsf_n_&_hmd, |2_O_O_4} only the most important compo-
nents will briefly be described here. Figure [AJl shows a diagram of the system. The
diagram shows all the major components such as the compressor, evaporator, condenser
and expansions valves etc. The diagram also shows a number of transducers and control
signals marked with an encircled four letter ID. All the transducers and control signal are
interfaced with a Matlab Simulink model using National Instruments sampling boards.
Datasheets on most of the components can be found on the attached CD.

A.0.1 Compressor

The compressor is a maneurop reciprocating compressors with type number MTZ32 made
by Danfoss. The compressor is driven by a frequency drive making is possible to adjust
the speed of the compressor between 35 and 60 revolutions per minute. The frequency
drive is also made by Danfoss and the model number is VLT 5000. It is linear voltage
controlled with a signal in the range between 0 and 10 volts. Also connected to the
compressor is a transducer that measure the power usage.

A.0.2 Condenser

The condenser is a ACE model made by ECO. The refrigerant is cooled by forcing air
through the condenser by a 500 mm fan. The fan is driven by a VLT AKD 500x frequency
drive made by Danfoss. The frequency drive is controlled with an signal between 0 and
10 volts which yields a frequency between 0 and 50 Hz.

A.0.3 Expansion Valves

The systems includes two expansion valves. Only one expansion valve is used during
operation, the other is disabled using manually controlled valves. The first is a Thermo-
static expansion value (TXV) of type TEN 2 made by Danfoss. This expansion valves use
a measure of superheat to adjust the flow of refrigerant. The other expansion value is an
electronic expansion value (EXV) with model number MCV HVAC from Danfoss. This
expansion value is controlled linear by a 0-10 volt signal. To measure the refrigerant flow
through the active expansion valve a refrigerant flow meter is placed before the expansion
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value. The flow meter is a Massflo Mass 6000 signal processing unit combined with a
Massflo Mass 2100 flowmeter made by Siemens. A solenoid value is mounted between
the expansion value and the flow meter. This value is used to completely stop the flow
of refrigerant.

A.0.4 Evaporator

The evaporator is a M2520L2G2X made by GEA with a cooling capacity of 4 kW. The
refrigerant cools a water and antifreeze solution which are forced through the evaporator
by use of a Grundfos UPE pump. To heat the solution a water heater from Metro with
type number 620 is used. The water heater is equipped with a 6 kW heating element. The
power can be controlled with a 0 to 10 volt input signal. The power is also measured with
a power meter. The meter is called “JT04” on the diagram. However due to limitation
in the measuring device, the power reading is not accurate. It saturates at approx 3400
watt and have problems reading values below 1500 watt.

A.0.5 Transducers

The system is equipped with a number of temperature transducers. These are of the type
AKT 11 made by Danfoss. There are also a number of pressure transducers mounted
on the system, these are of the the type AKS 33 made by Danfoss. All the transducers
interface the simulink model with a 0 to 10 voltage signal.

A.0.6 Matlab Interface

At the beginning of this project there existed a Matlab Simulink interface to the system.
In table [AZ0LA the input and output relation are described without including any compo-
nents between the simulink model and the final component. E.g. the compressor speed
is set using a value between 0-10 which result in a compressor speed between 35 and 60
Hz.

Component Input Output
Compressor 0-10 35 - 60 [Hz]

Fan 0-10 0 - 50 [Hz]
Exp.value 0-10 closed - open
Solenoid Boolean ON / OFF
Temp. transducer | Temperature | Temperature [°C]
Pres. transducer | Pressure Pressure [Bar|
Flow. transducer | Flow Flow [kg/s]
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Figure A.1: Diagram of the test rig showing the key components.
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APPENDIX B. EXPANSION VALVE

Appendix

Expansion Valve

In the following the unknown constant, K, of equation [B2) will be estimated. The
first dataset is recorded with the pressure difference held at different constant levels
while steps are applied at the expansion valve control signal. The next two datasets are
with increasing flow and respectively constant compressor RPM and constant evapora-
tor pressure. The value of K is estimated from the first dataset and the measured and
calculated mass flow is compared for all three sets. For simplicity the density is set to
unity, which is assumed valid as the upstream refrigerant should be condensed and hence
have an almost constant density, downstream the refrigerant is an unknown mix of gas
and liquid hence is is difficult to say anything about the combined density.

