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Abstract

For the heating, ventilating, and air conditioning
(HVAC) systems for commercial buildings, there has
been a greater demand for reducing energy consump-
tion. The economizers have been developed as a
class of energy saving devices that may increase the
energy efficiency by taking advantage of outdoor air
during cool or cold weather. However, in practice,
many economizers do not operate in the expected
manner and waste even more energy than before in-
stallation. Better control strategy is needed for opti-
mal and robust operation. This paper presents two
related aspects of research on dynamic modeling and
control for economizers. First, a Modelica based dy-
namic model is developed for a single-duct air-side
economizer. The model development was based on
Dymola and AirConditioning Library with some re-
vision on water medium and heat exchanger model-
ing. Such transient model will lay a more quality
foundation for control design. Second, for a three-
state operation for air-side economizers, a self-
optimizing control strategy is developed based on the
extremum seeking control (ESC). The mechanical
cooling can be minimized by optimizing the outdoor
air damper opening via extremum seeking. Such has
much less dependency on the knowledge of econo-
mizer model, and thus has more promise for practical
operation. In addition, an anti-windup ESC scheme
is proposed as an enhancement for the existing ESC
techniques. The simulation results validated the ef-
fectiveness of the dynamic model of the economizer,
demonstrated the potential of using ESC to achieve
the minimal mechanical cooling load in a self-
optimizing manner, and illustrated the possibility of
ESC malfunctioning under actuator (damper) satura-
tion and the capability of anti-windup ESC in pre-
venting such undesirable behavior.
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1 Introduction

Buildings are responsible for a large portion of elec-
tricity and natural gas demand. Significant amount of
energy consumption for buildings is due to the heat-
ing, ventilation and air conditioning (HVAC) sys-
tems. Improving the efficiency of building HVAC
system is thus critical for energy and environmental
sustainability. The economizers have been developed
as a class of energy saving devices that may increase
the energy efficiency by taking advantage of outdoor
air during cool or cold weather [1]. Figure 1 is a
schematic diagram of a typical single-duct air-
handling unit (AHU) and controller. The AHU has a
supply fan, three (outdoor air, relief air and mixed
air) dampers for controlling air flow between the
AHU and the outdoors, heating and cooling coils for
conditioning the air, a filter for removing airborne
particles, various sensors and actuators, and a con-
troller that receives sensor measurements (inputs)
and computes and transmits new control signals
(outputs). The air economizer moves the dampers to
let in 100% outdoor air when it is cool but not ex-
tremely cold outside. When it is hot outside, the
dampers are controlled to provide the minimum
amount of outdoor air required for ventilation.
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Figure 1: Single duct air handling unit
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The American Society of Heating, Refrigerating and
Air Conditioning Engineers (ASHRAE) recommends
using economizers based on the cooling capacity size
and weather characteristics for the building location
[2], as described in the Appendix. ASHRAE [3] de-
scribes several control strategies for transitioning
between 100% outdoor air and the minimum outdoor
air required for ventilation. The control strategies are
called “high limit shutoff control for air econo-
mizer.” Following is a list of strategies that can be
programmed in a computer control system.

e Fixed dry bulb temperature. This strategy com-
pares the outdoor temperature to a transition tem-
perature. If the outdoor air temperature is greater
than the transition temperature, then the dampers
are controlled for the minimum outdoor air re-
quired for ventilation.

o Differential dry bulb temperature. This control
strategy compares the outdoor and return air tem-
peratures. If the outdoor temperature is greater
than the return air temperature, then the dampers
are controlled for minimum outdoor air required
for ventilation.

o Fixed enthalpy. This control strategy measures the
outdoor air temperature and relative humidity
(RH). Then the outdoor air enthalpy is calculated
and compared with a transition enthalpy. If the
outdoor air enthalpy is greater than the transition
enthalpy, then the dampers are controlled for
minimum outdoor air required for ventilation.

o Differential enthalpy. This control strategy de-
termines the outdoor and return air enthalpy from
measurements of the outdoor and return air tem-
perature and relative humidity. If the outdoor air
enthalpy is greater than the return air enthalpy,
then the dampers are controlled for minimum
outdoor air required for ventilation.

However, in practice, many economizers do not op-
erate as expected and waste even more energy than
before installation [4]. Temperature and RH sensor
errors can have a large impact on the energy savings
or possible penalty of economizer strategies. The
National Building Controls Information Program
(NBCIP) [5] said, “In the case of economizers, rela-
tive humidity and temperature measurements of out-
door and return air conditions are used to calculate
the enthalpies of the two air streams. The air stream
with the least energy content is then selected to pro-
vide building cooling. If one or both of the computed
enthalpies is wrong, as can happen when humidity
transmitters are not accurate, significant energy pen-
alties can result from cooling of the incorrect air
stream.” The NBCIP [6] performed long term per-

formance tests on 20 RH sensors from six manufac-
turers. Nine of the 20 RH sensors failed during the
testing. All of the remaining sensors had many
measurements outside of specifications. The largest
mean error was 10% RH, and the largest standard
deviation of the error was 10.2%. The best perform-
ing sensor had a mean error of -2.9% RH and a
standard deviation of 1.2%. The specifications for
the best performing sensor were +£3%. Control
strategies not relying on RH measurement would
greatly enhance the reliability of economizer opera-
tion.

Modeling and optimal control of air-handling units
and economizers have been previously studied [7, 8].
However, due to the complex nature of HVAC sys-
tem operation, the obtained model may not be accu-
rate enough for the optimal operation of an econo-
mizer. Therefore, a model based optimal control ap-
proach is hardly effective in practice to seek the op-
timal outdoor air flow for minimizing the mechanical
cooling. In contrast, an on-line self-optimizing con-
trol approach appears a more suitable option.

