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Abstract

In this paper a model for the dynamic simulation of fans used in mechani-
cal air supply systems is described. Thanks to this model, the behavior of
fans subject to control by variable frequency drives (VFD) can be predicted,
which includes power absorbed by the fan and expected ventilation rates.
Hence, it can help design energy control systems for buildings. The pro-
posed model was based on the Modelica language and was developed from
the dynamic phasor domain representation, because this representation is a
trade-off between the basic non transient representation, that is computa-
tionally efficient but cannot describe fan dynamics, and the dynamic time
domain model, that is the most representative one but computationally very
demanding. A comparison among these models showed that, within fan
frequency variations typical of ventilation systems in buildings, the phasor
domain model is as representative as the more complex dynamic time do-

main model in terms of prediction of the dynamic behavior, that is neglected

Preprint submitted to Applied Thermal Engineering September 1, 2016


http://ees.elsevier.com/ate/viewRCResults.aspx?pdf=1&docID=29509&rev=1&fileID=851013&msid={B3ED27D7-29A4-4CA1-92EB-4552CE52A82D}

by the basic non transient model. Moreover, the new phasor domain model
was validated against measured data relative to a fan installed in a subway
station in Barcelona. Thanks to this model, energy consumption of dynami-
cally driven fans can be estimated at the simulation stage, at the expense of

a reasonable computational effort.

Keywords: facility operation and control, fans, induction motors, VFD,

dynamic simulation

1. Introduction

Due to the huge amount of energy consumption determined by buildings,
HVAC renovation of the existing building stock can provide a rather high
contribution to the overall energy saving. Renovation often consists in the
partial replacement of aged components and in the definition of new control
strategies. However, the design and development of advanced control strate-
gies, whose performances are usually affected by several parameters, requires
testing of alternative strategies, either in the field or through simulation,
prior to implementation (Chen and Treado (2014)). Indeed, the availability
of reliable models would allow designers to compare and evaluate control
strategies at the design phase. The models should be used first to establish
the baseline and then to predict expected performances by candidate control
strategies, as a result of enhanced regulation and control of HVAC, in order
to select the best one. Moreover, simulation models should be used not only

to select the best control strategy, but also to accurately estimate expected



savings and include such figures in cost-benefit analyses.

Several reasons are produced in literature to stress the importance of user
friendly simulators. First, designers should be allowed to easily change pa-
rameters and immediately evaluate results, as explained in Tomazic et al.
(2013). Even Nagano et al. (2006) showed at what extent user-friendly de-
sign and performance prediction tools can help in the execution of quick
feasibility studies. Several authors highlighted that simulators should be
able to carry out reliable simulations in short times, e.g. in Park and Krarti
(2015). Otherwise, designers would be hindered in the process of evaluating
candidate control solutions, before making a final decision, due to the rather
high computational effort. In addition, the availability of fast and reliable
simulation models is critical when they are integrated in real-time control
systems. In this case, a controller exploits a simulation unit in order to
evaluate how the system would evolve within each of any candidate and al-
ternative control strategies. Considering that the controller must accomplish
each control step in short time (usually in the order of minutes) and that a
huge number of iterations are performed in each control step, the simulation
effort required to run the model is bound to be very limited. Basically, dy-
namic models enable researchers to test new control concepts and to optimize
the simulated system’s behavior under unsteady boundary conditions, that
would not be feasible with the use of just a steady state approach (Starkloff
et al. (2015)). Dynamic models were critical even in the process of evaluat-

ing potential faults in advance, such as in preventive maintenance of rooftop



units: a baseline model of variable frequency driven compressors installed on
rooftop units was setup, then deviations from expected behavior could be
assessed to implement automated fault diagnosis (Li et al. (2015)).

The work reported in this paper was targeted to find a trade-off for mod-
eling induction motor fans, so as it could be both accurate enough for energy
saving estimation and computationally efficient at the same time.

Induction motor fans are typically used in air supply systems of buildings
and they are responsible for relevant power consumption. For example, in the
test-case considered in this paper, that is relative to the ventilation system
of a metro station, two fans are in operation for fifteen hours per day in
weekdays and twenty-one hours per day in weekends. Hence, there is a
great potential for energy savings, but an accurate evaluation of achievable
results can be attained just in case a dynamic model is set up for simulations.
The model described in this paper was based on the Modelica language,
because Modelica was specifically developed for the simulation of control
systems integrated in multi-physics domains, as explained in Wetter (2009a).
Modelica based models can take into account several physical phenomena,
such as heat and mass transfer and fluid-dynamics. For that reason, the
model developed in this paper was expanded from the Modelica Buildings
library and was developed in the Dymola programming environment, and it
was made compliant with models relative to building components and HVAC
systems. In fact, the current version of the Modelica Buildings library used

for the application described in this paper offers components that can be



used to develop two different types of induction motor models: the first one
exploits the basic stationary representation, whereas the second one exploits
the time domain representation. The former is computationally very efficient
but is not able to simulate the dynamics of fan induction motors; the latter
is very accurate and exposes every parameter of fan induction motors, but is
computationally very demanding.

Considering the premises described above, the main contributions pro-

vided by this paper are:

e a component extended from the Modelica Buildings library was built,
which was based on the phasor representation of induction motors, so
as to be able to account for the dynamic behavior of induction motor

fans, while requiring limited computational effort for simulation;

e calibration and validation of the aforementioned component against

measured energy consumption;

e a comparison between the power consumption figures estimated under
transient conditions by a fan model based on the phasor representation
and the figures estimated by both the basic stationary and time domain
representations, that are already available in the current Modelica li-

brary.

