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Abstract

HVAC systems have been developed and improved according to thermal control assessment
needs. There is a wide application range in which these kind of system are used depending
on the particular objective: human thermal comfort assessment, electronics cooling, chemical
processes thermal control, etc. It has been thanks to the continuous improvement development
as well as the new technology trends that these systems has become essential for many appli-
cations.

In order to increase the driving range of electric vehicle, while maintaining thermal comfort
inside the passenger cabin, it is necessary to design a control system that simultaneously and
optimally synthesizes multiple control actions of the vehicle HVAC system, while taking into
account various constraints imposed by system HW and system performance requirements.

The traditional approach for vehicle thermal development relies strongly on experimentation
and expertise. A virtual vehicle can be modeled to accelerate the control design phase allowing
to explore virtual, but realistic, driving scenarios and the operation limits in a safer manner.

In the context of an automotive product development loop, this project is started with the aim
of modeling an actual HVAC system by means of the Heat Balance Method from scratch, based
on already analyzed and modeled HVAC architectures found in the literature.

This project also aims to ease the control design phase by providing some real-time simulation
tools to expand the possible applications of the results obtained here.





Chapter 1

Introduction

The global automotive industry is constantly exposed to significant changes. Due to the
technological innovative nature of its market, these changes must be adopted and properly
managed in the design loops to maintain the market sharing and its profitability. A very vis-
ible example of this innovative nature and its rapid adaptation has been the development of
new vehicle architectures such as the Electric Vehicle (EV) or Hybrid Vehicle (HV) integrated
together with the Autonomous Vehicle (AV). It is expectable, then, that the development pro-
cesses adapt themselves to these new trends to maintain the production capabilities and some
new tools and methodologies arise.

Particularly, some analysis have been previously performed [1] and the development pro-
cess can be classified according to the product complexity. In this work, there is an intrinsic
internal product structure as well as its user-interface complexity, being part, then, of the so
called Complex Products category.

There are three main imperatives in the automobile development process [2]: (1) lead time,
(2) productivity, and (3) quality. Based on these, then, any automotive development process
shall have as objectives to develop the project as quickly (1), as investment-efficiently (2) and
as fitted to customer’s requirements (3) as possible.
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1.1 Automotive development process

Commonly, automotive development processes are defined linear in time since they have a
strong sequential set of decision-making that affects to the development course. I.e., decisions
made at the very beginning, when the project is not mature enough and it is still being defined,
influence the available decisions later once the project is started and the resources, mostly time,
are limited.

Moreover, the development process can be classified into different phases, typically six, as
shown in Figure 1.1.

Figure 1.1: Generic automotive development phases [2]

1. Planning: in this phase, the processes are defined in time and the milestones, as well as
the deadlines, are primarily established. The project management methodology is also es-
tablished and the development process phases are defined. Project management method-
ologies all ultimately intend to accomplish the same objective: to complete and manage a
project. Different approaches already exists:

– Waterfall Project Management
– Agile Project Management
– Scrum Project Management
– Kanban Project Management
– V model Project Management

2. Concept development: it is defined and described the form, function and features of a
product accordingly to its targeted specs.

3. System-Level design: it is defined the product architecture and the product is decom-
posed into functional subsystems (i.e. HW, SW and Mech). In this phase, it is also gener-
ated a list of functional specifications of each subsystem.

4. Detail design: it is specified the complete functional requirement and specification of
every single unique part of the product fulfilling the corresponding standards. It is com-
monly generated a control documentation for the product.

5. Testing and refinement: in this phase, a product prototype (alpha) is builtwith no production-
intent parts and it is tested to check the customer requirements fulfillment. Later (beta)
prototypes are built with intended production processes parts. These prototypes are ex-
tensively tested to identify necessary engineering changes for the final product.

6. Production: at this stage, the product is manufactured using the intended production sys-
tem and it is gradually transited to ongoing production evaluating possible development
process improvements for future projects.

CHAPTER 1. INTRODUCTION
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Note that the Figure 1.1 represents the previous defined project phases. They are sequential
and need for a confirmation or an evaluation to pass (or not) to the following phase. In fact, this
scheme is quite ideal since complex projects require a continuous revision of the planning, the
concept might not be completely defined at the very beginning, the subsystems features might
not be completely defined as well as the detailed design of each and so on. It is very common
that the system review at each phase is done properly to contain any structural misalignment
with the project specs avoiding cost overrun by rework appliance as pointed in [3], for instance.
Thus, the different development process implementation types shall take this into account.

1.1.1 The V model project management

The V model project management methodology is based on an automotive standard proce-
dure, the ASPICE3.1, defined in [21].

Figure 1.2: Idneo’s HW process model. Based on ASPICE3.1 [21]

This management model contains every single phase already exposed in Section 1.1 with
the particularity that the architectural design is aligned with the system integration tests so
that each phase is well defined and well evaluated according to the standard. Note that the
management complexity meets the product complexity. Since the working structure and the
path are standardized, the documentation of the project can also be predefined and templates
are used allowing a great tracking and reporting of the project.

Within the context of amore complex automotive project based on this project management
methodology, this work is carried out. This mentioned project consists on the development of
an Electronic Control Unit (ECU) responsible for the monitoring and controlling of various
electronic accessories in a particular vehicle body, a so called Body Control Module (BCM).
Note that the project is complex itself from every engineering point of view but also notice that
the proper HW, SW and Mech design must be aligned in each development phase.

CHAPTER 1. INTRODUCTION
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1.2 Systems modeling

As alreadymentioned, new design challenges arise with new technologies at the same time
the used tools are constantly updating. It is proved that a given technology ismaturewhen there
are enough production capabilities as well as proper designing tools. A simple proof of that
is the detail level of some simulation tools that involve general engineering knowledge (from
physics to computation theory) that allow to ease the prediction of the product performance,
such as SPICEbased or electromagnetic simulators. In the systemengineering field, it is possible
to take really advantage of these tools to model, for instance, a particular system.

Taking our scenario as example, the proper modeling of the different BCM subsystems
eases the testing phase but also allows to design some higher level architectures. These are,
commonly, difficult to mount since require a functional prototype with all HW, SW and, most
important, Mech parts. Thus, some anticipation is gained since it is not required a functional
prototype of some subsystem but its model instead and there is, in general, a major reaction
capability. The prototype fine-tuning spent time is also reduced. Moreover, a representative
model of a particular subsystem allows to design it with an extended flexibility since themodels
can often be parameterized increasing the abstraction and allowing the combination of running
these models with actual HW.

In spite of having good simulation tools, system modeling can eventually slow down the
development phase due to the system particularities. Therefore, a proper pre-evaluation and
planning is required. This is the main drawback of systemmodeling. In some cases, there is not
enough detailed know-how about the subsystem performance or even is not worth it to model
in deep detail. Then, the decision of implementing or not a representative model of a particular
system must be taken carefully according to the design needs and requirements.

CHAPTER 1. INTRODUCTION
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1.3 In-the-Loop testing

It has been already exposed a clearmethodology to develop automotive projectswith a clear
structure. However, in the later years it has arisen different tools that have permitted to design
and test in a more efficient way than in the past. The importance of the SPICE simulators and
the appearing of the so called Big Data, have brought a new era in which the simulation capa-
bilities and the processing of these simulations take and important place in the design loop and
every design phase. Particularly, in-the-loop design breaks the independent phases methodol-
ogy since it is allowed to emulate some structural subsystem of the product to test an already
implemented one. These techniques are suitable to develop complex multi-system projects in a
short period of time within a very restrictive deadline. It is also a competitive advantage since
the product quality can be notably increased.

Due to the automotive industry characteristics, in-the-loop techniques allow to validate and
fine-tune subsystems as well as behavioral simulations can be perform in the SW/HW integra-
tion phase. With a proper interfacing model, each functional block in the system can be tested
and simulated before the different blocks are physically connected and this degree of abstraction
allows to pre-validate some system parts before the project goes on. The impact of undetected
issues in higher stages of the V model produces a notorious cost and time impact. Moreover,
while the project is going on, the decision-making capabilities decrease and the defect fixing in
later project phases shall be carried out with a more restrictive set of possible solutions. Thus,
the project risks can be reduced using these kind of techniques thanks to their strong validation
and design defect detection features.

Figure 1.3: Relative Cost of Fixing Defects according to [4]

Is because of the relevance and importance of these testing techniques based on Hardware-
in-the-Loop (HIL) that the project development is driven such that the results can be furtherly
used for HIL testing.

CHAPTER 1. INTRODUCTION
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1.4 Project scope and objectives

The presented work is developed within a BCM design product loop at Idneo’s. It is aimed
to implement the control architecture for one of the most known vehicle accessories, the HVAC
system. This subsystem consists of the electronicHW for proper signal conditioning of theMech
actuators as well as the required SW control architecture managed by the ECUmicrocontroller.

It is also intended to design the control architecture to ease the later parameter tuningwhen
the prototype is built with all mechanical structure together with the BCM. Is here, then, when
this project starts whose main objective is to develop a representative and functional system
model able to emulate the Heating, Ventilation andAir Conditioning (HVAC) elements driving
its development to a real control design and testing scenario.

To sum up, this project tries to cover the following topics:

• Thermal processes research
• HVAC system conception
• HVAC model exploration
• Vehicle HVAC models research
• Modeling tools definition
• Real-time simulation tools research
• Feasible control strategies and different approaches
• Real-time simulation testbench definition

CHAPTER 1. INTRODUCTION



Chapter 2

State of the Art

The HVAC is the technology of indoor and vehicular environmental comfort. Its goal is to
provide thermal comfort and a good enough indoor air quality. The design of an HVAC system
is a sub-discipline of mechanical engineering based on thermodynamics, fluid mechanics, and
heat transfer principles. This project has as one of its main objectives to model the vehicular
cabin in thermal terms, thus, the heat transfer and thermodynamics principles are explored.

The HVAC system is mainly composed by three elements:

• Heater: is an appliance which purpose is heat generation. The heat is generated in the
heating stage (mechanical room, furnace room, boiler, high power resistor, etc.) and it is
transferred by convection, conduction, or radiation. Once the heat is generated within the
system, it must be distributed so as the dict drives the heat and reaches the zones of inter-
est. In vehicular HVAC systems, the heat transfer is carried out by convection employing
either a high power resistive element (such as a PTC resistor) or a water system heated by
high temperatures generated within the engine structure.

• Ventilation: it is the process of changing/replacing air in any space to control the tem-
perature and to clean the air. Thus, in HVAC system in vehicles, ventilation is used to
translate the heat exchange withing the HVAC cycle into cabin thermal comfort. The ex-
pectable variables involved are: the airflow temperature, the airflow rate and the air qual-
ity in terms of humidity and oxygen concentration. Therefore, the inlet air has the prop-
erties so that the thermal comfort is achieved in the cabin at the same time the outlet air
is in charge of reentering in the HVAC cycle as well as exiting the system to let the system
add a fresh air rate (i.e. oxygenizing)

• Air Conditioning: it provides cooling (removal of heat though a heat exchanger using
refrigerant) and humidity control. By a reversing valve, the refrigerant cycle is reversed,
and it can be used as a heat sink or source. The most common cooling technique, also
used in vehicular systems, employs a compressor, some valves to assure different refrig-
erant pressures within the cycle and two heat exchangers (an evaporator for cooling and
a condenser for heating). The process is as follows

1. The liquid refrigerant at low pressure and temperature enters to the evaporator. Due
to the temperature difference between the refrigerant and the outside air, there is a
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heat transfer from outside air to the liquid refrigerant. The inlet air of the air circuit
delivers heat to the evaporator in the form of convection to cool down the air. The
refrigerant boils and reaches the compressor completely in gas state.

2. The gas refrigerant is compressed to increase its temperature increasing also its pres-
sure. The compressor is the system element that performs a work to move heat from
the cold and low pressure side (evaporator) to the hot and high pressure side (con-
denser).

3. The compressed refrigerant enters to the condenser and the heat transfer is back-
wards, from refrigerant to outside air. The condenser must be placed away the evap-
orator since air temperature can reach up to 100 ºC and must be thrown outside the
vehicle or used as the air heating process. In this process, the refrigerant completely
changes to liquid state and starts the cycle again.

CHAPTER 2. STATE OF THE ART
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2.1 Actual vehicular HVAC systems

First cooling and heating systems appeared in the third century B.C. [5]. It has been tkanks
to the better understanding of the physics involved and the technology improvements over the
time that we can employ the sophisticated HVAC systems nowadays. Actual HVAC systems
know-how involve several physics and engineering disciplines. In fact, even though the systems
became more complex over the time, they are all based in well-known principles.

Modern system were developed with a deep understanding about how they physically are
and how to control them in the past century, when building HVAC systems appeared. Even
nowadays more complex HVAC systems are available able to assess thermal comfort, they have
mostly inherited building air conditioning knowledge and often, system modeling is conse-
quently referred to them. Actual HVAC systems are found composed of different elements.
An example of this is that the system elements are strongly dependent on the application itself
and on the operating conditions, i.e. Mars rover electronics temperature control systems. Heat
exchanging might be challenging in some extreme contexts, just focusing on human comfort
assessment systems, the implementation of building or vehicular HVAC differs although they
have the same main objective. In automotive environments, these kind of systems have been
developed andwell-designed in detail since they face several conditions that limit, partially, the
overall performance.

One of the main constraints in vehicular HVAC systems is the available space for the sys-
tem, this mechanical constraint forces to maximize the system efficiency for the given actuators
since system elements bigger than required are completely unnecessary. This requires a good
mechanical design of the system. For this reason, it can be widely found innovative control so-
lutions. Under heating conditions, the heater element, commonly a high power resistor, heats
up and an air flow is driven to the cabin thanks to the blower. Otherwise, under cooling con-
ditions, the refrigerant circuit is enabled and it assures the evaporator absorbs heat driven also
by the blower, as shown in Figure 2.1.

Figure 2.1: Vehicle cabin and air conditioning system schematic [8]

CHAPTER 2. STATE OF THE ART
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Another constraint is related to the overall power consumption and, accordingly, the battery
usage. With the appearance of new technologies that have allowed the real implementation of
EV the battery management and consumption has became important in the design loop. In fact,
some analysis and simulations [6] report the direct impact on vehicle driving performance. It
is the second most power consuming vehicle system, after the powertrain, and it can impact the
driving range up to 60% in some given weather conditions. The designed control, thus, shall
be capable of optimizing the interesting comfort indexes as well as the system efficiency. The
trade-off between thermal comfort performance and autonomy shall be addressed and some
techniques appear [10] [11]. The building application knowledge is inherited and control is
oriented according to standard Thermal Comfort Indexes (TCI). In fact, an advantage of these
TCI-based controls is their less energy and/or fuel consumption at the expenses of complex
computation algorithms and a more complex control scheme.

2.1.1 Thermal comfort assessment

Thermal comfort can bedefined as that condition of mind that expresses satisfaction

with thermal environment 1. This leads to that comfort cannot be defined in absolute terms
and there will always be person-to-person discrepancies. The state of thermal comfort felt is
strongly related to how physically and psychologically a person is. Thus, a challenge has been
faced in the latest times to overcome this, to derive a representative thermal comfort index.
The most extended and used one was introduced by Fanger, the Predicted Mean Vote (PMV).
Other thermal comfort indexes have been developed to overcome new challenges such as the
computation time but PMV still is the most used.

PMV is an index that expresses the quality of thermal environment as a mean value of the
votes of a large group of people on the American Society of Heating, Refrigeration and Air-
conditioning Engineers (ASHRAE) seven-point thermal sensation scale (+3 hot, +2 warm, +1
slightly warm, 0 neutral, -1 slightly cool, -2 cool, -3 cold). Since this index is based on the mean
vote of some significant group of people, some people’s vote might differ. Predicted Percentage
of Dissatisfied (PPD) is an index expressing the thermal comfort level as a percentage of ther-
mally dissatisfied people, and is directly determined from PMV. Thus, PMV expression defines
themean thermal comfort state under the given conditions and for that PMV it can be estimated
the percentage of dissatisfied people by means of the PPD computation. The ANSI/ASHRAE
Standard 55 states that the comfort range is−0.5 < PMV < 0.5, this is the PMV range in which
the percentage of dissatisfied people is below 10% (PPD(|PMV | < 0.5) < 10%, equation 2.2),
as depicted in Figure 2.2.

1According to ANSI/ASHRAE Standard 55: Thermal Environmental Conditions for Human Occupacy
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Figure 2.2: Predicted Percentage of Dissatisfied as a function of the Predicted Mean Vote

PMV is inherited from thermoregulation and heat transfer of the human bodies analysis.
There are some factors that take into account according to equation 2.1.

External PMV factors:

– Air temperature
– Radiant mean temperature
– Partial pressure of water vapor
– Relative air velocity

Individual PMV factors:

– Clothing insulation
– Activity level
– Average skin temperature

PMV = (0.303e0.303 + 0.028){(M −W )− 3.05[5.73− 0.007(M −W )− Pa]−
−0.42[(M −W )− 58.15]− 0.0173M(5.87− Pa)− 0.0014M(34− Ta)−

−3.9610−8fcl[(Tcl + 273)4 − (Tmr + 273)4]− fclhc(Tcl − Ta)}

hc =

{
2.38|Tcl − Ta|0.25 for 2.38|Tcl − Ta|0.25 > 12.1

√
vair

12.1
√
vair for 2.38|Tcl − Ta|0.25 < 12.1

√
vair

fcl =

{
1.00 + 1290Icl for Icl <= 0.078m2K/W

1.05 + 0.645Icl for Icl > 0.078m2K/W

Tcl = 35.7− 0.028(M −W )− Icl{3.9610−8fcl[(Tcl + 273)4−
−(Tmr + 273)4] + fclhc(Tcl.Ta)}

(2.1)

PPD = 100− 95e−0.03353PMV 4−0.2179PMV 2 (2.2)
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Where:

M : passenger metabolic rate [met,W/m2]
W : passenger effective mechanical power [W/m2]
Pa: water vapor partial pressure [Pa]
Ta: cabin temperature [ºC]
Tmr: mean radiant temperature [ºC]
Tcl: clothing temperature [ºC]
fcl: clothing factor
Icl: clothing insulation [m2K/W ]
hc: convective heat transfer coefficient [W/m2K]
vair: cabin air velocity [m/s]

The assumptions taken are: the air in the cabin is ideal and incompressible, the concentration
of organic compounds of CO2 that affect cabin air quality are neglected, the intensity of turbu-
lent flows in the cabin is low and only sensible heat dissipated by the human body with even
distribution is considered.

Although the PMV is computed according to six variables, some of them can often be as-
sumed constant, i.e. the clothing insulation is not expected to vary along a driving cycle. Be-
sides, the comfort range can be achieved by a combination range of some variables, such air
velocity, cabin temperature and cabin relative humidity (related to water vapor partial pres-
sure).

Figure 2.3: Acceptable range of operative temperature and humidity (|PMV| < 0.5)
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2.2 Actual vehicular HVAC models

Since the system modeling has become a need for the proper system design loop, some
modeling techniques have been developed according to these needs to fit the automotive de-
signworkflow. As alreadymentioned, HVAC systemmodels have been deeply developedwhen
their main applications were building thermal comfort. Thus, there is a deep knowledge avail-
able in the literature of the very basic physics involved and white-box models arose. However,
these models might not fit with actual automotive design projects since the effort required to
implement a representative model based on the physic principles sometimes become time con-
suming. In contrary, black-box models have been used thanks to system identification tech-
niques together with sophisticated simulation tools, i.e. Matlab/Simulink system identification
toolbox. The clear advantage of these techniques is the behavioral understanding of the sys-
tem but, in some cases, this abstraction level derives to lack of understanding on the system
processes and, eventually, a mixed modeling technique is required. The grey-box models fit
these modeling requirements since they allow to implement a representative model based on
already known principles and it is let to later project stages the fine tuning of some model pa-
rameters once the prototype is implemented. By doing so, a first guess of system dynamics is
developed and the system is modeled letting some freedom degree avoiding the necessity of
the prototype implementation accelerating the modeling process (see [9] for a detailed review
on HVAC system modeling types). Models can also be classified as linear or nonlinear, static
or dynamics, explicit or implicit, discrete or continuous, deterministic or probabilistic, and de-
ductive, inductive or floating models. In some cases, some assumptions can be taken and the
implemented model might consist of several subsystems with their own particularities, i.e. it is
used a dynamic model for the slow moving temperature process inside the cabin at the same
time that it is assumed static processes thosewhich dynamics are fast enough compared to cabin
dynamics, such as refrigeration cycle regulation. Thermal loads are commonly modeled with
lumped-model schemes and the rigorousness of each model depends directly on the modeling
intention. For example, in [13] it is discussed the impact of the air flow pattern to assess cabin
thermal comfort, which lead to a more complex overall model. Another example is the cabin air
leakage model, it is addressed in some works [14] and it has a huge impact when it is missed in
a particular system. However, these works conclude that is not feasible in some cases to model
every single detail in spite they can compromise the overallmodel behavior. Instead, it is tried to
minimize these effects by assuming some acceptable constant leakage and avoiding some cabin
zones with poor air circulation.