This research investigates the application of the ex-
tremum seeking control (ESC) [9-13] to optimize the
use of outdoor air so as to minimize the energy con-
sumption. The input and output of the proposed ESC
framework are the damper opening and power con-
sumption (or equivalently, the chilled water flow
rate), respectively. This approach does not rely on
the use of relative humidity sensor and accurate
model of the economizer for optimal operation.
Therefore, it provides a more reliable control strat-
egy for economizer operation. The proposed ESC
scheme works as part of a three-state economizer
control strategy, as shown in the state diagram in
Figure 2. State 1 uses heating to maintain the supply
air temperature. In state 2, outside air is mixed with
the return air to maintain the supply air at a given
setpoint. In state 3, the extremum seeking control is
used to control the dampers to minimize the me-
chanical cooling load. Also, the dampers must be
controlled to guarantee enough outdoor air inflow to
satisfy the ventilation requirement for the rooms.
Figure 3 shows the control regions for different out-
side air conditions on a psychometric chart. The re-
turn air condition was 75 °F and 50% relative humid-
ity, the cooling coil was ideal, and the minimum
fraction of outdoor air to supply air was 0.3. The
heating region is for state 1, the free cooling region
is for state 2, and the three regions that need me-
chanical cooling are combined into state 3.
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Initial State

ﬂ Heating with minimum outdoor air \

o Control supply air temp. with heating coil
e Control dampers for minimum ventilation

o No mechanical cooling

Heating control signal at Damper control signal at
minimum value for 5 min. ventilation limit for 5 min.

( 2 Free Cooling \

e Control supply air temperature with dampers

o Outdoor air flow rate satisfies ventilation requirement
o No mechanical cooling

o No Heating

Damper control signal at
100% outdoor air for 5 min.

Cooling control signal at
minimum value for 5 min.

[ 3 Mechanical cooling & self-optimizing control \

e Control supply air temperature with mechanical cooling

o Self-optimizing control for dampers to minimize mechanical cooling
o Outdoor air flow rate satisfies ventilation requirement

o No Heating

Figure 2: State transition diagram for the proposed
control strategy.
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Figure 3: Control states for different outside air con-
ditions for an ideal coil with return conditions 75 °F
and 50% RH.

The proposed control scheme has the following ad-
vantages over existing economizer strategies:

e FEnergy Savings. Using ESC will lead to energy
savings because the dampers will be controlled to
minimize the mechanical cooling load. Also, the
proposed strategy will save energy because it is
not dependent on unreliable RH sensors.

o Lower installed costs because the proposed strat-
egy does not require the outside air or return air
temperature or RH sensors.

e Lower maintenance costs because the tempera-
ture and RH sensors do not need to be calibrated.

In addition to the ESC application for economizer
control, an enhancement on the ESC is proposed: an
anti-windup ESC scheme against damper (actuator)
saturation. Due to the inherent integral action incor-
porated in the ESC loop, the integral windup due to
the damper saturation would disable the ESC, as will
be shown in Section 3. The back-calculation scheme
is applied to the ESC loop to achieve the anti-windup
capability.

In order to design and simulation the proposed con-
trol strategy, a quality dynamic model of economizer
is needed. In this study, an economizer simulation
model was developed in Modelica. Dynamic model-
ing of HVAC equipment has attracted increasing
attention in recent years. A summary of previous
work in dynamic modeling of vapor compression
equipment was presented in [14, 15]. According to
[15], the modeling regimes could be mainly classi-
fied as two categories: reference models and lumped
models. The reference models are designed to best fit
the underlying physics of the system, but will often
involve partial differential equations (PDE) and high
system order. In contrast, the lumped models will
lead to lower order ordinary differential equations
(ODE) based on some simplifications and/or space
discretization. In particular, the first category of
models requires extensive dynamic information from
the heat exchanger. The finite-volume method was
studied by MacArthur [16] but with simplifications
in decoupling thermal responses from pressure re-
sponses, which may result in less accurate mass dis-
tribution predictions. This issue was latter resolved
by MacArthur and Grald [17] from combining the
mass and balance equations, where the pressure re-
sponses are involved. Nyers and Stoyan [18] mod-
eled an evaporator using the approach of finite-
difference. Williatzen et al [19] employed a profile
assumption for the variation of refrigerant state
within each phase region. Recently, Rasmussen [20]
presents an novel modeling approach with more
freedom of selecting the system states and is claimed
to be equivalent to the common method of simplify-
ing the governing PDEs to the desired ODEs. Zhou
[21] developed a so-called forward model which was
capable of solving the governing differential equa-
tions concerning energy storage and transfer in a
cooling and dehumidifying coil. The lumped models
have also been studied by several authors for simula-
tion and control purposes [22-24]. Besides the mod-
eling approaches involved, the fact that different
time scales of the system dynamics are either inter-
woven or distinctive to a large extent yet poses an-
other serious challenge to the dynamic modeling of
HVAC. However, limited study has been done so far
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on developing effective and efficient dynamic mod-
els that are capable of handling system dynamics
with different time scales and simultaneously satisfy-
ing research purposes ranging from dynamic analysis
and control design of subsystems (e.g. AHU) to
building energy savings and comfort. As for AHU
modeling in particular, ASHRAE [15] said some of
the quickest phenomena occur in the AHUs (coils,
humidifiers, and economizers), when simulating
such subsystems, realistic dynamics have to be con-
sidered for all components involved: heat and mass
exchangers, fans, ducts and pipes, sensors and actua-
tors. Compared to the control oriented transient
analysis which features small time-scale, the energy
saving and human comfort evaluation are coped with
in a much larger time scale, but require accurate en-
ergy balances. For instance, the cooling coil usually
has the slowest transient among the four major com-
ponents in the vapor compression system, and thus
has the largest impact on transient performance. It is
necessary to consider mass distribution within the
cooling coil as a function of time and space and this
requires transient mass balances to allow for local
storage [14]. On the other hand, for an AHU, the
cooling coil is among the quickest responding com-
ponents. Their transient response may significantly
interact with closed loop controllers [15]. Thus, the
multiple-time-scale compatibility is important for the
dynamic/transient modeling of HVAC systems.

Control development for many HVAC systems, e.g.
the economizer in this study, would not be possible
without accurate and computationally efficient dy-
namic/transient models. Most simulation tools for
HVAC systems have been based on steady-state
modeling. Dynamic modeling and simulation is still
in the research phase and not mature yet. Modelica,
as an object-oriented language for physical model-
ing, has demonstrated its great capability for simulat-
ing multi-physical systems. Several Modelica based
simulation packages have been developed, e.g. the
Thermal-Fluid Library [25], the AirConditioning
Library [26], the Modelica Fluid Library [25] and
the HITLib [27]. The AirConditioning Library is
capable of handling both steady-state and transient
simulation, however, it was mainly designed for
automotive air conditioning systems. Some compo-
nents need to be modified for modeling building
HVAC systems such as economizers. In this study, a
dynamic model of a single-duct air-side economizer
is developed using Dymola (Version 6.1) developed
by Dynasim [28], the Modelica Fluid Library (MFL)
and the AirConditioning Library (ACL) (Versions
1.4 and 1.5) developed by Modelon [26].

