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ABSTRACT

In this paper we present HVAC simulations based on an interactive software prototype for
fluid flow problems in civil engineering including optimization of an HVAC system by
Computational Steering, high performance computing, efficient methods for model transfers
(e.g. automatic grid generation) and high-level control functions for the design process.

With this prototype, engineers of different disciplines can locally or globally optimize the
Predicted Mean Vote -index (PMV; Ritschel, 1994) by interactively moving objects and
modifying parameters of the HVAC installation within a geometric modeling environment.
Each modification of the geometry, the boundary conditions or the behavior of the HVAC
installation will automatically trigger a recomputation of the index including three
dimensional visualization. Additional the control loop of the HVAC system can be optimized
by utilizing HVAC software agents.

In this paper we will validate the feasibility of our approach by simulating typical
scenarios. Thus, the computational results of our prototype with its virtual measuring-,
operation- and control- extensions will be compared with reference assets and field
measurements found in the literature.

More specifically, the behavior of the global characteristic curve, which is defined by
several coupled controlling elements (implemented as modules of the software agents), will
be discussed. We describe the responsiveness of the HVAC Inlet agents to external
measurements provided by additionally connected ‘sensor’ agents.

An example based on an initial variant of an HVAC installation in an office space
highlights the practical use of an interactive optimization. The control engineer can modify
parameters for the global characteristic of the control loop.
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INTRODUCTION

Today common building simulation systems usually compute stationary states of HVAC
systems with constant airflow rates of inlets. The dynamical behavior of HVAC installations
depending on the climatic conditions inside a room which is controlled by measuring-,
operation- and control- techniques cannot be modeled in such a framework. Yet, for a
realistic modeling of HVAC engineering, such features are essential. To extend the present
approach of HVAC simulation, we combine a Computational Steering approach and a
software agent system.

In our prototype, these controllers are emulated by interactive software-agents, which are
bidirectionally coupled with the simulation kernel and wrap the HVAC objects of the
modeler. Software agent technology was chosen because of its ability to take corrective
actions within a computational process during runtime.

GENERAL SYSTEM LAYOUT

The prototype is based on a geometric modeler, the CFD-kernel, a visualization toolset,
HVAC agents and several interactive interfaces. In this paper we will focus on the
implementation of the agent system. For details with regard to the other components we refer
to (Fahrig et al., 2004).

The virtual design space and the HVAC functionality are provided in the modeler, which
is based on the Autodesk Architectural Desktop (ADT; Autodesk). An extended IFC product
model (Industry Foundation Classes; IAI) is serving as a general data basis which
implements additionally all parameters for the prototype including the boundary conditions
for the distributed CFD simulation kernel, the enhanced modeling functions and also the
parameters for the software agents. All additional attributes are attached as an IfcPropertySet
(IFC, IAI) to each geometrical object.

For the simulation process, product model specific data are being transformed into
geometric objects (B-Rep model). The physical attributes of all objects and the global
boundary conditions relevant for the CFD simulation is extracted and transferred
automatically from the modeler to the pre-processor and finally to the CFD kernel (Tolke et
al., 2003). The pre-processor, an octree based grid generator converts the data to a grid
required by the CFD-kernel. The attributes of the facet model objects are adapted to the
corresponding nodes of the CFD-grid (via a node-ID and an additional attribute list for each
node-ID) and will trigger a consistent behavior in the CFD-kernel. The grid generator is
optimized for grid resolutions used for computational steering simulation runs.

The simulation kernel is a research CFD prototype implementation based on a Lattice-
Boltzmann approach (Tolke et al., 2003, Treeck et al., 2005). Parallelization is accelerated by
asynchronous communication using non-blocking communication routines. For visualization
the AVS environment (AVS/EXPRESS) is utilized. This software includes a powerful
programming interface and many modules are available to expand its built-in library
functions for visualization and communication with other software tools.
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Even for large datasets AVS allows an efficient visualization of scalar and vector fields.
Isosurfaces, isovolumes and streamlines are utilized to display the airflow and the
distribution of the PMV-Index. The AVS environment is extended by VISIT (Visit, Jiilich), a
framework for computational steering optimized network communication and visualization.
For better visualization quality the CAD geometry of the objects is imported directly to AVS
as a triangulated surface (UCD file format). The data of the simulation kernel and the
modeler are merged and scaled within AVS for consistent output.

Additional interfaces and communication systems are required for data exchange between
the main modules. For the automated model data transfer, one way interfaces connect the
main modules for modeling, computing and visualization. Bidirectional communication
modules are required for the HVAC software agents to query sensor data and timing
information. Their implementation is based on the TCP/IP socket communication protocol.

The virtual design space may externally be modified by additional engineers. This is
possible by utilizing a multi-user-environment. Common software allows a remote sharing of
PC desktop over the intranet or internet (VNC). Only one user at a time has control over the
prototype via mouse and keyboard. In the meantime the other participants may monitor the
modifications and their comfort related implications on the desktop screen or a Virtual
Reality screen.