The validation took advantage of data measured during the operation of a real
fan equipped with induction motors and installed in the ”Passeig de Gracia”

metro station in Barcelona, which is a fan driven by Variable Frequency



Drives (VFD), hence its rate can be adjusted according to actual ventilation
needs in the station. The comparison between the model developed in this

paper and the other two models was targeted to two main goals:

e assessing at what extent the phasor representation model is more ac-
curate than the basic stationary one and less accurate than the the

domain representation;

e estimating how much more accurate the phasor representation model is
than the basic stationary representation, while the fan is dynamically

driven (i.e. transient behavior) over a typical day it is in operation.

In the next Section no. 2 the relevant state of the art is analyzed, along
with some further remarks about the steps ahead provided by the work de-
scribed in this paper. The following Section no. 3 is split into two more
subsections: sub-section 3.1 describes the proposed Modelica component as
it was developed by means of the Dymola environment, whereas sub-section
3.2 reports on the related analytics. Section no. 4 was split into two sub-
sections. The first one (no. 4.1) includes a description of the fan with
induction motor used for calibration and of the metro station where the fan
was installed. The second one (no. 4.2) includes a description of the experi-
mental dataset collected while the fan was in operation, in order to calibrate
the simulation model and shows that an opportune tuning of some parame-
ters made available by the model gives back a very good matching between

simulation results and measured power plots. Then, the performances of the



model were compared with the basic stationary and the time domain repre-
sentation models, whose development is the subject of sub-section no. 5.1
and whose dynamic behavior was assessed in sub-section no. 5.2. Finally,

conclusions are discussed in section no. 6.

2. Scientific background

2.1. Simulation of integrated systems

As stated by Kral et al. (2009), partial load efficiency of induction mo-
tors should be computed for the determination of the nominal operating
point when subjected to electric drives. Although fans and pumps are de-
signed to perform during peak loads, these loads occur rarely during the
operating year. Therefore, in order to control flow during off-max load con-
ditions, VFDs are often used to deliver only the required flow while reducing
energy consumption. A good estimation of energy saving deriving from such
a control policy is well described by the so called affinity laws (Wildi (2002)):
when the air flow rate generated by fans is reduced by means of a rotational
speed reduction, the corresponding decrease in absorbed power will follow a
cubic mathematical relationship. However, the dynamic behavior of induc-
tion motors cannot be represented by means of affinity laws, and more refined
simulation tools and mathematical models are needed. Once those models
are available, they can be exploited for prediction of potential savings that

can derive from energy improvement actions to be implemented in buildings.



Designers of integrated control systems for existing buildings usually de-
velop a model relating to the current scenario of the buildings as a first step;
then, a calibration methodology is applied to assure accuracy; finally, several
opportunities for energy saving supplied by renovation actions and enhanced
control systems are assessed based on the same calibrated model (Raftery
et al. (2011)). In conclusion, whenever enhanced control systems integrated
in existing large buildings must be simulated, the use of accurate dynamic
simulation tools is mandatory.

The range of products presently available for building performance sim-
ulation spans from spread-sheet to more advanced special-purpose simula-
tion tool (complexity-wise), and from tools that handle a single aspect of
the building design, to tools that integrate multiple aspects of the build-
ing design (integration-wise), as detailed in Tréka and Hensen (2010). As
for applications relative to advanced HVAC control, process controllers are
usually adopted, which adjust the control variables to meet the required set
point in spite of disturbances and considering the system dynamic charac-
teristics. Still more advanced are supervisory controllers, that are high level
controllers allowing complete consideration of the system level characteristics
and interactions among all components and their associated variables. From
a modeling point of view, controllers are represented by equations that must
be satisfied in every simulation step. The controllers direct the interaction
between building and system, as well as interactions between components

within the system. Possibilities to simulate different advanced controllers in



state-of-the-art building performance simulation tools are limited (Trcka and
Hensen (2010)). Some tools offer pre-defined control strategies (i.e. system-
based simulation tools), some offer flexibility in specifying only supervisory
controllers (e.g. EnergyPlus) and some even in specifying local controllers
(TRNSYS, ESP-r). The domain-independent environments, such as MAT-
LAB and Modelica/Dymola, are efficient tools for designing and testing of
controllers in a simulation setting, but need that models of all other physical
phenomena are developed within libraries (Trcka and Hensen (2010)).

In order to contribute in this field, a Modelica-based model for the tran-
sient simulation of fans with induction motors is proposed in this paper,
which can facilitate the dynamic simulation of buildings equipped with such
systems driven by VFD. Indeed, many authors have worked on similar topics.
A coupling program with a text-mode interface between building simulation
and computational fluid dynamics simulation was developed for thermal pre-
diction relative to naturally ventilated indoor environments (Wang and Wong
(2008)). More specifically, ESP-r and Fluent tools were used for simulating
heat transfer and fluid dynamics, respectively. Again, an ad-hoc numerical
algorithm was implemented in TRYNSIS in order to predict the energy per-
formance of a hybrid solar air conditioning system under transient loads (Ha
and Vakiloroaya (2015)). In the same TRYNSIS software platform two hybrid
micro-generation systems in a load sharing application among residential and
office buildings were successfully modeled by Canelli et al. (2015). Another

customized model was developed to simulate the performance of a controller



designed for keeping exhaust level inside a highway tunnel within acceptable
limits by means of primary ventilation control (Ferkl and Meinsma (2007)).

The correct design of the control system is very often necessary to attain
both improved comfort for users and increased energy performance, like in
the case described by Aghemo et al. (2014), where a management system was
used to set up a customized control in a ten-office building, that exploited
a distributed intelligence system to optimize the behavior of lighting and
cooling systems. The authors pointed out that a correct design is absolutely
necessary for satisfaction of users and maximization of performances, hence

the need for a reliable simulation tool can be inferred.

