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ABSTRACT

Parameter Estimation of Dynamic Air-conditioning Component Models Using
Limited Sensor Data. (May 2010)
Natarajkumar Hariharan, B.E., Birla Institute of Technology, Ranchi

Chair of Advisory Committee: Dr. Bryan Rasmussen

This thesis presents an approach for identifying critical model parameters
in dynamic air-conditioning systems using limited sensor information. The expansion
valve model and the compressor model parameters play a crucial role in the system
model’s accuracy. In the past, these parameters have been estimated using a mass flow
meter; however, this is an expensive devise and at times, impractical. In response to
these constraints, a novel method to estimate the unknown parameters of the expansion
valve model and the compressor model is developed. A gray box model obtained by
augmenting the expansion valve model, the evaporator model, and the compressor model
is used. Two numerical search algorithms, nonlinear least squares and Simplex search,
are used to estimate the parameters of the expansion valve model and the compressor
model. This parameter estimation is done by minimizing the error between the model
output and the experimental systems output. Results demonstrate that the nonlinear least
squares algorithm was more robust for this estimation problem than the Simplex search

algorithm.



In this thesis, two types of expansion valves, the Electronic Expansion Valve and
the Thermostatic Expansion Valve, are considered. The Electronic Expansion Valve
model is a static model due to its dynamics being much faster than the systems
dynamics; the Thermostatic expansion valve model, however, is a dynamic one. The
parameter estimation algorithm developed is validated on two different experimental
systems to confirm the practicality of its approach. Knowing the model parameters
accurately can lead to a better model for control and fault detection applications. In
addition to parameter estimation, this thesis also provides and validates a simple usable

mathematical model for the Thermostatic expansion valve.
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NOMENCLATURE

Area of application of bulb pressure

Area of application of evaporator pressure

External surface area of the TEV bulb

Area of heat conduction between the refrigerant and the bulb
Area of opening for refrigerant flow in expansion valve
Specific heat of the TEV bulb

Coefficient of discharge of the expansion valve

Electronic Expansion Valve

Heating, Venting and Air Conditioning

Heat transfer coefficient between the bulb and the environment
Heat transfer coefficient between the refrigerant and the bulb
Spring constant

Compressor parameters

Mass flow rate of the air/secondary coolant over the evaporator
Mass of the TEV bulb

Mass flow rate of the refrigerant flowing into the evaporator
Mass flow rate of the refrigerant flowing out of the evaporator
Mass flow rate through the valve

Bulb pressure

vii



viii

P, Condenser pressure

P, Evaporator pressure

P, Assumed variable, (Py = K x(/A)
S1,S2 Normalizing parameters

TEV Thermostatic Expansion Valve

Tir Temperature of air

T, Bulb Temperature

T,ro Temperature of refrigerant at evaporator outlet
T. Temperature of the refrigerant

T, Temperature of the evaporator wall
Uper Percentage opening of the EEV

Vi Compressor volume

Vn Error function

V1, Vg, U3 Valve parameters
Xo Initial compression of the valve spring

ox Displacement of expansion valve head

Greek symbols
@y, Ay Intermediate valve parameters
o Density of refrigerant at valve inlet

T1, T, T3 Bulb Parameters



N

Pk

Compressor volumetric efficiency
Density of refrigerant at compressor inlet
Coefficient of reflection

Coefficient of expansion

Coefficient of contraction

Coefficient of shrinkage

Compressor speed in rotations per second
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CHAPTER |

INTRODUCTION

The global demand for energy is ever increasing; a 44 % increase in energy
demand is expected in the next twenty years [1]. Improving the efficiency of the energy
consuming devices will play a crucial role in meeting the future energy needs. Heating,
Venting, Air Conditioning and Refrigeration (HVAC) systems account for 40% of the
commercial energy consumed in the US [2]. The availability of control oriented dynamic
models of these systems can greatly help in the design and analysis of better control
strategies, resulting in systems with higher efficiencies.

The vapor compression cycle is the most widely used method for Air-
Conditioning and Refrigeration (AC&R) applications. Dynamic models have been
developed for vapor compression system components that can accurately predict the
behavior of the system if the mass flow rates to and from the heat exchangers are known
accurately [3]. In particular, the two-phase flow dynamics are extremely sensitive to
small variations in mass flow rate. The prediction of mass flow rate relies heavily on the
empirical expansion valve and compressor parameters.

Traditionally, these empirical parameters have been estimated by employing
expensive mass flow meters. But use of mass flow meters in every case is not possible
which may lead to a badly tuned model. This research is motivated by the desire to find

these empirical parameters on AC&R systems employing relatively low cost sensors like

This thesis follows the style of IEEE Transactions on Control Systems Technology.



temperature and pressure sensors.

In this study, the mathematical models of two commonly used expansion valves
in AC&R systems, the Electronic Expansion Valve (EEV) and the Thermostatic
Expansion Valve (TEV), are presented and analyzed. The parameters of the expansion
valves and the compressor are estimated using nonlinear least squares and simplex
search algorithms. Both of these algorithms are available in Matlab’s Simulink Response
Optimizer Toolbox [4]. The two algorithms are compared with each other with respect to
speed and robustness.

In summary, this thesis addresses a unique challenge in the field of AC&R
modeling. The remainder of this chapter is organized as follows. Section 1.1 presents the
background on vapor compression cycle and the different components used in a vapor
compression cycle. The literature review on TEV modeling and parameter estimation,

along with evaporator modeling is presented in Section 1.2.

1.1 Background

1.1.1 Vapor Compression Cycle

There are four main components in a single-stage vapor compression system: a
compressor, a condenser, an expansion valve and an evaporator. This system functions
by transferring thermal energy from one heat exchanger to another through the
circulation of a refrigerant. Figure 1.1 shows the basic components and the direction of
refrigerant flow in an air conditioning unit, while Figure 1.2 shows the pressure vs.

enthalpy diagram for a simple vapor compression cycle.
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Fig. 1.1 Basic components of a vapor compression system
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Fig. 1.2 P-h diagram of a vapor compression system

The operation of the vapor compression cycle occurs as follows. Starting at the
compressor outlet (point 2), the refrigerant pumped out of the compressor is a single

phase superheated vapor. This superheated vapor is circulated through the condenser and



gradually transfers its thermal energy to the external environment as it condenses. At the
condenser exit (point 3), the refrigerant is typically a saturated or sub-cooled liquid.
This liquid refrigerant expands and cools down as it passes from high pressure to low
pressure region through the expansion valve (point 4); the refrigerant is a two phase fluid
at this point. As the refrigerant travels through the evaporator, it absorbs thermal energy
from the surroundings and its evaporates. At the exit of the evaporator (point 1), the
refrigerant is typically a superheated vapor, due to the fact that liquid refrigerant that
enters the compressor can cause extensive damage.

There are many types of expansion devices available in the market now, among
which the Electronic Expansion Valve (EEV) and the Thermostatic Expansion Valve
(TEV) are more popular. A brief overview of these expansion devices are given below.

The detailed mathematical modeling of the expansion valves is given in Chapter II.

1.1.2 Electronic Expansion Valve

Electronic Expansion Valve is a relatively modern type of expansion valve used
in AC&R systems. It consists of a needle valve controlled by a stepper motor. By
controlling the stepper motor, the user can control the area of opening of this valve, thus
controlling the pressure drop and the mass flow rate through the valve. A schematic of

this type of valve is given in Figure 1.3 below.
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Fig. 1.3 Schematic representation of an EEV in operation

1.1.3 Thermostatic Expansion Valve

A Thermostatic Expansion Valve (TEV) regulates the amount of refrigerant
entering the evaporator in a vapor compression system based on the superheat of the
refrigerant at evaporator exit. TEV senses the superheat of the refrigerant at the
evaporator exit using a bulb, filled with a two-phase fluid, attached to the tube wall at
the evaporator exit. The bulb and the refrigerant at evaporator exit come into a thermal
equilibrium.