ASHRAE Handbook of Fundamentals [15], provides two main thermal load calculation
strategies: Heat BalanceMethod (HBM) andWeighting FactorMethod (WFM). HBMprovides
a more accurate and scientific approach and fit with several fundamental models, based on
Newton’s law of cooling, that can be incorporated in the thermal calculations, as depicted in
Figure 2.4. By employing this method, heat sources can be modeled according to the cabin
interactions considering the vehicle geometry as well as its environment. Under this method, it
is stated that all thermal loads in the system are passive with their respective gain contribution
to the overall thermal equilibrium. Thus, heat balance procedures calculate the heat exchange
between surfaces based on their surface temperatures and emissivities and they typically rely on
estimated splits to determine the contribution of internal loads. The point of using this method
is that each heat source or sink interfaces the cabin thermal state proportionally to temperature
differences and this simplifies the model construction.

On the other hand, WFM are based on statistical weighting factors that shall be deter-
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Figure 2.4: Schematic of Heat Balance Processes in Zone

mined according to thermal spatial distribution within the cabin. This method often require
3-dimensional (3D) data. The thermal load computation becomes easier in passenger vehicles.
This method simplifies the heat transfer expressions at expenses of adding model abstraction.
In fact, it is not commonly used in cases in which the vehicle geometry is well defined since
the HBM is able to model the system more accurately and the WFM is difficult to adapt in the
cases in which there are several independent block models without updating the already ob-
tained weights. An example of these weighting factor can be found in [15] - Table 24, where the
weighting factors are different for each considered time slot.

Regarding the feasibility of expressing the system dynamics in a closed form, lumped, it
shall be fulfilled some requirements. In order to avoid modeling boundary conditions and dif-
ferent thermal zones, it shall be demonstrated that the heat flow within a body is much faster
than the interaction with the surroundings. The parameter that embeds this information is the
so called Biot’s number.

Bi =
Thermal resistance offered by the interior of the cabin

Thermal resistance at the cabin interface =
hLc

kb

Where:

CHAPTER 2. STATE OF THE ART



Vehicle HVAC system modeling and controlling pg. 27

• Bi: Biot’s number
• h: heat transfer coefficient between body element to exterior
• Lc: body characteristic length, commonly defined as ratio between the cabin volume and

surface Lc =
Vbody

Asurface

• kb: body thermal conductivity

For Biot’s numbers greater than 1, the interaction with environment occurs easier than within
the cabin. In those cases, the temperature inside the cabin cannot be assumed uniformly con-
stant. This is not the case since the intended air flow rate managed by the ventilation subsystem
or even the air leakage ensures the rapid heat propagation and eases the uniformity temper-
ature within the cabin. Even the body elements present a Biot’s number smaller than 1 since
the chassis and windows are thermal conductors and the convection heat exchange with the
environment occurs slower than the thermal conduction within the body elements. Thus, the
overall system consists in two well-defined thermal masses, cabin air and body elements.

The most challenging model block of actual vehicle HVAC systems is the refrigeration cy-
cle. Vapor compression cyclemodels are already available in literature but usually thesemodels
deal with up to 12 state variables and lumped-parameter nonlinear processes. Thus, often it is
applied a model-order reduction [17] by introducing certain assumptions and replacing state
variables associated with fast dynamics with static expressions. Besides, the four-stage thermo-
dynamic process is quite performance varying since it depend on the actual operating condi-
tions, such as outside temperature, relative humidity, etc. Thus, it is often found internal control
loops within these actuators that ensures the proper working conditions. Sometimes, it can be
assumed that the HVAC actuators are able to auto-regulate themselves so that they optimize
the heat exchange efficiency. In other cases, it is required to model carefully the compression
cycle since the intention of the model is to optimize the control to fulfill some requirements.

To sum up, it can be found several cabin models in literature depending on the intention
they have. The definition of how representative a model is became confusing, thus, all available
works in literature refers to the direct intention of the model. For control optimization it can be
found behavioral lumpedmodels that try to emulate the temperature dynamicswithin a vehicle
cabin as well as the system performance parameters are extracted and used in the control law
[11] [16]. Some models have the intention of studying how flow rate affects to passenger ther-
mal comfort [14] and others try to reduce energy consumption by adding energy management
systems [10] so the model implemented computes the required elements.
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Chapter 3

Methodology

As already exposed, the HVAC systemmodel shall be coherent with its usage. In this study
case, it is intended to provide a representative model for close-loop control design oriented to
real-time testing, i.e. able to run in-the-loop. Thus, under this context, the model is imple-
mented taking these considerations.

A parameterized lumped model is chosen as system model method given that a functional
systemprototype is not yet available. It is used theHBMmethod tomodel the systemdynamics.
At the same time, it is let some freedom degree in the model so that not only the system param-
eters can be later tuned but also the control variable can be externally selected. This eventually
fulfills the project model requirements.

The model consists of four main blocks: (1) the plant, (2) the thermal loads, (3) the com-
fort estimate, and (4) the controller. The plant (1) can be split into the cabin dynamics and
the HVAC actuators. According to the heat balance in the cabin, both the cabin and the body
elements temperature dynamics can be modeled and a functional HVAC actuator’s model is
defined. To simplify its model they are assumed linear within their saturation limits and with
self-controlling subsystem with enough Bandwidth (BW) so they are assumed static. The con-
sidered thermal loads (2) follow the scheme of Figure 2.4. Where the main heat sources are:
the solar radiation, the environmental conditions, any vehicle element able to transfer heat and
vehicle occupancy. The comfort estimate (3) has been already introduced. Particularly it is used
the PMV algorithm to estimate the thermal state of the cabin and also it is included the cabin
temperature as feedback variable to explore the system performance in both cases. Finally, the
controller (5) block is proposed according to the system control variables available with the
given HVAC actuators.
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Figure 3.1: Proposed HVAC system block diagram
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3.1 Cabin thermal loads

The HBM is used to model the system thermal dynamics, thus, the heat balance is achieved
once all heating elements are considered and the state variables evolve to reach that equilibrium
point. It can be understood the cabin thermal process as two independent processes with its
own state variable each. The cabin temperature will rise or fall to reach the thermal equilibrium
when all cabin thermal loads stabilize at the same time the body elements temperature does.
It is important to take these second dynamics into account since it cannot be assumed that the
cabin is directly in thermal contact with the thermal loads, the body elements are the thermal
interface between them with a notably thermal mass with enough thermal capacity to alter the
air cabin thermal dynamics. This leads to a second-order system in spite of each thermal process
is expected to have an exponential, thus just first derivative involved, behavior, the cabin thermal
process dependence on the body thermal process increases the system order.

Some authors have developed different thermal load models considering different heat
sinks or sources [11] [8] [10]. The ones used in this work are:

• Solar Radiation Load: the sun is the main heat source considered. The entire vehicle is
exposed to sun radiation within sunlight hours. There is a heat gain in the body elements
that rises up the body temperature at the same time that some vehicle surfaces transmit
almost completely the sun heat due to the poor thermal isolation capabilities of some
surfaces such as glasses. Therefore, cabin temperature is affected due to sun radiation by
these two mechanisms, direct sun radiation is heating the cabin air and at the same time
body thermal mass is storing heat that might eventually interface the air cabin.

• Metabolic Load: human body is a heat source for environments under the body tempera-
ture but also it is assumed in hotter environments. It can be modeled how much heat can
dissipate a person by knowing his/her metabolic rate, depending on the activity level.
This thermal load is directly interfacing the air cabin so that the body elements might not
be affected.

• Ambient Load: since it is expected a temperature difference between cabin and ambi-
ent air, a heat transfer is expected to occur. Hot environments will heat up the cabin air
through the body elements that, in fact, theywill also gain heat. In cold environments, the
process is backwards. Therefore, it is expected that outside temperature affects air cabin
equilibrium temperature but also body elements might gain or loss heat in this process.

• Internal High Temperature Elements Load: some high temperature elements in the ve-
hicle might interface thermally the cabin state. The considered ones are the engine and
the exhaust temperatures. Depending on the geometry and location of those, they will
contribute accordingly to cabin state. In this case, although there is thermal conduction
in some surfaces that thermally interface the heating elements and the air cabin, it is not
considered an increase of body temperature in this process since geometrically it is only
involved one single body surface and, as it will be discussed later, the contribution of these
loads can be neglected.

• Ventilation Load: due to there is some fresh air reentering the cabin due to leakage and
this air has the outside properties, it might exists a heat transfer according to this phe-
nomena. In this case, the heat transfer involves just the cabin thermal process and not the
body elements.

CHAPTER 3. METHODOLOGY
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• Body Elements Heat Transfer Load: this thermal load is the model interaction due to
the temperature difference between the body surfaces and the cabin air. Since both ther-
mal masses are different and different thermal loads are involved, they would exchange
heat. Is in this process in which the cabin state presents second-order dynamics since the
derivative of the cabin temperaturewill depend on the cabin temperature itself but also on
the body temperature dynamics. It can be modeled as the heat gain of the cabin thermal
mass and the heat loss of the body elements thermal mass at the same time. Thus, the
same heat quantity but with different sign can be modeled for both processes.

• HVAC Load: the HVAC actuators’ action contributes to the overall cabin thermal process
providing a control freedom. To cool down the cabin air, heat is absorbed by the cooling
system and to warm up the cabin air, heat is supplied by the heating system. In other
words, giving some driving and environmental conditions, this load is in charge of assur-
ing a desired cabin thermal comfort state by either supplying or sinking heat from cabin
thermal process.

Figure 3.2: Vehicle cabin energy flow diagram [10]

The total thermal loads heat, thus, can be expressed as:

Q̇cabin = Q̇rad + Q̇met + Q̇amb + Q̇exh/eng + Q̇vent + Q̇body + Q̇HV AC (3.1)

Q̇surf = Q̇rad,body + Q̇amb,body − Q̇body (3.2)
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3.2 HVAC actuators

The HVAC actuators’ model are intended to represent the contribution of each to the total
thermal cabin state, by the proper control variables. In order to simplify the overall model
and reusing previous results in the field of vapor cycles modeling and system order-reduction
[17], it is assumed that the cooling and heating processes are performed under self-controlled
scenarios and the HVAC actuators work properly under the conditions exposed here. The self-
regulation parameters, i.e. overtemperature protections or superheating range, are supposed to
be either already controlled so that the overall system assumes they operate statically or always
operating under the operation range. The HVAC actuators involved are:

• Heating actuators:

– PTC Heaters: a resistive element that dissipates heat when they are powered up.
Since they have a positive temperature coefficient, the resistancewill decrease as elec-
tric power is consumed by these elements until an equilibrium point is reached. It is
used the expressions empirically tested in [18].

– Blower: the heating process occurs mainly by convection, the heater element pro-
vides a high temperature element that, by natural convection can transfer heat from
it to the surrounding air. By employing a blower, forced convection occurs and the
heat rate transfer increases according to the supplied air speed by the blower. This
element is also in charge of assuring air circulation in the HVAC heating cycle.

• Cooling actuators:

– Compressor: the compression cycle has been already introduced. With the assumed
simplification, the compressor can be understood as the cooling element that pro-
duces certain refrigerant mass flow rate able to sink heat from surrounding air. From
the heat exchange point of view, refrigerant absorbs heat from the air and the com-
pressor, among other neglected tasks, is in charge of generate the refrigerant mass
flow rate available at the evaporator. Thus, the compression action determines how
much heat per unit time can be sank from surrounding air. By natural convection,
this process cools down inlet air.

– Blower: the same blower is used for both cooling and heating scenarios with the
same objective, to help by forced convection the heat loss or gain and drive it to the
cabin.

• Other actuators:

– Expansion Valve: even though it really belongs to the compression cycle it is not
included in its model. However, it is worth it to mention its usage: assure proper
pressure at high and low pressure sides within the compression cycle. It also blocks
the pass of refrigerant when the cooling system is off so that the compression cycle
can be started as quick as possible.

– Temperature Door: it is a mechanical door able to select the air flow path that will
reach the cabin. Under heating conditions, the air moved by the blower is allowed to
pass through the heater core. Otherwise, the cooled air passes directly to cabin. It is
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assumed that its state is static.

– Recirculation Door: it is also a door able to select the inlet air, either from the cabin,
so that it has the actual cabin air properties, or from the outside, with the outside air
properties. It is also assumed to have static state.

The HVAC model is based on the exposed elements and the configuration shown in Figure 2.1.

CHAPTER 3. METHODOLOGY
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3.3 HVAC operating modes

It can be defined several operatingmodes according to the system requirements. Due to the
already commented mechanical limitations, the system typically is design to provide not only
cabin thermal comfort but is also used for other purposes, i.e. electronics cooling or windshield
defrizzing. Instead, in this work is only considered cabin thermal comfort applications. The
considered system states are:

• Heating state: in this state the cooling system is switched off by means of stopping the
compression cycle. The heating system is switched on letting the PTCs warm up. The
blower controller manage the blower speed accordingly. The temperature door drives the
blower air to the cabin through the heater core.

• Cooling state: in this state the cooling system is switched on, thus, the compression cycle
starts. the compressor controllermanage the compressor speed to control the compression
cycle aswell as the blower controllermanage the blower speed to cool down the cabin. The
heating system is switched off by means of powering off the PTCs. The temperature door
drives the air to the cabin directly.

Once exposed the system states, three operating modes are defined:

• Cooling Mode: in this mode, only cooling system is enabled. Under cooling conditions,
the system is in cooling state and off otherwise.

• Heating Mode: in this mode, only heating system is enabled. Under heating conditions,
the system is in heating state and off otherwise.

• Auto-climate Mode: in this mode, both cooling and heating systems are enabled. Under
cooling conditions, the system is in cooling state and under heating conditions, system is
in heating state.

In order to assure more robustness, cooling and heating conditions are also defined. Thus, the
cooling and heating conditions are met with some hysteresis to avoid continuous state changes
near the comfort state.
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Chapter 4

HVAC system model

Up to here, the methodology followed, as well as the considerations and assumptions, have
been exposed. The implemented model considers some thermal loads commonly present in ac-
tual driving scenarios and at the same time, it uses simplified, but functional system represen-
tation for proper control design. The system is mathematically modeled and it is implemented
in Matlab/Simulink. These tools are able to simulate the implemented model and some tools
are developed accordingly to interface the systemmodel with some real thermal perturbations.
For instance, thermal loads do not remain constant all over the time but some of them are time
varying modeled to analyze a more realistic situation. Outside temperature and solar radia-
tion might vary depending on location, time, etc. The model is also exposed to a real driving
scenario so that the vehicle velocity changes following some patterns.

As already commented, the intention of the model is to design the proper actuator con-
trollers. Besides, the model is also oriented to be used in real-time simulation tools, such as HIL
environments. Thus, the model implementation effort is driven so that the model is not only
able to run in real-time machines but also the required interface, both SW and HW, is eased.

Two equivalentmodels are derived. One for qualitative understanding on systemdynamics
under real driving conditions with highly nonlinear dynamics and a second based on the first
but linearized. This second model will be used for control design purposes to, finally, simulate
the overall nonlinear model with the designed control.
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4.1 Cabin dynamics

The HVAC system consists of two different thermal masses: cabin air and surface elements
(or body). The heat balance equation for those is as follows:

Q̇cabin = VairρairCpair T̂cabin (4.1)

Q̇surf = mbodyCpbody T̂body (4.2)
Where any Q̇ is the total heat per time unit, Vair is the cabin air volume in m3, ρair is the air
density in kg/m3, mbody is the equivalent body mass composed by each surface element with
heat capacity, any Ṫ is the temperature variation in °C and anyCp is the specific heat inW/kg°C.
Equations 4.2 and 4.1 are expressed in continuous time. Load calculations are performed at time
steps during the given simulation period ts and, after every time step, all loads are summed up
and the new cabin air and body element temperature can also be expressed as:

Q̇cabin = VairρairCpair

∆Tcabin

ts
or alternatively

∆Tcabin =
Q̇cabin

VairρairCpair

ts

(4.3)

Q̇surf = mbodyCpbody

∆Tbody

ts
or alternatively

∆Tbody =
Q̇surf

mbodyCpbody

ts

(4.4)

Figure 4.1: Air cabin and body elements discrete thermal dynamics

In Figure 4.1 is depicted the implemented Simulink logic. Equations 4.3 and 4.4 are im-
plemented accordingly. The initial thermal state is defined in the memory block and states the
initial thermal conditions, then, it stores the previous time step thermal state and adds up the
temperature variations according to the exposed expressions.
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Note that the former equations suggest that the system order is 2 as long as surface and
cabin heats are linear with respect to cabin and body temperature. It can be also seen that
cabin temperature dynamics are much slower than body temperature dynamics since the cabin
thermal capacity (VairρairCpair) can be 10 times smaller than the body surfaces thermal capacity
(mbodyCpbody). Depending on the thermal capacity ratio, the second order system can be order-
reducted compensating with tuning factors the remaining simplification error. In this work, it
is completely implemented the second order system.
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4.2 Thermal loads

As commented in Chapter 3 the considered thermal loads are in charge of balancing the
thermal system so that both cabin and body elements temperatures stabilize at certain point.
These loads are expressed in equations 3.1 and 3.2. These thermal loads are cabin geometry
dependent but also the driving conditions, as well as time and location, affect the thermal pro-
cesses. Thus, a realistic and functional driving conditions are also modeled accordingly.

Figure 4.2: Simulink driving conditions and geometric data management blocks

Therefore, it is implemented Simulink blocks that produce these driving conditions and
the geometric data is processed to generate the geometric constants, as depicted in Figure 4.2.
The outputs of these blocks are the inputs used for thermal load calculations together with
actual thermal states. Some of them are constants and some of them are time varying Simulink
signals that emulates vehicle velocity or instantaneous solar radiations. Detailed information
about these block implementations can be found in Appendix A. Driving conditions.

The Simulink implementation of the thermal loads is depicted in Figure 4.3.
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Figure 4.3: Thermal loads Simulink implementation
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4.2.1 Solar radiation load

According to ASHRAE, solar radiation heat load can be split into direct, diffuse and re-
flected radiation loads.

Q̇rad = Q̇rad,dir + Q̇rad,dif + Q̇rad,ref (4.5)
Any radiant load is expressed as the incident radiation per each surface element. Thus, it is
considered the incident radiation angle, the surface element area and its emissivity properties
and then, it is summed up each surface element contribution.