2.2. The Modelica language

A number of studies were focused on the Modelica/Dymola environment,
that was shown, by means of comparative studies, to be reliable enough, e.g.
to provide a simulation tool for testing advanced control solutions to be in-
tegrated in chilled water systems (Ali et al. (2013)). The Modelica/Dymola
simulation tool can manage to simulate highly integrated and complex en-
ergy and control systems, even because a number of libraries are available
within the Modelica package, that can be extended beyond the use envis-
aged by developers (Wetter (2011)). Furthermore, Modelica/Dymola is able
to face the specific requirements posed by buildings, that may be classified
as heterogeneous systems, because they involve multiple domains, including

thermodynamics, fluid dynamics, heat and mass transfer, electrical systems,

10



control and communication systems. They also involve multiple temporal
and spatial scales, and their evolution can be described by coupled differen-
tial equations, discrete equations and events, as detailed in Wetter (2011).

There is evidence that Modelica performs more than satisfactory even in
complex domains. In one case in which a French railway station building
was modeled and its thermal and electrical loads estimated, the validation
deviations were below 10% (Traore et al. (2013)). The same tool was suitable
for accurately modeling single components of building equipment, such as a
dynamic coil in the air handling units, which was able to predict the cooling
performance when subjected to changeable boundary conditions (Li et al.
(2009)).

The execution of a Modelica model also performs automatic differentia-
tion followed by the generation and compilation of a C/C++ code (Ali et al.
(2013)).

Among the main positive features provided by this modeling environ-
ment, the following ones have been highlighted in relevant literature: acausal,
declarative modeling; code transparency; encapsulation and modularity; in-
heritance and reusability. Equation-based languages allow any model devel-
oper to declare a set of algebric equations, ordinary differential equations,
and finite state machines, that define the physics of a component or the logic
of a control sequence. These equations do not need to be explicitly ordered.
A model translator analyzes, rearranges and solves them symbolically, as far

as possible, using computer algebra to reduce the number of variables that
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need to be solved during the time integration. Subsequently, an executable
code is generated and linked to numerical solvers. More details can be found
in Cellier and Kofman (2006). In addition, the thermal simulation of build-
ings is facilitated by the support of a library, the so called Buildings library,
that has been developed and is still being revised and subject to versioning
(Wetter (2009b)). Moreover, the Buildings library is still being extended and
is subject to improvements, not only introduced by its developers but also
by users. It is open source and allows rapid prototyping of new buildings,
analysis of the operation of existing buildings, development and assessment
of building control algorithms, reuse of models during operation for energy
minimizing controls, fault detection and diagnostics.

In view of the aforementioned capabilities of the Modelica modeling lan-
guage in the integrated simulation of energy and control systems, this paper
presents a phasor representation model for the dynamic simulation of induc-
tion motor fans, which was extended from the Buildings library and which

can be re-used in any Modelica based model.

3. The phasor representation model

3.1. The new Modelica/Dymola component (DP-model)

The induction motor fan model was developed in the Dymola environ-
ment based on Modelica and on the Buildings library by using the dynamic
phasor representation (DP-model) of the electric motor. The dynamic phasor

model described in this paper was extended from the Buildings v1.3 library,
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because this is the library on which the model of the metro station used in

the calibration and validation in sub-section 4.1 was based. However, it is

straightforward to use it also with any newer available version. The compar-

ison between this model and other two alternative representations, i.e. the

basic stationary model and the dynamic time domain model, will be provided

in sub-section 5.1.

The induction motor fan model is based on the following structure (please

check Figure 1), on which every mentioned component was labelled with

numbers. The model is made up of the following main components:

1.

B

9.
10.

one inlet fan duct that takes air from the outside;

one outlet fan duct that conveys the air onto the platform;

one valve that stops air flow when the fan is switched-off;

one alternative air flow path that models leakage losses;

two air columns that model the altitude difference between the fan inlet

and outlet;

. one axial impeller;
. one bi-directional electric motor that spins the impeller;

. one inverter that drives the motor through a frequency input and re-

turns the absorbed active power;

one air flow sensor that measures air flow entering the fan inlet (port_a).

one I/0 data bus.

In order to implement the dynamics of the electric motor, the impeller

model has been extracted from the Buildings library and is represented as

13



Figure 1: The phasor representation model (DP-model) developed in Dymola environment:
(1)/(2) inlet /outlet fan ducts, (3) valve, (4) leakage, (5) air columns, (6) axial impeller,
(7) electric motor, (8) inverter, (9) air flow sensor, (10) I/O data bus.

component (6) in the DP-model. This model derives from the idea that
information about sinusoidal signals involved in motor functioning is not
explicitly needed when simulating the energy consumption of buildings, and
that intervals for ventilation control are usually much longer than power
supply periods. These considerations allow designers to assume as valid
the hypothesis of steady-state sinusoidal signals, hence the motor can be
modeled by means of a phasor representation. Therefore, a new model for the
three-phase asynchronous induction motor (7) was developed and included
in the DP-model together with a new inverter model (8) that establishes the
relationship between voltage and frequency applied to the motor and reads
the active absorbed power as output. All the details about the corresponding

analytics will be provided in sub-section 3.2.
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3.2. Physics of the phasor representation model