As can be seen in Figure 1.4, a TEV consists of an expansion valve connected to
a bulb filled with a refrigerant. At all operating conditions of the TEV, the refrigerant in

the bulb is in the two-phase region. As the temperature increases (decreases), more (less)



of the fluid in the bulb is in vapor phase and the pressure due to vapor increases
(decreases). This pressure is called the bulb pressure. Due to the presence of two-phase
fluid in the bulb, the bulb pressure is very sensitive to the bulb temperature. The bulb
pressure can be predicted by knowing bulb temperature and the thermodynamic
properties of the refrigerant present in the bulb.

Figure 1.4 shows the forces acting on diaphragm of a TEV. The force caused by
the bulb pressure is balanced by the spring force and force due to evaporator pressure.
For example, if the temperature of the refrigerant at the evaporator exit increases while
the pressure in the evaporator remains constant, the bulb temperature increases which in
turn increases the bulb pressure. This increase in bulb pressure will exert a force that will
try to open the expansion valve, thus increasing the mass flow rate of the refrigerant

flowing into the evaporator, lowering the superheat.

Bulb pressure, Po eV
l bulb
Evaporator
pressure, Pe — Evaporator |
Refrigerant
flow
T — ing force, Fs
Refrigerant
flow

Fig. 1.4 Schematic representation of a TEV in operation



The minimum superheat required to open the expansion valve is called the static
superheat or the offset temperature. The static superheat can be changed by changing the
spring pretension. In most commercially available TEVs, this can be done by turning a
knob which changes the initial displacement of the spring thereby varying its spring
pretension.

Opening superheat is the difference between the actual refrigerant superheat and
the static superheat. TEVs are generally designed such that the mass flow rate of the

refrigerant through the valve is proportional to the opening superheat [5].

1.2 Literature Survey

1.2.1 Thermostatic Expansion Valve

Extensive literature is available on the different aspects of a TEV, mainly the
mathematical model [5], [6], [7] and the hunting phenomenon [8], [9]. The mathematical
model of the TEV mainly consists of the bulb model and the valve model.

One of the earliest works on vapor compression system modeling was done by
[10]. The TEV model consisted of a differential equation relating the superheat to the
mass flow rate through the expansion valve. It did not account for the different pressures
acting on the diaphragm, hence was not able to predict rapid changes when encountered.

The TEV model was improved by representing the forces acting on the
diaphragm in terms of temperature [6]. This can be done since the valve dynamics are
much faster than the sensor dynamics. Sensor dynamics were modeled by a first order

lag, and the time constant was assumed to be known. In [7] the mass flow rate through



the expansion valve is linearly related to the net pressure acting on the diaphragm of the
valve. This model was combined with the orifice equation in [5] and it assumes a
constant pressure difference across the valve. For varying pressure difference, the valve
model is given in [11]. This equation is,

my, = Cq(Py, — Po — Po)y/pu(P. — P.) (1.1)

The bulb model is found by applying the conservation of energy equation to the
bulb and its contents. Since the bulb along with its contents, a two-phase substance, is
difficult to model accurately, assumptions can be made to reduce the modeling
complexity. In [5], the authors model the bulb with varying degrees of complexity.
While most complex, one of the most accurate ways to model a bulb is to take a finite
volume approach. Another approach, the model can be simplified by assuming the entire
bulb to be a single unit, i.e. using the lumped capacitance approach. The simplest model
for the bulb is to assume a first order lag for the bulb temperature. The authors [5]
compare the results obtained by the different approaches and show that the lumped
capacitance approach behaves almost similarly to the most accurate model.

Brorsen and Ten-napel [12] estimate the parameters associated with the transfer
function model of a TEV bulb by attaching the TEV bulb to a copper tube carrying
thermally controlled water. By changing the temperature of water, the TEV bulb’s
temperature is controlled, which in turn controls the valve opening. This drawback of

this approach is that only the TEV bulb dynamics are studied.



1.2.2 Evaporator Modeling

The early evaporator models were spatially independent simple lumped
parameter models [13], [14], [15], [16]. These models could be used for finding the
average refrigerant properties but were not so helpful to find superheat or the exact
temperature at the inlet and exit of the evaporator. MacArthur and Grald [17] developed
a spatially dependent model based on the conservation of mass, momentum and energy.
This unsteady two-phase model was expressed as partial differential equations. This
model was quite accurate; However due to the complexity of the model it was not used
for control applications.

Wedekind’s [18] work on mean void fraction (the volumetric ratio of vapor to the
total volume) resulted in greatly simplifying the spatially dependent evaporator models.
He showed that the mean void fraction in the evaporator remains approximately the
same during most operating conditions. Thus the liquid-vapor distribution in the two-
phase region of the evaporator can be described by just one variable, the mean void
fraction.

The time invariant mean void fraction was used to simplify the partial differential
equations to ordinary differential equations in [3]. This moving boundary evaporator
model ignores the pressure drop across the evaporator. This model is accurate for all
simple heat exchanger configurations. The nonlinear ordinary differential equations were
linearized in [19]. The use of moving boundary models can be seen in [20], [21], [22]

and [23].
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1.3 Organization of the Thesis
The remainder of this dissertation is organized as follows. Chapter Il presents the
modeling of the expansion valves, the compressor and the evaporator. Chapter 111 details
the experimental set ups used. Chapter IV gives an overview of the parameter estimation
methods and the Simulink Response Optimization toolbox. Chapter V describes the
procedure followed for parameter estimation of the expansion valve and compressor
parameters followed by the results obtained. Chapter VI deals with the conclusion and

the future scope of this research work.
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CHAPTER I

MODELING

This chapter discusses the modeling and model validation of the expansion

valves (EEV & TEV), compressor and a heat exchanger (evaporator).

2.1 Electronic Expansion Valve

The Electronic Expansion Valve can be modeled by the orifice equation [24], as
shown in Eqg. (2.1). A,, is the area of orifice opening and C, is the coefficient of
discharge of the expansion valve at that specific condition. Coefficient of discharge is a
dependent on the EEV geometry and the thermal-fluid properties of the refrigerant
flowing through the valve [25]. This quantity can be assumed to be a constant over a
small operating condition and the area of opening of the expansion valve is assumed to
be linear over a small operating region. These two assumptions have been used to obtain
Eqg. (2.2). The dynamics of the heat exchangers in a Vapor compression system are much
slower than the dynamics of the valve; hence a static algebraic expression is used to

model the area of opening of the valve as a function of the EEV opening.

mv = CdAv (Pc - Pe)pv (21)

m, = (Ul + 172ueev)\/ (P: — R.)py (22)
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2.2 Thermostatic Expansion Valve
The TEV model is essentially two system models, the TEV bulb and the valve
model. A schematic representation of a TEV is given in Figure 1.4. The TEV model
derived in this section is valid for both internally and externally equalized TEVs. The
following assumptions are made for the TEV model:
1. The refrigerant present in the bulb of the TEV as well as its thermodynamic
properties are known.
2. The spring is linear in the operating range, a valid assumption considering the
very minute net displacement of the spring during operation.