Q̇ =
∑
surf

Sτ İ cos θ (4.6)

Radiance expressions are extracted from [15]:

Q̇rad,dir =
∑
surf

Sτ İdir cos θ where İdir =
A

exp( B
sinβ )

(4.7)

Q̇rad,dif =
∑
surf

Sτ İdif where İdif = Cİdir
1 + cosΣ

2
(4.8)

Q̇rad,ref =
∑
surf

Sτ İref where İref = (İdir + İdif )ρg
1− cosΣ

2
(4.9)

Where:

A,B and C are tabulated constants in [15] for each month
β is the altitude angle calculated according to time zone and location
Σ is the surface tilt angle
ρg is the ground reflectivity coefficient
τ is the surface transmissivity
α is the surface absoptivity
S is the surface element area

Similarly, it can be obtained the surface heat thermal load as the incident radiation that is
absorbed and neither transmitted nor reflected:

Q̇bodyrad = Q̇bodyrad,dir + Q̇bodyrad,dif + Q̇bodyrad,ref (4.10)

Q̇bodyrad,dir =
∑
surf

Sαİdir cos θ (4.11)

Q̇bodyrad,dif =
∑
surf

Sαİdif (4.12)

Q̇bodyrad,ref =
∑
surf

Sαİref (4.13)

Since HVAC system is expected to operate large time periods, it is worth it to model the radiant
loads time varying according to the simulation time. In this case, it is assumed constant the
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location and the seasonal constants as well as the cabin disposition with respect the Sun. The
load variation is achieved by the position of the Sun at each simulation time, thus, a time varying
load is plugged into the model to simulate more realistic conditions. Further developments and
explanations about the time expressions are discussed in Appendix A. Equation of time.

Figure 4.4: Simulink solar radiation thermal loads

(a) Direct (b) Diffusion (c) Reflected

Figure 4.5: Simulink (a) direct, (b) diffusion, and (c) reflected solar radiation loads

4.2.2 Metabolic load

Due to constant human metabolic activity, heat is generated within the human body and
transferred to the cabin air. Metabolic heat rates are already tabulated in literature according
to some predefined activities so that it can be determined the driving and resting metabolic
rates for driver and other passengers, respectively. More accurate models might require a time
varyingmetabolic rate according to driving conditions, i.e. heavy traffic accelerates metabolism
and the metabolic rate differs to that for light driving conditions. Each passenger contributes
individually to the overall metabolic thermal load.

Q̇met =
∑

passengers

MADu

ADu = 0.202W 0.425H0.725

(4.14)

Where ADu is the DuBois area, an estimator of the body surface area as a function of height,H ,
and weight,W .
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Figure 4.6: Simulink metabolic thermal load

4.2.3 Ambient load

Since there is a temperature difference between inside cabin air and outside air, heat is ex-
pected to be transferred from the hotter thermalmass to the colder thermalmass. In this process,
heat is transferred by exterior convection, surfaces conduction, thus, contributing to the surface
thermal loads, and interior convection. The cabin ambient thermal load, then, is produced due
to the thermal interface between the surface elements and the cabin air:

Q̇amb =
∑
surf

SU(Tbody − Tcabin) (4.15)

In eq. 4.15, U is the overall heat transfer coefficient. Within this coefficient, it is embedded the
heating process.

U =
1

R
where R =

1

hout
+

λ

k
+

1

hin

R is the equivalent thermal resistance consisting of the interior convection, surface conduction,
and exterior convection thermal resistances. It is assumed that a natural interior convection,
thus, tabulated values are used. In the case of the exterior convection, it is assumed a forced
convection dependent on the vehicle velocity as: hout = 0.6 + 6.64

√
Vveh [12]. The thermal

conduction resistance is modeled as the ratio between the surface thickness, λ, and the surface
thermal conductivity, k. As commented, a portion of the heat transfer due to ambient load
across the body surface is absorbed. That is, the difference between the outside to surface and
surface to cabin heat transfer:

Q̇bodyamb
=

∑
surf

SU(Tout − Tbody)−
∑
surf

SU(Tbody − Tcabin)

Q̇bodyamb
=

∑
surf

SU(Tout − 2Tbody + Tcabin)
(4.16)
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Figure 4.7: Simulink ambient thermal load

4.2.4 Internal high temperature elements load

This model is based on a combustion-type car. Thus, it is expected that the engine tempera-
ture and the exhaust gases temperatures heat the cabin air. As mentioned, it is only considered
that this heat is transferred directly to the cabin air and no heat gain is produced in the surface
elements. The heat transfer is derived similarly to eq. 4.15 with the difference that in this case,
the hot temperature element is either the engine or the exhaust tubes and the transfer is done
just by surface conduction and interior convection.

Q̇eng = SengU(Teng − Tcabin)

Teng = −2 · 10−8RPM2 + 0.0355RPM + 77.5
(4.17)

Q̇exh = SexhU(Texh − Tcabin)

Texh = 0.138RPM eng − 17
(4.18)

The engine and exhaust temperatures can be estimated by means of the engine speed [12].
Thus, knowing the gear ratios and the vehicle speed, it can be determined the engine speed.
Note that it is implicitly assumed a single surface element given that these heat sources are very
located and just interface a single surface to reach the cabin air.

Figure 4.8: Simulink engine/exhaust thermal load

4.2.5 Ventilation load

It is assumed that the same air mass flow rate, ṁvent that enters the cabin due to leakage
exits, as well. This air has the outside air properties in terms of temperature and relative humid-
ity. Ventilation heat gain consists of both sensible and latent loads, according to psychrometric
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calculations. Both, then, are estimated by the inside and outside air enthalpies, e.

Q̇vent = ṁvent(eout − ecabin)

e = 1006T + (2.501 · 106 + 1770T )X

X = 0.62198
ϕPs

100P − ϕPs

(4.19)

Where

ϕ is the relative humidity
P is the air pressure
Ps is the water saturation pressure at temperature T

In the developed model, this expression is simplified by assuming the relative humidities,
pressures andwater saturation pressures remain constant along the simulation. The leakage air
mass flow rate, ṁvent, is assumed to be ρair · 0.02m3/s, as suggested in [12] and its references.

Figure 4.9: Simulink ventilation thermal load

4.2.6 Body elements heat transfer load

The interaction between the two modeled thermal masses can be accounted as the others.
In this case, each surface element is accounted and it is assumed interior natural convection as
heat transfer mechanism:

Q̇body,cabin =
∑
surf

Shin(Tbody − Tcabin) (4.20)

Q̇body,body =
∑
surf

Shin(Tcabin − Tbody) (4.21)

As already commented, this heat transfer is present in both thermal processes but with
contrary sign.
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Figure 4.10: Simulink body to cabin heat transfer thermal load

4.2.7 HVAC load

The HVAC consists of the heat contribution of both modes, the heater and cooling system.
Thus, it can be expressed as:

Q̇HV AC = Q̇heating + Q̇cooling (4.22)

Figure 4.11: Simulink HVAC model

As described in Chapter 3, when heating system is switched on, the PTCs are powered on
and the blower drives the forced convection heat from PTCs surroundings to cabin. When the
PTCs are on, there is power consumption and they are self-heated up to a maximum stable
temperature. Some time constant is also added in this process to ease the simulation, but the
dynamics of this process are so fast that can be completely neglected in comparison with any
other system element dynamic. It is used the resistance vs temperature curves experimented in
[18] and the heater temperature is estimated as the inlet air temperature plus the self-heating,
SHI , temperature at the actual resistance of the PTC. This actuator is power supplied by the
vehicle battery, thus, it can be estimated its power consumption as:

PPTC =
V 2
bat

RPTC

CHAPTER 4. HVAC SYSTEMMODEL



pg. 48 Master’s Thesis

Figure 4.12: Simulink PTC model

The heating supplied to the cabin, thus, is the forced convection produced at the PTC and
inlet air temperature difference governed by the blower supplied air velocity.

Q̇heater = SPTCh(Vair,blower)(TPTC − Tinlet) (4.23)

Figure 4.13: Simulink heater model

The convection coefficient is air velocity dependent.

Regarding the cooling system, the heat transfer is the same, by forced convection. However,
in this case a compression cycle using refrigerant is required. The model of the compression
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cycle can be heavy and much more complex than required as pointed in Chapter 3. It is only
considered the heat capacity of the cycle by means of the compressor action. Thus, the work
provided by this actuator will regulate the cycle so that a cold reservoir is generated at the
evaporator side able to sink inlet air heat to cool down the air. By assuming an ideal compression
cycle, the refrigerant temperature and pressure is given at any cycle stage. The heat capacity of
the compression cycle can be expressed as:

Q̇compression = ṁrefrigerantCprefrigerant
∆Tcompressor (4.24)

Where ṁrefrigerant is the refrigerant mass per cycle and it is function of the compressor speed,
Cprefrigerant

is the heat capacity of the used refrigerant, and ∆Tcompressor is the refrigerant tem-
perature increase due to the compression itself. The inlet refrigerant temperature is the one at
the boiling point plus some extra super-heat for safety reasons. The outlet refrigerant temper-
ature is given by the compression ratio according to the compressor specifications. The actual
refrigerant volume, considering that it is a two-phase process, can be expressed as:

Vrefrigerant = Vswept + Vcompressor(1− (
P2

P1
)
1
n )

Where

Vswept is the refrigerant swept volume by the compressor action
Vcompressor is the compressor volume
P2
P1

is the compression ratio
n is a process constant

The refrigerant mass flow per cycle can be deduced, then, according to ideal gas law.

ṁrefrigerant =
P1Vrefrigerant

Trefrigerant,inRspecific
ωcompressor (4.25)

The considered refrigerant temperature, Trefrigerant,in, and refrigerant pressure, P1, refers to
the completely vapor-saturated refrigerant temperature and pressure after the evaporator (or
before the compressor). The compressor speed, ωcompressor, units are cycles per second. Note
that the heat capacity of the system is assumed linear with respect to the compressor speed. The
compressor shall be regulated so that the compression cycle is able to sink the demanded heat,
thus, it is controlled only to assure that the refrigerant mass flow rate is able to sink enough
heat. In addition, the real cooling heat provided by the cooling system is managed by the air
velocity generated by the blower. By forced convection, heat sink is eased. In this system there
is a saturation condition: the blower speed can be as high as desired, but if the compressor does
not generate enough cooling heat capacity, the cooling performance is limited to the maximum
available heat.
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Figure 4.14: Simulink compression cycle model

Figure 4.15: Simulink cooling system model
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Since the evaporator experiments a two-phase process, it is not trivial to determine a rep-
resentative cold element temperature in this system. However, to simplify and according to the
thermodynamics involved have exponential behavior, it is taken the LogarithmicMean Temper-
ature Difference (LMTD). It is obtained an estimate of the temperature difference in the cooling
process by considering a logarithmic average of the inlet and outlet air, and the inlet and outlet
refrigerant temperatures.

It is also possible to determine the power consumed by the compressor as a function of the
refrigerant mass flow per cycle as:

Pcooling =
n

n− 1
ṁrefrigerantRspecific∆Tcompressor (4.26)

Finally, the actual cooling heat supplied to the cabin follows the expression:

Q̇cooling = Sevaporatorh(Vair,blower)LMTD (4.27)

CHAPTER 4. HVAC SYSTEMMODEL



pg. 52 Master’s Thesis

4.3 HVAC dynamics

The blower is the HVAC actuator present in both systems. It is simply modeled with ex-
ponential behavior according to the actuator specifications. Thus, when some reference blade
speed is required, the actual blower speedwill trend exponentially to that referencewith certain
time constant. The interesting feature of the blower is its ventilation capabilities, thus, assuming
a blade angle, αblade, and radius, Rblade, it is estimated the moved air velocity as:

Vair,blower(s) = ωref
1

τblowers+ 1
Rblade cosαblade

Where ωref is the blower speed setpoint in rad/s. From the actuator specification is also ob-
tained the relation between applied PWMand blower speed. Thus, it can be estimated its power
consumption as:

Pblower = Vbat < Iblower > PWM (4.28)

Figure 4.16: Simulink blower model

Figure 4.17: Blower dynamics model. 1st-order behavior

The blower air velocity is directly used in the PMV estimation but also, as already com-
mented in the previous subsection, it is used to estimate the forced convection coefficient for
both cooling and heating systems.
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(a) Evaporator (b) Heater

Figure 4.18: Simulink (a) evaporator, and (b) heater forced convection coefficient estimate

For the convection coefficient estimate it is assumed turbulent air flow at the heat exchanger
surroundings according to actual system geometry, number of PTCs and heat exchanger effec-
tive surface.

4.3.1 Heating mode dynamics

Heating dynamics are simplified as just the blower dynamics. PTCs can be heated up so
fast that the only remaining dynamics are the blower regulation itself.

4.3.2 Cooling mode dynamics

The whole compression cycle is assumed to be internally regulated by the compressor inte-
grated controller. Thus, cycle dynamics can be assumedmuch faster and smooth than compres-
sion reference speed tracking. The compressor is modeled as a 1st-order subsystem and it has a
time constant associated according to the actuator specifications sheet, similar to the blower.

ωcompressor(s) = ωcompressor,ref
1

τcompressors+ 1
(4.29)

Figure 4.19: Compressor dynamics model. 1st-order behavior
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4.4 Thermal comfort estimate

The implemented thermal comfort index is the PMV according to its standardized expres-
sion, eq 2.1. Thus, it is implemented accordingly. It is required to define some passenger con-
ditions, such as, their clothing insulation and activity level. These are considered static and the
time varying variables will be the air velocity perceived by passengers, mean radiant tempera-
ture and cabin air temperature.

Figure 4.20: Simulink PMV Implementation

The PMV estimation also requires the clothing temperature and convection coefficient es-
timate. The clothing temperature is obtained recursively after N iterations. If coverage is not
achieved, it is reported awarning to notify of this fact. The air provided by the blower, estimated
in subsection 4.3 is scaled accounting for vents distribution and other losses.

Note that this estimate require high computational resources and it can alter the system
computation performance of the BCM. Thus, to get rid of this issue, it is proposed a linearized
version for the real-time simulations. As this model is addressed to be used in real-time ma-
chines and its purpose is to be used in a real-time BCMmicrocontroller, the estimate is simplified
as depicted in Fig 4.21. The linearization is obtained using the regressMatlab function, from the
Statistics and Machine LearningMatlab toolbox, where it is defined some realistic variable ranges
and then, it is computed the multi-variable linear regression.

(a) Simulink implementation (b) Matlab code

Figure 4.21: Simulink linearized (a) PMV, and (b) PMV code
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4.5 Model implementation

The overall system has been split into several building blocks that model each system ele-
ment or thermal load. Besides, some blocks have been implemented to contextualize the model
by means of realistic time varying elements such as driving or radiation profiles. The model,
then, is ready to be implemented all together in the same Simulink file. The modular modeling
allows to integrate each system element and provides a visual and qualitative representation
about the thermal processes. The top level systemmodel overview can be read as (1) the plant,
(2) the controller, and (3) the feedback variable estimate. The high-level block diagram, thus,
can be implemented as exposed in Chapter 3, Figure 3.

4.5.1 Simulink model implementation

Two Simulink models are implemented. The first one (referred as the original model) is
the modular model built with the building blocks exposed in sections above. This allows to
know each sub-block performance and provides a qualitative understanding on what is going
on within the model. However, high nonlinearities appear and this is an issue for the control
design and real-time simulations. The second implemented model (referred as the simplified
model), then, is a linearization of the nonlinear system elements, and a rewrite of the system
equations so that transfer functions can be defined. Note that this eases the control design since
linear controllers can be employed as long as the linearized model behaves similar to the real
one. A first approach to this simplified model is the linearization of the PMV.

Figure 4.22: Simulink high-level model. Original system

Some extra blocks are added in the original model, as depicted in Figure 4.22. These are:

• Initialization parameters: some initial conditions are defined, such as the initial tempera-
tures. In addition, this blocks provide somenonused parameters in thismodel but needed
for the proper BCM interface such as Controller AreaNetwork (CAN)/Local Interconnect
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Network (LIN) communication blocks or other compressor returning parameters.

• MEASURES: this block contains all signals to be monitored and plotted both in real-time
and offline. A Matlab script process the gathered data during simulation based on some
measures.

• HIL SW interface: the real-timemachine requires some port and comms SW interface pro-
vided by this block. Thus, data is sent and received to real HW according to the contents
of this blocks.

• HVAC Controller: it contains the control strategy and logic described in Chapter 5.

Regarding the simplified model, it is rewritten the thermal loads expressions as a func-
tion of the system variables; outside and inside temperatures, and metabolic and radiant loads.
The HVAC actuators are linearized so as the heat expression becomes linear. This implies that
the control must assure that, for instance, only available heat is transferred to the cabin. Note
that Simulink already provides linearization toolboxes. The effort done here tries to ease the
Simulink linearization process and also tries to provide an equivalent system model, easier to
manage according to control theory, i.e. with well-defined system transfer functions. The aim
of this model is just to design easier the control architecture, thus, the already defined extra
blocks are not required at all.

Figure 4.23: Simulink linear plant model. Simplified system

(a) Cabin (b) Body

Figure 4.24: Simulink linearized (a) cabin, and (b) body dynamics
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Just ambient and radiant load are assumed inputs to the simplified plant as they do not
depend on system itself. Ambient and ventilation loads are rewritten together with cabin and
body dynamics so that transfer functions embed all system geometric parameters of the original
model. In addition, it is found a high nonlinearity in the ambient load model. There are poles
and zeros that are vehicle velocity dependent with very changing dynamics. In order to avoid
the model of a time-varying system, which became hard to analyze, it is fitted the curve of this
load vs vehicle velocity and, before simulation starts, it is configured accordingly the ambient
load parameters. This generates intrinsically a modeling error, but, comparisons will be later
performed to determine model representation level for control design. It also has not been con-
sidered engine and exhaust thermal loads since they can be mitigated by proper cabin thermal
insulation and the linear model would became hard to manipulate, as well.

The cabin and body dynamics, then, can be expressed as:
Tcabin(s) = Gmet(s)Q̇met +Grad(s)Q̇rad(s) +GHV AC(s)Q̇HV AC(s) +GToutTout(s) (4.30)

Tbody(s) = Grad,body(s)Q̇rad(s) +GTout(s)Tout(s) +Gbody(s)Tcabin(s) (4.31)
Note that Tbody(s) is expressed in terms of the cabin temperature. During the linearization pro-
cess, cabin transfer functions are obtained according to their dependence, also, on the body
temperatures, thus, there are two poles in each. Also note that the HVAC heat can be furtherly
expressed in terms of actual actuators set point, thus, control variables are embedded within,
eq 4.22, linearly. A linearization is required for the cooling and heating expressions since the
forced convection coefficient estimation and LMTD are quite nonlinear. However, a linear re-
gression can be performed with neglectable error.

(a) Linear blower (b) Linear compressor

Figure 4.25: Simulink linearized (a) blower, and (b) compressor dynamics

Regarding the heating model, it is left as it is since it only consists of am if/else condition
that Simulink can easily linearize.

4.5.2 Matlab script implementation

In order to validate the models implementations, it is created a Matlab script that runs the
desired model. By doing so, the model is parameterized to adjust the values, as originally dis-
cussed. These scripts allow to simulate with some flexibility at the same time that it is let to next
project phases to reuse the model or even fine tune it. Scripts can be found in Appendix B.

Particularly, these scripts set the simulation variables, such as the simulation duration, the
initial time, the transfer functions but also uploads the geometric data and the radiation profile
dataset used. Additionally, some figures are created to process the simulation offline from the
measured signals in the models.
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4.6 Cabin dynamics simulation results

Four different scenarios are considered to compare the system behavior as different envi-
ronmental conditions might be present while driving:

• Scenario 1: summer, day
• Scenario 2: summer, night
• Scenario 3: winter, day
• Scenario 4: winter, night

It is chosen July as the summer month and February as the winter month. The simulation starts
at 11:00h, Barcelona local time, for the day simulation and at 21:00h for the night simulation.

Table 4.1: Model specifications for initial validation

Spec Original model Simplified model
Driving profile HWFET1 Vveh = 50km/h
Simulation time 3 hours same

Location Barcelona same
Number of passengers Driver + Passenger same

Cabin RH 60 % same
Outside RH 50 % same

Initial Temperatures Close to steady-state same I.C.