The input frequency f, coming from the controller, is fed to the DP-
model through the dataBus depicted at the top of Figure 1 (i.e. component
no. 10). This value is forwarded to the inverter and to the valve. The inverter

computes the voltage V' to be applied to the motor according to:

nominalV oltage

V= f (1)

nominal F'requency

The inverter receives as input the active power absorbed by the motor to
which it adds its own power consumption, based on pre-set efficiency param-
eters, prior to forwarding it to the dataBus. The three-phase Asynchronous
Induction Machine (AIM) is then fed by the given frequency (Reallnput
f), voltage (RealInput V) and by a Y/A selection flag. Considering that
the fan motor is driven by an inverter, a Y connection was used. The mo-
tor shaft spins the impeller, represented as the fan component close to the
bottom of Figure 1. The impeller model, as stated above, is a direct ex-
trapolation of the class named FlowMachine Nrpm available in the Modelica
package Buildings.Fluid.Movers. Any characteristic curve of axial fans
with induction motors implicitly defines a function (i.e. a look-up table)
that relates volume flow rate ()4, and angular speed €2, to pressure drop
APton = APpon(Q fan, Q). Mechanical power P, generated by the electric
motor is partly converted to hydraulic work Wgi, = APfqp - @ fan based on

hydraulic efficiency ngyq:

15



_ WFlo _ APfcm : Qfan (2>

NHyd T Hyd

Py,

where ngyq is also provided as a look-up table. The fan performance
significantly depends on its hydraulic efficiency, and this parameter belongs
to the group of parameters which were calibrated from measured data, as
explained in sub-section 4.2. The rise in pressure generated by the axial fan
was applied to two pipes that represent the inlet and outlet ventilation ducts.

The red connector between the motor and the impeller of the fan is used
to connect the motor heat port and the impeller heat port, that physically
takes into account that air is heated by the fan motor while passing through
the fan. The air columns on the left-hand side take into account the action ex-
ercised by the height of the fan shaft. The component on the right-hand side
represents a valve that physically prevents air flow when the fan is switched
off.

The physics of the asynchronous induction machine AIM, which is the
central part of the fan model in Figure 1, was implemented in a new class,
that is a phasor representation of the asynchronous inductance motor, as pre-
sented and thoroughly discussed in Beaty and Kirtley (1998). An induction
motor that is supplied by a three-phase symmetrical and balanced supply
system with frequency f and line (phase to phase) voltage (RMS) equal to V/
was considered. In induction motors, several wire loops for each phase wind-

ing are placed in slots in the inner periphery of the stator. The three-phase
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stator winding mutually displaced in space, by means of the three-phase
currents mutually displaced in phase, produces a revolving magnetic field
in the air gap inside the motor. The rotor has a structure similar to the
stator: it accommodates the rotor winding and, when shorted, the induced
electromotive forces move electrons through it and produce rotor currents.
The interaction between the revolving magnetic field and the rotor currents
produces motor torque and, thus, rotation.

If the motor has p pole pairs in the stator winding, then the synchronous
speed is given by:

w

Wsyne = E (3>

where w = 27 f. The speed wr at which the magnetic field cuts the secondary
conductors is equal to the difference between the synchronous speed and the
real rotor speed wy,:

WR = Wsync — Wm (4>

The ratio between the speed of the field related to the rotor and the

synchronous speed is called the slip s = —£-. If we define the speed of the

sync

rotating magnetic field with respect to the rotor:

Ws = W — P (5)

the slip can be redefined as:

17



whose meaning is of critical importance because s is the ratio between
the power dissipated as rotor-circuit loss and the total power delivered to
the motor. As a consequence, the remaining part 1 — s is the ratio that is
converted into mechanical power. In order to model this phenomenon, the
electrical model of the motor is expressed in a dq reference frame, according
to Park’s transformation, which is well described in Beaty and Kirtley (1998).
As a result, the analytics of the model are simplified because the stator and
rotor variables are referred to a reference frame that rotates with angular
speed w with respect to the stator. The angular speed w is not bound to be
constant.

The three-phase system is then transformed into an equivalent two-phase
system. In this new frame the two axes are called the direct or d axis and
the quadrature or ¢ axis, respectively. The corresponding electrical quanti-
ties will be denoted with subscripts d and ¢, respectively. Finally, variables
referred to the stator and rotor will be denoted with subscripts s and r,
respectively. Hence, the machine dynamics are described by the following

flux-current relationships referred to the stator:

Ads Ls M tds
)\dR M LR idR

and:
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/\qs LS M iqs
- | ®)
)\qR M LR ZqR

where A is magnetic flux, ¢ is electric current, M is stator-to-rotor mutual
inductance, Lg and Lp are stator and rotor self-inductances that include
stator and rotor leakage terms Lg = M + Lg; and Lr = M + Lg;. The

voltage equations are:

Vas = d;% — WAgs + T'stas (9)
Vis = d;_zs — WAds + I'sigs (10)
Var = di}% — WsAqr + T'RldR (11)
Var = di\i;R — WsAdR + TRiqR (12)

The developed torque can also be written as a combination of the afore-

mentioned variables:

3 ) )
T. = 5P (Adsiqs — Agsias) (13)

As already stated, the motor is assumed to be supplied by a balanced
and symmetric three-phase system with effective (RMS) voltage V' and ef-
fective current I. Single stator windings are supplied differently according to

whether they are connected through either a star (Y) or a delta (A) connec-
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tion. In the case of a star connection:

3/
1 o2 -2
I = 5 igs +ics (15)

On the contrary, for a delta connection:

1

V= \/; Vg + 1% (16)
3 -2 .2

I= §ﬂ”ds+lqs (17)

The equations listed above are numerous enough to capture the motor

dynamics, provided that the following simplifying assumptions are met:
V¢S = Udr = Ygr = 0 (18)

the first of which states that the supply voltage is described by just the
real part (i.e. its phase is null) and the last two equations meaning that the
rotor is shorted (as usual).