Lumped capacitance method is used to model the TEV bulb [26].

dT
hvo (Tair - Tb) - hrbArb (Tb - Tero) =myp Cb (d_tb) (23)
The Laplace transform of the above equation gives,
Ty T,
Tb (S) — 71T gir (8)+72Ter, (5) (24)

S+11+7;
If the heat transfer between the bulb and the outside environment is neglected then the

Laplace transform of Eq. (2.3) is,

Tp(s) 1
Tero (5) B 14735

(2.5)

The bulb pressure is the saturation pressure of the refrigerant in the bulb, P, =
P,,. (T},). The force balance on the diaphragm of the expansion valve is given by,

PbAl = PeAz + Ks(xo + 8X) (26)
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where, x,, is the initial compression of the spring and éx, is the net axial movement of

the valve head. Let us define, P, = K;"O. Eq. (2.6) can be written as,
2
69( — (Pb)Al_(Pe_PO)AZ (27)

Ks
Near a particular operating condition the area of the valve opening is directly
proportional to the displacement of the valve head. Hence,
A, = alxy+ 6x) (2.8)
Using Eqg. (2.7) and (2.8)
A, = agP, — a1 (P, + Py) (2.9)
Combining the above equations with the equation of flow through an orifice one can
obtain the equation for the mass flow rate with respect to the bulb pressures and other
parameters.
h, = (V1 + V2P + v3R)/p,(P. — P.) (2.10)
Eg. (2.5) and (2.10) represent the mathematical model of the TEV. The
parameters that need to be identified in this model are 13, v;, v, and v;. . Once these
parameters have been estimated the mass flow rate of the refrigerant through the
expansion valve can be known. In this derivation the area of the application of bulb and
evaporator pressure is assumed to be different. If the area of application of force is same

then Eqg. (2.10) can be reduced to,

mv = (vl + 1JZ(Pb - Pe))\/ pv(Pc - Pe) (211)
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2.3 Compressor
The variable speed compressor is modeled by the following equations:
my, = N, WV py (2.12)
Ny = ki — ky(R./F) (213)
Since at higher operating speeds and higher pressure ratios there will be more leakage
the volumetric efficiency was defined keeping that in mind. In case of a constant speed

compressor or when the volume of the compression chamber is not known these terms

could be combined with the unknowns.

2.4 Evaporator
Moving boundary approach is used to model the evaporator. This approach was
chosen over the finite control volume approach [27] due to its better computational

speed and less complexity of the model.

Tw,l TW,Z
min - - Ilﬁout
h, h h

int

out

i i T i

<—————Two phase——»<-Single phase—»
Fig. 2.1 MB Evaporator model diagram
In this approach the heat exchanger is split into different regions according to the
fluid phases existing in it and the boundary separating the different regions is time

varying. In case of the evaporator, there are two regions, the two phase region and the
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superheated vapor region as shown in Figure 2.1. There are several assumptions that are
made while modeling the evaporator using this approach. They are:
1. Even if the evaporator geometry is not simple, it is represented as a simple
thin tube with equivalent mass, length, surface area and volume.
2. The refrigerant flow along the evaporator is modeled as a one dimensional
fluid flow.
3. Axial heat conduction in the refrigerant is negligible.
4. Pressure drop across the evaporator is negligible.

5. Viscous dissipation of energy is negligible.

The conservation of refrigerant mass (2.14), refrigerant energy (2.15) and wall
energy (2.16) equations are solved over the two phase and superheated regions to obtain
the dynamic evaporator model. Conservation of momentum equation is not used due to

the assumption of negligible pressure drop in the evaporator.

oA o, (21)
ot oz
d(pAh— AP)  o(rih)
= poy (T, -T, .
~ 5~ Pal-T) (2.15)
oT
(CppA)WEW = P (Tr _Tw)+ poao(Ta _Tw) ( 216)

A detailed derivation of the above partial differential equations can be found in

[17]. The nonlinear ordinary differential equations are obtained by integrating the above
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partial differential equations over each fluid region. The integration equation used is
given in Eq. 2.17. The integration over a fluid region was made possible by assuming
lumped parameters in each fluid region. Eq. 2.18 was used to obtain a single air
temperature over the length of the evaporator. Eq. 2.19 was used to obtain average
density in the two phase region. Here y, is the mean void fraction (ratio of vapor volume
over total volume in the two-phase region) in the two-phase region. As mentioned in the
literature review, the mean void fraction over the operating range of the evaporator can
be considered to be a constant [18].For this research the mean void fraction is calculated

using Zivi’s correlation [28].

2O9f(z,t)  d (2O dz,(t) dz,(t)
L(t) % dz = i o f(z,t)dz - f(z,(t),t) 1t + f(z(t),t) T (2.17)
Ta = Ta,in (,Ll) + Ta,out (1 - .u) (218)
pr=pr(1=7)+py(¥) (2.19)

The other average properties used in the two-phase region are the enthalpy,

(hin+hg) Xin +1

h, = and quality of the refrigerant, x = . The average properties used in

the superheated region are the enthalpy, h, = w; Temperature of the refrigerant,

T,, = T(P,, h,); Density of the refrigerant, p, = p(P,, h,). Wattelet’s correlation [29] is
used to calculate the two-phase heat transfer between the refrigerant and the evaporator
tubes, while, Gnielinski’s correlation [30] is used to calculate the single-phase heat
transfer. Both these correlations are valid for both R134a and R410A refrigerants.

The governing ordinary differential equations for the evaporator are given by Eq.

2.20-2.25



Conservation of refrigerant mass

d d . :
( br (1 - )7) + B ()7))ACSL1P6 + (pf - pg)(l - y)AcsLl

dPp, dP,

= min - mint
dap; 1/0dp, dhg . 1(0p,
Kape h2> 2 <6h2 . ) \an )| 442+ 2\an,
Conservation of refrigerant energy

>AL2h0ut + (pg
Pe

- pZ)AL.l = mint — Moyt

dorh do,h )
( Tl -p+ =227 - 1 )AcsLlPe
+ (pfhf - pghg)(l - V)Acsl.‘l .
= My hin — Mg Rine + @31 4; (—1) (Tw1 —T1)
Ltotal
dp, 1(dp,| \[dh, 1\ (dh, .
(ape h2> 2 <6h2 JJ\ar ) | (2) ap, )Pz — 1| ALzt

1(/0
L 1[(2p2
2|\an,

: : L,
= Mine hint — Moyt hout + aiZAi (L_) (TWZ - TrZ)
. total
Conservation of wall energy

(CppV)WTwl = ailAi(Trl - Twl) + a,4, (Ta - Twl)

. Ty —Tpr\ -
(CpPV)W [Twz - (WL—ZW> L1]

= aiZAi(TTZ - TWZ) + avo (Ta - TWZ)

) h2 + .02] ALZhout + (pghg — P2 hZ)AcsL1
Pe
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(2.20)

(2.21)

(2.22)

(2.23)

(2.24)
(2.25)

The equations 2.20- 2.23 are algebraically combined to eliminate m,,,. The resulting

equations represent the nonlinear evaporator model, Eg. 2.26. It is of the form,

Z(x,u) x = f(x,u) with states, x = [L; P, hyy Tw1 Twz2 ]". The elements of the Z

matrix are given in Table 2.1.
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— L —
My, (hin — hy) + a4, (—1) (Tw1—Tr1)

z, 0 0 0 ]' Ly Lotar
Zy2 Z73 0 0 | Pe . _ ( L2 ) _
Z3y  Z33 0 0 | hout — Mout (hg hout) + aiZAi Ltatal (TWZ Trz) (226)
0 0 Za4 0 Jl Twl min - mout
0 0 0 Zs5 | Twz ailAi(Trl - Twl) + aoAa (Ta - Twl)
a3 Ai(Try — Ty2) + a, A, (T, — T,,2)
Table 2.1 Matrix Elements of Z(x,u) for the nonlinear evaporator model
Z11 (pf (hf - hg))(l - ?)Acs
dprhs  dps dpghy dpg\ _
- -y - —1|A,L
Z12 (( dPe dPe hg (1 Y) + dPe dPe (]/) cst1
Z21 P2 (hg - hZ)Acs
202 (02| ) (dhg _ 1) (dhg
22 [((apg hz) +3 (ah2|Pe> (dPe)) (ha = hg) + (2) (dPe)’DZ 1 AesLa
1(0p; P2
Z73 [E (6_}12 , > (hZ - hg) + (?)]ACSLZ
Z31 [(pg - pZ) + (pf - pg)(l - )7)]Acs
0 1/0 dh
(5#,) e, ) (@) )| -
JdP, h, 2\ 0h, P, dP,
232
dpy _ dpg \ ,_
+l<dpe>(1_)/)+<dpe (]/) Ll Acs
1(0dp,
233 E(E)—th >AcsL2
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Table 2.1 Continued