With the model specifications defined in Table 4.1, the geometric data provided by the cus-
tomer, and the remaining parameters taken as generic values (i.e. ground reflectivity ormaterial
properties), the initial simulations can be obtained to validate both models.
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(a) Original system (b) Simplified system

Figure 4.26: Temperature evolution. Scenario 1

(a) Original system (b) Simplified system

Figure 4.27: Temperature evolution. Scenario 2
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(a) Original system (b) Simplified system

Figure 4.28: Temperature evolution. Scenario 3

(a) Original system (b) Simplified system

Figure 4.29: Temperature evolution. Scenario 4
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Figure 4.30: Thermal loads evolution of the original system. Scenario 1
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Figure 4.31: Thermal loads evolution of the original system. Scenario 4
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Table 4.2: HVAC thermal load to cabin temperature poles and zeros

Pole/Zero Location [rad/s] Location [Hz]
ωz1 0.0033 fz1 = 0.000521
ωp1 0.3026 fp1 = 0.0482
ωp2 0.0007 fp2 = 0.0001

As expected, there are small discrepancies between both proposed models due to the ap-
proximations and the linearization taken. However, it is designed the controlwith the simplified
model and then it is testedwith the original one to, again, validate it. Bothmodels are estimating
both surface and cabin temperature dynamics quite similar. On one hand, the original model
is more representative. For instance, the loaded driving profile can be plugged into the model
and it can be seen how the temperatures response to that. In addition, thermal loads are well
defined and can be furtherly analyzed. On the other hand, the simplified model avoids the
computational load by providing less system information and accuracy, i.e. engine and exhaust
thermal loads are not modeled, but as representative as required for its purpose.

Regarding the temperatures evolution, Figures 4.26-4.29, under day conditions, cabin tem-
perature rises over the outside temperature since solar radiation and metabolic activity heats
up the cabin up to the steady state. In contrary, under night conditions, cabin temperature is
not able to increase as much since the metabolic heat gain is partially lost though the surfaces
to the outside (Ambient Load).

Regarding the thermal loads evolution, Figures 4.30-4.31, they respond as expected. In
the winter night case, there is not solar radiation, passengers heats up the cabin, thus, cabin
transfers heat to the body elements (Body Load) and to the exterior (Ambient Load) since the
outside temperature is lower. In the summer day case, solar radiation exists and, added to the
passengers metabolic heat, increases cabin temperature. This, produced greater temperature
difference between cabin and outside temperature, thus, ventilation load is also greater.

Finally, from the simplified model, it can be obtained from the open-loop transfer functions
the corresponding bode plots. The HVAC thermal load to cabin temperature bode is depicted
in Figure 4.32.

Note that this transfer function is defined as a function of the HVAC heat, thus, it is not still
a typical control to output transfer function. Since the actuators are linearized, they just add
an extra pole at the actuator pole frequency (around fpblower

≈ 0.0265 Hz) and some gain (up
to ≈ 65 dB). It is not computed since there are two operating modes and the system dynamics
together with the actuators is analyzed later in Chapter 5. Regarding the poles and zeros loca-
tion, they depend on the vehicle velocity, assumed constant in the linear model. However, the
maximum frequency shift obtained is fp,zmax

≈ 2fp,zmin
.
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Figure 4.32: HVAC thermal load to cabin temperature transfer function bode plot (Vveh =
50km/h)
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Chapter 5

HVAC control design

Control design shall take into account the system purpose. The control architecture, then,
is accordingly designed under the system considerations taken in Section 3.3. HVAC operating
modes. The controller is implemented so that either the user temperature set point, temperature-
based, or thermal comfort, PMV-based, is reached. Thus, the actuators are controlled to fulfill
this system control requirement. Othermore sophisticated systems could be temperature-based
with a PMV minimization error approach. This lead to a more complex control but more user-
managed system since the user temperature requirement is always fulfilled. However, the con-
trol approach presented here just considers one variable to control.

Under heating conditions, PTCs are enabled and the blower speed shall be adjusted to reg-
ulate cabin temperature or thermal comfort. In this case, the compression cycle is disabled by
means of setting the compressor speed to zero. The model does not consider other compression
cycle variables such as the valves closing, for simplicity. In this case, the PTC dynamics are not
expected to modify the closed-loop performance since they are much faster than blower and
cabin dynamics.

Under cooling conditions, compressor is enabled and its speed is regulated so that the com-
pression cycle generates enough heat capacity. Then, the blower speed is adjusted to control
cabin comfort. Note that in this case, it is required both regulations: compressor and blower
speed. Thus, a multi-variable controller architecture shall be implemented since the compres-
sor and blower dynamics are comparable and a proper control strategy shall be addressed to
satisfy both, system performance, and stability.

Note that the operating conditions range is quite wide. Therefore, it is prioritized the con-
troller robustness to assure proper system performance. This can be interpreted as, depending
on the environmental conditions or the driving scenario, the controller effort will vary. In ad-
dition, there exists two operating states with different purposes, one is heating and the other is
cooling. They share a common actuator, the blower, so the implemented controller shall provide
proper performance for both system states, as well.
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5.1 Control strategy

The considered control strategy considers the system operatingmodes aswell as the system
states. Thus, heating and/or cooling are enabled as simulation initial conditions and it is let to
the system to determinewhether there are cooling or heating conditions. The considered system
states conditions are:

• Heating conditions: the variable to control (temperature or PMV) is above the setpoint
with certain hysteresis defined at compilation time.

• Cooling conditions: the variable to control is below the setpoint plus the hysteresis.

Figure 5.1: Simulink controller model

The hysteresis is implemented to avoid constant system state changes in steady-state condi-
tions since the system dynamics are slow and there is a direct impact in control performance if
the systems states are constantly oscillating from cooling to heating. In Figure 5.1 it is depicted
the controller scheme. The MODE SELECTION block is in charge of determining if heating
and/or cooling states are enabled. Thus, when they are not, the corresponding subsystem shall
be disabled. The CONTROL VARIABLE SELECTION block has two different objectives. It de-
termines which variable is addressed to be controlled, either the temperature or the PMV. In
addition it generates the error signal taking into account the defined hysteresis. Thus, it de-
termines all time which is the error signal at the same time it defines the system states, either
cooling or heating. The HVAC CONTROLLER block is in charge of setting the proper actua-
tors driving depending on the operating modes. Finally, the Signal Wrapper embeds interesting
signals to be plotted to monitor system dynamics and controller performance.
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(a) MODE SELECTION (b) CONTROL VARIABLE SELECTION

Figure 5.2: Simulink controller blocks

Since the system has been simplified and linearized, the system controller topology is cho-
sen to be linear, as well. Different architectures can be implemented according to open-loop
bode plot. However, this system is very slow and the controller BWwill be mostly greater than
system dynamics. Thus, simple architectures can be used. Particularly, from Figure 4.32, it can
be seen that the system is Type-I, since there is not any pole at the origin (at very low frequen-
cies there is constant magnitude). Thus, controller shall contain an integrator path to remove
steady-state error when a step is applied. A proportional action is also required to speed up the
control performance. However, it must be carefully chosen since the system dynamics are very
slow and it is interesting to avoid actuators saturation to extend their lifespan. Finally, these
kind of processes often require overshoot minimization since oscillations around the setpoint
can, eventually, lead easily to thermal discomfort. This phenomena is not modeled with the
PMV thermal comfort estimate, but, it shall be considered stable and small variations comfort
states.

The linear controller proposed topology is the so called Proportional, Integral and Deriva-
tive controller (PID) since this topology offers, potentially, enough flexibility to fulfill the con-
trol requirements. In addition, the selection of this topology also offers flexibility in the final
prototype tuning together with real-time simulation tools, such as HIL machines. The three
independent actions of the controller (proportional scaling, integration and derivative action)
can bee independently tuned in real-time with these simulation tools as they manage different
control performances.

y(t) = gPID(e(t)) = Pe(t) + I

∫ t

−∞
e(τ)dτ +D

d

dt
e(t)

Y (s) = GPID(E(s)) = (P + I
1

s
+Ds)E(s)

(5.1)

In Figure 5.3 is depicted the controller strategy and scheme. According with the actual
operating conditions, PTCs are enabled/disabled and blower and compressor speed are set.
The conditions of enabling/disabling the heating and/or cooling systems are provided by the
MODESELECTION andCONTROLVARIABLE SELECTION blocks. Thus, two different control
schemes are implemented accordingly. In the case of the cooling state operation, the compres-
sor speed is controlled in an inner loop to assure that the cooling system has always available
heat capacity. Therefore, the compression cycle is rapidly regulated according to the blower
request. The outer loop sees the system heat requirement and assumes that there is always
enough heat capacity, thus, it is adjusted to extract the desired heat from the cabin accordingly.
Since the expression for the cooling capacity and the cooling heat have already been referred to
their control variables, compressor and blower speed respectively, it is found the relationship
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Figure 5.3: Simulink controller scheme

between them. Therefore, it can be written the required compressor speed according to the
cooling requirement by means of scaling the required blower speed. By doing so, the blower is
regulated to fulfill the cooling requirement and, the requested blower speed can be scaled to be
translated into compressor speed. This, then, would be the reference setpoint for the compres-
sor inner loop. Note that the inner loop dynamics shall be faster to be able to design both loops
independently assuming that the inner loop is static regarding the outer loop. However, this is
not fulfilled in this system, thus, analytical methods to design the controllers became complex.
In addition, to partially mitigate this issue and to establish some safetymargins, the compressor
speed translation includes a Safety Factor that prevents the cooling system to work in the limit
conditions. By doing so, the compressor dynamics, that are quite slower than blower ones, will
have less impact in the overall performance.

5.1.1 Control specifications

The proposed model is partially linked to actual realistic system data. However, it cannot
be said that it represents a given HVAC system completely. Thus, it is pointless to define several
specific control specifications, such as setting time. Instead, general objectives are defined to
orientate the control design and to validate accordingly the control performance. The system,
then, shall be:

• capable of regulating any realistic condition
• stable and robust
• accurate (i.e. small step response steady-state error)
• able to self control the system states
• dumped (i.e. small step response overshoot)
• balanced

power consumption vs settling time
power consumption vs perturbation rejection
settling time vs overshoot
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In order to analyze the designed control performance, same scenarios are simulated to com-
pare different solutions. These scenarios have already been described in Section 4.6. Although
it has been simplified the original system model and the temperature simulation results show
that both models are quite equivalent, the proposed controller will be later validated also with
the original system to observe how perturbations and driving conditions are managed by the
designed controller.

5.1.2 Control design methodology

The linearizedmodel is used for the control design since its implementation has less compu-
tational load and Simulink tools can be used for the control design. In spite of having linearized
the thermal processes of the system and simplified the actuators response, nonlinear elements
still remain in the overall model. For instance, HVAC heat delivered to or sank from the cabin
expressions contains time varying variable products. However, further simplifications could
have been developed and a small signal analysis would have provide a completely representa-
tive and equivalent linear model. Instead, it is assumed that the dynamics of these products
are very different and the models are left as they are, letting Simulink to linearize them. The
control design, then, can be done by means of Simulink Control System Designer APP. This tool
linearizes the system and allows to design the controller bymeans of different techniques (root-
locus, Bode, Nyquist, etc).

It is used the Bode-based tuning method to fine tune both controllers, the compressor and
the blower ones. The controllers to be tuned has a PID topology. The simplified model is run in
continuous time, thus, high frequency components present in the real system, such as sensors
noise, can affect system performance since the derivative action can be understood as a High-
Pass Filter (HPF), weighting excessively these high-frequency components and, thus, control
performanceworsen. It is added then, a Low-Pass Filter (LPF) in the derivative path to limit the
operating frequency range. In addition, this system is likely to saturate the actuators in some
extreme conditions, when system setpoint is far away of actual cabin state. This has been taken
into account in the integration path of the controller since if the actuators are saturated, the
remaining error signal will be integrated constantly. Therefore, an anti-windup method [19]
must be used to disable the integrator action when these conditions are met.

It can be obtained the closed-loop transfer function of the complete systemwith the control
architecture shown in Figure 5.3.

The compressor cycle crossover frequency, ωccompressor , is 0.00141 Hz and the closed-loop
crossover frequency, ωccl , is not defined since the closed-loop gain is below 0 dB in all the fre-
quency spectrum. The followed procedure to design the controllers has been as follows:

1. It is designed the cooling controller first. The compressor cycle is firstly designed increas-
ing its crossover frequency to speed up heat sink dynamics. Then, the blower controller
is designed together with the closed-loop scheme.

2. The overall system performance validation is done by means of injecting steps to the ref-
erence variable to control.

3. When the qualitative specifications defined in Section 5.1.1 are met, the designed con-
troller is ready to be tested in other conditions

4. Controller is tuned in case there is any Scenario in which the specifications are not met
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Figure 5.4: Closed-loop and compressor Bode, closed-loop and compressor step responses
(from top to bottom and left to right) with Gcontrol(s) = 1

The controllers are graphically designed by loop-shaping using theControl SystemDesignerMat-
lab tool.

The proposed controllers, finally, are shown in Table 5.1.

Table 5.1: Controllers designed PID parameters

Compressor Blower
(P) Proportional 5.8738 284.77

(I) Integral 0.06247 48.969
(D) Derivative 0.21915 19.275

(N) Derivative filter 1000 1000

Table 5.2: Controllers poles/zeros location

Compressor Blower
Units Units

rad/s Hz rad/s Hz
ωp1 Origin
ωp2 1000 159.15 1000 159.15
ωz1 0.0106 0.00169 0.174 0.0277
ωz2 26.1 4.154 14.4 2.29

During the control design by the bode shaping method, two different scenarios with dif-
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ferent performance are found. Although the compressor loop shall be designed independently
on the close-loop to assure assumptions fulfillment, two performances can be obtained from
these scenarios. Initially, the cabin temperature and the initial conditions of the thermal loads
set the cabin thermal state. Thus, a huge step is entering the system and the controllers set the
actuators control variables accordingly. Under this situation, the actuators, eventually, saturates
to provide a rapid response to these conditions. However, in near steady-state conditions, any
thermal perturbation, i.e. a change request of the desired temperature or PMV, has a response
according to the static controller already designed parameters. Thus, there is an important
trade-off between control performance out of the steady-state conditions and when the desired
thermal state is achieved. Two controllers can be designed depending on the desired perfor-
mance. However, in this work is simply used a mix of both. It is required, then, that the comfort
thermal state is reached as fast as possible without degrading steady-state performance defined
above.

The control parameters and the location of the introduced poles and zeros is expressed in
Tables 5.1 and 5.2, respectively.

Figure 5.5: Closed-loop and compressor Bode with the proposed controllers (Table 5.1)

Table 5.3: Controllers close-loop performance

Compressor Blower
ωcross[rad/s | Hz] 0.398 | 0.0633 0.121 | 0.0193
Phase Margin [º] 91 54.6
Gain Margin [dB] ∞ 17
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The proposed controllers give frequency responses summarized in Table 5.3. Note that the
Matlab tool states that the gain margin for the inner close-loop is negative, thus unstable. This
is not true in reality. The compressor bode plot is referred to the signal error that, in this case,
is sign inverted. The outer loop has a phase shift of 180°since negative temperature error (ref-
erence below cabin temperature) shall increase the blower speed. Compressor speed error do
not follow this logic, when the speed reference is below the actual one, the actuator speed shall
decrease. The bodes are referred, then, to the temperature error that in one case is 180°phase
shifted. Thus, the compressor gain margin is defined when the phase crosses 0 or -360°, at very
high frequencies.
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5.2 Temperature-based controller

Taking the cabin temperature as the feedback signal of the system, the system fulfills its
general purpose (see Figure 5.6 and 5.7). In fact, it has been tuned the controllers such that
the power consumption is minimized (see Figure 5.8 and 5.9). The control tuning for assuring
thermal control state has been quite eased since the derived model in Chapter 4. HVAC system
model has been simplified and analyzed with the described Matlab tools. The location of the
control poles and zeros in the system could still vary without affecting cabin control state too
much, so, the controllers can be furtherly optimized according to more specific system require-
ments.

Note that the hysteresis can also be optimized. In these results, the temperature hysteresis
has been 1.5 °C. Thus, the system operates in cooling mode since thermal state under the sim-
ulation conditions trends to be hotter than desired all time. In fact, it has been forced the initial
conditions of the scenario 4 so as the heating mode is enabled. The heating system is also able
to regulate the temperature and is also robust against setpoint changes.

Also note that the PMV estimate is suggesting that there would be a cold thermal discom-
fort. This is expectable since the PMV has dependence on several variables that are not con-
trolled in this case. Indeed, the chosen control strategy limits the control actuation to assure
both thermal comfort and user temperature setpoint tracking.

Regarding the HVAC power consumption, it is obtained that the compressor is the most
consuming element of the system. Even compared to the blower consumption. The controllers
tuning has considered the total energy consumed as index to optimize. Thus, it is desired small
overshoot but fast compressor dynamics.
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(a) Scenario 1 (b) Scenario 2

Figure 5.6: Temperature, actuators speeds and errors in summer conditions. Temperature-based

(a) Scenario 3 (b) Scenario 4

Figure 5.7: Temperature, actuators speeds and errors in winter conditions. Temperature-based.
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(a) Scenario 1 (b) Scenario 2

Figure 5.8: HVAC power consumption in summer conditions. Temperature-based

(a) Scenario 3 (b) Scenario 4

Figure 5.9: HVAC power consumption in winter conditions. Temperature-based
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5.3 Thermal comfort-based controller

The same controller parameters are used for the PMV-based control and the same scenarios
are simulated (see from Figure 5.10 to 5.13).

From the hot scenarios, it is seen that cabin temperature is over the reference one since the
variable to control, in this case, is the PMV. This is consistent with the fact that even in hot envi-
ronments, the air velocity that the passengers feel helpmetabolic heat dissipation, thus, gaining
thermal satisfaction. In fact, control variables present smoother transitions since the PMV esti-
mate changes slower than temperature cabin itself. The negative effect of themultivariable ther-
mal estimate is shown in Scenario 4. Where it can be seen that the perturbation is not properly
followed. This is more likely to happen in heating scenarios since the PMV increases as cabin
temperature increases and as air velocity decreases sharing the same mechanism, the provided
blower speed. Note that it could be possible to consider both, air velocity and cabin temperature
at the same time to properly control the thermal comfort but, as commented, this leads to more
complex controllers that hardly are expected to be linear.

The main benefit of this controller is the power consumption reduction. The total energy
consumed by the HVAC system is always smaller than in the temperature-based topology. In
fact, the presented results suggest the power consumption minimization can be optimized as-
suring thermal comfort, for instance, weighting the contribution to the total thermal comfort
index differently according to the exposed trade-off between thermal comfort dynamics and
power consumption.

CHAPTER 5. HVAC CONTROL DESIGN



VehicleH
VAC

system
m
odelingand

controlling
pg.77

(a) Scenario 1 (b) Scenario 2

Figure 5.10: Temperature, actuators speeds and errors in summer conditions. PMV-based

(a) Scenario 3 (b) Scenario 4

Figure 5.11: Temperature, actuators speeds and errors in winter conditions. PMV-based

CH
APTER

5.
H
VAC

CON
TROL

DESIGN



pg.78
M
aster’sThesis

(a) Scenario 1 (b) Scenario 2

Figure 5.12: HVAC power consumption in summer conditions. PMV-based

(a) Scenario 3 (b) Scenario 4

Figure 5.13: HVAC power consumption in winter conditions
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5.4 Control performance review

The controller performance has been simulated with the simplified model since it has been
the first validation step. Now, the same designed controlled is simulated in the nonlinear model
to observe how does it behaves in a more realistic driving scenario.

Figure 5.14: HVAC system overall performance temperature-based controller inwintermorning

It can be observed in Figure 5.14 how the mode management performs. The initial state
cabin is cold, without solar radiation thermal load, thus, the control system enters in heating
mode to reach the cabin temperature setpoint. The blower is saturated, so the thermal dynamics
only depends on the actual thermal loads. When the reference temperature is reached, the
blower is controlled so that the temperature can be stabilized. Note that due to the driving
conditions, mainly the vehicle speed, some thermal loads vary, thus, the controller must adapt
itself to reject this perturbations. As it does. Also note that the main contributor to the cabin
total heat is the heat transfer to the body elements. This is expected since there is an important
temperature difference between the cabin and the outside.

Radiant load starts increasing as sun rises. Thus, the required HVAC heat is smaller down
to switch off the blower in some time interval. This occurs until the temperature hysteresis is
passed. Then, the system enters in cooling mode and both blower and compressor switch on to
continue the regulation.

From the compressor and blower speed plot, it can be seen how they react to thermal per-
turbations and how the system state changes.