HVAC AGENTS

MEASURING, OPERATION AND CONTROL ENGINEERING

The following translation from recent literature (Recknagel et al., 2005) describes the
purpose and the typical performance of control loops:

“An action controller has the task to keep the process variable x as precisely as possible at a
predetermined, temporally constant or variable value and to reduce the influence of
pertubations to a minimum. Another requirement is a stable behavior of the closed-loop
control.

In addition, the action controller has to facilitate a rapid compensation of pertubations
and adjustment to the set point. Furthermore, transient deviations of the controlled process
variable (e.g. overshoots) have to be kept within certain limits. The completion of both
requirements is not possible, so compromises have to be made.”

In practice, expensive manual adjustments based on local measurements have to be made for
every single control installation. This shows the enormous potential of computer aided
control pre-optimization.
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An typical control performance is depicted in Figure 1: overshoot is denoted by Xmax, the
approach time by T,, and the stabilization time by T,. The tolerance band Ax can be chosen
freely by the operator.
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Figure 1: performance of control loops

According to (Schleicher et al., 2003) the most important tasks of a control engineer are:
e Determination of the process variables
e Evaluation of potential advantages offered by automatic control
e Determining the optimal position of measuring sensors
e Assessing pertubation intensities
e Selection of a manipulator
e Selection of a suitable controller
e Installation of the controller at reasonable positions
e Optimization by manual adjustment of parameters

The motivation of our project is a complete virtualization of these tasks for geometrical
positioning and controlling by exploiting the capabilities of our prototype (especially 3D
design space, CFD kernel, HVAC control agents).
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GENERAL SOFTWARE AGENT SYSTEMS

Before starting with a detailed description of the HVAC agent system, we introduce the agent
concept by quoting some concise definitions (Theif et al., 2003):

”An agent is a system that tries to fulfill a set of goals in a complex, dynamic environment.
An agent is situated in the environment: it can sense the environment through its sensors and
act upon the environment using its actuators.* (MIT)

”To summarize, agents are simply computer systems that are capable of autonomous action
in some environment in order to meet their design objectives.* (Wooldridge, 2002)

Comparing the principles of controllers for measuring-, operation- and control- engineering
and the principles of software agents, we observe that an agent formalism is ideally suited to
model the behavior of a set of controllers and sensors.

HVAC AGENT IMPLEMENTATION

To enforce a consistent simulation concept for HVAC measuring-, operation- and control-
engineering the integration of software agents into the Autodesk Architectural Desktop is
required in order to extend the interactive modeler to work as an automatic control system for
the CFD kernel.

Two different types of HVAC agents exist in our system: An HVAC inlet agent who
represents the air conditioning unit with all its attributes and regulation behaviors. The
second type is the HVAC sensor agent. The “measured” data of a single or several sensors
are periodically queried by the HVAC inlet agent. These agents represent individual
geometric objects which can be moved and modified by the user like any other objects within
the design space of the modeler.

Figure 2 shows a scheme with the main functions of the software agents. The sensor
agent handles only a small set of data obtained from measuring local CFD data within the
virtual room. After suitable intervals the sensor queries and receives comfort-relevant data
like temperature and velocity directly from the simulation kernel via an integrated socket
interface. Each newly generated sensor agent is appended to a list of one or more inlet agents
which exist in the model.

The inlet agent controls the airflow stream and represents the air conditioning system
including the controllers and their characteristics, the main component and the most complex
element of the HVAC agents.

The controller compares the state of process variable in relation to its setpoint and
produces the manipulating variable as a function of the measured deviation. The choice of a
suitable controller specifically depends on its application. This holds for its mechanical
features as well as its electrical characteristics.
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There is a wide range of different designs of controllers and also manipulating devices (like
pumps, valves, flaps, magnets, motor drives, ventilators). The combination and the
arrangements of these single components define the general characteristic curve of the
complete system.
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Figure 2: Scheme of HVAC agents

This characteristic can be mapped to agent modules acting as control elements. Their
behavior is assembled by a combination of Proportional-, Derivate-, and Integral elements
resulting in P-, I-, PD-, PI-, PID- controllers (Schleicher et al., 2003). Extended by additional
parameters for self-limitation, dead lock time and timing elements they allow to describe the
characteristic curves of most HVAC installations. Also PMV-index field diagrams can
provide a basis for the regulation. All regulation parameters can be modified for each agent
during runtime by a GUI (Graphical User Interface) within the modeler.

As all HVAC controlling and measuring processes are time-dependent, a timer is needed,
providing a gauge signal for the agents. The timer is part of the simulation kernel and defines
the global time scale.

The regulation controls the air flux of each HVAC inlet as a function of the air velocity,
temperature and its deflection angle.
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SIMULATION SCENARIOS

Several qualitatively different simulation and optimization scenarios can be realized within
the described software agent framework:

In a first scenario we optimize the overshoot and the approach time of the global control
loop by interactively modifying the parameters for the characteristic of the controller of the
inlet. In case of a PMV-index field diagram defining the boundary conditions for regulation,
the engineer can fit the dimensions of the field for an optimal cost-benefit ratio of energy
consumption to PMV. The optimization is extended by combining the geometrical
positioning of the HVAC installation (inlets, outlets and sensors) into the process.