Zay (CPPV)W

T,1 —T,
G, (*5,)
Zss (CPPV)W

For the purposes of parameter estimation, linearized moving boundary model is
preferred over the nonlinear evaporator model due to its higher computational speed.
The nonlinear ordinary differential equations are linearized over an operating point to
get the linearized evaporator model as shown below.

x=Z0x,uw)" f(x,u) (2.27)
= h(x,u)
Using Taylor’s series expansion, x = x, + &x, neglecting the higher order term,

Eq. 2.27, can be written as,

oh oh
XK=|— X+| — A
{ax XO,J {au xo,uo:l (2.28)
4, = F—h } B, = F—h } (2.29)
OX Xo s ou Xo

The linearized evaporator model thus is, 5x = A,8x + B, Su. The inputs

T . .
=u—upl. u=[my Mew Ry Tom mMa] . The elements of the linearized

evaporator model are given in the Appendix for quick reference. The detailed derivation
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of A,, B, can be found in [19]. This linearized model is used in the subsequent chapters

for parameter estimation.
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CHAPTER Il

EXPERIMENTAL SYSTEM

Two experimental set ups were used to test the parameter estimation algorithms.
One test rig is a custom instrumented 3-Ton air conditioning unit from Trane. This
system is shown in Figure 3.1. In this system, an EEV from Parker is used as the
expansion valve. The compressor is a two-stage constant speed scroll compressor. The
mass flow rate of the air over the evaporator and condenser coils can be independently
adjusted by varying the evaporator and condenser fan speeds respectively. The
refrigerant used is R410A. The schematic diagram of this experimental set up is shown
in Figure 3.2. List of all the important components used in this experimental system is

given in Table 3.1.

The second test rig is a custom designed refrigeration system with water as the
secondary coolant. The experimental set up is shown in Figure 3.3. The system is
designed such that it is possible to use either the EEV or the TEV as the expansion
valve. It has a variable speed scroll compressor. The secondary coolants flow rate over
the evaporator coils is controlled by using a variable flow rate valve. The refrigerant
used is R134a. A schematic diagram of the refrigerant loop of this experimental set up is
given in Figure 3.4. Further details about this system can be found in [31]. List of

important components used in this experimental system is given in Table 3.2.



Fig. 3.1 3-Ton residential air conditioner from Trane
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Table 3.1 Component details of the Experimental Setup (Residential air

conditioner)

23

Component Manufacturer Model Number
Air Conditioning System Trane XL 16i

EEV Parker 020432-00
Thermocouple Omega GTMQSS-062U-6
Pressure sensor Omega PX309-500G5V
Mass flow meter McMillan 102 Range 8

Data Acquisition Board Measurement Computing PCI-DAS6071
DAQ software National Instruments Labview

Table 3.2 Component details of the Experimental Setup (Water chiller system)

Component Manufacturer Model Number
Air Conditioning System Custom built

EEV Sporlan Valve Co. SEI0.5-10 -S
TEV Parker 46 JW
Compressor MasterFlux Sierra 03-0982Y 3
Thermocouple Omega GTMQSS-062U-6
Pressure sensor Cole-Parmer 07356-04

Mass flow meter McMillan 102 Range 5

DAQ software Quanser WinCon 5.0
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CHAPTER IV

PARAMETER ESTIMATION

A parameter estimation algorithm is required to identify the valve and
compressor parameters so that the vapor compression cycle model can mimic the actual
AC&R plant. A parameter estimation algorithm identifies the unknown parameters of a
given grey box model by minimizing the error between the model output and the plant
output, when both the plant and the model is given the same input [32]. Eq. (4.1) gives
the quadratic error between the model and plant. This value needs to be minimized to

estimate the unknown parameters.

(@) = I, (y(0) — 9(t16))° (4.1)

Parameter estimation methods can be divided into two classes, based on how the
error, Vy, is minimized. One is the analytical method and the other being the numerical
search method. Figure 4.1 mentions some of the most common parameter estimation
methods and their type. Analytical methods are preferred over the numerical search
techniques due to their higher computational speeds and simplicity of the algorithm [32],

[33].
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\ Parameter estimation \

.

Analytical method \ \ Numerical search method \
v Gradient based search | | Direct search
Batch Least
squares
A

Nonlinear least squares | |Simplex seach

Fig. 4.1 Common parameter estimation methods and their types

4.1 Batch Least Squares
Batch least squares or commonly known as least squares algorithm was proposed
by Karl Friedrich Gauss and he used it to estimate the orbits of different planets and
asteroids. This algorithm is often used for parameter estimation. It is simple to use this
algorithm on a mathematical model given in Eq. 4.2.
y@®)=a,yt -1+ a, y(t —2)+..+a,y(t —n)+ byu(t—1) +
byu(t —2) +..+ b,u(t —m) (4.2)
Writing the above equation in a compact form,
0 =lay,ay,...a, ,by, by, ... by |7 (4.3)
() =[y(t—1),y(t—=2),..y(t —n),ult—1),ult—2),..u(t —m)]’ (4.4)
Eq. (4.2) can be written as y(t) = ¢ (t)8, ‘y’ is the observation, ‘u’ is the input and ‘6’
is the unknown parameter vector. According to the least squares method the best

estimate of the unknown parameter is given by,



Oy =X p®" (O] T, Dy (D)
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(4.5)

If the mathematical model is not in the form given in Eq. (4.2), as in the case of

this research, it can be converted to this form as shown in [32]. Initially, the least squares

technique was used to estimate the valve and compressor parameters. The system is

excited by changing the valve opening as can be seen in Figure 4.2. The estimated mass

flow rate of the refrigerant at valve inlet is compared with the measured flow rate in

Figure 4.3. It can be clearly seen that the estimation technique has failed. The estimates

of the EEV and compressor parameter calculated using least squares technique is

tabulated in Table 4.1.

Table 4.1 EEV and compressor model parameter estimation using least squares

o EEV Parameters Compressor RMS error in
Estimation Parameters mass flow rate
method K K at valve
V1 V2 1 2 (grams/second)
Using mass flow ~3.20 0.78 1.07 0.07 0.095
measurements
Batch least ~12.36 0.90 —0.01 0.01 6.783
squares
12.5 T T T T T
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Fig. 4.2 System excited by stepping the EEV
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Fig. 4.3 Comparison of measured and simulated mass flow rate of the refrigerant
at the valve inlet

The reason for the failure of least squares approach is thought to be
codependency between the valve and compressor parameters. Least squares technique
fails to minimize functions of the type given by Eq. 4.6 or 4.7 [15].

Vy = Zio1 U(e(t, 6), 0) (4.6)
Vy = 2210, 0) a(e(t, 0)) (4.7)
For such cases parameter estimation is only possible using iterative numerical search

techniques [34]. Figure 4.4 graphically represents the iterative numerical search

algorithm.
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O[E'lLL: Model: f(u, 6)

<>

» Parameter update
y o mechanism

0

Fig. 4.4 Graphical representation of a generic parameter estimation using
numerical search algorithm
Based on the parameter update mechanism, numerical search methods can be
divided into two types, gradient based search and direct search. In this thesis, both these

types of numerical search techniques are discussed.