To sum up, it can be concluded that the control performance works similar in both models,
linear and non linear, thanks to the meticulous simplifications and the assumptions made. It is
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also worth it to say that the control can furtherly designed according to more specific require-
ments using any model.
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Chapter 6

Project applications.
Hardware-in-the-Loop

As already commented,modeling systemsprovidewide usefulness range depending on the
direct application themodel is built for. In this case, themain application of theHVACmodeling
allows to understand how this system behaves before the prototype is built so that electronic
HW can be designed accordingly. In an automotive HW and SW product design context, the
implementation of this model allows to explore the performance of the entire system while the
product is still in the design phase. To do so, themodel and the designed controller are designed
so that they can be furtherly tested even without the actual mechanical prototype built yet.
Particularly, the model is built in a SW environment able to interface a real-timemachine so that
it can be tested both, control performance and low level HW and SW blocks of the BCM. Rapid
Control Prototyping (RPC) can be done. It is a workfow that aims to expedite the development
process of control strategies. Experimental iterations can be rapidly done to identify and resolve
potential problems. It can be expanded safer the control tuning since all cases can be simulated
in the model, even the ones in the operation limits.

Therefore, the main application of the developed model has been the first control scheme
design, since the model is oriented in that way. In addition, the built model is able to inter-
face HIL machine so that the BCM product is able to operate without the actual external HW
mounted. This allows to test functional blocks independently at a higher abstraction level, i.e. it
can be tested howMCU computational load is affected when the system is run and how signals
are driven to the modeled actuators, to name few.

In the automotive industry is commonly used thesemodeling approaches since ECU testing
can be automated. HILmachines integrate I/O connectivity so that it can be accessed to relevant
ECU interfaces, including the communications protocols used in the automotive industry.



pg. 82 Master’s Thesis

Figure 6.1: Real-time simulation with HIL scheme

During the project development, then, some analysis has been done to properly interface a
particular HIL machine to finally provide a useful tool for real-time testing and control tuning
according to the product requirements. Note that the providedmodel and control do not follow
any particular product requirement other than real vehicle data, such as geometric data. This
has been the intention, since, the project scope is to built a parameterized model to provide a
general tool to fine tune a more specific product.

Figure 6.2: Proposed real-time simulation with HIL testbench diagram

The integration of this project model together with HIL machines can be done following
the diagram depicted in Figure 6.2.
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6.1 Speedgoat

The proposed HIL environment is based on the Performance real-time target machine, from
speedgoat [20]. This target machine offers high computational load capability using high-speed
CPU and FPGAs. Due to its high-speed performance, it can be used in control loop design op-
erating up to hundreds of MHz. It is also modular, so several HW interfaces can be plugged-in
depending on the application. In this case, it is required to establish CAN and LIN communi-
cation, digital, i.e. PWMs, and analog, i.e. HVAC sensors response, signal monitoring.

In particular, this machine offers HW interface flexibility due to its general interface with
some proper capabilities. Following the proposed diagram in Figure 6.2, three main drivers are
required:

• Analog I/O: the ECUmonitors temperature, pressure, humidity and solar radiation from
the HVAC sensors. Thus, the model run in the target-machine shall translate the emu-
lated corresponding physical variable to voltage so that the ECU is able to response con-
sequently. Eventually, the ECUwould produce some analog signal expecting some certain
response. Thus, the analog interface shall also be capable of monitoring analog signals.

• Digital I/O: some PWM signals are used so, the target-machine shall be able to read
them. There are also some digital signals that the target-machine shall generate emulating
switches, for instance.

• Communications: vehicle elements usually are operated by means of automotive com-
munication protocols. Thus, the target-machine shall be able to emulate the controlled
communication interface so that the target machine is connected in-the-loop with the sys-
tem network.

The used I/O modules are: IO135, for analog and digital interface, and IO611, for communica-
tion interface.

Figure 6.3: IO135 module block diagram
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6.2 Hardware interface

The IO135 module offers 8 Digital I/O (DIO), 32 Analog-to-Digital Converter (ADC), and
16 Digital-to-Analog Converter (DAC) ports. Particularly, there are 32 analog ports, 16 are fixed
ADC and the remaining can be configured either with ADCs or DACs. These analog interface is
powered supply by either 5 or 3.3 volts and are ESD protected. They also have their own buffer
in order to drive or read analog signals properly. Note that both analog and digital signals
can be referred to battery voltage levels, typically 12V. Thus, analog and digital signals shall be
step-down to prevent module damaging. In addition, the analog ports have some configuration
flexibility. Thus, a HW interface shall be implemented accordingly.

According to the project philosophy, a generic PCB is designed to interface any given ECU
and this HIL machine based on generic automotive electronics requirements and the module
specifications.

The designed board schematic can be found in Appendix C. HW interface. Since the mod-
ules do not offer access to the supply rails, except for the reference ground, a power supply
block shall be implemented.

6.2.1 Digital interface

The digital interface consist of a NMOSFET with the gate terminal connected to the higher
voltage supply rail. A digital signal can be propagated as follows: when a ’0’ is forced in the
source terminal, the threshold voltage increases and the transistor conducts, thus, connecting
both sides with a low impedance connection, the Rdson of the transistor. When there is a ’0’
in the drain terminal, given that the pull-up resistor in the source terminal produces a greater
voltage with respect to the drain terminal, the transistor conducts though the body diode. In
the case of transmitting ’1’s, they are just obtained by the corresponding pull-ups configuration.

The chosen transistor and the resistance value are determined according to the HIL HW
interface. Note that it is required an open-drain topology from the ECU side, as usually are.

6.2.2 Analog interface

The analog interface consists of two different topologies since some analog ports in the HIL
side are fixed to be ADCs. Thus, the analog interface has two sub-blocks: the bidirectional and
the unidirectional signal conditioning circuits. The conditioning circuit consists of clamping
diodes to protect signals against overvoltages but also to limit the maximum voltage level to the
supply rail. Then, the signal is filtered by an RC filter and is buffered.

The bidirectional functionality is given by an analog multiplexer, that, is user configurable
by means of a mechanical switch. When the analog ports of the HIL are configured as ADC, the
signal shall be propagated from ECU to HIL and the mechanical switch must be in its proper
position to allow the signal to pass themultiplexer. Is as simple as changing theHIL analog port
configuration to enable the DACs together with the switch position. In this case, it is allowed to
propagate a signal to the ECU generated by the HIL.

Note that there are some cases in which the ECU can be the signal emitter and the HW
interface is set inversely. In these cases, the protection circuit disables the multiplexer since
an abnormal situation is detected by means of a comparator. A red LED shines under this
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conditions to alert the user.

6.2.3 Communication interface

Regarding the communications required, both LIN and CAN, the IO611 module provides
two DB9 standard connectors so that each of them can manage one LIN and one CAN com-
munication since there is enough room in the connector pinout to hold both communications.
In fact, each DB9 connector has the capability to either use Flexible Data CAN (CAN-FD) and
classical CAN protocols.

In this case, it is just implemented a harnesswith the proper connectors to be able to connect
the HIL to any DB9 connector available in the ECU.

Figure 6.4: Communication interface harness definition
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6.3 Software interface

SW drivers are provided together with the HWmodules. Speedgoat, then, offers their HIL
solution with embedded SW blocksets that directly drive the module ports. Since they are al-
ready implemented, only it has been tested in a loop-back configuration. To do so, the ADC and
DAC ports are interconnected so that the signals generated by the DAC are read by the ADC.
Similarly, the digital ports are interconnected andproperly configured beingwell-definedwhich
port sends and which receives. The communication ports are also interconnected being one the
sender and the other the receiver. It is prepared a simulation setup that generates an arbitrary
signal in the analog ports, a 50% duty cycle PWM in the digital ports and some data frames are
transmitted via LIN and CAN.

This testbench allows to validate the proper port configuration and access by the real-time
simulation machine. By receiving the analog arbitrary signal, both ADC and DAC drivers are
validated. Similarly, the digital drivers can also be validated. Regarding the communications,
it is additionally prepared a data packing and unpacking blocks to graphically perceive what is
received.

CHAPTER 6. PROJECT APPLICATIONS.
HARDWARE-IN-THE-LOOP



Chapter 7

Conclusions

In an automotive product design context, an HVAC system is modeled. Some generaliza-
tions have been made to allow to explore system behavior under different driving conditions.
Thus, a parameterized HVAC system model results from this work. The modeling has been
control-oriented so that a second system model has been developed in order to ease the con-
trol design by means of making assumptions and linearizations. With this simplified model, a
control strategy is addressed and designed to, later, simulate the overall representative model
performance under realistic driving conditions. The simulation results show that both, the sys-
tem model and its designed control are valid under these realistic conditions. Thus, the model
is able to be particularized for the automotive product specific requirements and it is provided
as a tool for testing. In addition, aHW interface board is designed to properly interface an actual
real-time simulation machine that allows fast control prototyping by simulating the particular-
ized model in real-time and in-the-loop.
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Objectives completion

As initially stated, the aim of this project has been the model development for an actual
HVAC system. Thus, a parameterizedmodel has been developed and validated via simulations.
The model starts with the HVAC system conception and by exploring the thermal processes
involved in the system, a representative model is proposed from scratch based on the already
analyzed and modeled systems in the literature.

A linear controller has been designed and validated as a first control approach. Two con-
trollers are analyzed according to the control objective, either temperature or thermal comfort
state regulation. It can be concluded from the obtained results that different objectives can be ad-
dressed when designing the controller. The proposed controller allows some flexibility so that
it can be furtherly optimized accounting for other system requirements, such as overall power
consumption. In this sense, PMV-based controller is promising better overall performance de-
spite the fact that a more complex controller than the presented here might be required.

Moreover, from the implemented model and after its validation with a particular designed
controller, it is developed a testbench tool based on HIL real-time simulation machine.

Thus, it can be stated that the project objectives have been successfully accomplished. The
project results can be furtherly used in the commented application context: real-time testing
and fast control prototyping.

Next steps

Project results can be furtherly optimized. The given model is limited to the considerations
taken for simplicity and some lack of information of the system to model. Even they try to be
realistic, more complex driving scenarios can be implemented and thermal load variations can
be analyzed to obtain more information about the system behavior. Next modeling loop could
be the computation optimization of the actual model. Depending on the modeling purpose,
it might not be necessary to tune the model more accurately since it is representative enough.
However, it can be analyzed how accurate the actual model is by performing some tests with
the mechanical prototype already built and comparing the results with the model.

Regarding the controller, it has beendeveloped linear controller bymeans of a designed con-
trol strategy. It has been exposed the thermal comfort regulation issues in cold environments
and, the control strategy shall be reviewed in this case. As next control design steps, the con-
trol strategy can be optimized according to actual product requirements. For instance, a multi-
variable controller can be addressed by means of controlling both, temperature and thermal
comfort state at the same time. This requires a change in the control topology. Besides, even the
control performance has resulted in specification fulfillment, the controller can be redesigned
in order to also account for the power consumption optimization as this system constitutes one
of the most consuming vehicle elements. In particular, it has been seen that there are two dif-
ferent control scenarios, thus, static controllers might not be properly optimized to provide the
same performance in all cases. Some more complex control topologies can be used: non-linear,
Fuzzy logic based, adaptative-PIDs, etc. Only with well-defined system requirement, a proper
controller and model can be implemented. Otherwise, the modeling and controlling strategy
has to be addressed in general terms with the model parameterized and ready to be put into
numbers with real data.
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Finally, the implemented PCB for HIL interfacing any ECU with the HIL machine, opens a
door for continuing the project since the results obtained can be entirely used as a testing tool
or even a real-time simulation tool.

Lessons learned

Since the very beginning, this project has been challenging. From the personal point of view,
collaborating with such a professional team has made me better engineer by means of sharing
results, commenting them, and also by listening to the supervisors advice. Some sections of the
project has been possible thanks to the teamwork and the good communication between project
team.

From the technical point of view, neither me nor the project team had previous knowledge
and experience regarding this topic. In fact, my thermodynamics background was quite lim-
ited. Thanks to the research done and the analysis of the state of the art, I have learned both, sys-
tem modeling techniques and thermal process dynamics. I never have not faced any modeling
project like this but, in fact, the development of this project together with the gained knowledge
encourage me for future projects, since I have found motivation in the research field and the
study of different applications regarding my past background. What it seemed, initially, to be a
very limited project has become an implementation reality and the project has been orientated
according to real product design needs. In addition, some new simulation tools have been used
during the modeling and it also has been thanks to the utilization and learning of them that the
project has flourished. There is a general satisfaction regarding the obtained results.

To conclude, then, the project carried out at Idneo opens a door for theHW team to continue
with the implementation of new interesting testing and design techniques and, some of them,
can be resulted from this project. I am grateful of being part of the first physical model devel-
opment of the team and of starting a new technical branch not used yet before, physical system
modeling before prototyping to accelerate both HW and SW automotive product designs.
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A.1 Driving conditions

A.1.1 Driving profile

It is used the driving cycle Simulink block provided byDaniel J. Auger (https://es.mathworks.
com/matlabcentral/fileexchange/46777-driving-cycle-simulink-block). This block can
produce several different standard driving cycles used for automotive emissions, range and
energy consumption testing. It outputs the vehicle speed, position, and acceleration accord-
ing to the uploaded driving cycle. The used driving cycle in this work is the HWFET one:

Additionally, it is implemented a block that estimates the engine revolutions according to a
gear ratio setting. The wheel speed estimator together with the gear ratio estimate provide the
engine speed for the engine and exhaust temperature estimate.

APPENDIX A. HVACMODELING. DETAILS
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A.2 Equation of time

In order to compute the solar radiation, typically solar data is referred to the absolute po-
sition of the sun in the sky. Thus, is possible knowing the location location and the time to
calculate the corresponding radiation. The location is set by the latitude and longitude of the
location itself and it can be used to refer every sun position to the vehicle Earth location.

The equation of time is used for the relative position of the sun to the vehicle according to the
day and solar time. Usual clocks define the day duration equitatively with 24 hours duration.
In reality, this is not true, there are longer summer days than winter ones, i.e.. In addition, solar
declination also depends on the season and the location of the sun in the sky varies significantly
depending on the considered season.

All angles are in degrees. The solar azimuth ϕ and the surface azimuth Φ are measured in
degrees form south; angles to the east of south are negative, and angles to the west of south are
positive. Calculate solar altitude, azimuth, and surface incident angles as follows: Apparent
solar time AST, in decimal hours:

AST = LST +
ET

60
+

LSM − LON

15

Hour angle H, degrees: ‘
H = 15 · (AST − 12)

Solar altitude β;
sinβ = cosL cos δ cosH + sinL sin δ

Solar azimuth ϕ:
cosϕ =

sinβ sinL− sin δ

cosβ cosL

Surface-solar azimuth γ:
γ = ϕ− Φ

Incident angle Θ:
cosΘ = cosβ cos γ sinσ + sinβΣ

Where:

ET = equation of time, decimal minutes
L = latitude
LON = local longitude, decimal degrees of arc
LSM = local standard time meridian, decimal degrees of arc
LST = local standard time, decimal hours
δ = solar declination, °
Φ = surface azimuth, °
Σ = surface tilt from horizontal

If β > 0, then there is solar radiation. It occurs at sunlight hours.
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B.1 Original system script
Listing B.1: Original model Matlab script

1 %%%%% HVAC Simulation data loading and simulation %%%%%

2 close all; clc; clear all; warning('off','all');

3 %{

4 − This .m file sets the input vectors used for HVAC system simulation

5 − Code lines that are commented with double % refers to variables that

6 might be inteoutting to set as vectors with different values in time.

7 This way, variable dependance on system dynamics can be accordingly

8 analyzed.

9 − Geometric data is loaded from

10 .\GeometricProfileData\GeometricData.mat, this file contains all

11 reported data from RedDot

12 %}

13
14 plot_temps = 0;

15 plot_heat = 0;

16 plot_both = 0;

17 plot_ACload = 0;

18 plot_PMV = 0;

19 plot_consumption = 0;

20
21 %%

22 %%%%%%%%%% SIMULATION SETTINGS %%%%%%%%%%

23 Tend = 3 * 60 * 60; % Simulation duration [min * s/min]

24 ts = 0.001; % Sampling time [s]

25 AirVolume = 1.63;

26 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

27
28 %%

29 %%%%%%%%%% INITIAL CONDITIONS %%%%%%%%%%%

30
31 % Time data is referred to 21st of each month in 1964

32 Months = {'Jan', 'Feb', 'Mar', 'Apr', 'May', ...

33 'June', 'July', 'Aug', 'Sep', 'Oct', 'Nov', 'Dec'}; % Month

34 month = 'Aug'; %%%% SELECT THE MONTH

35 n_month = find(contains(Months, month));

36
37 hour = 6;

38
39 InitialTime = datetime(1964, n_month, ...

40 21, hour , 0, 0); %%%% SELECT THE TIME HH,MIN,SS

41 LST0 = InitialTime.Hour+...

42 InitialTime.Minute/60+ InitialTime.Second/3600;

43
44 % Location Data: BARCELONA

45 Latitude = 41.3879;

46 Longitude = 2.16992;

APPENDIX B. MATLAB SCRIPTS
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47 UTC = 1;

48 if and(n_month >= 4, n_month <= 10), ...

49 UTC = 0; end % Spain is UTC+2h from April to October (correction needed)

50 LSTM = 15*UTC;

51
52 EoT_tab = [−11.2, −13.9, −7.5, 1.1,...

53 3.3, −1.4, −6.2, −2.4, 7.5, 15.4, 13.8, 1.6]; % Equation of Time [min]

54 Declination_tab= [−20, −10.8, 0, 11.6, 20, 23.45, 20.6, 12.3, 0,...

55 −10.5, −19.8, −23.45]; % Declination [ ]

56 A_tab = [1230, 1215, 1186, 1136, 1104, 1088, 1085, 1107, 1151, ...

57 1192, 1221, 1233]; % A [W/m2]

58 B_tab = [0.142, 0.144, 0.156, 0.18, 0.196, 0.205, 0.207, ...

59 0.201, 0.177, 0.16, 0.149, 0.142]; % B [/]

60 C_tab = [0.058, 0.06, 0.071, 0.097, 0.121, 0.134, 0.136, ...

61 0.122, 0.092, 0.073, 0.063, 0.057]; % C [/]

62
63 AST = LST0 + EoT_tab(n_month)/60 + (LSTM−Longitude)/15;
64 H = 15*(AST−12);
65 sinBeta_tab = cosd(Latitude).*cosd(Declination_tab).*cosd(H)' ...

66 + sind(Latitude).*sind(Declination_tab);

67 Beta = asin(sinBeta_tab);

68
69 Tout_min_tab= [9, 8, 10, 13, 16, 20, 23, 23, 20, ...

70 17, 12, 9]; % Barcelona data

71 Tout_max_tab= [15, 15, 17, 20, 23, 27, 29, ...

72 29, 26, 23, 18, 15]; % Barcelona data

73 Rad_max_tab = [ 615.6311, 645.3447, 655.4160, ...

74 656.1268, 659.6520, 660.2711, 658.3445, 653.7843, 645.8083, ...