The remainder of this paper is organized as follows.
Section 2 describes the dynamic economizer model
design. The details of ESC design are described in
Section 3, along with the anti-windup ESC. Finally,
simulation results that demonstrate the effectiveness
of ESC and the two proposed enhancements are pre-
sented in Section 4.

2 Dynamic Economizer Model Design

The dynamic model of economizer was developed
based on the Dymola 6.1, the MFL and the ACL 1.4
and 1.5. In addition to adopting the standard compo-
nents in the commercial packages, we have made the
following development: modification of water prop-
erty calculation for the heat exchanger model, ini-
tialization with pressure-temperature pair, mixing
box, and fan. Figure 4 shows the economizer model
that we have developed in Dymola, which includes
air ducts, air mixing box, fans, cooling coil, and a
room space. The air duct model was adopted from
the MFL. It allows detailed pressure drop calculation
due to wall friction. The air mixing box model
contains two sub-components: the air-mixing plenum
and the damper module. The air-mixing plenum was
developed using the splitter model from the MFL,
while the damper module was developed by
ourselves. We have also developed a fan model
based on the similarity factors [29]. In addition, the
cooling coil was developed based on the evaporator
model from the ACL. A water medium model
CoolWater was developed based on the IAWSP-1F97
formulation [30], and compared with the water
medium model developed in the ACL. The pressure-
temperature pair was used for both initialization and
state derivation with the consideration of practical
HVAC operation. Finally, a mixing volume model
from the MFL was used to represent a room space.
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Figure 4: Dymola layout of the economizer model.
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2.1 Air Mixing Box

The air mixing box is a component of the AHU that
mixes the outdoor air and the return air from the
conditioned indoor space. It consists of a damper
module (outdoor, return and exhaust dampers) and
an air-mixing plenum. The fraction of the outside air
is regulated by the outdoor damper whose command
signal is interlocked with the exhaust and return air
damper. The supply air flow rate is kept as consistent
as possible to ensure proper pressure balance at the
building side. In addition, to provide adequate venti-
lation, the minimal OAD opening is limited by an
actuator. The damper model was developed based on
the work by Tan and Dexter [31]. The pressure drop
across the dampers is given by P = Rdampma,, ,
where m,;, is the mass flow rate of the air through the
dampers and Rg,,, is the resistance of the damper
given by

Ryaexplki(1—0)]
Ry
30(1/3-a)La+0.0429aF

if @>03333
]?dmp =

if <0333

@)
where « is the fractional opening of the damper (0
for fully closed and 1 for fully open), &, is a constant
depending on the type of blades used, R,pe, is the
resistance of fully open dampers, and L, is the leak-
age when the damper is fully closed. In Eq. (1), there
exists a slight discontinuity of the damper resistance
around 0.3333. It was smoothed by a third order
polynomial covering the interval of [0.2833, 0.3833].
The four coefficients of the polynomial were deter-
mined with the two functional values and two deriva-
tive values at 0.2833 and 0.3833. The air-mixing
plenum was formulated on the basis of the splitter
model from the MFL.

2.2 Fan

Two fan models are employed in this study. The first
fan model was based on the pump model from the
MFL. The only change was on the medium flowing
through, from water to the moist air. The second fan
model was developed based on the similarity factor
model in [29]. The relationship between the flow
factor and pressure factor is given by

where 4 = (zD?)/4, U = (xDN)/60, APy = (pV*)/2,
V:Q/Aex, AProtat = APstar + APver , @ is the flow

factor, y is the pressure factor, Q is the flow rate, 4
is the reference area, 4., is the exhaust area, D is di-
ameter of the impeller, v is the velocity of the out-
flow air, N is the rotation speed in rpm, APy, is the
static pressure, AP, is the velocity pressure, and
AP gynam, peripn 15 the peripheral dynamic pressure. Cj,
C, and C; are coefficients of the polynomials relating
the flow and pressure factors, which are fitted to the
manufacture’s fan performance data by the least-
square estimation. A limited proportional-integral
(PI) controller is used to regulate the rotation speed
of the supply fan to maintain the static pressure of
the supply air duct at the setpoint. In addition, the
rotation speed of the return fan is synchronized by
another limited PI controller, with the reference set-
ting satisfying the steady-state equilibrium of overall
flow rate. This is a simplified treatment, and it is be-
ing improved by a more accurate treatment described
in the work by Tan and Dexter in [31] which consid-
ered the building over-pressurization and leakage
flow.

2.3 Cooling Caoil

Cooling coil is the most important component be-
tween the primary plant (e.g. chiller) and the air dis-
tribution system. As mentioned earlier, the cooling
coil is among the quickest responding components in
AHU and it also responds to the quickest perturba-
tions. Therefore, the transient behavior of cooling
coil may have significant effect on closed loop con-
trol performance [15].

Since Version 1.4, the ACL has developed a group
of heat exchanger models that are capable of simulat-
ing both transient and steady-state operations. The
dynamic energy and mass balances are formulated
based on the finite-volume method. The number of
discretization at the refrigerant side is proportional to
that for the solid wall and the air side. The heat con-
duction in the solid wall is modeled as a one-
dimensional problem perpendicular to the fluid flow
direction. In particular, the simulation results of a
cross-counter flow evaporator model used in an
automotive R134a-system had been validated in an
experiment conducted by Chrysler [32]. The meas-

@=Ci+Cauy +C3p’ (2a) ured data were compared with the simulation results
of the medium properties and the steady-state heat
Q= Q (2b) transfer rates, for three sets of boundary conditions
AU given by the mass flow rate, the inlet temperature,
AProtal the inlet enthalpy, and the relative humidity of the
V= APismam, periph (20) ambient air. The heat transfer rates had good consis-
) tency while the refrigerant-side pressure drop and the
air-side water condensing needed improvement.
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There were some challenges to directly use the heat
exchanger model from ACL for the cooling coil
component in the economizer model. In the ACL
Version 1.5, the choices of state variable pairs in-
clude pressure-enthalpy, density-temperature, and
mass-internal energy. Such choices are suitable for
the air flow and two-phase refrigerants in the auto-
motive refrigeration systems. However, for the build-
ing HVAC systems, especially for cooling coils in
the AHU, the working medium is typically single-
phase, i.e. water. Also, the temperature range is lim-
ited to the ambient temperature variation. Therefore,
it is necessary to reformulate the existing heat ex-
changer model in the ACL to accommodate the spe-
cific needs in building HVAC systems.