At this stage, the performance and characteristics of the motor can be
worked out. The rotational version of Newton’s second law implies that the
algebraic sum of the torque generated by the electric motor and the load

torque T, applied to the flange of a mechanical system (e.g. impeller) with

20



a moment of inertia J gives back an angular acceleration quantified as:

dw,,
T.—1,=J— 19
o (19)

The corresponding mechanical power P,, acting on the flange will be:

P, =T.wn, (20)

The electric power absorbed by the induction motor will be made up of
active (P) and reactive (Q) orthogonal components, which form a complex
apparent power whose intensity is S and phase is ®. Based on these defi-
nitions, the power factor will be PF = cos® and the motor power will be

derived as:

P =+/3VIcos® (21)
Q=+3VIsin® (22)

S=\P2+Q° (23)

Motor efficiency 7 is computed as the mechanical to absorbed power ratio:

=7 (24)

and the angular position of the flange 0 is derived from the integral of the

21



mechanical speed:

o

do _ 2
ar o (25)

All the equations reported in this sub-section were implemented in the

component no. 7 of the DP-model depicted on Figure 1.

4. Calibration of the Modelica/Dymola model

4.1. The test-bed

The mechanical air supply system used as a test-bed is installed on Passeig
de Gracia line no. 3 (hereafter referred to as PdG-Line3). The metro station
considered is located at the intersection of Carrer d’Aragdé and Passeig de
Gracia avenues in Barcelona. The test-bed includes all the spaces that are
typical of a metro station: commercial activities, technical rooms, public
spaces open to passengers (i.e. accesses, transit zones, platforms) and staff
only areas (e.g. offices, changing rooms, meeting rooms). The station layout
consists mainly of low corridors, across which the air supply is partly provided
by a mechanical air supply system and partly determined by wind pressure
at the entrances and by the piston effect of trains. The metro service on
working days starts at 5:00 am until midnight, except on Fridays when it is
open until 2:00 am. On Saturday mornings, the station opens at 5:00 am and
remains open throughout the night until midnight on Sundays. Mechanical

ventilation is coordinated with the fans placed in the tunnels. The amount
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Figure 2: Cross-section along the air path determined by the mechanical air supply system
(a) and air intake above the platform in the PdG-Line3 (b).

of guaranteed air changes was sized on the basis of the maximum occupant
density predicted in the station.

The mechanical air supply system in PdG-Line3 metro station (2) is re-
sponsible for limiting pollution (mainly measured by means of PM; and
C'O4 concentration in the air) and for setting air temperature at acceptable
levels. The rate at which outdoor air is supplied, is differentiated according
to the season and hour of the day. The functioning of the fans is regulated
differently on the basis of daytime and nighttime. In summer time, when the
station is open, design inward air flow pushed by the station fans amounts
to about 60000m?3/h on each side of the platform. Design air flow rates ex-
tracted by each of the two fans in the tunnels is about Qo = 90000m?3/h.
These conditions should generate a design net air flow per fan through corri-
dors and passageways amounting to about Q3 = 30000m3/h, whose real value
is of course subject to variations, determined by outdoor weather, internal
temperature dynamics, number of passengers, trains and other disturbances.

In summer all the fans are driven at their maximum rotational speed,

23



while in the winter they are driven at half their maximum rotational speed.
Such a predetermined schedule causes energy waste whenever those air flow
rates are not strictly required to maintain acceptable comfort conditions in
the station. Therefore, this is one of the typical cases where active control
through VFD devices can improve the functioning of fans according to real
needs and, as a result, would reduce the overall energy consumption in the
station.

The modeling effort that is reported in this paper concerned the two in-
jecting fans placed in the station, that work in parallel in a technical room,
where they direct the outdoor air onto the platform, following the path rep-
resented by the cross-section in Figure 2-a. The air intake is located in the
fan room ceiling at road level; the fans in the room provide increase in pres-
sure which is needed to push air across the distribution system. In order to
distribute ventilation air properly, outdoor air is finally delivered by thirteen
vents on each side of the plenum above the platform, indicated by the line in
Figure 2-b. Each fan is of the CONAU V11080 type that is run by a 15 kW
electric induction motor at 1500 rpm at no load. It should be noticed that
the working point expected for this application falls around a volume flow
equal to 62500m3 /h and a static pressure of 35mmH,0, equivalent to 343 Pa.
This generates at most 15kW power consumption obtained thanks to a blade
pitch of approximately 35° —40°, which is not dynamically adjustable. Table
1 shows the main technical features of the fans and their three-phase current

induction motors. The blade rotational speed of the fans can be adjusted by
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Codes of fans VE 3-27-2 / VE 3-27-3
Manufacturer - Model | CONAU ASEA - V1/1080

Motor Power 18.5C'V
Supply voltage 3 x 230V
Maximum Power 15kW
Number of poles 4

Rpm 1500min~—!
Nominal current 29A

Load factor 0.85

Nominal airflow rate 62500m?/h
Nominal static pressure | 35mmHsO

Blade pitch 35° — 40°
Reversible yes

VFD yes

Grate size 1.6m by 5m

Table 1: Main features of the fans and the corresponding electric motors.

means of a Variable Frequency Drive (VFD). This device is currently used to
halve the speed in winter, in order to control the two fan induction motors in
their starting phase. In fact, when an induction motor is simply connected
to the electrical grid (i.e. across-the-line starting), since its slip is very large,
the starting current is very high: in the order of five to six times the rated
full-load current (Ref. Beaty and Kirtley (1998)). This may also cause a
significant voltage drop which, as a result, may affect other customers con-
nected to the same electrical grid. Thanks to VFDs, starting currents are
made less intense and gentler, despite the fact that a certain dynamics are
still present. Hence, not all its potential is currently exploited and VFD can

be programmed in order to adjust the fan rates to real ventilation needs.
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4.2. Calibration and validation with measured data

A trial was performed on site in order to set up an experimental bench-
mark. Figure 3-a shows the active power absorbed by the fan while input
frequencies are varied from 0 Hz (1st step) through 25 Hz (2nd step) up to
50 Hz (3rd step). So, the fans were driven first at half their speed (i.e. 25
Hz) and then at their full speed (i.e. 50 Hz). According to the affinity laws
of fans, rotational speed varies linearly with the air flow rate of fans. As a
consequence, even the air flow rate of the fans varied between half their full
capacity and their full capacity. In this range the total efficiency of the fans
is affected by their hydraulic efficiency only, while the motor and converter
efficiency are almost constant, as reported by Markusson (2011). Therefore,
this part of the calibration was based on that parameter, whose value de-
pends on the rated volume (i.e. the ratio between the real air flow rate and
the maximum air flow rate).