4.2 Nonlinear Least Squares

A common numerical search algorithm used for parameter estimation in grey box
models is the nonlinear least squares [35]. It is a type of gradient based numerical search
method that makes use of the model information while computing the estimate. The use
of nonlinear least squares for parameter estimation can be found in [36] and [37].

The basic iterative parameter update scheme of nonlinear least squares algorithm

is [32]:

6" = 9" — wR'g, (4.8)
Here @' is the parameter estimate after iteration number i. The search scheme is thus
made up of the three entities u;, R; and g;. p; is the step size, g; is an estimate of the

gradient V' (9%) and R; is the matrix that modifies the search direction. The step size,

u;,is chosen such that, Vy(9 D) < v, (8®). A simple choice of the search
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direction, R;,is to take it to be the identity matrix. This approach is known to be
inefficient as the error function reaches its minimum. One way to overcome this problem

is to use Eqg. 4.9 to compute the search direction.
=X (0 eyt 6)) + Al (4.9)

In the above equation, Y (t, 6;), is the gradient matrix of § with respect to 6, and A is a

positive scalar.

4.3 Simplex Search

Simplex search algorithm is a commonly used non-gradient based numerical
search method [38] and [39]. This technique was proposed by John Nelder and R. Mead
in 1965 [40]. This search method is also called the Nelder-Mead method or the amoeba
method. The use of simplex search for parameter estimation can be found in [41] and
[42]. The advantage of simplex search is that since it does not compute gradients it is
comparatively faster than nonlinear least squares algorithm, but is less robust, that is, it
is more prone to settle at a local minima.

Simplex search algorithm uses the concept of simplex to minimize the error
between the model and actual plant outputs. Simplex can be defined as the smallest
convex set of given points. For example in a single dimensional space, a line segment is
the simplex. The line segment is also called the 1- simplex. N-simplex is an n-
dimensional polytope with n+1 vertices. Thus, 2-simpex is a triangle and 3-simplex is a

tetrahedron.
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Simplex search algorithm uses a simplex of n+1 vertices for a problem having n
unknown parameters. The algorithm first makes a simplex around the initial guess, x,
by adding a small constant percentage of each component to x,. Thus the n+1 vertices of
the initial simplex are these n points in the n-dimensional space and the initial guess
value.

Four scalar parameters must be defined before running this search method. They
are the coefficients of reflection (p), expansion, (), contraction (y), and shrinkage (o).

These parameters should satisfy
p >0, x>1, x>p, 0<y<1l and 0<o<1 (4.10)

While any parameter values satisfying the above conditions will work, the standard

choices for these parameters are
1 1
p=1, X =2, Y =5 and o= (4.11)

The algorithm then modifies this simplex repeatedly according to the following

procedure:

1. Order: Each new iteration of the algorithm begins by labeling the vertices of the
simplex
X1, X2, ey Xn41 (4.12)
such that

f(xl) < f(xz) <...< f(xn+1) (413)



33

The vertex corresponding to the highest function value, x,, .4, is discarded and
another point is added as the vertex. The choice of this other point depends on a

number of rules that are explained below.

Reflect: First the reflected point x,, is generated

Xp =X+ p(X—xp41) = (L+p)X—pxppq (4.14)

=Yoo (4.15)

Calculate the function value of the point x,., f(x,). If f(x;) < f(x,) < f(x,),
then add the point r as the new vertex to the simplex and terminate this iteration.
Expand: If f(x,) < f(x;), calculate the expansion point x,,
Xe =X+ x( — D)= X +px (T-2n41) = L+ pOE— Xy (416)
Calculate the function value of the point x,, f(x,). If f(x,) < f(x,), accept x,
as the new vertex and terminate the iteration. Otherwise, the point x, is the new
vertex.
. Contract: If f(x,) = f(x,), do a contraction either outside or inside based on
whether x, or x, 1 is better.

a. Outside: If f(x,) < f(x,) < f,4+1, calculate the outside contraction point

xCO 1

Xeo =X + )/(xr - JZ) = X + )/,0(JZ - xn+1) = (1 +p )/)f ~PY Xn+1 (417)

If f(x,,) < f(x,), choose x,, as the new vertex and terminate this iteration,
else perform a shrink operation.

b. Inside: If f(x,) = f,+1, calculate the inside contraction point x;,
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Xei =X — Y(f - xn+1) = (1 - Y)f + Y Xn41 (418)

If f(x.) < f(x,41), choose x. as the new vertex and terminate this

iteration, else perform a shrink operation.
5. Shrink: This step shrinks the simplex around the vertex having the least function

value i.e. x;. This is done by replacing all the vertices with the equation below
(4.19)

xi=x1+ o(x;— x1), i=23,..,n+1
6. Check for Termination: Terminate the algorithm if any of the stopping criteria is
satisfied. Otherwise, repeat the procedure from step 1.
The simplex search algorithm described above is illustrated on a 2-simplex in
Figures 4.5 and 4.6. Both the nonlinear least squares algorithm and simplex search
algorithms are quite commonly used. They are available in Simulink Response

Optimization toolbox from Matlab. This toolbox is explained in the next section.

Fig. 4.5 Nelder Mead 2-Simplices with order, reflect and expand operations
performed
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Fig. 4.6 Nelder Mead 2-Simplices with contract outside, contract inside and shrink
operations performed

4.4 Simulink Response Optimization Toolbox

Simulink Response Optimization (SRO) toolbox is an optional toolbox available

with Matlab 2008a [4]. It is called the Simulink Design Optimization toolbox in Matlab
2009a. SRO works in the Simulink environment. A user can improve mathematical
models by estimating and tuning model parameters using numerical optimization
techniques. In addition to parameter estimation users can tune controller gains so that the
system meets design specifications. The design specifications like error limit between
the model and the output can be set on a time scale. Also system design specifications

like rise time, settling time etc. can be set by the user. All this specifications are set in

the signal constraint block. Figure 4.7 shows a screenshot of the signal constraint block

with signal constraints placed by the user.
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Fig. 4.7 Screenshot of the signal constraint block with signal constraints.

After choosing the signal constraints, one must choose the parameters that need
to be tuned or estimated. Since this toolbox follows numerical search based algorithms
for parameter estimation, one has to give initial values for the unknown parameters. The
SRO toolbox gives the option of tuning the parameter by three numerical search
methods, Nonlinear least squares, Simplex search and Pattern search algorithms. Users
can choose any of these algorithms based on the requirement. Also once an algorithm is
chosen the user can specify the tolerances associated with the parameters, constraints
and the function. The function tolerance acts as a termination condition if the “Look for
maximally feasible solution” box is checked else the numerical search stops when the
system response is within the signal constraints. Figure 4.8 shows the layout of the

different options available with the simplex search algorithm.
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Fig. 4.8 The different options available with a numerical search algorithm
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CHAPTER V

PARAMETER ESTIMATION PROCEDURE AND RESULTS

In this chapter the parameter estimation procedure that was used to estimate the
parameters of the expansion valve and the compressor simultaneously is discussed.
Firstly, the procedure to estimate the parameters of the valve and compressor given
access to a mass flow meter will be seen followed by the method to estimate them
without using the mass flow meter measurements.

In both the experimental set ups described in the third chapter, it was seen that
the mass flow meter is placed right before the expansion valves and there is no mass
flow meter next to their compressor. The reason for this being that the refrigerant is
always in liquid phase only before the expansion device. It is economical to measure
liquid flow than gaseous or multiphase fluid flow.