2.3.1 Medium Model Design and Implementation

An accurate water medium model is critical for the
transient simulation of cooling and heating coils in
the AHU. For the water property calculation, there
are mainly two international standard formulations,
namely, JAPWSO95 [33] and IAPWS-IF97 [30, 33].
The former was developed for scientific computa-
tion, while the latter was developed for industrial
applications. Prior to the release of Version 1.4, the
ACL had included a large set of medium models for
many refrigerants, but not the water medium. Since
Version 1.5, the ACL has adopted a lookup-table
(LUT) based incompressible fluid (water) medium
model for heat exchanger modeling. However, it
may have the following drawbacks. First, in the con-
trol volumes, pressure responses are decoupled with
thermal responses, which may lead to inaccurate
mass distribution predictions. Second, incompressi-
ble water model will also result in inaccurate pres-
sure drop calculations, which will in turn affect the
heat transfer property calculations.

To validate the accuracy of different formulations of
water property model, the IF-97 formulae based
model (abbreviated as “IF-97 model” later) and the
LUT based incompressible water model (abbreviated
as LUT model later) were compared with the
IAPWS-95 standard. The FLUIDCAL program de-
veloped by Wagner’s group was used to obtain the
IAPWS-95 based water properties [34]. For Dymola
6.1, the water medium in Modelica Media follows
the IF-97 model, while the water medium of Ther-
moFluidPro in the ACL Versionl.5 follows the LUT
model. The comparison was conducted in the tem-
perature range from 274.15 K to 373.15 K with an
increment of 5 K, and the pressure input was set 5
bars for all cases. Table 1 summarizes the maximum
errors of several properties based on the IF-97 and
LUT models relative to those derived from the

IAPWS-95 standard. Figures 5 through 8 compare
the relative errors of the IF-97 and LUT models in
density, specific entropy, C, and C,, respectively.
Note that C, and C, are assumed identical in the LUT
model. More discrepancies were observed for en-
tropy and C,.

Table 1: Water Properties Based on IF-97 and LUT
Models Relative to IAPWS-95 Standard

Maximum Relative Error (%)
Water Property
IF-97 ACLL.5
Density 0.0015 0.09
Specific Entropy 0.018 28.223
G, 0.052 0.189
C, 0.075 11.833
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Figure 5: Density errors of the [F-97 and LUT mod-
els relative to the [APWS95 standard
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Figure 6: Specific entropy errors of the [F-97 and
LUT models relative to the IAPWS95 standard
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Within the Modelica Media Library, a group of wa-
terlFF97 models have been well defined to compute
the physical properties for water in the liquid, gas
and two-phase regions based on the IF-97 formulae.
However, there are several technical issues to use
these waterlF'97 medium models directly in the func-
tions of ACL. First, water[FF97 medium model con-
tains both single- and multiple-phase calculations, in
which the multiple-phase portion is not needed for
this application. In addition, earlier development in
the ACL is well compatible with the automotive air
conditioning systems whose working medium are
various kinds of refrigerants. The composition is a
critical argument contained in most functions devel-
oped in the ACL. For cooling and heating coils in the
AHU, the single-phase water is the only working
medium to deal with. The composition argument in
the existing ACL functions results in significant in-

convenience. For the single-phase water medium
used in the heating/cooling coils, it would be more
convenient to remove the composition argument.

Second, the medium property computation in the
ACL covers both single- and multiple-phase proc-
esses, which are involved not only in the balance
equations of the dynamic control volumes, but also
in the calculations of various thermodynamic states,
such as density, enthalpy and specific heats, which
are irrelevant to the dynamic states of the control
volumes. In addition, there are a lot of computations
related to multiple-phase processes. A process/device
involving only the single-phase water medium, such
as the heating/cooling coil in the AHU, is a much
simpler case. If we can remove all irrelevant compu-
tations, the resultant computational efficiency will be
greatly improved.

Thirdly, the refrigerants used by typical automotive
air conditioning systems are modeled on the basis of
the Helmholtz functions with density-temperature as
the pair of state variables. In many HVAC applica-
tions, it would be more convenient if the water prop-
erties are based on the pairs of pressure-temperature
or pressure-enthalpy. In addition, for physical prop-
erty calculations in the control volumes, the users
can access the medium functions only at hierarchi-
cally higher levels, which limits the customization or
reformulation of these functions for particular appli-
cations, especially when the user-preferred pair of
state variables is not supported in the existing pack-
age.

To address the above issues, we decided to develop a
simpler and more efficient water model, named as
CoolWater, based on Modelica Media.Interfaces.
PartialMedium. The basic formulation of the Cool-
Water model was obtained from [35]. In particular,
all redundant and conflicting variables and options in
the original waterlF'97 model were either removed or
modified, e.g. the BaseProperties code. To be consis-
tent with the coding style and physical property cal-
culations preserved in the ACL, several IF-97 based
low-level medium functions and utilities were
adopted from the Modelica Media Library.

A heat exchanger model was developed based on the
CoolWater medium described above. Heat exchanger
modeling is generally considered the most computa-
tionally intensive entity in a refrigeration system
[36]. To properly adapt the CoolWater model to the
refrigerant side, equations in the dynamic control
volumes should be rewritten, but the change should
not degrade the overall inheritance structure and ex-
actness of the heat exchanger model. Since the up-
permost hierarchical structure of the heat exchanger
is composed of only a few lines of code, the work of
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implementing single-phase water model should be-
gin from the most rudimentary control volumes. In
the development phase, different choices of state-
variable pairs were first compared and evaluated in
order to achieve both engineering convenience and
numerical efficiency. It was stated in [37] that the
mass-internal-energy pair could decrease the nu-
merical efficiency. The density-temperature pair was
considered by [38] a bad choice in the liquid region
for compressible fluids due to the amplification of
numerical error.

Currently, the state-variable pairs of pressure-
temperature and pressure-specific-enthalpy have
been formulated into the heat exchanger model for
comparison purpose. The techniques of state variable
transformations were performed in the dynamic bal-
ance equations for pressure-temperature and pres-
sure-specific-enthalpy, respectively [38, 39]. The
corresponding partial derivatives appeared in the
balance equations could be computed using rudimen-
tary IF-97 functions. To ensure consistent and con-
venient initialization, the pressure-temperature pair
(compared to the pressure-enthalpy pair) has been
added into the initialization options, since tempera-
ture is easier to set for HVAC operation rather than
some other variables such as enthalpy.