In order to determine the best fitting hydraulic efficiency plot, several
numerical simulations were carried out. Considering that the fan frequencies
during the tests were known and that real hydraulic efficiency is dependent
on the air flow rate of the fans, the best fitting values of hydraulic efficiency
were surveyed separately for the winter and summer modes. As a result, it
was possible to calculate the values in Table 2, which show that eta = 0.50
is the best value in the low rate case, while eta = 0.82 is the best value in
the high rate case, because they generate the lowest differences between the

reference and the simulated active power. Some of the other tested values
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Figure 3: Active power plot of the fan tested under transient conditions (a) and simulation
of the rated volume provided by the fans when running at low and high frequency (b).
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Active power (kW)

Fan frequency = 25H z Fan frequency = 50H z
n Reference Simulated Reference Simulated
0.50 2.45 2.459 11.94 19.16
0.51 2.45 2.382 11.94 18.575
0.55 2.45 2.241 11.94 17.47
0.60 2.45 2.059 11.94 16.06
0.65 2.45 1.90 11.94 14.86
0.70 2.45 1.77 11.94 13.83
0.75 2.45 1.65 11.94 12.39
0.80 2.45 1.55 11.94 12.14
0.82 2.45 1.509 11.94 11.77
0.85 2.45 1.46 11.94 11.4

Table 2: Power absorbed by the fan computed at several fan frequency values.

for n (spaced at a 0.5 Hz frequency step) were included in the table in order
to provide a description of the variation in fan power according to the value
of hydraulic efficiency.

The best curve for n was also included as an input in the model Impeller
component, by plotting a curve interpolating the two points defined by the
rated volume (ry) depicted in Figure 3-b and the corresponding efficiency
values. The rated volume at which the fans work in the two operational
modes is dependent on the functioning points of the fan, when they are sub-
ject to the pressure load caused by piping and by the station. Therefore,
these points were worked out by means of a simulation of the whole PdG
Dymola model and, as shown in Figure 3-b, they are equal to, respectively,
ry = 0.345 when the fans are driven at 25 Hz, and ry, = 0.688 when the fans
are driven at 50 Hz. Hence, the final input assigned to the field HydrEta

of the class Fan.AIM in the PAG Dymola model was: r, = 0.345,0.688 and
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n = 0.50,0.82. Figure 3 shows that the curve interpolated by the software
between these two points accurately matches the energy power absorbed by
the fans when they are operated at 25 and 50 Hz. Furthermore, the em-
pirical hydraulic efficiency values obtained from experimental measurements
are in good agreement with the plots regarding “relative flow rate” vs “hy-
draulic efficiency” provided in Markusson (2011) for the case of pumps and
fans installed in systems with constant pressure values. Hence the technical
information reported in that publication would suggest using similar inputs
to the model.

The second step of the calibration process concerned the electronic pa-
rameters of the fan model described in sub-section 3.2, namely the stator and
rotor resistances (Rs and R,), the mutual inductance (M), the stator and
rotor self-inductances (L and L, ), the impeller moment of inertia (J). In
addition, the inverter schedule was also checked. In other words, the inverter
component shown in Figure 1 includes the schedule at which the fan impeller
was driven during the test, when the fan was manually activated first up to
25 Hz and then up to 50 Hz. Initially, an activation time as long as 2s was
assumed for both the first and second starting operations of the fan, but, as
will be shown later, the simulation and the tests match better if the second
starting time is slightly increased.

As a first attempt, the electronic parameters were set according to the
suggestions made by some authors who had already performed estimations

regarding similar induction motors (ref. Kral et al. (2009)). A number of
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further simulations were then carried out in order to match experimental
results with those deriving from the simulations by means of electrical pa-
rameter adjustment. As far as electrical parameters are concerned, Pedra
(2006) showed that self-inductances are those which mostly affect the shape
and intensity of peak power values. Hence, these parameters were varied
within a certain range around the initial values, until the curve shape resem-
bled the one that was experimentally measured. Peak intensity also proved
to be strongly influenced by the impeller moment of inertia, whose variation
had a significant impact on the accuracy of the simulated plots with respect
to the measured plot. Table 3 lists some of the results from the simulations.

It can be noticed that the 7** case, whose final curve is shown in Figure
3-a (labeled as "simulated data”), is the one which gave back the best match.
Scientific assessment of the quality of simulations was performed in terms of
comparison between the measured active power absorbed by one of the two
fans during its dynamic activation and the simulated power. As the record-
ing step was 1 s and measurements were taken from 11:11 pm to 11:26 pm,
a time series of 901 records was finally available. The modeling deviation
was estimated by means of two indicators suggested by reference standards.
Mean Bias Error (MBE) and Cumulative Variation of Root Mean Square
Error (CVRMSE) values were calculated using the formulae suggested by
Committee et al. (2002), which have been already applied both for the vali-
dation of energy models against hourly measurements (Raftery et al. (2011))

and for the calibration of transient models based on Modelica/Dymola (Ali
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Ly L, M R, R J | trise | MBE | CVRMSE