B.1 Presentation

Figure [Blshows a number of plots from the first dataset. The middle frame reveals that
the calculated value of K is not generally constant. The bottom frame shows measured
and calculated flow for K = 0.0152. In this experiment the measured and calculated flows
do not match until the valve has been opened a certain amount, then there is consistence
between measured and calculated flow until the pressure is lowered the second time. In
the last part of the set not even the dynamics seems consistent and the experiment was
aborted.

Figure shows similar plots for the second dataset. At time ¢ =~ 1100 the solenoid
shots due to low superheat in the evaporator. An interesting effect is that after the
solenoid opens again the expansion valve controller can maintain the same mass flow
with the valve less open although the pressure drop over the valve is unchanged. The
bottom frame of the figure shows how the difference between the measured and the
calculated flow is increasing until the solenoid shots whereas it is much lower after the
solenoid has reopened.

Figure is the plots of the last dataset. It shows no surprises as the measured and
calculated flows are close to each other at all times.
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B.2. ANALYSIS

B.2 Analysis

The previous figures show that the model is able to reflect measurements quiet well,
but under certain conditions there seems to be very little consistence between the two.
In the problematic areas the measured flow is consistently lower than the calculated,
which could be a result of either an obstacle temporarily stuck in the valve or drops in
refrigerant density due to insufficient cooling in the condenser.

B.3 Conclusion

The expansion valve constant K has been estimated to a value of 0.0152 with the re-
frigerant density neglected and set to unity. The calculated flow is consistent with the
measured flow under wide conditions, but occasionally the consistency is lost, presum-
ably as a consequence of obstacles temporarily stuck in the valve or insufficient cooling in
the condenser. The test rig has a dedicated subcooler (using tap-water), which might be
used to ensure that the refrigerant is completely condensed before it enters the expansion
valve.

100



APPENDIX B. EXPANSION VALVE

0.017

0.016

0.015

0.014

0.013

0.012

0.03

0.025

0.02

0.015

0.01

0.005

500 1000 1500 2000 2500 3000

500 1000 1500 2000 2500 3000

m
e,meas |

.,
o
w'

500 1000 1500 2000 2500 3000
Time [s]

Figure B.1: Expansion valve constant estimation.
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APPENDIX C. COP EXPERIMENT

Appendix

COP Experiment

This appendix describes how the COP experiment was performed and analyse the recorded
data. At the end of the appendix the results are commented.

C.1 Purpose

The purpose of the experiment is to measure the ratio between energy usage by the
compressor and the resulting cooling capacity at different levels of superheat. The ratio
is referred to as ” Coefficient Of Performance” (COP).

C.2 Method

The experiment is performed using the controller design idea described in chapter Bl on
page B4 Figure shows the implementation with setpoint values. A constant power

15¢c

e Nl % i ) Y 10 bar
] | TT |
3000 W
Tsh
A 4
[Ak
I TT l [ TT l
7
Heater Evaporator Condenser

Figure C.1: Refrigeration system with controllers.

of 3000 W is applied to the heater. The setpoint for the refrigerant flow controller is 15
degrees. After a settling time the outflow water from the evaporator will reach steady
state at 15 degrees and the refrigerant flow will reach a steady state yielding a refrigerant
flow matching 3000 W. The required cooling capacity is thus fixed near 3000 W. The
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C.3. CALCULATING COP

setpoint for the condenser controller is fixed at 10 bar. The superheat temperature can
now be controlled with the setpoint to the superheat controller.

C.3 Calculating COP

Due to the slow dynamics of the refrigeration system the COP-value must be calculated
over a long period of time to give an accurate result. An time period of 1 hour and
20 minutes are chosen for each superheat level. The power usage of the compressor is
available from the frequency drive powering the compressor. Equation ([CIl) describes
how the cooling capacity is calculated.

Qcool = mw . (Twzn - Tw.out) : Cw (Cl)
where:
Qeoot  1s the cooling capacity [W]
o is the mass flow of the water / antifreeze solution [kg/s]

Tw.in  is the temperature of the water/antifreeze solution into the evaporator [°C]
Tw.out is the temperature of the water/antifreeze solution from the evaporator [°C]
Cw is the heat capacity of the water/antifreeze solution [J/kg°C]

The cooling capacity is calculated by multiplying the temperature difference between
the water running into the evaporator and the water running out of the evaporator with
the heat capacity and the water flow. The heat capacity of the water / antifreeze solution
is not know precisely but is around 3800 J/kg°C. The exact value is not important be-
cause the COP-measurement will only be used to compare the efficiency of the system at
different superheat levels. The setpoint for the superheat was changed in steps. During
the experiment the following setpoints were used: 17, 15, 14, 13.5, 13, 12.5, 12, 11.5, 11,
10, 9 and 8 degrees.