2.3.2 Validation of Cooling Coil Model

A cooling coil model was derived from the heat ex-
changer model described in the previous section. To
validate this model, two comparisons were con-
ducted: comparison of pressure-temperature and
pressure-enthalpy and comparison of our cooling coil
model and the cooling coil in ACL Version 1.5.

As described in [38], the advantage of using the
pressure-temperature pair is that there are many me-
dium property models which are explicit in this state
pair. The sensitivity of using this state pair needs to
be checked. It is known that using different dynamic
state variable pairs may change the numerical sensi-
tivity of the corresponding thermodynamic equations
of state (EOS). For a bad choice of state pair, even a
small error in one of variables of the state pairs may
lead to a large error to other variables calculated
from EOS. To address such concern, the pressure-
temperature and pressure-enthalpy pairs were com-
pared with an example cooling coil model.

The cooling coil adopted a flat tube louvered fin heat
exchanger model given in the ACL. It consists of
louvered fins and extruded microchannel flat tubes,
both made of aluminum. The schematic diagrams in
Figure 9 show the geometry and flow pattern for the
cooling coil model.

'E l pipes z_pipes
-,EI I v
= 1 OD0CCE | a
i
N G oD
i,
%‘@' Air

(a) Flow pattern of water and air
atehas

¥  passss

haight
1

o,

(b) Six-pass cooling coil with vertical flow of cool-
ing water and cross flow of air

(c) Geometry of the triangular louvered fin

Figure 9: Schematic diagrams for the example cool-
ing coil [40]

On both sides of the wall, several parallel flow chan-
nels are lumped into one uniform flow path. The
cooling water path through the component is treated
as one pipe flow with circular cross section and one
air element associated with each flow segment. Each
air element is further discretized along its flow direc-
tion. The total depth and height were set to be 0.06 m
and 0.21 m, respectively. The width of the cooling
coil could be then calculated from the known number
of flat tubes and dimension of the flat tubes and fins.
For the water side, as shown in Figure 9(b), there are
15 flat tubes in the 2™ and 5™ flow passes, and 10
flat tubes in the each of the remaining flow passes.
The dimension of the flat tubes could be determined
through three parameters: height of one flat tube,
center to center distance of two adjoining flat tubes,
and the number of pipes in one flat tube. They were
set to be 1 mm, 10 mm and 20, respectively. The
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wall thickness and radius of each pipe were set to be
0.1 mm and 0.4 mm. At the air side, the shape of the
louvered fins was set to be triangular. The fin dimen-
sions are summarized in Table 2.

Table 2: Dimensions of the louvered fins

Fin Dimension Parameter Setting

Number of fins per 0.1 m 80
Louver length (mm) 7
Louver pitch (mm) 1.4
Louver angle (°) 28
Fin thickness (mm) 0.1
Fin radius (mm) 0.4
: | Red line: P-T

Blue line: P-h

404 The difference curve
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&5 -1100.75W
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Figure 10: Internal energy in the 3" control volume

For the two state pairs, the inlet air conditions were
set identical. The flow rate, temperature and relative
humidity of the inlet air were set to be 0.2 kg/s,
313K and 60%, respectively. For the water side, the
chilled water flow rate was kept as 0.3 kg/s. For the
pressure-temperature state pair, the initial tempera-
ture was set to 292.146 K. To be consistent with this
setup, the inlet specific enthalpy was set to 8x10*
kJ/kg for the pressure-enthalpy state pair. The total
discretization number at the air side and water side
was set to be 12 and 6, respectively. Figures 10
through 12 show the simulation results from our
cooling performance test. The difference curves
shown in the plots are the calculated numerical dif-
ferences between these twos state variable pairs. The
results indicate that the differences are noticeable
only in the region of numerical transient responses,
i.e. 0 to 0.5 seconds, which is not harmful to the
overall transient and steady-state solutions.
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Figure 11: Internal energy in the 6™ control volume
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Figure 12: Total heat transferred from the heat ex-
changer

A further study was then performed to benchmark
our development with the ACL Version 1.5. The heat
exchanger model from ACL Version 1.5 was
equipped with the LUT water model. In our case, the
CoolWater model was used and pressure-
temperature was selected as the state variable pair.
The geometric configuration of the cooling coils was
reinforced to be the same in the two cases. A similar
cooling performance test was conducted, the initial
air flow rate was 0.0675 kg/s and the air temperature
and RH were given by 303.15 K and 60%, respec-
tively. For the water side, the chilled water flow rate
and initial temperature was kept as 0.1 kg/s and
293.15 K respectively. As shown in figure 13, the
inlet temperatures at the water and the air sides re-
spectively experienced ramp changes in sequence: at
30 second, the inlet water temperature first ramped
to 298.15 K within 20 second, and then the inlet air
temperature ramped to 308.15 K at 75 second within
20 second as well. Again, the total numbers of dis-
cretization at the air and water sides were set as 12
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and 6, respectively. Figures 14 through 16 compare
the simulation results of the two cases in terms of the
specific enthalpy, the internal energy and the total
heat transfer rate, respectively. The maximum rela-
tive error was found to be around 0.5%. For this sin-
gle heat exchanger model test in our study, the com-
putation time using the IF-97 model was about 50%
more than that using the LUT model in the ACL
Version 1.5.

Inlet Air Temperature

Inlet Water Temperature
20s

a = S @ % 100
Time (sec)

Figure 13: Sequential ramp changes of inlet water
and air temperatures
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Figure 16: Total heat transfer rate at heat exchanger

3 Extremum Seeking Control (ESC)
of Economizer Operation

3.1 Overview of ESC

The extremum seeking control deals with the on-line
optimization problem of finding an optimizing input
Uuqpt) for the generally unknown and/or time-varying
cost function I(¢, u), where u(f) eR" is the input pa-

rameter vector, i.€.
U, (1) = argmin/(t,u) -

3)

Figure 17 shows the block diagram for a typical ESC
system [41]. The measurement of the cost function
I(t, u), denoted by y(?), is corrupted by noise n(?). The
transfer function Fy(s) denotes the linear dynamics of
the mechanism that command the control or optimi-
zation parameter vector u(¢). Fo(s) denotes the trans-
fer function of the sensor dynamics that measure the
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cost function, which is often a low-pass filter for re-
moving noise from the measurement.