75 635.2982, 607.2597, 593.5552]; % Barcelona data (from simulation)

76
77 Tout_min = Tout_min_tab(n_month);

78 Tout_max = Tout_max_tab(n_month);

79 Rad_max = Rad_max_tab(n_month);

80 %%

81 %%%%%%%%%%%%% INPUT VECTORS %%%%%%%%%%%%%

82
83 %%%%% LOADS %%%%%

84 % Metabolic Load

85 Np = 1; % Number of passengers other than driver

86 Mp = 94.6; %% Metabolic rate [W/m2] (passengers)

87 Md = 144.5; %% Metabolic rate [W/m2] (driver)

88 Adu = 1.72; % DuBois area estimate [m2]

89 % Solar Load

90 A = A_tab(n_month);

91 B = B_tab(n_month);

92 C = C_tab(n_month);

93 sinB = sinBeta_tab(n_month);

94 tilt = Beta(n_month); % Sun declination angle [ ]

95 % Load GMD geometric data
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96 load('.\..\GeometricProfileData\GeometricData.mat')

97
98 dir_abs = sum(Surface.*Absorptivity.* abs(cos((Tilt+tilt)/180*pi)));

99 dir_trans = sum(Surface.*Transmissivity.* abs(cos((Tilt+tilt)/180*pi)));

100
101 dif_abs = Surface.*Absorptivity; % dif_abs = dif_abs(:)';

102 dif_trans = Surface.*Transmissivity; % dif_trans = dif_trans(:)';

103
104 ref_abs = dif_abs;

105 ref_trans = dif_trans;

106
107 % Ambient Load

108
109 % Ventilation Load

110 Pout = 10132500; % Pressure outside [Pa]

111 Pin = Pout − 10; % Pressure inside [Pa]

112 Ps = 2.065e3; % Water saturation pressure [Pa]

113 RHout = 0.3; % Relative Humidity outside [%]

114 RHin = 0.6; % Relative Humidity inside [%]

115
116 % Humidity ratio [H20[g] / Dry air[g]]

117 Xin = 0.62198 * RHin*Ps/(100*Pin−RHin*Ps);
118 % Humidity ratio [H20[g] / Dry air[g]]

119 Xout = 0.62198 * RHout*Ps/(100*Pout−RHout*Ps);
120
121 dm_vent = 0.01; % Airflow leakage [kg/s]

122
123 % IC

124 dIdir = 0;

125 if sinB >= 0,

126 dIdir = A/exp(B/sinB);

127 end

128 dQdir = dir_trans * dIdir;

129 dIdif = C.*dIdir.*(1+cosd(Tilt))./2;

130 dQdif = sum(dif_trans .* dIdif);

131 dIref = (dIdir+dIdif) * 0.2 .*(1−cosd(Tilt))/2;

132 dQref = sum(ref_trans.* dIref);

133
134 Qhvac_ini = −818.039;

135 hvac_ini = Qhvac_ini * 0.0078;

136 Qmet_ini = 0;(Np * Mp + Mp)*Adu;

137 met_ini = Qmet_ini * 0.0078;

138 Qrad_ini = 0;(dQdir+dQdif+dQref);

139 rad_ini = Qrad_ini * 0.0359;

140 Tout_ini = (Tout_min+(Tout_max−Tout_min)/Rad_max*Qrad_ini);
141 tout_ini = Tout_ini * 1;

142 Tcabin_ini = hvac_ini + met_ini + rad_ini + tout_ini

143
144 Qrad_body_ini = 0;Qrad_ini;
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145 rad_body_ini = Qrad_body_ini * 0.0062;

146 Tout_body_ini = Tout_ini;

147 tout_body_ini = Tout_body_ini * 0.2044;

148 body_ini = Tcabin_ini * 0.7956;

149 Tbody_ini = rad_body_ini + tout_body_ini + body_ini

150
151 %% HVAC LOAD

152
153 RecirculationFlap = 0;

154 % DUMMY

155 dummyAC = −1;
156 tc = 2 * 60;

157
158 % BLOWER

159 blade_angle = 75*pi/180;

160 blade_radius= 0.1;

161 Sblower = pi*blade_radius^2;

162 Vblower = 12;

163 Iblower = 22;

164
165 tau_blower = 30/5;

166 % HEATER

167 Sheater = 0.3142*0.184; % [m2]

168
169 Iheater = 32.5;

170 Vheater = 48;

171
172 R01 = 1.457;

173 m = 0.0064;

174 R02 = 0.3678*1e−3;
175 b = 0.0494;

176 Rmax = 31.399;

177 Tmin = −50;

178 Tcr = 120;

179 Tmax = 250;

180
181 SHI = 0.1; % [W/ C ]

182
183 D_heater = 92e−3;
184 rho_air = 1.14;

185 mu_air = 1.895e−5;
186 k_air = 25.72e−3;
187 Pr_air = 0.69;

188
189 tau_ptc = 10;

190 % COMPRESSOR

191 Sevaporator = Sheater *12;

192 D_evaporator = D_heater *2.5;

193 k_compressor = 5/100;
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194 %r_compressor = 4.85;

195 n_compressor = 1.3;

196 Vs = 1.8e−6 *1;

197 Tevaporator_out = 0;

198 Tevaporator_in = −15;

199 Cp_refrigerant = 0.7*1e3;

200 Tcondenser_in = 120;

201
202 r_compressor = ((Tcondenser_in+273)/...

203 (Tevaporator_out+273))^(n_compressor/(n_compressor−1));
204
205 VolumetricEfficiency = 1 + k_compressor ...

206 − k_compressor*r_compressor^(1/n_compressor);

207 V1 = VolumetricEfficiency * Vs;

208
209 COPmax = (Tevaporator_out+273)/(Tcondenser_in−Tevaporator_out);
210
211 tau_compressor = 60/5;

212 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

213
214 %%

215 %%%%%%%%%%%%%% PMV estimate %%%%%%%%%%%%%

216 MoverA = 58; % [W/m2] Light Traffic

217 h = 0;

218 pa = 2.5e3; % [Pa] @20 C

219 pa = pa / 133; % [mmHg]

220
221 ncl = 4; % Slacks, Short

222 fcl = [1, 1, 1.05, 1.1, 1.1, 1.15, 1.15]; % [−]
223 Icl = [0, 0.1, 0.35, 0.5, 0.6, 1, 1.5]; % [clo]

224 as = [0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.75]; % [−]
225
226 fcl = fcl(ncl); Icl = Icl(ncl); as = as(ncl);

227
228 %%%%%%%%%%%%%% Tcl estimate %%%%%%%%%%%%%

229
230 N = 100; % Number of iterations

231 Tcl_ini = 37;

232
233 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

234
235 %% CONTROLLER

236 MODE = { Automatic Climate Control,

237 Heating Control,

238 Cooling Control };

239 mode = 1;

240 CONTROL_VARIABLE = { Temperature-based,

241 PMV-based };

242 control_variable = 1;
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243 Thyst = 1.5;

244 PMVhyst = 1;

245
246 Tcomfort = 25;

247 PMVcomfort = 0;

248 %%%%%%%%%%%%%%%%%% PID %%%%%%%%%%%%%%%%%%

249
250 Pcompressor = 5.8738;

251 Icompressor = 0.06247;

252 Dcompressor = 0.21915;

253 N = 1000;

254
255 Pblower = 284.77;

256 Iblower = 48.969;

257 Dblower = 19.275;

258 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

259
260 %%

261 %%%%%%%%%%%%%%% RUN MODEL %%%%%%%%%%%%%%%

262
263 mod = 'HVAC_SimulinkModel.slx';

264 out = sim(mod);

265 disp('Simulation finished')

266 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

267
268 %%

269 %%%%%%%%%%%%%%%%% PLOTS %%%%%%%%%%%%%%%%%

270 clc;

271
272 fs = 16;

273
274 total_min = floor(Tend/60);

275 min_tick = 10;

276 n_delta = floor(max(max(60*min_tick/ts), length(out.TIME)/20));

277 n_ticks = 1:n_delta:length(out.TIME);

278
279 % LOADS

280 time = out.TIME;

281 time = time(n_ticks);

282 time_str = datestr(InitialTime+seconds(out.TIME),'HH:MM');

283 time_str = time_str(n_ticks, :);

284
285 % Window length for moving avg [min * sec/min / (sec/samples)]

286 k_temp = (5*60)/ts;

287 k_heat = (5*60)/ts;

288
289 Mcabin = movmean(out.CABIN_TEMPERATURE,k_temp);

290 Mout = movmean(out.OUTSIDE_TEMPERATURE,k_temp);

291 Msurf = movmean(out.SURFACE_TEMPERATURE, k_temp);
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292
293 Mac_load = movmean(out.AC_LOAD, k_heat);

294 Mthermal_load = movmean(out.dQ_TOTAL,k_heat);

295 Mmetabolic = movmean(out.METABOLIC_LOAD,k_heat);

296 Mrad = movmean(out.RADIANT_LOAD, k_heat);

297 Mamb = movmean(out.AMBIENT_LOAD, k_heat);

298 Meng_exh = movmean(out.ENG_EXH_LOAD, k_heat);

299 Mvent = movmean(out.VENTILATION_LOAD, k_heat);

300 Mbody = movmean(out.BODY_LOAD, k_heat);

301
302 Mrad_s = movmean(out.RADIANT_LOAD_S, k_heat);

303 Mamb_s = movmean(out.AMBIENT_LOAD_S, k_heat);

304 Mbody_s = movmean(out.BODY_LOAD_S, k_heat);

305 Mthermal_load_s = movmean(out.THERMAL_LOADS_S,k_heat);

306
307 if plot_heat,

308 figure('units', 'normalized','outerposition', ...

309 [0 0 1 1], 'defaultaxesfontsize', 18)

310 subplot(2,2,1)

311 plot(out.TIME, out.METABOLIC_LOAD, out.TIME,...

312 out.RADIANT_LOAD, out.TIME, out.AMBIENT_LOAD, out.TIME,...

313 out.ENG_EXH_LOAD, out.TIME, out.VENTILATION_LOAD, out.TIME, ...

314 out.BODY_LOAD, out.TIME, out.AC_LOAD); grid on;

315 legend('Metabolic Load', 'Radiant Load', 'Ambient Load', ...

316 'Engine/Exhaust Load', 'Ventilation Load', 'Body Load', 'AC Load')

317 ylabel('Thermal Load [W]');

318 xlim([out.TIME(1) out.TIME(end)]);

319 set(gca, 'xtick', time);

320 set(gca,'XTickLabel',[])

321 set(gca, 'fontsize', fs)

322
323 title('Cabin Thermal Loads');

324
325 subplot(2,2,3)

326 plot(out.TIME, out.THERMAL_LOADS); grid on;

327 legend('Total Cabin Thermal Load')

328 xlabel('Time [s]'); ylabel('Thermal Load [W]');

329 xlim([out.TIME(1) out.TIME(end)]);

330 time = get(gca,'xtick');

331 [~,idx] = min(abs(time−out.TIME));
332 set(gca, 'xticklabel', ...

333 datestr(InitialTime+seconds(out.TIME(idx)),'HH:MM'))

334 set(gca, 'fontsize', fs)

335 xtickangle(45);

336
337 title('Total Cabin Thermal Loads');

338
339 subplot(2,2,2)

340 plot(out.TIME, out.RADIANT_LOAD_S, out.TIME, out.AMBIENT_LOAD_S,...
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341 out.TIME, out.BODY_LOAD_S); grid on;

342 legend('Radiant Load', 'Ambient Load', 'Body Load')

343 xlim([out.TIME(1) out.TIME(end)]);

344 ylabel('Thermal Load [W]');

345 set(gca, 'xtick', time);

346 set(gca,'XTickLabel',[])

347 set(gca, 'fontsize', fs)

348
349 title('Surface Thermal Loads');

350
351 subplot(2,2,4)

352 plot(out.TIME, out.THERMAL_LOADS_S); grid on;

353 legend('Total Surface Thermal Load')

354 xlabel('Time [s]'); ylabel('Thermal Load [W]');

355 xlim([out.TIME(1) out.TIME(end)]);

356 time = get(gca,'xtick');

357 [~,idx] = min(abs(time−out.TIME));
358 set(gca, 'xticklabel', ...

359 datestr(InitialTime+seconds(out.TIME(idx)),'HH:MM'))

360 set(gca, 'fontsize', fs)

361 xtickangle(45);

362
363 title('Total Surface Thermal Loads');

364
365 end

366 % TEMPERATURES

367 if plot_temps,

368 figure('units', 'normalized','outerposition',...

369 [0 0 1 1], 'defaultaxesfontsize', 18)

370 plot(out.TIME, out.CABIN_TEMPERATURE); hold on; grid on;

371 plot(out.TIME, out.Tref,'−−k');
372 plot(out.TIME, out.OUTSIDE_TEMPERATURE);

373 plot(out.TIME, out.SURFACE_TEMPERATURE);

374
375 legend('Cabin Temperature', 'Reference Temperature', ...

376 'Outside Temperature', 'Surface Temperature');

377 xlabel('Time [s]'); ylabel('Temperature [ C ]');

378 xlim([out.TIME(1) out.TIME(end)])

379 ylim([min(min(out.CABIN_TEMPERATURE(:),0)),...

380 max(max(out.CABIN_TEMPERATURE(:),60))])

381 time = get(gca,'xtick');

382 [~,idx] = min(abs(time−out.TIME));
383 set(gca, 'xticklabel', ...

384 datestr(InitialTime+seconds(out.TIME(idx)),'HH:MM'))

385 set(gca, 'fontsize', fs)

386 xtickangle(45);

387
388 set(gca, 'ytick', ...

389 min(min(out.CABIN_TEMPERATURE(:),0)):5:...
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390 max(max(out.CABIN_TEMPERATURE(:),60)));

391
392 title('Temperatures over time');

393 end

394 % TEMPERATURE && HEAT

395 if plot_both,

396 figure('units', 'normalized','outerposition', ...

397 [0 0 1 1], 'defaultaxesfontsize', 18)

398 yyaxis left

399 plot(out.TIME, out.METABOLIC_LOAD, '−−b', 'linewidth', 2);

400 set(gca, 'xtick', time);

401 set(gca, 'xticklabel', time_str);

402 set(gca, 'fontsize', fs)

403 xtickangle(45);

404 xlabel('Time');

405 ylabel('Total thermal load inside the cabin [W]');

406 set(gca,'ycolor','b')

407 xlim([out.TIME(1) out.TIME(end)])

408
409 yyaxis right

410 plot(out.TIME, Mcabin, '−−r', 'linewidth', 2);

411 ylabel('Cabin temperature [ C ]')

412 set(gca, 'ytick', ...

413 min(min(out.CABIN_TEMPERATURE(:),0)):5:...

414 max(max(out.CABIN_TEMPERATURE(:),60)));

415 set(gca,'ycolor','r')

416 set(gca, 'fontsize', fs)

417 grid on

418 end

419
420 % AC Load

421 if plot_ACload,

422 figure('units', 'normalized','outerposition', ...

423 [0 0 1 1], 'defaultaxesfontsize', 18)

424 plot(out.TIME, out.AC_LOAD);

425 grid on;

426 time = get(gca,'xtick');

427 [~,idx] = min(abs(time−out.TIME));
428 set(gca, 'xticklabel', ...

429 datestr(InitialTime+seconds(out.TIME(idx)),'HH:MM'))

430 set(gca, 'fontsize', fs)

431 xtickangle(45);

432 xlabel('Time');

433 ylabel('Thermal Load [W]');

434 xlim([out.TIME(1) out.TIME(end)])

435 title('AC Load')

436 end

437
438 % PMV && PPD estimate

APPENDIX B. MATLAB SCRIPTS



Vehicle HVAC system modeling and controlling pg. 107

439 if plot_PMV,

440 figure('units', 'normalized','outerposition', ...

441 [0 0 1 1], 'defaultaxesfontsize', 18)

442 subplot(2,1,1)

443 plot(out.TIME, out.PMV, out.TIME, out.PMV);

444 grid on;

445 set(gca, 'xtick', time);

446 set(gca, 'xticklabel', []);

447 set(gca, 'ytick', [−4:1:−2, −1:0.5:1, 2:1:4]);

448 set(gca, 'fontsize', fs)

449 xtickangle(45);

450 ylabel('Predicted Mean Vote');

451 xlim([out.TIME(1) out.TIME(end)])

452 ylim([−4 4])

453 title('PMV estimate')

454
455 subplot(2,1,2)

456 plot(out.TIME, out.PPD);

457 grid on;

458 time = get(gca,'xtick');

459 [~,idx] = min(abs(time−out.TIME));
460 set(gca, 'xtick', datestr(InitialTime+seconds(out.TIME(idx))))

461 set(gca, 'fontsize', fs)

462 xtickangle(45);

463 set(gca, 'ytick', [0:5:20, 30:10:100]);

464 set(gca, 'fontsize', fs)

465 xlabel('Time');

466 ylabel('Predicted Percentage of Dissatisfied [%]');

467 xlim([out.TIME(1) out.TIME(end)])

468 ylim([0 100])

469 title('PPD estimate')

470 end

471
472 % HVAC Power Concumption

473
474 Phvac = out.Pcompressor + out.Pblower + out.Pheater.*(out.Pheater<500);

475
476 P_kwh = trapz(out.TIME(~isinf(Phvac)),Phvac(~isinf(Phvac)))/3600/1000;

477 disp(['Energy consumed by the HVAC: ', num2str(P_kwh,3),' kWh'])

478 if plot_consumption,

479 figure('units', 'normalized', 'position', [0 0 1 1])

480 plot(out.TIME, Phvac/1e3, out.TIME, out.Pblower/1e3, out.TIME,...

481 out.Pcompressor/1e3, out.TIME, out.Pheater.*(out.Pheater<500)/1e3);

482 grid on;

483 legend('Total HVAC consumption', 'Blower consumption',...

484 'Compressor consumption', 'Heater consumption')

485 time = get(gca,'xtick');

486 [~,idx] = min(abs(time−out.TIME));
487 set(gca, 'xticklabel', datestr(InitialTime+seconds(out.TIME(idx)),...
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488 'HH:MM'))

489 set(gca, 'fontsize', fs)

490 xtickangle(45);

491 xlabel('Time');

492 ylabel('Power Consumption [kW]');

493 xlim([out.TIME(1) out.TIME(end)])

494 title(['HVAC Power Consumption (', num2str(P_kwh,4),' kWh)'])

495
496 end

497 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

498
499 disp('END OF SCRIPT')
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B.2 Simplified system script
Listing B.2: Simplified model Matlab script

1 %%% HVAC MODEL SIMPLIFICATION SCRIPT

2 clear all; close all; clc;

3 file = 'HVAC_LinearController.slx';

4
5 plot_temps = 0;

6 plot_bode = 0;

7 plot_power = 1;

8
9 Tend = 3 * 60 * 60; % [s]

10 ts = 1;

11
12 %% Loads setting

13 % Metabolic Load

14 Np = 1; % Passengers other than driver

15 Mp = 94.6; % [W/m2]

16 Md = 144.5; % [W/m2]

17 Adu = 1.72; % [m2]

18
19 % Radiant Load

20 % Time data is referred to 21st of each month in 1964

21 Months = {'Jan', 'Feb', 'Mar', 'Apr', 'May', 'June', ..

22 'July', 'Aug', 'Sep', 'Oct', 'Nov', 'Dec'}; % Month

23 month = 'Feb'; %%%% SELECT THE MONTH

24 n_month = find(contains(Months, month));

25
26 hour = 21;

27
28 InitialTime = datetime(1964, n_month, 21, hour , 0, 0);

29 LST0 = InitialTime.Hour+InitialTime.Minute/60+ ...

30 InitialTime.Second/3600;

31
32 % Location Data: BARCELONA

33 Latitude = 41.3879;

34 Longitude = 2.16992;

35 UTC = 1;

36 % Spain is UTC+2h from April to October (correction needed)

37 if and(n_month >= 4, n_month <= 10), UTC = 0; end

38 LSTM = 15*UTC;

39
40 EoT_tab = [−11.2, −13.9, −7.5, 1.1, 3.3, −1.4, −6.2, −2.4,...

41 7.5, 15.4, 13.8, 1.6]; % Equation of Time [min]

42 Declination_tab= [−20, −10.8, 0, 11.6, 20, 23.45, 20.6, 12.3, ...

43 0, −10.5, −19.8, −23.45]; % Declination [ ]

44 A_tab = [1230, 1215, 1186, 1136, 1104, 1088, 1085, 1107, ...

45 1151, 1192, 1221, 1233]; % A [W/m2]

46 B_tab = [0.142, 0.144, 0.156, 0.18, 0.196, 0.205, 0.207,...
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47 0.201, 0.177, 0.16, 0.149, 0.142]; % B [/]

48 C_tab = [0.058, 0.06, 0.071, 0.097, 0.121, 0.134, 0.136, ...

49 0.122, 0.092, 0.073, 0.063, 0.057]; % C [/]

50
51 AST = LST0 + EoT_tab(n_month)/60 + (LSTM−Longitude)/15;
52 H = 15*(AST−12);
53 sinBeta_tab = cosd(Latitude).*cosd(Declination_tab).*cosd(H)' +...