C.4 Results

Figure show the measured superheat values. The COP-value for a given superheat
level is calculated in the time interval between a black vertical line and a red vertical
line. It is clear that the superheat controller is able to control the superheat levels.
However is has the best performance at high superheat temperatures. Table shows
the setpoint superheat, the measured superheat mean, the measured superheat variance
and the resulting COP-value. The mean and variance describes how well the superheat
controller kept the superheat at the setpoint.
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20

15

Superheat [a C]

10

i i

1 2 3
time [s]

Figure C.2: Measured superheat.

Setpoint | Measured T,;, mean | Measured Ty, var | COP
17 17.00 0.074 2.23
15 15.01 0.044 2.23
14 14.00 0.042 2.29
13.5 13.50 0.051 2.29
13 12.99 0.069 2.33
12.5 12.48 0.082 2.34
12 12.00 0.088 2.33
11.5 11.50 0.070 2.33
11 11.01 0.094 2.31
10 10.00 0.129 2.28
9 9.00 0.236 2.26
8 8.00 0.223 2.25

Table C.1: Results from the COP experiment.
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APPENDIX D. DERIVATION OF Frg

Appendix

Derivation of fe

The purpose of the f;. function is to calculate the steady state value of the evaporation
temperature what will result in a given superheat. The input to the function are the
refrigerant flow, temperature of the water and the desired superheat. The inflow and
outflow refrigerant enthalpy are also passed to the function. The evaporation temperature
can be calculated using equation ([BIR) and BIJ) on page Bl These two equations are
repeated here:

Ty = 1) (1-e ") (D.1)
—hi
le = ( ) (D.2)
( —te)a
Inserting ([22) into () and solving for ¢, using Maple yields
ko — Ty - k3
Tecale = ——F— D.3
cal — (D.3)
fte( shs wamrvhmh) = Te,calc (D4>
where
ko = o-(ho—hi) (D.5)
ko.exp(mrfg a'LTaTh)
k _ rC Q- Lsh D6
! c-a-Typ ( )
k2 = O Tsh . (hz - ho) + Tw . ko (D?)
ks = c-a-Ts, - lambertw(ky) (D.8)

To test the algorithm the evaporation temperature is calculated for at range of different
water inlet temperatures and refrigerant flows. Equation (O]) and ([O2) is then used to
calculate the resulting superheat. Figure [0l shows the superheat. Is is clear from the
figure that the equation calculated with Maple and implemented in Matlab is correct.
Any faults would have shown up as superheat temperatures other than 12 °C'
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Figure D.1: Calculated superheat.
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APPENDIX E. WORKING POINT CONSIDERATION

Appendix

Working Point Consideration

Observations made during experiments with the system have shown unmodelled be-
haviour confined to a small subsets of the feasible working points. Figure [EJl shown an
example of this property. The upper graph is the cooling capacity. A ramp signal is used
as the reference. The middle graph is the measured superheat. In the time between 2500
and 3500 s the system seems to experience limitcycle-like behaviour. The bottom graph
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Figure E.1: Calculated superheat.

shows the control signal to the compressor. At first glance is could look like a 'normal’
unstable system, due to too high controller gains. However this behaviour is only present
is a limited set of working points where the gain in the system should not change and
the system is also ’stable’ both before 2500 s and after 3500 s. From working with the
system it appears that the systems changes such that the required compressor speed to
maintain a constant superheat is changed. This idea is supported by figure [E2, which
shows the compressor speed calculated using feedforward and the the actual compressor
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speed i.e. feedforward plus feedback. As it can be seen the actual signal changes level.
As possible explanation of the limitcycle-like behaviour could be that the system acts
as a hybrid system where the parameters changes back and forth between two states.
And when the system is outside this subset of the working points the system is always in
either state. During the experiments is has become apparent that there is a correlation
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Figure E.2: Compressor control signal.

between this behaviour and the refrigerant gas volume outflow of the evaporator [m3/s].
Figure shows the calculated refrigerant volume flow of 6 different measurements that
all experience this behaviour. Common for all the measurements is that it happens at
volume flows of approximately 1.7 - 1073 m?/s. The behaviour has not occurred at any
other volume flows. This indicates that there must be some flow dynamics that affect
the system at that refrigerant gas volume flow.
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Refrigerant volume flow [m3/s]
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R134A

APPENDIX F.

Appendix

R134a
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