One can estimate the parameters of the expansion valve using even the transient
components of a data set, but due to the constraint of not having a mass flow meter at the
inlet to the compressor, its parameters can be estimated using only the steady state
components of a data set. The estimation of the EEV and compressor parameters given
the mass flow measurements can be performed by any regression technique. For this
research the Least squares algorithm, explained in Chapter 1V, was used. The results of
parameter estimation using the mass flow meter information are provided in the Tables

5.1 and 5.2 on pp. 41 and 44 respectively. In case of the TEV, parameter estimation is
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possible by sensing the temperature of the TEV bulb and the refrigerant temperature in
the tube close to the point where the TEV bulb is installed.

In all the cases discussed so far the parameter estimation routine needs at least
the presence of a single mass flow meter in the refrigerant loop. But there are a lot of
commercial systems which don’t have a mass flow meter in them due to the high cost of
the sensor. For such systems it is possible to estimate the parameters of the expansion

valve and compressor using the procedure discussed in this chapter.

5.1 Model Augmentation
The linearized continuous time evaporator model is augmented with the
nonlinear expansion valve and compressor models. The resulting model’s inputs are the
pressure and temperature of the refrigerant at expansion valve inlet, temperature and
mass flow rate of the secondary coolant over the evaporator coils, the EEV input in case
an EEV is used, the compressor’s operating frequency if it is known, and the initial
estimates of the parameters. The output of the augmented model is the pressure and

enthalpy of the refrigerant at the evaporator exit.

Uu, mﬂ ir Uy
T S |
Valve h Evaporator h g Compressor
model in model out model
y=flu,)  i=ax+Bu [ ¥ y=rlw)
4‘ .‘7
min mout

Fig. 5.1 Graphical representation of the augmented model
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In case of an EEV, the system is excited by step inputs to the expansion valve. In
case of a TEV, the system is excited by varying the flow rate of the secondary coolant
over the evaporator coils. In both the cases, if a variable speed compressor is used, the
compressor speed also needs to be changed to get the correct parameter values of the
compressor model.

The output of the augmented model is compared with the experimental data and
the error found. This error was minimized by using both the nonlinear least squares
algorithm and the simplex search algorithm. The error in each output i.e. the pressure
and the enthalpy are scaled so that equal weights are assigned for both the errors. This
was necessary for the algorithm to return with the right estimates of the parameters. The

error equation is given by

— \2 ~ 2
Error = Z?:o Sl(Pei - Pei) +52(Terol' - Terol’) (51)

In both the algorithms discussed here, initial values of the parameters need to be
provided and it is important that these values are not way too far from the actual values.
The initial estimates for the EEV, TEV and the compressor parameters used are given in

Tables 5.1, 5.2 and 5.3.

5.2 Parameter Estimation of the EEV
As mentioned in Chapter 3, there are two independent experimental systems
having an EEV as the expansion device. One is a custom built water chiller system and

the other being a residential air conditioning system. The parameter estimation algorithm
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was tried on both these systems. First the results of parameter estimation obtained on the

residential air-conditioning unit are presented followed by the water chiller system.

5.2.1 EEV Parameter Estimation on the Residential Air Conditioner

The EEV opening is changed as seen in Figure 5.2. In Figure 5.3 it can be seen
that the parameter estimation algorithm (simplex search) is able to find the parameters
such that the predicted mass flow rate is exactly the same as the measured mass flow
rate. Figures 5.4 and 5.5 show that the parameter estimation algorithm was successful in
reducing the error as defined in Eq. (5.1).

Similar results were obtained with nonlinear least squares. The time taken for
Simplex search and nonlinear least squares given the same initial estimate as mentioned
in Table 5.1 is 360 and 700 seconds respectively. A comparison of both these methods

with respect to error and speed is given in Table 5.1.

Table 5.1 EEV parameter estimation using different approaches for a dataset with

4200 samples. Linearized evaporator used.

o EEV Parameters Compressor RMS error in Time
Estimation Parameters mass flow rate
taken
method at valve
vy vy k4 k-, (grams/second) (seconds)

Initial
Parameters —-1.70 1.00 —2.46 1.00 - -
Mass flow —7.67
measurements 103 1.93 9.16 1.54 0.152 1
Simplex —1.34 1.94 9.05 1.59 0.151 360
search * 10
Nonlinear least | —7.63 1.97 9.05 1.59 0.156 700
squares * 10
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5.2.2 EEV Parameter Estimation on the Water Chiller System

The EEV position is changed as seen in Figure 5.6. Simplex search was used for this
parameter estimation. The parameter estimates from this algorithm can be seen in Table
5.2. Using the estimated parameters the augmented model is simulated and the results
can be seen in Figures 5.8 and 5.9. From these plots it is clear that the parameter
estimation algorithm is able to estimate the parameters such that it is not only good
enough for model simulation but is also accurately able to predict the mass flow rate of

the refrigerant at the EEV as seen in Figure 5.7.

Table 5.2 EEV parameter estimation using different approaches for a dataset with

1500 samples. Linearized evaporator model used.

o EEV Parameters Compressor RMS error in Time
Estimation Parameters mass flow rate
taken
method at valve
12 2 k4 k- (grams/second) (seconds)

Initial 1.0 1.0 1.0 1.0 _ _
Parameters
Mass flow -3.457 0.808 0.999 0.098 0.274 1
measurements
Simplex - 3.304 0.796 0.974 0.105 0.269 680
search
Nonlinear least -3.414 0.803 0.976 0.101 0.277 780
squares




EEV percentage opening (%)

Mass flow rate at valve, [g/s]

12.5¢

12

11.5

11

10.5

10

95"

o
al

al

»
o

L L L L L
r r r r r L
0 50 100 150 200 250 300
Time (S)
Fig. 5.6 EEV opening
L L L L L
Data
Simulation (SS)
1 N N | i “ | ‘
MWPIN TY I NPT YN TSN VT
i A i ' e i ok i G
|
"\ “( L ge | -
Vol “‘ W ‘”‘\U I h
r r r r r L
0 50 100 150 200 250 300
Time, [s]

Fig. 5.7 Comparison of mass flow rate at the EEV inlet

45



N
[0}
o

Data
il ”" / Simulation (SS) |
"“w A 1 H 1 ‘ W”""“""""’ W“W W

N

~

o
]

N

(o2}

o
7

Evaporator pressure, [kPa]
N
3
]
1

|

\
240 - |
i !M “r‘ M ‘l‘lHl‘(‘ | |

230 } “‘" \ lx‘ / “V‘ { |
220°¢ . r r | | |
0 50 100 150 200 250 300
Time, [s]

Fig. 5.8 Comparison of evaporator pressure

00}
i
-
i

L
Data
Simulation (SS) ||

» ~
T — 7

(3]
1

Temperature at evaporator exit, [°C]

o L LI ) I‘H | | M i ] b
4+ N v il
H R
36 5ro 160 1éo 260 zéo 360
Time, [s]

Fig. 5.9 Comparison of refrigerant temperature at evaporator exit

46



47

5.3 Parameter Estimation of the TEV
Eg. 2.5 and 2.11 is used to model the TEV. It is known that the area of opening
of a valve is very small in the scale of millimeters. But in the TEV model the area is in
m?. This causes the parameters to have a very low value, in the order of 10°. So to scale
the parameters the TEV model Eq. 2.11 was multiplied by 10®°. The compressor speed
during the test was 1500 RPM, i.e. 30 Revolutions per second. The internal volume of
the compressor was not known. It is assumed to be 10 cm®. Thus the compressor model
is,
my, =30%10x107°%(k; — ky(P./P.))pk (5.2)
The scaled TEV model, compressor model given in Eq. 5.2 and the linearized
continuous time evaporator model are augmented for this problem. The water flow rate
over the evaporator is varied as shown in Figure 5.10. The initial values of the
parameters are given in Table 5.3. With the estimated parameters the model is simulated
and is compared with experimental data in Figures 5.11 — 5.13. While estimating the
parameters of the EEV, it was seen that the Simplex search algorithm was a faster
algorithm but for the TEV case, which is a more complex problem, it took a longer time.
The reason for this is that the algorithm settles at a local minima (the Simplex shrinks to
a point) and the optimization routine needed to be restarted. For this case the nonlinear
least squares definitely provides a better estimate which can be seen by the difference in
RMS error or by comparing the Figures 5.11 to 5.13. From the close match seen between
the experimental data and the model outputs it is safe to say that the parameter

estimation approach has worked well in this case.
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Table 5.3 TEV parameter estimation using different approaches for a dataset with

2000 samples. Linearized evaporator model used.