In a different scenario we take advantage of an automatic dimensioning of the heating
and cooling capacities of the inlets. Here, the room layout and heat sources (people, electrical
devices, light sources) are considered. Parameters for the worst case state and the ventilation
requirements are defined and transferred to a software agent. These parameters contain the
maximum expected room temperature as a starting condition for the simulation, the
stipulated temperature and the maximum evolution time, the whole room or defined areas
(like the workplace) which have to be climatically adjusted. The agent starts a fully
automated simulation batch run starting with a minimum of air cooling and low inflow
velocities.

If the stipulated temperature is not reached in the specified time, the agent will
automatically start a new simulation run with progressively increased air cooling, followed
by increased air flux. The batch run is automatically finished if the desired HVAC
performance is obtained during the predefined time interval.

SIMULATION

In the following section we sketch the simulation layout and compare the simulation results
of a computational run of the agent-controlled prototype with results from the literature.

Figure 3: Office with agent-controlled HVAC inlet as simulation layout

Figure 3 shows a simple office space with an HVAC inlet as a wall-installation on the left
side, an outlet on the right wall and some furniture. On the left table a virtual measuring
sensor for temperature data is placed.
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The sensor and the inlet are modeled by HVAC agents. The behavior of the inlet is defined
by the inflow temperature as well as flux magnitude and direction. These quantities are
regulated by I-controllers with a linear behavior and zero dead time. The temperature values
are limited to a minimum of 18°C and a maximum of 30°C, the maximum air velocity is 0.35
m/s. The jet direction control emulates common HVAC inlet fins. The angle of these fins
depends on the difference of the inflow air temperature and the room temperature.

In case of a high deviation of AT > 6° Kelvin, the air will be injected towards the floor
with an angle of 5°, in case of marginal deviation, an air injection of 175° towards the ceiling
is enforced. In intermediate states the angle is continuously adjusted with a linear behavior
from 5° to 175°. (Recknagel, 2005).

The I-controller integrates the deviation signal applied to its input over a period of time.
If the process variable is below the setpoint on an I-controller with a negative operation
sense, it continually builds up its manipulating variable. When the process variable reaches
the setpoint the manipulating variable may now be too large, because of the process
inertance. The process variable is thus slightly increased; however, the manipulating variable
is now reduced, because of the sign reversal of the process variable which is now above the

setpoint.

Development of Temperature

30 e T T T T T T
+ Temperature given at Inlet ~ +
Temperature measured at Sensor
Temperature setpoint --------

NN I
& B & %ﬁ'

-

Vi

gy S

4

oy
Ran e B ernn,

ﬁ:##

Temperature in C
)
S

e
Kw +

™~
Tl

Time t

Figure 4: Behavior of an I-controller. Left: Results of simulation run with HVAC agents,
Right: reference asset of the technical literature.

It is precisely this relationship that leads to a certain disadvantage of the I-controller: If the
manipulating variable builds up too quickly, the effective control signal becomes too large,
which results in an overshoot of the process variable. This cycle often results in a weakly
damped oscillation of the I-controller based system.

For processes with long time scales, the I-component must be set very low, so that the
process variable does not tend to oscillate. With this small I component, the I-controller
looses its efficiency. For this reason, it is not particularly suitable for processes with long
time constants like temperature control systems. Figure 4 shows the results of our simulation
run (inlet temperature and measured temperature at the sensor) on the left side and a diagram
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showing field measurements of a reference asset from the technical literature (Bach et al.,
1983) on the right side. Obviously both systems show the same qualitative behavior.

CONCLUSION

A prototype of a computational steering environment as the one described above can
substantially reduce the time for many complex optimization processes which usually require
substantial manual interaction in the course of the design process.

The integration of measuring, operation and control engineering extends the range of
HVAC system simulations and improve their accuracy. The transient behavior of HVAC
control loops can be studied and optimized in an intuitive manner. In combination with the
computational steering features of the prototype, the control engineer has the possibility to
“play” with the parameters which characterize the HVAC behavior. The presented simulation
examples show that the approach is feasible for this field of application.

Computational dimensioning of an HVAC installation has a high potential for cost
savings, because unlike with the majority of the available methods, one can for instance
optimize specific regions of a room instead of the whole room. In this case, the required
HVAC system may be dimensioned much smaller and thus cheaper.

The utilization of an object-oriented software agent system allows a simulation of a wide
variety of problems in the area of control and regulation. Beside the interactive simulations,
agents can also be used for simple batch automation as e.g. the dimensioning of an HVAC
system or sensitivity analyses for which usually many simulation runs with expensive and
iterative subsequent modifications of the parameters are required.

A reasonable improvement of the software agents would be an agent framework allowing
an automatic analysis and modification of single control element features and manipulating
devices stored in a component library for HVAC systems, because the control engineer is
mostly interested in the manipulation and combination of every single component of the
system (vents, sensors, fans, bowlers, pipes, cooling elements), secondarily on the
modification of the global HVAC installation (full inlet) because it is of lower practical
relevance.
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