Fig. 17: Block diagram of extremum seeking control

The basic components of the ESC are defined as fol-
lows. The dithering and demodulating signals are

denoted by d/ (t)=[sin(a)1t) sin(a)mt)] and

d, (1) =[a,sin(w1) + e, a, sin(w,N+a,] ,

respectively, where ; are the dithering frequencies
for each input parameter channel, and ¢; are the
phase angles introduced intentionally between the
dithering and demodulating signals. The signal vec-
tor d,(f) contains the perturbation or dither signals
used to extract the gradient of the cost function /(¢,
u). These signals work in conjunction with the high-
pass filter Fpp(s), the demodulating signal
d! (1) =[sin(a)1t) sin(a)mt)] and the low-pass
filter F;p(s), to produce a vector-valued signal pro-
portional to the gradient %(ﬁ) of the cost function

at the input of the multivariable integrator, where i
is the control input based on the gradient estimation.
By integrating the gradient signal, asymptotic stabil-
ity of the closed loop system will make the gradient
vanish, i.e., achieving the optimality. Adding com-
pensator K(s) may enhance the transient performance
by compensating the input/output dynamics. For a
detailed explanation of ESC, consult references [12,
13, 41].

The earliest version of ESC can be dated back to
Leblanc’s work in 1922 [42]. There was great inter-
est in this subject in 1950s and 1960°s [10, 11, 43].
The research conducted by Krsti¢ and his coworkers
in the past decade ignited a resurgence of extremum-
seeking control [12, 13]. Krsti¢ and Wang first pro-
vided the stability proof for general SISO nonlinear
plants based on averaging and singular perturbation
methods [12]. More design issues were addressed in
another paper by Krsti¢ [13]. Later, the stability
proof was extended to discrete-time situation [44].
The proposed ESC framework has been applied to
various applications, such as maximizing biomass
production rate [45], maximizing pressure rise in
axial flow compressor [46], minimizing acoustic
pressure oscillation to enhance combustion stability
[47], minimizing the power demand in formation
flight [48], and minimizing limit cycling [49], among

others. The extremum seeking control was also stud-
ied along different paths. Ozgiiner and his coworkers
combined ESC with sliding mode control [50-52] to
study the vehicle ABS control. Based on the assump-
tion of quadratic functional form with a finite num-
ber of parameters, Banavar developed an ESC
scheme with an adaptation procedure of on-line iden-
tifying the parameters in the assumed function [53-
55].

3.2 ESC for Energy Efficient Operation of
Economizers

The ESC based economizer control is illustrated in
Figure 18. The economizer control can be considered
as a dual-loop structure. The inner loop is the supply
air temperature control for the cooling coil, which
has faster dynamics. The outer loop is the damper
opening tuning for minimizing the cooling coil de-
mand, which is realized with an ESC framework.
The nonlinear performance mapping is from the out-
door air damper opening to the cooling coil demand,
and the input dynamics are effectively the closed
loop dynamics for supply air temperature control. In
the three-state economizer operation scheme, as de-
scribed in Section 1, the ESC is used for state 3
where mechanical cooling is required.
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Fipls) X Fipls) — — f —| K(s) —0O
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* : Mixed Air ‘
’ Cooling ¢ Setpoint Supply
1 Supply Air Coil e Ke(s) — Air Temperature
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(a) Detailed block diagram
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Figure 18: ESC based economizer control

3.3 Extremum Seeking Controller Design

Typical ESC design needs to determine the follow-
ing parameters: the dither amplitude ¢, the dither
frequency @ and phase angle ¢, the high pass filter
Fyp(s), the low pass filter F;p(s), and the dynamic
compensator K(s). Based on averaging analysis, the
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dither frequency should be relatively large with re-
spective to the adaptation gain, but should not be too
large to trigger unmodeled dynamics and make the
system more sensitive to measurement noise. Also, if
the dither frequency is well out of the bandwidth of
the input dynamics, the roll-off in the magnitude re-
sponse will slow down the convergence [13]. There-
fore, dither frequency @y is typically chosen to be
just a moderate value smaller than the cut-off fre-
quency of the input dynamic as long as it is enough
to separate the time scales of the dither signal and the
inner loop dynamics. Generally, the dynamic com-
pensator should be designed based on the dither sig-
nal, adaptation gain and the frequency responses of
the input dynamics. Particularly, a proper propor-
tional-derivative (PD) action can increase the phase
margin of the input dynamics and thus make the in-
ner loop more stable. However, extreme values of
the adaptation gain, especially the derivative gain,
will make the system unnecessarily affected by noise
and thus destabilize the system. Further design
guidelines are summarized as follows.

1) The dither frequency must be in the passband of
the high pass filter and the stopband of the low
pass filter, and it should be below the first cut-
off frequency of the tuning schemes F(s).

2) The dither amplitude should choose to be suffi-
ciently small.

3) The dither phase angle should choose to satisfy

0=-"< LEi(jo)+a< Z and it is desirable to
2 2

design the phase angle g = -~ < LFi(jo)+a< z
2 2
such that @1is close to zero.

3.4 Anti-windup ESC

Actuator saturation is often encountered in control
systems. To our best knowledge, the issue of actuator
saturation has not been discussed for extremum seek-
ing control. For the economizer control, the actuator
saturation will happen when it is cool or hot outside.
For instance, when the outdoor air is around 53°F,
the outdoor air damper will be positioned fully open
to allow 100% outdoor air to enter the AHU. When it
is warmer than 100 °F, the damper will be closed to
a minimum opening which only maintain the lowest
ventilation for indoor air quality [56]. In other words,
the optimal reference input is not inside the satura-
tion limit, but rather at either limit point. Transition
between the ESC operation and the non-ESC opera-
tion is affected by the saturation issue. The averaging
analysis of ESC [43] showed that, at a large time
scale, the ESC can be deemed as a linear system
regulating the gradient signal with a PI controller.

When saturation presents in the ESC loop, integrator
wind-up is unavoidable and, in consequence, leads to
the undesirable windup phenomena. Later in Section
4.3, a simulation study will show that, due to the
windup issue, the ESC action may be totally disabled
even when the air condition changes to a point de-
manding its re-activation. It is thus necessary to
modify the standard ESC structure in order to avoid
integrator windup.