RMS error in .

N Compressor mass flow rate Time

Ei‘gﬁégn TEV Parameters Parameters at valve (séigflgs)
(grams/second)
U1 U, T (S) k1 kz

Initial
Parameters 1.00 1.00 | 10.0 1.00 1.00 - —
Simplex
search 560 | 3.01 | 469 0.94 0.20 0.6766 1200
Nonlinear
least squares 531 | 3.12 | 409 0.94 0.20 0.5365 610
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Fig. 5.10 Water flow rate.




49

450. L L L L L
= Data
% 400 - Simulation (NLS) |
= Simulation (SS)
o)
% | ‘ Ay \
@ 350 - N | (TN ‘)m
o TR DA b nlt
o Tl ‘
= L i L
% 300 {l ) L | " 4] \ eyl W | |
5 ‘ i | ‘ w ' il |

|

& 250 | | i
>
Ll

200' r r r r r r r L

0 50 100 150 200 250 300 350 400
Time, [s]

Fig. 5.11 Comparison of evaporator pressure

OE 14. L L L L L L L

8 12 - LTI | ‘

g ’“I'ul\""fl"ll ia m mulm | ”. W P L
© ! "" ok S8 W“"ﬂi m My g f%

S 10- |1 W[ ! AR “Uﬁ"“"‘
(U y

>

)

< 8r 4 7
o I ‘

2 o il W ] | Dat

S 6 me i ‘ ata i
3 .ll . W”J Simulation (NLS)

S I ! Simulation (SS) | |
@ 4 L L L L f

= 0 50 100 150 200 250 300 350 400

Time, [s]

Fig. 5.12 Comparison of refrigerant temperature at evaporator exit



50

;
a1
o -

'G‘ 9; t T T . L ;:)ata |
3 8.5|- Simulation (NLS) |~
g 8- Simulation (SS)
& 7.5 | ‘
l il

§ I ||| ..h 1 ‘"‘"" lJ(L" "'Mllmlk'lwlmmm““mml |||||II‘|‘ ||ﬂ||lu||I l} ‘ “"'W wl' W‘ ’wllhul" 1|||\'
...—9 6.5 All h ‘ “ ‘ ’\ w “u }
=

100 150 ; : : r

200 250 300 350 400
Time, [s]

5

Fig. 5.13 Comparison of mass flow rate at the TEV inlet

The above experimental results indicate that the parameter estimation method is
successfully able to identify the parameters when the initial estimates are far from the
final value by an order of magnitude and is robust enough to overcome the problems of
measurement noise, unmodeled dynamics. Also the time consumed for parameter
estimation is low. The results indicate that the nonlinear least squares algorithm is better

suited for this estimation problem.

5.4 Parameter Spread
Parameter spread is studied to find the suitability of the valve and compressor
parameters found in a particular test to be used again in a subsequent test with similar
operating conditions. The parameter spread is found in this section by comparing the
parameters estimated by performing similar valve step changes at different instances of

time. Figure 5.14 shows the valve positions as a function of time. In case of a TEV, the
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external flow rate of the coolant is changed as shown in Figure 5.15. The parameter

spread is computed in Table 5.4.
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Fig. 5.14 EEV opening as a function of time

Table 5.4 Valve and compressor parameters at different instances of time

S.No EEV parameters Compressor TEV Parameters
parameters
%1 () k4 k, (%1 U2
1 -6.0927 | 1.0240 1.3620 0.0580 | 1.4102 | 1.5278
2 -5.3748 | 0.9344 1.2450 0.0579 | 1.0504 | 1.6372
3 -5.1241 | 0.9153 1.3181 0.0324 | 1.2206 | 1.5624
4 -5.2466 | 0.9260 1.2594 0.0497 | 1.5443 | 1.4722
gzrrigéewr 15.90 % | 10.62% | 8.59% | 44.14 % | 31.98 % | 10.08%
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5.5 Parameter Sensitivity

Parameter sensitivity of the various parameters of the EEV, TEV and the
compressor are analyzed in this section. Each component’s parameter values is increased
by 10% - 50%, (depending on the parameter spread) while keeping the values of the
other component’s parameters equal to the values estimated using the flow rate data.
After the parameter value has changed, the augmented model is simulated. First an
augmented model with an EEV and a compressor is simulated, followed by the model
with a TEV and a compressor. The simulated evaporator pressure, temperature of the
refrigerant at evaporator outlet, and the mass flow rate of the refrigerant is compared
with the simulation obtained using the actual values of the parameters. These
comparisons are given in Figures 5.16-5.27. From these plots, one can conclude that the

parameters estimated for components in one test can be reused to model a different test
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with similar operating conditions. This is a main requirement considering the fact that

the parameter estimation algorithm currently used is an offline technique.

280 o L L L L L
— AN Y, o Ao
< Al AR AT A
% 270 F m)r/% %y IJm\ %\%Nj M\/IQV/ J }xwf . f/‘ .\j
= i N R\if M N ) r
o / V
5 260 / A
) "
g [ V,; V.
S 250 1 Y2 -
S v1+10%; v2+4%
@ 240 v, +30%; v, +12% |’
o 1 2
o ) A A :
g 230 AW vn SAAP AR ¥ v1+50%, v2+20% |
i

220 L r r r r r

0 50 100 150 200 250 300
Time [s]
Fig. 5.16 Simulated evaporator pressures as the EEV parameters are changed
8 F L L L L L
Vl; V2
7 -v1+10%; v2+4% .

-v1+30%; v2+12%
-v1+50%; v2+20% u

Temperature at evaporator exit, [°C]

5 [
4~
3 C r r r r r
0 50 100 150 200 250
Time [s]

300

Fig. 5.17 Simulated temperatures of the refrigerant at evaporator exit as the EEV
parameters are changed



Mass flow rate at valve, [g/s]

5.5

4.5 4

-Vt 10%; v2+4%

-v1+50%; v2+20%

-V, +30%; V,+12% |

r r

50

100

150
Time [s]

200 250

300

54

Fig. 5.18 Simulated mass flow rates at the valve inlet as the EEV parameters are

Evaporator pressure, [kPa]

Fig. 5.19 Simulated evaporator pressures as the compressor parameters are

280«

270

260

250

240

230

220°"

changed

r

-k1+10%; k2-24%
-k 1+20%; k2—48%

-ky - 8%; k,+20%

r r

0

50

100

150
Time [s]

changed

200 250

300



8¢ T T T L L
kl; k2
-k1+10%; k2-24%
-k, +20%; k,-48%

1

-k1 - 8%; k2+20% 7

Temperature at evaporator exit, [°C]

0 50 100 150 200 250 300

Fig. 5.20 Simulated temperatures of the refrigerant at evaporator exit as the
compressor parameters are changed

5.2. |8 |8
7 5
2D
) L
§ 4.8
2 LY
(@)
= 4.6 k,+10%; k,-24% |~
(7))
8 k,+20%; k,-48%
= 4.4 -
: K, - 8%; k,+20%
4.2 r r r
0 50 100 150 200 250 300
Time [s]

Fig. 5.21 Simulated mass flow rates of the refrigerant at the valve inlet as the
compressor parameters are changed



56

330« T T
©
QO 320+
=<,
)
5 3101
]
3
S 300 -
S
g 290 [~ le V2
% -v1+10%; v2-20%
S 280 i
L -v1-35%; v2+10%
270 L r r r r r r r
0 50 100 150 200 250 300 350 400

Time [s]

Fig. 5.22 Simulated evaporator pressures as the TEV parameters are changed

12 L L L L L L L

11

]

]

10

Vl; V2

-v1+ 10%; v2-20%

-v1-35%; v2+ 10%
L L L T T T

0 50 100 150 200 250 300 350 400
Time [s]

Temperature at evaporator exit, [°C]

Fig. 5.23 Simulated temperatures of the refrigerant at evaporator exit as the TEV
parameters are changed



Fig.