D %o %0

1 10.008 | 0.008 | 0.268 | 0.563 | 0.478 | 2 2 -0.53 28.81
2 1 0.020 | 0.020 | 0.268 | 0.563 | 0.478 | 2 2 58.56 99.94
3 | 0.013 | 0.013 | 0.268 | 0.563 | 0.478 | 2 2 0.13 14.58
4 10.011 | 0.011 | 0.268 | 0.563 | 0.478 | 2 2 0.54 20.48
5 | 0.011 | 0.011 | 0.268 | 0.563 | 0.478 1 2 0.20 19.71
6 | 0.011 | 0.011 | 0.268 | 0.563 | 0.478 | 2 4 0.02 17.85
7 | 0.011 | 0.011 | 0.268 | 0.563 | 0.478 1 4 0.66 12.57
8 | 0.011 | 0.011 | 0.268 | 0.563 | 0.478 | 1.5 4 0.35 14.91
9 | 0.011 | 0.011 | 0.268 | 0.563 | 0.478 | 1.25 | 4 0.50 13.78
10 | 0.011 | 0.011 | 0.268 | 0.563 | 0.478 | 1.15 | 4 0.56 13.40

Table 3: Simulation results for different parameters setup for calibrating the DP fan model.
Percent values of MBE and CVRMSE are reported for each testing combination.

et al. (2015)):

MBE:2

on (M, — S;)

Sn M,

VT
CVRMSE =

2h(M; — S;)2

1
Nr 2

Np
=1

M;

(26)

(27)

where M, is the list of measured data, S; is the set of simulated data and

Np is the size of the database.

MBE and CVRMSE are used to validate simulation models. The finest

simulation step and time step for recording measurements considered by the

reference technical standard is 1 minute (Standard 55-1981 ed. Tech. rep.

and Engineers (2004)), to which maximum admissible percentage errors equal

to 10% and 30% correspond, respectively. Lower thresholds are set in case the

time step is coarser; instead the finer the time step the higher the admissible
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error can be. As a consequence, considering that the simulation time step
and the measurement time step in our case was equal to 1 s, but the finest
time step considered by the technical reference standard is 1 min, a model
whose MBE and CVRMSE are lower than 10% and 30% must be a good
one. This is the case for almost all the simulations reported in Table 3,
among which the 7¢" simulation case appears to be the best overall, hence
the parameters belonging to case no. 7 were set as the ones to be used for
the models adopted in the comparative study presented in section 5. The

validation was considered successful because the calibrated model presented

MBE = 0.66% < 10% and CVRMSE = 12.57% < 30%.

5. Comparison with other Modelica/Dymola models

5.1. The other models used for comparison

The phasor representation model (DP-model) described in sub-section
4 was compared with two other models, that are based on two opposite

concepts:

e the basic stationary model (S-model), that is not able to simulate the
whole dynamics of a fan, and that was mainly based on the Flow machine Nrpm

component of the Modelica.Buildings library;

e the dynamic time domain model (DT-model), that is based on the

AIM_squirrel_cage component of the Modelica.Buildings library.
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With respect to the structure described in sub-section 4 about the DP-
model, the aforementioned two models differ in components (6), (7) and (8),
that is the impeller, the electric motor and the inverter, respectively (please
ref. to Fig. 1).

In the S-model (Figure 4-a), the impeller (6) and the electric motor (7)
are both modeled by using two identical instances of the FlowMachine Nrpm
object from the Buildings.Fluid.Movers package, connected in opposite
directions and slightly adjusted in order to also allow for reverse flow when
the motor is turned-off. The inverter (8) implements a proportional relation
between input frequency (Hz) and revolutions per minute (RPM) and ap-
plies the latter to the corresponding fan, depending on the sign of the input
frequency. Therefore, in the S-model, both the electric motor and the im-
peller are modeled with their stationary characteristic curves. In order to
implement the dynamics of the electric motor, the impeller model has been
extracted from the Buildings library and is represented in the DT-model
and DP-model as component (6).

In the DT-model (Figure 4-b), all the time domain dynamics of the
asynchronous induction motor are implemented using one instance of the
AIM SquirrelCage object from the Modelica.Electrical.Machines pack-
age. The terminal box of the motor, the inverter and the power sensor has
been taken from the Modelica.Electrical.Machines package. The electri-
cal three-phase voltage source was also taken from the Modelica.Electrical .MultiPhase

package.
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Figure 4: The graphic representations in Dymola of the basic stationary model (a) and of
the time domain model (b): (1)/(2) inlet/outlet fan ducts, (3) valve, (4) leakage, (5) air
columns, (6) axial impeller, (7) electric motor, (8) inverter, (9) air flow sensor, (10) I/O
data bus.

As a result, the physics of the S-model and DT-model are derived from
known libraries offered by Modelica. On the contrary, the physics of the

DP-model is not available in any other library, yet.

5.2. Performance comparison for power consumption prediction

In order to compare the performances of the three models, in terms of
accuracy to predict the dynamic behavior of fans, the detailed DT-model was
assumed as the reference one, and deviations provided by the S-model and
DP-model from the first one were estimated. To this purpose, two different
studies were conducted for the three models using the same parameters listed
in Table 4.