There has been much work reported in the field of
anti-windup control (AWC) [57, 58]. In order to
keep the simple nature of ESC, a back-calculation
method is proposed as in Figure 19, following the
spirit of the references [58-60]. The difference be-
tween the input and output of the actuator is fed back
to the input end of the integrator through some gain
factor. Our simulation results have demonstrated that
this method works well to prevent the integrator
windup in ESC system. Future research needs to in-
vestigate the design guidelines for the proposed anti-
windup ESC. The analysis will be based on combin-
ing the existing method for back-calculation AWC
and the averaging analysis [61, 62].

d +| dy
- -
. — ’
+
—— Fols) 4—? m _/_ X
n +

Figure 19: Block diagram for the anti-windup ESC

4 Simulation Study

The proposed extremum seeking control schemes
were simulated with the Modelica based economizer
model described in Section 2. The economizer model
was used to identify the system dynamics and then
illustrate the ESC schemes presented in the Section 3.
At the point of writing this paper, the condensation
computation from ACL 1.5 has not been incorpo-
rated into the cooling coil model due to the software
licensing delay. Only the dry air can be simulated.
The simulation results in the following are presented
for illustration purpose. More rigorous treatment will
be done after the condensation computation is made
up to deal with moist air.

4.1 ESC with Standard Design

As previously stated, the control objective in this
study is to minimize the chilled water flow rate of
the cooling coil by tuning the OAD opening. The
input dynamics from the OAD opening to the chilled
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water flow rate was approximated based on several
open-loop simulations. Fast (20 second) ramp input
was used to approximate step input in order to re-
move the output jitter due to the inner loop PI control.
Two fast-ramp responses are shown in Figure 20,
which shows the second-order system behavior
across the whole range of operating conditions.
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Figure 20: Chilled water flow rate output under fast
ramp change of outdoor air damper position

The following second order model was assumed to
fit the fast-ramp test data:

2
Wn

Fits)= s>+ 28 wns + o’

“)

where @» is the undamped natural frequency and ¢
is the damping ratio. The damping ratio { was first
approximated by the percent overshoot suggested in
[63], then the 10% to 90% rise time 7, was estimated.
The @~ can then be approximated via the following
relationship with 7, and £[63]:

A group of tests indicate that @» ranged from
0.0108 to 0.021 rad/sec. As a conservative approxi-
mation, @» was chosen to be 0.011 rad/sec. The
damping ratio was estimated from the percent over-
shoot and was determined as 0.6. To properly sepa-
rate the dither signal and plant dynamics, the dither
frequency wy is selected as one tenth of the natural
frequency. Next, the following high pass filter Fyp(s)
was selected:

N

Fur(s) = —5
(8= 00001

(6)
which has a unit gain at the @w,. The low pass filter
was designed as

0.0006°

Fip(s) =
(8 = 3 770.6-0.00065 4 0.00067

(7

which has approximately 10dB and 20dB attenuation
at wy and 2wy, respectively. To be consistent
with the phase lag introduced by the input dy-
namics F(s), the dither phase « was selected as 0.57
(radian), which makes 8 = ZFi(jo)+a = 0.1°. The

dither amplitude was chosen to be 10%.

The designed ESC was tested with a fixed operating
condition. To be consistent with standard econo-
mizer design conditions, the supply air temperature
is controlled at 55°F and the return air temperature is
maintained around 75°F by providing a constant heat
input to the indoor space. The system was started at
minimal OAD opening (20%) to ensure adequate
indoor air quality, and the ESC controller was turned
on at about 3000 seconds to bring the system the op-
timum. The optimal OAD opening in this study is
100% since the outdoor air was set to 286K (55°F),
which is always lower than the return air temperature
297K (75°F). Therefore, the more outdoor air intake,
the less cooling water needed to be consumed. Fig-
ure 21 shows the time histories of the optimized
chilled water flow rate and OAD opening. The ob-
tained steady-state results are very close to the opti-
mum since the assumed condition is mechanical
cooling with optimal OAD opening at 100%.

T 2.164 +0.60 )
On
which is accurate for 0.3< ¢ <0.8.
The Modelica Association 459 Modelica 2008, March 3¢ — 4t 2008



P. Li, Y. Li, J. Seem

30 0
-
| |
=% I
. |
=2 > Start of ESC
fid
= 15 :
o |
= 107 ;
° |
w S I \_/\,‘
= |
20 |
< |
; -5 T T T T T T T T T T T T
0 1000 2000 3400 4000 5000 6000 7000
|
|
|
|
|
120 |
o
< 1001 :
=4 |
S 80 |
f oy
o |
2 604 |
o |
O 404 |
< |
© !
|
0 - 4+
0 1000 2000 3000 4000 5000 6000 7000
Time (sec)

Figure 21: Tuning results of ESC with standard ESC.

4.2 Anti-Windup ESC

Another simulation study was conducted to verify
the effectiveness of the proposed anti-windup ESC.
Assume that a 20% damper opening is the minimum
requirement for indoor air quality, and thus this was
set as the lower saturation limit. The upper saturation
limit was 100%. In the simulation study as shown in
Figure 21, the initial outdoor air damper opening was
set at 20%, the same as the lower saturation limit.
The initial air temperature was again set to be 286 K.
Figure 22 shows the integrator windup phenomenon
when only the general ESC scheme was applied.
Driven by the ESC, the damper opening was in-
creased from 20% to 100% which was the corre-
sponding achievable optimal setting. Then the out-
door air temperature was suddenly increased to 310
K (36.85 °C) at 6000 seconds, the new optimal open-
ing was supposed to be below the lower saturation
limit. However, the results show that the ESC was
unable to respond to such change with reducing the
damper opening. Rather the damper appeared
“stuck” at the previous position. In comparison, as
shown in Figure 23, applying the back-calculation
based anti-windup ESC starting from 3000s effec-
tively solved this problem. Therefore, the proposed
anti-windup ESC scheme is shown to be able to han-
dle the saturation windup problem.
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Fig. 23: Anti-windup ESC under damper saturation