54 sind(Latitude).*sind(Declination_tab);

55 Beta = asin(sinBeta_tab);

56
57 Tout_min_tab= [9, 8, 10, 13, 16, 20, 23, 23, 20, 17, ...

58 12, 9]; % Barcelona data

59 Tout_max_tab= [15, 15, 17, 20, 23, 27, 29, 29, 26, 23, ...

60 18, 15]; % Barcelona data

61 Rad_max_tab = [ 615.6311, 645.3447, 655.4160, 656.1268, ...

62 659.6520, 660.2711, 658.3445, 653.7843, 645.8083, ...

63 635.2982, 607.2597, 593.5552];% Barcelona data (from simulation)

64
65 Tout_min = Tout_min_tab(n_month);

66 Tout_max = Tout_max_tab(n_month);

67 Rad_max = Rad_max_tab(n_month);

68
69 A = A_tab(n_month);

70 B = B_tab(n_month);

71 C = C_tab(n_month);

72 sinB = sinBeta_tab(n_month);

73 tilt = Beta(n_month); %% Sun declination angle [ ]

74 % Load GMD geometric data

75 load('.\..\GeometricProfileData\GeometricData.mat')

76
77 dir_abs = sum(Surface.*Absorptivity.* ...

78 abs(cos((Tilt+tilt)/180*pi)));

79 dir_trans = sum(Surface.*Transmissivity.* ...

80 abs(cos((Tilt+tilt)/180*pi)));

81
82 dif_abs = Surface.*Absorptivity; % dif_abs = dif_abs(:)';

83 dif_trans = Surface.*Transmissivity; % dif_trans = dif_trans(:)';

84
85 ref_abs = dif_abs;

86 ref_trans = dif_trans;

87
88 % HVAC Load

89
90 RecirculationFlap = 1;

91 % DUMMY

92 dummyAC = 0;

93 tc = 10 * 60;

94
95

APPENDIX B. MATLAB SCRIPTS



Vehicle HVAC system modeling and controlling pg. 111

96 % HEATER

97 Sheater = 0.3142*0.184; % [m2]

98
99 Iheater = 32.5;

100 Vheater = 48;

101
102 R01 = 1.457;

103 m = 0.0064;

104 R02 = 0.3678*1e−3;
105 b = 0.0494;

106 Rmax = 31.399;

107 Tmin = −50;

108 Tcr = 120;

109 Tmax = 250;

110
111 SHI = 0.1; % [W/ C ]

112
113 D_heater = 92e−3;
114 rho_air = 1.14;

115 mu_air = 1.895e−5;
116 k_air = 25.72e−3;
117 Pr_air = 0.69;

118
119 tau_ptc = 5;

120
121
122 %% PMV Estimate

123 MoverA = 58; % [W/m2] Light Traffic

124 h = 0;

125 pa = 2.5e3; % [Pa] @20 C

126 pa = pa / 133; % [mmHg]

127
128 ncl = 4; % Slacks, Short

129 fcl = [1, 1, 1.05, 1.1, 1.1, 1.15, 1.15]; % [−]
130 Icl = [0, 0.1, 0.35, 0.5, 0.6, 1, 1.5]; % [clo]

131 as = [0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.75]; % [−]
132
133 fcl = fcl(ncl); Icl = Icl(ncl); as = as(ncl);

134
135 %%%%%%%%%%%%%% Tcl estimate %%%%%%%%%%%%%

136
137 N = 100; % Number of iterations

138 Tcl_ini = 37;

139
140 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

141 %% Transfer Functions

142 %{

143
144 Tc(s) = Ghvac * Qhvac + Gmet * Qmet + Grad * Qrad + Gtout * Tout
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145 All TF are vehicle speed dependent

146 %}

147 maCa = 1953;

148 mbCb = 220956;

149
150 krad = 4.5;

151
152 Vveh = 50; % [km/h]

153 kamb = exp(4.3986)*(Vveh/3.6)^0.2273;

154
155 % CABIN MODEL

156 Ghvac_numerator = 1/maCa * [1, (2*kamb+428)/mbCb];

157 Ghvac_denominator = [1, ((2*kamb+428)/mbCb+(kamb+438)/maCa),...

158 (kamb^2+448*kamb+4280)/maCa/mbCb];

159 Ghvac = tf(Ghvac_numerator, Ghvac_denominator)

160
161 Gmet_numerator = Ghvac_numerator;

162 Gmet_denominator = Ghvac_denominator;

163 Gmet = tf(Gmet_numerator, Gmet_denominator)

164
165 Grad_numerator = 1/maCa * [1, (kamb*(2+krad)+428*(1+krad))/mbCb];

166 Grad_denominator = Ghvac_denominator;

167 Grad = tf(Grad_numerator, Grad_denominator)

168
169 Gtout_numerator = 10/maCa * [1, (0.1*kamb^2+44.8*kamb+428)/mbCb];

170 Gtout_denominator = Ghvac_denominator;

171 Gtout = tf(Gtout_numerator, Gtout_denominator)

172
173 %BODY MODEL

174 Grad_body_numerator = [krad];

175 Grad_body_denominator= [mbCb, 2*kamb+428];

176 Grad_body = tf(Grad_body_numerator, Grad_body_denominator)

177
178 Gtout_body_numerator= [kamb];

179 Gtout_body_denominator= Grad_body_denominator;

180 Gtout_body = tf(Gtout_body_numerator, Gtout_body_denominator)

181
182 Gbody_numerator = [kamb+428];

183 Gbody_denominator = Grad_body_denominator;

184 Gbody = tf(Gbody_numerator, Gbody_denominator)

185
186
187
188
189 % IC

190 dIdir = 0;

191 if sinB >= 0,

192 dIdir = A/exp(B/sinB);

193 end
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194 dQdir = dir_trans * dIdir;

195 dIdif = C.*dIdir.*(1+cosd(Tilt))./2;

196 dQdif = sum(dif_trans .* dIdif);

197 dIref = (dIdir+dIdif) * 0.2 .*(1−cosd(Tilt))/2;

198 dQref = sum(ref_trans.* dIref);

199
200 Qhvac_ini = −818.039;

201 hvac_ini = Qhvac_ini * Ghvac_numerator(end)/...

202 Ghvac_denominator(end);

203 Qmet_ini = (Np * Mp + Mp)*Adu;

204 met_ini = Qmet_ini * Gmet_numerator(end) /...

205 Gmet_denominator(end);

206 Qrad_ini = (dQdir+dQdif+dQref);

207 rad_ini = Qrad_ini * Grad_numerator(end) / ...

208 Grad_denominator(end);

209 Tout_ini = (Tout_min+(Tout_max−Tout_min)/Rad_max*Qrad_ini);
210 tout_ini = Tout_ini * Gtout_numerator(end)/...

211 Gtout_denominator(end);

212 Tcabin_ini = hvac_ini + met_ini + rad_ini + tout_ini

213
214 Qrad_body_ini = Qrad_ini;

215 rad_body_ini = Qrad_body_ini * Grad_body_numerator(end) /...

216 Grad_body_denominator(end);

217 Tout_body_ini = Tout_ini;

218 tout_body_ini = Tout_body_ini * Gtout_body_numerator(end)/...

219 Gtout_body_denominator(end);

220 body_ini = Tcabin_ini * Gbody_numerator(end) /...

221 Gbody_denominator(end);

222 Tbody_ini = rad_body_ini + tout_body_ini + body_ini

223
224 %% CONTROL

225 Tcomfort = 21;

226 Thyst = 1;

227
228 PMVconfort = 0;

229 PMVhyst = 0.5;

230
231 MODE = { Automatic Climate Control,

232 Heating Control,

233 Cooling Control };

234 mode = 3;

235 CONTROL_VARIABLE = { Temperature-based,

236 PMV-based };

237 control_variable = 1 ;

238
239
240 %% Simulation

241 out = sim(file);

242
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243 %% PLOTS

244 fs = 18;

245
246 total_min = floor(Tend/60);

247 min_tick = 10;

248 n_delta = floor(max(max(60*min_tick/ts), length(out.time)/20));

249 n_ticks = 1:n_delta:length(out.time);

250
251 % LOADS

252 time = out.time;

253 time = time(n_ticks);

254 time_str = datestr(InitialTime+seconds(out.time),'HH:MM');

255 time_str = time_str(n_ticks, :);

256
257 k_temp = (5*60)/ts;

258 k_heat = (5*60)/ts;

259
260 Mcabin = movmean(out.Tcabin,k_temp);

261 Mout = movmean(out.Tout,k_temp);

262 Msurf = movmean(out.Tbody, k_temp);

263
264 % TEMPERATURES

265 if plot_temps,

266 figure('units', 'normalized','outerposition', [0 0 1 1], ...

267 'defaultaxesfontsize', 18)

268 plot(out.time, out.Tcabin, ...

269 out.time, Mcabin, '−−k'); hold on; grid on;

270 plot(out.time, out.Tout, ...

271 out.time, Mout,'−−k');
272 plot(out.time, out.Tbody, ...

273 out.time, Msurf, '−−k');
274
275 legend('Cabin Temperature', 'Cabin Temperature (mean)', ...

276 'Outside Temperature', 'Outside Temperature (mean)', ...

277 'Surface Temperature', 'Surface Temperature (mean)');

278 xlabel('Time [s]'); ylabel('Temperature [ C ]');

279 xlim([out.time(1) out.time(end)])

280 ylim([min(min(out.Tcabin(:),0)), max(max(out.Tcabin(:),60))])

281
282 tcks = get(gca,'xtick');

283 [~,idx] = min(abs(out.time−tcks));
284 set(gca, 'xticklabel', ...

285 datestr(InitialTime+seconds(out.time(idx)), 'HH:MM'));

286 set(gca, 'fontsize', fs)

287
288 xtickangle(45);

289
290 set(gca, 'ytick', ...

291 min(min(out.Tcabin(:),0)):5:max(max(out.Tcabin(:),60)));
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292
293 title('Temperatures over time');

294 end

295
296 if plot_power,

297 Phvac = out.Pblower + out.Pcompressor + out.Pheater.*(out.Pheater<500);

298 figure('units', 'normalized','outerposition',...

299 [0 0 1 1], 'defaultaxesfontsize', 18)

300 plot(out.time, out.Pblower/1e3, out.time, ...

301 out.Pcompressor/1e3, out.time, out.Pheater.*(out.Pheater<500)/1e3,...

302 out.time, (Phvac)/1e3)

303 legend({'$P_{blower}$ [kW]', '$P_{compressor}$ [kW]',...

304 '$P_{PTCs}$ [kW]','$P_{HVAC}$ [kW]'}, 'interpreter','latex')

305
306 P_kwh = trapz(out.time(~isinf(Phvac)),Phvac(~isinf(Phvac)))/3600/1000;

307 disp(['Energy consumed by the HVAC: ', num2str(P_kwh,3),' kWh'])

308 title(['HVAC Power Consumption (', num2str(P_kwh,4),' kWh)'])

309
310 xtickangle(45);

311 xlabel('Time');

312 ylabel('Power Consumption [kW]');

313 xlim([out.time(1) out.time(end)])

314
315 tcks = get(gca,'xtick');

316 [~,idx] = min(abs(out.time−tcks));
317 set(gca, 'xticklabel', ...

318 datestr(InitialTime+seconds(out.time(idx)), 'HH:MM'));

319 set(gca, 'fontsize', fs)

320
321 xtickangle(45);

322
323 grid on;

324
325 end

326
327 % BODE

328 if plot_bode,

329 fs = 18;

330 figure('units', 'normalized','outerposition', [0 0 1 1], ...

331 'defaultaxesfontsize', fs)

332 [hvacGM, hvacPM, ~, hvacCrossover] = margin(Ghvac)

333 margin(Ghvac)

334
335 % Set data line width and color

336 set(findall(gcf,'Type','line'),'LineWidth',2,'Color','blue')

337 % Set axes tick label font size, color, and line width

338 set(findall(gcf,'Type','axes'),'FontSize',fs)

339 grid(findall(gcf,'Type','axes'), 'on')

340
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341 setoptions(gcr, 'FreqUnits','Hz')

342
343 % Set title, axes labels, and legend font size

344 titles = findall(gcf, '−property', 'Title');

345 tl = get(titles(1).Title, 'String')

346 tl{1} = '$\frac{T_{cabin}(s)}{\dot{Q}_{HVAC}(s)}$ Bode Diagram';

347 set(titles(1).Title,'String',tl, 'Interpreter', 'latex')

348 set(findall(gcf,'−property','FontSize'),'FontSize',fs)
349
350 hvacPoles = pole(Ghvac)

351 hvacZeros = zero(Ghvac)

352
353
354 end
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C.1 SW interface

Analog and digital software testbench in a loop-back configuration:

CAN interface:
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LIN interface:
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C.2 HW interface
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Block HW00

SVN rev. Not in version control

A4

1
2
3
4
5
6
7
8
9

0

10

J100MN

D_ECU_1
D_ECU_2
D_ECU_3
D_ECU_4
D_ECU_5
D_ECU_6
D_ECU_7
D_ECU_8

KL30_P&F

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

0 J101MN

A_ECU_1
A_ECU_2
A_ECU_3
A_ECU_4
A_ECU_5
A_ECU_6
A_ECU_7
A_ECU_8
A_ECU_9
A_ECU_10
A_ECU_11
A_ECU_12
A_ECU_13
A_ECU_14
A_ECU_15
A_ECU_16

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

0 J102MN

A_ECU_17
A_ECU_18
A_ECU_19
A_ECU_20
A_ECU_21
A_ECU_22
A_ECU_23
A_ECU_24
A_ECU_25
A_ECU_26
A_ECU_27
A_ECU_28
A_ECU_29
A_ECU_30
A_ECU_31
A_ECU_32

From ECU analog ports (unidirectional)

To ECU analog ports (bidirectional)

From ECU Digital ports and PS

D_ECU_1
D_ECU_2
D_ECU_3
D_ECU_4
D_ECU_5
D_ECU_6
D_ECU_7
D_ECU_8

Digital signals

VDD_HIL
ECU_GND

D_ECU

A_ECU_1
A_ECU_2
A_ECU_3
A_ECU_4
A_ECU_5
A_ECU_6
A_ECU_7
A_ECU_8
A_ECU_9
A_ECU_10
A_ECU_11
A_ECU_12
A_ECU_13
A_ECU_14
A_ECU_15
A_ECU_16

Analog Signals (Bidirectional)

A_ECU_BIDIR

A_ECU_17
A_ECU_18
A_ECU_19
A_ECU_20
A_ECU_21
A_ECU_22
A_ECU_23
A_ECU_24
A_ECU_25
A_ECU_26
A_ECU_27
A_ECU_28
A_ECU_29
A_ECU_30
A_ECU_31
A_ECU_32

Analog Signals (Unidirectional)

A_ECU_UNI

PIJ100MN00

PIJ100MN01

PIJ100MN02

PIJ100MN03

PIJ100MN04

PIJ100MN05

PIJ100MN06

PIJ100MN07

PIJ100MN08

PIJ100MN09

PIJ100MN010

COJ100MN

PIJ101MN00

PIJ101MN01

PIJ101MN02

PIJ101MN03

PIJ101MN04

PIJ101MN05

PIJ101MN06

PIJ101MN07

PIJ101MN08

PIJ101MN09

PIJ101MN010

PIJ101MN011

PIJ101MN012

PIJ101MN013

PIJ101MN014

PIJ101MN015

PIJ101MN016

COJ101MN

PIJ102MN00

PIJ102MN01

PIJ102MN02

PIJ102MN03

PIJ102MN04

PIJ102MN05

PIJ102MN06

PIJ102MN07

PIJ102MN08

PIJ102MN09

PIJ102MN010

PIJ102MN011

PIJ102MN012

PIJ102MN013

PIJ102MN014

PIJ102MN015

PIJ102MN016

COJ102MN

PIJ101MN01
NLA0ECU01

POA0ECU0BIDIR

PIJ101MN02
NLA0ECU02

POA0ECU0BIDIR

PIJ101MN03
NLA0ECU03

POA0ECU0BIDIR

PIJ101MN04
NLA0ECU04

POA0ECU0BIDIR

PIJ101MN05
NLA0ECU05

POA0ECU0BIDIR

PIJ101MN06
NLA0ECU06

POA0ECU0BIDIR

PIJ101MN07
NLA0ECU07

POA0ECU0BIDIR
PIJ101MN08

NLA0ECU08
POA0ECU0BIDIR

PIJ101MN09
NLA0ECU09 POA0ECU0BIDIR

PIJ101MN010
NLA0ECU010

POA0ECU0BIDIR

PIJ101MN011
NLA0ECU011

POA0ECU0BIDIR

PIJ101MN012
NLA0ECU012

POA0ECU0BIDIR

PIJ101MN013
NLA0ECU013

POA0ECU0BIDIR

PIJ101MN014
NLA0ECU014

POA0ECU0BIDIR

PIJ101MN015
NLA0ECU015

POA0ECU0BIDIR

PIJ101MN016
NLA0ECU016

POA0ECU0BIDIR

PIJ102MN01
NLA0ECU017

POA0ECU0UNI

PIJ102MN02
NLA0ECU018

POA0ECU0UNI

PIJ102MN03
NLA0ECU019

POA0ECU0UNI

PIJ102MN04
NLA0ECU020

POA0ECU0UNI

PIJ102MN05
NLA0ECU021

POA0ECU0UNI

PIJ102MN06
NLA0ECU022

POA0ECU0UNI

PIJ102MN07
NLA0ECU023

POA0ECU0UNI
PIJ102MN08

NLA0ECU024
POA0ECU0UNI

PIJ102MN09
NLA0ECU025 POA0ECU0UNI

PIJ102MN010
NLA0ECU026

POA0ECU0UNI

PIJ102MN011
NLA0ECU027

POA0ECU0UNI

PIJ102MN012
NLA0ECU028

POA0ECU0UNI

PIJ102MN013
NLA0ECU029

POA0ECU0UNI

PIJ102MN014
NLA0ECU030

POA0ECU0UNI

PIJ102MN015
NLA0ECU031

POA0ECU0UNI

PIJ102MN016
NLA0ECU032

POA0ECU0UNI

PIJ100MN03
NLD0ECU01

POD0ECU

PIJ100MN04
NLD0ECU02

POD0ECU

PIJ100MN05
NLD0ECU03

POD0ECU
PIJ100MN06

NLD0ECU04
POD0ECU

PIJ100MN07
NLD0ECU05 POD0ECU

PIJ100MN08
NLD0ECU06

POD0ECU

PIJ100MN09
NLD0ECU07

POD0ECU

PIJ100MN010
NLD0ECU08

POD0ECU

PIJ100MN01
NLKL300P&F

POVDD0HIL

PIJ100MN00

PIJ100MN02 POECU0GND

PIJ101MN00

PIJ102MN00POA0ECU0BIDIRPOA0ECU0BIDIR0A0ECU01POA0ECU0BIDIR0A0ECU02POA0ECU0BIDIR0A0ECU03POA0ECU0BIDIR0A0ECU04POA0ECU0BIDIR0A0ECU05POA0ECU0BIDIR0A0ECU06POA0ECU0BIDIR0A0ECU07POA0ECU0BIDIR0A0ECU08POA0ECU0BIDIR0A0ECU09POA0ECU0BIDIR0A0ECU010POA0ECU0BIDIR0A0ECU011POA0ECU0BIDIR0A0ECU012POA0ECU0BIDIR0A0ECU013POA0ECU0BIDIR0A0ECU014POA0ECU0BIDIR0A0ECU015POA0ECU0BIDIR0A0ECU016

POA0ECU0UNIPOA0ECU0UNI0A0ECU017POA0ECU0UNI0A0ECU018POA0ECU0UNI0A0ECU019POA0ECU0UNI0A0ECU020POA0ECU0UNI0A0ECU021POA0ECU0UNI0A0ECU022POA0ECU0UNI0A0ECU023POA0ECU0UNI0A0ECU024POA0ECU0UNI0A0ECU025POA0ECU0UNI0A0ECU026POA0ECU0UNI0A0ECU027POA0ECU0UNI0A0ECU028POA0ECU0UNI0A0ECU029POA0ECU0UNI0A0ECU030POA0ECU0UNI0A0ECU031POA0ECU0UNI0A0ECU032