57

N
ol

~

Vl; V2

-Vt 10%; v2-20%

(o]
7
1

v1-35%; v2+ 10%

Mass flow rate at valve, [g/s]
[op)
(63}

r r r r r

50 100 150 200 250 300 350 400
Time [s]

o
a1
o -

5.24 Simulated mass flow rates of the refrigerant at the valve inlet as the TEV
parameters are changed

330 F L L L L L L L

320 -

310~

300 -

290 -

tc
-tc+50%
tc-50%
270 C r r r r r r r

0 50 100 150 200 250 300 350 400

Time [s]

280

Evaporator pressure, [kPa]

Fig. 5.25 Simulated evaporator pressures as the TEV parameter, t, is changed



58

12 L L L L L L L

11

]

10

]

tc
-tc+50%
tc-50%

Temperature, [°C]

r r r r r r

0 50 100 150 200 250 300 350 400
Time [s]

Fig. 5.26 Simulated temperatures of the refrigerant at evaporator exit as the TEV
parameter, t;, is changed

7.5. L L L L L L L

~

tc

Mass flow rate, [g/s]
[op)
(63}

6 -
-tc+50%
tc-50%
55 L r r r r r r r
0 50 100 150 200 250 300 350 400

Time [s]

Fig. 5.27 Simulated mass flow rates of the refrigerant at the valve inlet as the TEV
parameter, t;, is changed



59

5.6 TEV Model Validation

An extensive review of the relevant literature revealed just one experimental
validation of the TEV [9]. However, this lone case had limitations. Subsequently, one of
the important aspects of this thesis was to develop a gray box model for the TEV and
validate this model experimentally. Section 5.3 on parameter estimation of the TEV
clearly shows that the TEV model is working well for those operating conditions. But in
the water chiller system, there was almost no valve hunting and it was difficult to predict
whether the TEV model would work in case there were any valve hunting. For this
reason, the TEV model was validated on two other systems. One had an internally
equalized TEV, similar to the one used in the water chiller system, installed on an air
cooler system in the Air-Conditioning and Refrigeration Center at the University of
Illinois at Urbana Champagne [19]. Another experimental set up was the residential air-
conditioning unit mentioned in chapter Ill. This set up used an externally equalized
TEV. The difference between an internally equalized and an externally equalized TEV is
that in case of the former the refrigerant pressure at the inlet of the evaporator acts on the
valve diaphragm and regulates the TEV opening. In case of the latter, the refrigerant
pressure at the exit of the evaporator is used to regulate the diaphragm. Externally
equalized TEVs are generally used in cases where there is a significant drop in the

refrigerant pressure across the evaporator.

The air cooler system is similar to the water chiller system mentioned in Chapter
I11, with the significant difference being that the external coolant used is not water but

air. In this system a variable speed compressor is used. To excite the system, the
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compressor speeds are stepped as seen in Figure 5.28. Figure 5.29 shows the comparison
of the simulated and experimental mass flow rates of the refrigerant at the TEV inlet. It

can clearly be seen that the model is able to capture the valve hunting phenomenon.
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In the case of residential air conditioner system which has a constant speed
compressor, the system was excited by varying the mass flow rate of the air over the
evaporator coils. This was achieved by varying the evaporator fan speed. Figure 5.30
shows the change in fan speed voltage. Figure 5.31 shows the comparison of the
simulated and experimental mass flow rates of the refrigerant at the TEV inlet. It can be
seen that the TEV model is capturing the valve hunting phenomenon, but, one of the
transient behaviors induced while changing the evaporator coolant flow rate is not being
captured in the case of an externally equalized TEV. The reason for this behavior is

under investigation and will be part of future work.
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CHAPTER VI

CONCLUSION

This research makes several contributions to the field of AC&R modeling. A
mathematical model of the Thermostatic Expansion valve has been provided and it has
been validated with data. Prior work in this area had the limitation of the simulated data
not agreeing well with the experimental data [9]. The present study, however, has
mitigated that limitation.

A novel approach to estimate the empirical parameters of a dynamic air-
conditioning model has been provided. Easy to use models have been presented for the
EEV, TEV, evaporator and the compressor (both fixed speed and variable speed type)
used in AC&R systems. The estimation problem was approached using Simplex search
and nonlinear least squares algorithm. The nonlinear least squares algorithm proved to
be more robust and also less time consuming for complex models. Parameter spread and
sensitivity analysis performed show that the parameters estimated in a test can be used
for another test with similar operating conditions, which is an important factor
considering the offline estimation procedure.

The technique proposed here can be used with other types of grey box
identification problems that are difficult to solve using the analytical identification
methods, such as the least squares approach or the maximum likelihood method.

On the AC&R front there are a lot of applications for this work. Knowing the

valve and compressor parameters, one can get accurate mathematical models which can
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be used for control applications and fault detection purposes. Another important
application is the development of virtual mass flow sensors.

In the present work, both the temperature and pressure sensors are being used to
estimate the unknown parameters. Future research might consider the effectiveness of
the estimation procedure with the use of only temperature measurements. This is desired
due to the fact that thermocouples are much cheaper compared to pressure sensors and
are also easy to operate. Another aspect that needs to be looked at is the development of
an online estimation technique. This will be useful to continuously monitor HVAC

systems.
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APPENDIX

LINEARIZED EVAPORATOR MODEL

6x = H,6x + H, Su

Sy =[6P,; 6H,,1=1[01000;0010 0] 6x

u= [min mout

. T
hin Ta,in mg ]

X=[L1 P, hout Ty TWZ]T

71

[he11 Pytz 0 hy 14 0 7
on hx,21 hx,22 hx,23 0 hx,25
Pl H, 0 0 0 0 0
hx,41 hx,42 0 hx,44 hx,45
—hx,51 hx,52 hx,53 hx,54 hx,55
[hy 11 0 hy 13 0 0 7
0 hy 22 0 0 0
== H, 1 -1 0 0 0
0 0 0 hu,44 hu,45
0 0 0 hyss hygssl
Table Al Matrix elements of the above matrices
h a'lAi
il Ll (Twl - Trl)
total
hy 12 . (dhy L, dT,
M (55 | ~®idi——
dPe Ltotal dRa
hy 14 L
’ a;14;
e Ltotal
h a'zA'
x21 - LL L (TWZ - Trz)
total
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hy 22 dh, Ly 0T
Mout (dPe) Tl OPe

ezs Mow — € LLzz aahTz

Fa2s g

hx,41 a, og_z

Ry 42 a;14; C;’I;l

hy a4 indi —a,4, + a,4, 367?::1

Ry a5 a,4, aaT_’Il::z

Ry 51 a,4, Z_Z

Ry 52 a2 A; ggrz

hy 53 a2 A; aahi;zt

hy 54 a,4, ;T—T‘:l

hy 55 Qi — Ao Ao + o4, 66'1?1

w2
hy 11 hin — hy
huts i
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hy 22 hg = hout
hu,44 CZOAO aaT’]:C;
s af: Ao(Ty = Ty1) + @, a?nT
hy 54 a4, 667’1"};
hy 55 da, aT,
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