5 Conclusions

In this paper, a Modelica based dynamic simulation
model was developed for a single-duct air-side
economizer based on Dymola and AirConditioning
Library. In order to make the cooling coil modeling
more effective and computationally efficient, revi-
sion was made on the water medium model and the
associated heat exchanger modeling. An ESC algo-
rithm was proposed as part of a three-state econo-
mizer operation, which aims to minimize mechanical
cooling load for the economizer operation in com-
mercial buildings. The standard ESC algorithm was
enhanced by an anti-windup ESC scheme against
damper (actuator) saturation. Simulations were con-
ducted to search for the optimal outdoor air damper
opening for standard ESC and the anti-windup ESC.
The simulations results demonstrated the effective-
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ness of using ESC for tuning the outdoor air damper
position to minimize mechanical cooling load. The
proposed enhancement was also validated through
the simulation results.
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Appendix: Economizer Operation

The American Society of Heating, Refrigerating
and Air Conditioning Engineers (ASHRAE) recom-
mends using economizers based on the cooling ca-
pacity size and weather characteristics for the build-
ing location. ASHRAE [2] classifies climate data
based on temperature with a number from 1 to 7, and
the letters A, B, and C, which correspond to moist,
dry, and marine climates, respectively. Table 1 con-
tains climate zones for 16 cities in the United States.
The fourth column (Economizer Requirement)
shows the cooling capacity for which an economizer
is required by ASHRAE [2]. No economizer is re-
quired in weather locations 1A, 1B, 2A, 3A, and 4A.
In weather locations 3B, 3C, 4B, 4C, 5B, 5C, and
6B, an economizer is required when the cooling re-
quirement is greater than or equal to 19 kW. In all
other weather locations, an economizer is required
when the cooling requirement is greater than or equal
to 40 kW. ASHRAE [3] describes several control
strategies for transitioning between 100% outdoor air
and the minimum outdoor air required for ventila-
tion. The control strategies are called “high limit
shutoff control for air economizer.” Following is a
list of strategies that can be programmed in a com-
puter control system.

e Fixed dry bulb temperature. This strategy com-
pares the outdoor temperature to a transition tem-

perature. If the outdoor air temperature is greater
than the transition temperature, then the dampers
are controlled for the minimum outdoor air re-
quired for ventilation. ASHRAE [3] said this is the
most reliable and simple control strategy since a
simple thermostat placed in an outdoor air intake
can be used. Table 2 shows the transition tempera-
ture for different climatic zones. The U.S. De-
partment of Defense [64] recommends this strat-

cgy.

o Differential dry bulb temperature. This control
strategy compares the outdoor and return air tem-
peratures. If the outdoor temperature is greater
than the return air temperature, then the dampers
are controlled for minimum outdoor air required
for ventilation. This strategy should not be used in
the following climatic zones: 1A, 2A, 3A, and
4A. Hydeman et al. [65] said, "Of all of the op-
tions, dry bulb temperature controls prove the
most robust as dry-bulb temperature sensors are
easy to calibrate and do not drift excessively over
time. Differential control is recommended
throughout California and the sensors should be
selected for a through system resolution of 0.5 °F.
Dry-bulb sensors work well in all but humid cli-
mates, which are not typical in California."

o [Fixed enthalpy. This control strategy measures the
outdoor air temperature and relative humidity.
Then the outdoor air enthalpy is calculated and
compared with a transition enthalpy. If the out-
door air enthalpy is greater than the transition en-
thalpy, then the dampers are controlled for mini-
mum outdoor air required for ventilation. ASH-
RAE [2] recommends a transition enthalpy of
47kl/kg and at locations with altitudes signifi-
cantly different than sea level, the transition en-
thalpy should be determined for 24 °C and 50%
relative humidity. This strategy should not be
used in the following climatic zones: 1B, 2B, 3B,
3C, 4B, 4C, 5B, 5C, 6B, 7, and 8, due to the prob-
lem with humidity sensors.

e Differential enthalpy. This control strategy deter-
mines the outdoor and return air enthalpy from
measurements of the outdoor and return air tem-
perature and relative humidity. If the outdoor air
enthalpy is greater than the return air enthalpy,
then the dampers are controlled for minimum out-
door air required for ventilation. In 2003, the U.S.
General Services Administration required a differ-
ential enthalpy economizer for air-handling units
with a capacity greater than 3,000 CFM (1,416
LPS) unless the air handling system design pre-
cluded the use of an air-side economizer. Regard-
ing the use of differential enthalpy controls, Hy-
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deman et al. [65] said, “Differential enthalpy con-
trols are theoretically the most energy efficient.
The problem with them is that the sensors are very
hard to keep calibrated and should be re-calibrated
on an annual or semi-annual basis. Contrary to
common perception, enthalpy controls do not
work in all climates. In hot dry climates they can
hunt and excessively cycle the economizer damp-

ers when the hot dry outdoor air has lower en-
thalpy than the space(s) at cooling balance point.
What happens is that the economizer opens up and
the coil is dry, which in turn dries out the space(s)
until the return enthalpy goes below the outdoor
enthalpy. As a result, the economizer damper
closes, the space humidity increases, and the cycle
repeats.”

Table A.1. Climate zones and economizer requirement for 16 US cities. (g...;: cooling capacity)

Climate Description Cities Economizer Requirement

1A Very Hot - Humid Miami, FL None

1B Very Hot - Dry --- None

2A Hot - Humid Houston, TX None

2B Hot - Dry Phoenix, AZ Geoor = 40 kKW

3A Warm - Humid Charlotte, NC None

3B Warm - Dry Los Angeles, CA Geoor 2 19 kKW

3C Warm - Marine San Francisco, CA Geoor > 19 kW

4A Mixed - Humid New York, NY None

4B Mixed - Dry Albuquerque, NM Geoor > 19 kW

4C Mixed - Marine Seattle, WA Geoor > 19 kW

5A Cool - Humid Chicago, IL Geoot > 40 kW

5B Cool - Dry Denver, CO Geoor > 19 kW

5C Cool - Marine - Geoor > 19 kW

6A Cold - Humid Minneapolis, MN Geoor > 40 kW

6B Cold - Dry Cheyenne, WY Geoor = 19 kW

TA Very Cold - Humid Ashland, WI Geoor = 40 kW

7B Very Cold - Dry Jackson, WY Geoor = 40 kW
8 Arctic Fairbanks, AL Geoor = 40 kW

Table A.2. Transition temperatures for fixed dry bulb economizer.

Climatic Zones Transition Equation
1B, 2B, 3B, 4B, 4C, 5B, 5C, 6B, 7B, 8 T,,>24C
5A, 6A, 7A T,,>21C
1A, 2A, 3A, 4A T,>18C
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