POD0ECUPOD0ECU0D0ECU01POD0ECU0D0ECU02POD0ECU0D0ECU03POD0ECU0D0ECU04POD0ECU0D0ECU05POD0ECU0D0ECU06POD0ECU0D0ECU07POD0ECU0D0ECU08

POECU0GND
POVDD0HIL
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Block HW032a

SVN rev. Not in version control

A4

VDD_HIL VHIL

VOUTA1 VDD 8

VINA-2 VOUTB 7

VINA+3 VINB- 6

VSS4 VINB+ 5

U300UAIO

VHILADC_1

GND_ECU47
0

nF

C
30

4U
A

IO

1 K-ohm

R301UAIO

GND_ECU

ECU_1

VHIL

GND_ECU

100 nF

C305UAIO
iACAP U300UAIO

47
0

nF

C
30

6U
A

IO

1 K-ohm

R303UAIO

GND_ECU

ECU_2

ADC_2
TP301UAIO

TP300UAIO

TP302UAIO

TP303UAIO

1 K-ohm
R300UAIO 1 K-ohm

R302UAIO

ECU_1 ECU_1

ADC_1 ADC_1

iACAP CONNECTOR
10

0
nF

10
0

V

C
30

0U
A

IO

GND_ECU

10
0

nF
10

0
V

C
30

1U
A

IO

GND_ECU

iACAP CONNECTOR

A

K

COM

D302UAIO

VHIL

GND_ECU

A

K

COM

D300UAIO

VHIL

GND_ECU

ECU_2 ECU_2

ADC_2 ADC_2

iACAP CONNECTOR

10
0

nF
10

0
V

C
30

2U
A

IO

GND_ECU

10
0

nF
10

0
V

C
30

3U
A

IO

GND_ECU

iACAP CONNECTOR

A

K

COM

D303UAIO

VHIL

GND_ECU

A

K

COM

D301UAIO

VHIL

GND_ECU

PIC300UAIO01

PIC300UAIO02COC300UAIO

PIC301UAIO01

PIC301UAIO02COC301UAIO

PIC302UAIO01
PIC302UAIO02COC302UAIO

PIC303UAIO01
PIC303UAIO02COC303UAIO

PIC304UAIO01

PIC304UAIO02
COC304UAIO

PIC305UAIO01
PIC305UAIO02 COC305UAIO

PIC306UAIO01
PIC306UAIO02

COC306UAIO

PID300UAIO0A

PID300UAIO0COM

PID300UAIO0K

COD300UAIO

PID301UAIO0A

PID301UAIO0COM

PID301UAIO0K

COD301UAIO

PID302UAIO0A

PID302UAIO0COM

PID302UAIO0K

COD302UAIO

PID303UAIO0A

PID303UAIO0COM

PID303UAIO0K

COD303UAIO

PIR300UAIO01 PIR300UAIO02
COR300UAIO

PIR301UAIO01 PIR301UAIO02

COR301UAIO

PIR302UAIO01 PIR302UAIO02
COR302UAIO

PIR303UAIO01 PIR303UAIO02

COR303UAIO

PITP300UAIO01
COTP300UAIO

PITP301UAIO01
COTP301UAIO

PITP302UAIO01

COTP302UAIO

PITP303UAIO01
COTP303UAIO

PIU300UAIO01

PIU300UAIO02

PIU300UAIO03

PIU300UAIO04 PIU300UAIO05

PIU300UAIO06

PIU300UAIO07

PIU300UAIO08

COU300UAIO

PIC301UAIO01

PID302UAIO0COM

PIR300UAIO01
NLADC01

POADC01

PIC303UAIO01

PID303UAIO0COM

PIR302UAIO02
NLADC02

POADC02

PIC300UAIO01

PID300UAIO0COM

PIR301UAIO01PITP300UAIO01
NLECU01

POECU01

PIC302UAIO01

PIC306UAIO01
PID301UAIO0COM

PIR303UAIO02 PITP303UAIO01
NLECU02

POECU02

PIC300UAIO02

PIC301UAIO02

PIC302UAIO02

PIC303UAIO02

PIC304UAIO02

PIC305UAIO01

PIC306UAIO02

PID300UAIO0A

PID301UAIO0A

PID302UAIO0A

PID303UAIO0A

PIU300UAIO04PIC304UAIO01
PIR301UAIO02 PIU300UAIO03

PIR300UAIO02 PITP301UAIO01 PIU300UAIO01

PIU300UAIO02 PIR302UAIO01

PITP302UAIO01PIU300UAIO06

PIU300UAIO07

PIR303UAIO01PIU300UAIO05

PIC305UAIO02

PID300UAIO0K

PID301UAIO0K

PID302UAIO0K

PID303UAIO0K

PIU300UAIO08

NLVHILPOVDD0HIL

POADC01

POADC02

POECU01

POECU02

POVDD0HIL
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Block HW032

SVN rev. Not in version control

A4

VDD_HIL VHIL

VDD_HIL
ECU_1 ADC_1
ECU_2 ADC_2

U_HW032a - 2 Channel Conditioning
HW032a - 2 Channel Conditioning.SchDoc

VDD_HIL
A_ECU_17
A_ECU_18

ADC_HIL_17
ADC_HIL_18

VDD_HIL
ECU_1 ADC_1
ECU_2 ADC_2

U_HW032a - 2 Channel Conditioning
HW032a - 2 Channel Conditioning.SchDoc

VDD_HIL
A_ECU_19
A_ECU_20

ADC_HIL_19
ADC_HIL_20

VDD_HIL
ECU_1 ADC_1
ECU_2 ADC_2

U_HW032a - 2 Channel Conditioning
HW032a - 2 Channel Conditioning.SchDoc

VDD_HIL
A_ECU_21
A_ECU_22

ADC_HIL_21
ADC_HIL_22

VDD_HIL
ECU_1 ADC_1
ECU_2 ADC_2

U_HW032a - 2 Channel Conditioning
HW032a - 2 Channel Conditioning.SchDoc

VDD_HIL
A_ECU_23
A_ECU_24

ADC_HIL_23
ADC_HIL_24

VDD_HIL
ECU_1 ADC_1
ECU_2 ADC_2

U_HW032a - 2 Channel Conditioning
HW032a - 2 Channel Conditioning.SchDoc

VDD_HIL
A_ECU_25
A_ECU_26

ADC_HIL_25
ADC_HIL_26

VDD_HIL
ECU_1 ADC_1
ECU_2 ADC_2

U_HW032a - 2 Channel Conditioning
HW032a - 2 Channel Conditioning.SchDoc

VDD_HIL
A_ECU_27
A_ECU_28

ADC_HIL_27
ADC_HIL_28

VDD_HIL
ECU_1 ADC_1
ECU_2 ADC_2

U_HW032a - 2 Channel Conditioning
HW032a - 2 Channel Conditioning.SchDoc

VDD_HIL
A_ECU_29
A_ECU_30

ADC_HIL_29
ADC_HIL_30

VDD_HIL
ECU_1 ADC_1
ECU_2 ADC_2

U_HW032a - 2 Channel Conditioning
HW032a - 2 Channel Conditioning.SchDoc

VDD_HIL
A_ECU_31
A_ECU_32

ADC_HIL_31
ADC_HIL_32

A_ECU_17
A_ECU_18
A_ECU_19

A_ECU_21
A_ECU_22
A_ECU_23
A_ECU_24
A_ECU_25
A_ECU_26
A_ECU_27
A_ECU_28
A_ECU_29
A_ECU_30
A_ECU_31
A_ECU_32

A_ECU_20

A_ECU_17
A_ECU_18
A_ECU_19
A_ECU_20
A_ECU_21
A_ECU_22
A_ECU_23
A_ECU_24
A_ECU_25
A_ECU_26
A_ECU_27
A_ECU_28
A_ECU_29
A_ECU_30
A_ECU_31
A_ECU_32

Analog Signals (Bidirectional)

A_ECU_UNIDIR

ADC_HIL_17
ADC_HIL_18
ADC_HIL_19

ADC_HIL_21
ADC_HIL_22
ADC_HIL_23
ADC_HIL_24
ADC_HIL_25
ADC_HIL_26
ADC_HIL_27
ADC_HIL_28
ADC_HIL_29
ADC_HIL_30
ADC_HIL_31
ADC_HIL_32

ADC_HIL_20

ADC_HIL_17
ADC_HIL_18
ADC_HIL_19
ADC_HIL_20
ADC_HIL_21
ADC_HIL_22
ADC_HIL_23
ADC_HIL_24
ADC_HIL_25
ADC_HIL_26
ADC_HIL_27
ADC_HIL_28
ADC_HIL_29
ADC_HIL_30
ADC_HIL_31
ADC_HIL_32

Analog Signals (Bidirectional)

ADC_HIL

NLA0ECU017

POA0ECU0UNIDIR

NLA0ECU018

POA0ECU0UNIDIR

NLA0ECU019

POA0ECU0UNIDIR

NLA0ECU020

POA0ECU0UNIDIR

NLA0ECU021

POA0ECU0UNIDIR

NLA0ECU022

POA0ECU0UNIDIR

NLA0ECU023

POA0ECU0UNIDIR

NLA0ECU024

POA0ECU0UNIDIR

NLA0ECU025

POA0ECU0UNIDIR

NLA0ECU026

POA0ECU0UNIDIR

NLA0ECU027

POA0ECU0UNIDIR

NLA0ECU028

POA0ECU0UNIDIR

NLA0ECU029

POA0ECU0UNIDIR

NLA0ECU030

POA0ECU0UNIDIR

NLA0ECU031

POA0ECU0UNIDIR

NLA0ECU032

POA0ECU0UNIDIR

NLADC0HIL017

POADC0HIL

NLADC0HIL018

POADC0HIL

NLADC0HIL019

POADC0HIL

NLADC0HIL020

POADC0HIL

NLADC0HIL021

POADC0HIL

NLADC0HIL022

POADC0HIL

NLADC0HIL023

POADC0HIL
NLADC0HIL024

POADC0HILNLADC0HIL025 POADC0HIL
NLADC0HIL026

POADC0HIL

NLADC0HIL027

POADC0HIL

NLADC0HIL028

POADC0HIL

NLADC0HIL029

POADC0HIL

NLADC0HIL030

POADC0HIL

NLADC0HIL031

POADC0HIL

NLADC0HIL032

POADC0HIL

NLVDD0HIL

NLVHILPOVDD0HIL

POA0ECU0UNIDIRPOA0ECU0UNIDIR0A0ECU017POA0ECU0UNIDIR0A0ECU018POA0ECU0UNIDIR0A0ECU019POA0ECU0UNIDIR0A0ECU020POA0ECU0UNIDIR0A0ECU021POA0ECU0UNIDIR0A0ECU022POA0ECU0UNIDIR0A0ECU023POA0ECU0UNIDIR0A0ECU024POA0ECU0UNIDIR0A0ECU025POA0ECU0UNIDIR0A0ECU026POA0ECU0UNIDIR0A0ECU027POA0ECU0UNIDIR0A0ECU028POA0ECU0UNIDIR0A0ECU029POA0ECU0UNIDIR0A0ECU030POA0ECU0UNIDIR0A0ECU031POA0ECU0UNIDIR0A0ECU032

POADC0HILPOADC0HIL0ADC0HIL017POADC0HIL0ADC0HIL018POADC0HIL0ADC0HIL019POADC0HIL0ADC0HIL020POADC0HIL0ADC0HIL021POADC0HIL0ADC0HIL022POADC0HIL0ADC0HIL023POADC0HIL0ADC0HIL024POADC0HIL0ADC0HIL025POADC0HIL0ADC0HIL026POADC0HIL0ADC0HIL027POADC0HIL0ADC0HIL028POADC0HIL0ADC0HIL029POADC0HIL0ADC0HIL030POADC0HIL0ADC0HIL031POADC0HIL0ADC0HIL032

POVDD0HIL
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Block HW00

SVN rev. Not in version control

A4

KL30_P&FKL_30

16V

A
K

DZ100TRP

10K-ohm
R100TRP

KL_31

TP101TRP

TP100TRP

i
Imax 20 mARMS

TP103TRP

TP102TRP

i
Imax 20 mARMS

1 2

SHORT_GND100TRP

40V
40A

D

G

S

Q100TRP
i

16V
i

16V

GND_ECU

KL30_P&F

i Place Ortogonal

22
0

nF
50

V
C

10
1T

R
P

22
0

nF
50

V
C

10
0T

R
P

PIC100TRP01

PIC100TRP02COC100TRP

PIC101TRP01
PIC101TRP02COC101TRP

PIDZ100TRP0A
PIDZ100TRP0K

CODZ100TRP

PIQ100TRP0D

PIQ100TRP0G

PIQ100TRP0S

COQ100TRP

PIR100TRP01

PIR100TRP02
COR100TRP

PISHORT0GND100TRP01 PISHORT0GND100TRP02

COSHORT0GND100TRP
PITP100TRP01

COTP100TRP

PITP101TRP01
COTP101TRP

PITP102TRP01
COTP102TRP

PITP103TRP01

COTP103TRP

PIR100TRP01

PISHORT0GND100TRP02

PIDZ100TRP0K
PIQ100TRP0S PITP103TRP01

NLKL300P&F POKL300P&F

PIC100TRP01

PIC101TRP02

PIC100TRP02

PIQ100TRP0DPITP101TRP01POKL030

PIC101TRP01

PISHORT0GND100TRP01PITP100TRP01POKL031

PIDZ100TRP0A
PIQ100TRP0G

PIR100TRP02
PITP102TRP01

POKL300P&FPOKL030

POKL031
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SVN rev. Not in version control

A4

KL30_P&F
i

16V

A
K

N
C

DS100PS

1n
F

V
50C

10
5P

S

i
Imax  0.1 Arms

SET0V 6ENABLE2

SET3

RESET 4

IN1

TI
M

EO
U

T
5

GND7

OUT 8

G
N

D
9

LDO100PS

VDD_HIL

TP102PS

TP101PS

RST_LDO

GND_ECU

1n
F

V
50
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Block HW00

SVN rev. Not in version control
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BILL OF MATERIALS
PCB INFO RFI

Layers: x
Project: IDN_TRMHW_N7_HILInterface.PrjPCB Material: <Parameter PCB_Material not found>

Created by: S. Esteban Class: xxx

TG: xxx

Level: 100 Size Single: xxxx x xxxx

Thickness: x,x ±10%

Total SCH sheets: 12

Variant: 5V_LV

Review 01

Report Date 20/10/2021 20:07:22

Print Date 20-Oct-21 8:12:27 PM

# Quantity Designator FAMILY_BY_PE SUBFAMILY MANUFACTURER_NAME ORDER_CODE MOUNT_TYPE SOLDER_METHOD Footprint VALUE RATING AECQ TOLERANCE Name_Current

1 3 C100PS, C101PS, C107PS CAP Chip ceramic capacitor MURATA GRT21BC71E106KE13L SMD Reflow CAPC2012X145N- 10  uF 25  V AEC-Q200 10% HW01
2 2 C102PS, C103PS CAP Chip ceramic capacitor KEMET C0805C224K5NACAUTO SMD Reflow CAPC2012X100N- 220  nF 50  V AEC-Q200 10% HW01
3 18 C104PS, C105PS, CAP Chip ceramic capacitor MURATA GCM155R71H102KA37D SMD Reflow CAPC1005X55N- 1  nF 50  V AEC-Q200 10% HW01, HW01, 
4 41 C106PS, C304BAIOA, CAP Chip ceramic capacitor MURATA GCM155R71H104KE02D SMD Reflow CAPC1005X55N- 100  nF 50  V AEC-Q200 10% HW01, HW031a, 
5 112 C200BDIOA, C200BDIOB, CAP Chip ceramic capacitor Fail MURATA GCJ21BR72A104KA01L SMD Reflow CAPC2012X145N- 100  nF 100  V AEC-Q200 10% HW021, HW021, 
6 32 C304UAIOA, C304UAIOB, CAP Chip ceramic capacitor MURATA GRM155R61A474KE15D SMD Reflow CAPC1005X55N- 470  nF 10  V HW032a, HW032a, 
7 16 C307BAIOA, C307BAIOB, CAP Chip ceramic capacitor TDK CGA2B3X7R1H104K050BB SMD Reflow CAPC1005X55N- 100  nF 50  V AEC-Q200 10% HW031a
8 96 D200BDIOA, D200BDIOB, DI ROHM BAS40-04HYFH SMD Reflow SOT95P240X115- 40  V 120  mA AEC-Q101 0.1 HW021, HW021, 
9 16 D303BAIOA, D303BAIOB, DI DIODES BAS70-06Q-7-F SMD Reflow SOT91P240X110- 70  V 70  mA AEC-Q101 N/A HW031a

10 16 D304BAIOA, D304BAIOB, DI VISHAY TLMS1000-GS08 SMD Reflow DIO_VISHAY_TLMS 1.8  V 12  V AEC-Q101 N/A HW031a
11 1 DS100PS DI Zener diode ON SEMICONDUCTOR SZBZX84C5V6LT1G SMD Reflow SOT95P237X111- 5.6  V AEC-Q101 0.05 HW01
12 2 J100MN, J105MN CON Board to wire Connector - MOLEX 504194-1070 SMD Reflow MOLEX_504194- 10  Pin Number 50  V NON N/A HW00
13 3 J101MN, J102MN, CON Board to wire Connector - MOLEX 504194-1670 SMD Reflow Molex_504194- 16  Pin Number 50  V NON N/A HW00
14 1 J104MN CON Board to wire Connector - TE CONNECTIVITY 966658-2 THROUGH HOLE Selective DIP TE_966658-2 32  Pin Number 12  V NON N/A HW00
15 16 K300BAIOA, K300BAIOB, HW031a
16 1 LDO100PS IC Low drop-out regulator MAXIM MAX16910CATA8/V+T SMD Reflow SON65P300X300X8 AEC-Q101 HW01
17 8 Q200BDIOA, Q200BDIOB, TRT Small signal MOSFET - N FAIRCHILD 2N7002 SMD Reflow SOT95P240X120-3- 60  V 120  mA NON N/A HW021
18 16 Q300BAIOA, Q300BAIOB, TRT Digital type - Bipolar ON SEMICONDUCTOR SMUN5211T1G SMD Reflow SOT65P220X100- AEC-Q101 HW031a
19 4 R100PS, R101PS, R102PS, RES Thick film chip KOA RK73Z1ETTP SMD Reflow RESC1005X40N- 0  ohm AEC-Q200 HW01
20 1 R104PS RES Thick film chip KOA RK73G1ETTP1002F SMD Reflow RESC1005X40N- 10  K-ohm AEC-Q200 0.01 HW01
21 16 R200BDIOA, R200BDIOB, RES Thick film chip KOA RK73G1JTTD1000F SMD Reflow RESC1608X55N- 100  ohm 0.1  W AEC-Q200 0.01 HW021
22 16 R201BDIOA, R201BDIOB, RES Thick film chip KOA RK73H1JTTD1002F SMD Reflow RESC1608X55N- 10  K-ohm AEC-Q200 0.01 HW021
23 96 R300BAIOA, R300BAIOB, RES Thick film chip KOA RK73H1ETTP1001F SMD Reflow RESC1005X40N- 1  K-ohm AEC-Q200 1% (100ppm) HW031a, HW031a, 
24 64 R302BAIOA, R302BAIOB, RES KOA RN731JTTD2203B25 SMD Reflow RESC1608X60L-HP 10  K-ohm NON 0.001 HW031a
25 24 U300BAIOA, U300BAIOB, IC Operational amplElseIfier MICROCHIP MCP6002T E/MS SMD DIP SOP65P490X110- 0  IC 0  Ah AEC-Q100 0.3 HW031a, HW031a, 
26 16 U301BAIOA, U301BAIOB, IC TEXAS INSTRUMENTS TMUX1072RUTR  SMD Reflow QFN40P200X170X5 12  Pin Number 6  V NON N/A HW031a
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