The first study is based on the evidence that, since a general fan input
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Parameter Description Value

coll.h, col2.h Height of ventilation shaft Om

dpl.m_flow nominal= Nominal mass flow rate 20kg/s

dp2.m_flow nominal=

val.m_flow nominal

dpl.dp-nominal Inlet pressure drop at nominal | 20Pa
flow rate

dp2.dp-nominal Outlet pressure drop at nominal | 500Pa
flow rate

val.dpValve nominal Nominal pressure drop of fully | 1Pa
open valve

val.dpFixed nominal Pressure drop of pipe and other | 1Pa
resistances that are in series

val.l Valve leakage 0.001

spll.m_flow nominal=
spl2.m_flow_nominal

{20,20,20}kg/s

spll.dp-nominal

{1,1,1}Pa

spl2.dp-nominal

{3.3,100,3.3} Pa

fan.hydraulicEffciency.r V

Normalized volume flow rate

{0.345, 0.688}

fan.hydraulicEffciency.eta Efficiency at given normalized | {0.50,0.82}
volume flow rate
fan.N_nominal Nominal rotational speed for | 1470min~—1!

flow characteristics

fan.pressure.V_flow Volume flow rate at wuser- | {10,12,14,16,18,20}m3/s
selected operating points
fan.pressure.dp Fan total pressure at user- | {860,800, 700,565,410,250}Pa

selected operating points

inverter.invEfficiency Efficiency of the inverter 98%

inverter .nominalFrequency Nominal frequency 50H z

inverter.nominalVoltage Nominal voltage at nominal fre- | 380V
quency

AIM.J=aimcData.Jr Rotor moment of inertia (in- | 1.2kgm?
cluding load)

AIM.p=aimcData.p Number of pole pairs 2

AIM.Rs=aimcData.Rs Stator resistance per phase 0.47892

AIM.Rr=aimcData.Rr Rotor resistance (equivalent | 0.563(2
three-phase winding)

AIM.Ls1=AIM.Lrl= Stator and rotor stray induc- | 0.008H

aimcData.Lssigma= tance per phase

aimcData.Lrsigma

AIM.M=aimcData.Lm Main field inductance 0.268H

Table 4: Main parameters of the three fan models used for comparing performance and

computational burden.
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can be represented as a series of sines and cosines (as stated by the Fourier’s
theory), a frequency analysis of the outcomes of the three fan models can be
performed and the results can be analyzed as a frequency response chart. It

is then assumed that the input power supplied to the fan has a frequency

f that varies with time as f(t) = £5—(1 + sin(2nFt)). The relevance of
this first study is motivated by the opportunity of finding out the frequency
ranges beyond which the behavior of the fans differentiate. This suggests
which dynamics the S-model and DP-model are able to catch, with respect
to the top performing D'T-model. On the contrary, the purpose of the second
study is to evaluate how big the deviation in terms of power consumption
between the three fans is, in case they are simulated over a whole day of
operation.

To this purpose, a power RMSE index epgy is defined as the root mean

square error of the absorbed active power P; of a model w.r.t. that one of the

DT-model PPT calculated as the percentage of mean power of the latter:

VESL(P - PPTy
i POT

Power RMSE = epy, = 100 (28)
The total energy error egy is computed as the percentage difference of the

energy for the considered model E and that one for the DT-model EP7:

E — EPT

o (29)

Final energy error = egg = 100
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A speedup factor is then defined to indicate how many times faster the sim-
ulation is w.r.t. the DT-model.

Figures 5 and 6 show the corresponding simulation results achieved with
Dymola 2016 running on a machine with CPU Intel® Core™ i7 CPU
Q720@1.60GHz, RAM 8GB, OS Windows 7@64bit. The simulation step
was set to 0.01s and solver type Sdirk34hw with tolerance 10~ over a simu-
lation interval equal to [0; 960s|. Figures 5-a and 5-b show that, w.r.t. the
reference D'T-model, the DP-model is 2-10 times faster and the S-model is
5-10 times faster. Below the frequency of 200mHz, the two computational
times for the DP-model and the S-model almost converge. Regarding the
accuracy, the DP-model has always a negligible error w.r.t. the reference
DT-model, whereas the S-model always shows significant power errors and
sensible energy error for F' > 10mHz. The DP-model produces the largest
error (at the most 7% for power and about 0.5% for energy) at high frequen-
cies F'. This happens because, when the frequency increases, the assumption
of a sinusoidal regime begins to lose its validity and the phasor representation
starts to show its limits.

Time constants of controllable thermal dynamics of building are in general
greater than 600s and an air temperature sensor has typical time constants
in the order of 1min, that corresponds to a bandwidth f 355 = 1/(277) =
2.65mHz. Thus, the control frequency F., that is the rate at which the
control input is updated, can be reasonably upper limited by F. < 2mH z.

The fan is then driven by an input whose fundamental frequency is half the
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Figure 5: Comparison between the three developed models in terms of simulation time (a)
and speed up factors (b).

control frequency and, considering that harmonics amplitude progressively
decrease, the main harmonic content is typically included between 1mH z
and 100mH z, where the DP-model shows its best performance. The total
energy estimation is very accurate in the whole range, since its accuracy is
in the order of 0.5% and the DP-model can be used without losing dynamic
information but with an important speed-up factor w.r.t. the DT-model
(from 7 to 10 times faster in the considered range).

Anyway, in order to gain a better understanding about the accuracy in
energy estimation by the three models, they were run over a typical one-day
operation, that was obtained from whole building operation of the station
described in sub-section 4.1, as better explained in the contribution by Vac-

carini et al. (2016). So, the fan frequency shown in Figure 7 was used as
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Figure 6: Comparison between the three developed models in terms of power RMSE (a)
and energy error (b).

the same input to the three fan models. Then, the power consumption es-
timated by the three fans, were compared. As in confirmed by the plots in
Figure 7, it came out that if the DT-model is chosen as the benchmark and
top performing model, the Power RMSE (root mean square value) referred
to the mean absorbed power for the DT-model is equal to efg% = 0.34% for
the S-model and to eBf = 0.02% for the DP-model. These power errors
corresponds to a final energy error equal to eg% = 0.27% for the S-model
and to eg%’ = 0.02% for the DP-model. It can also be noticed from the
power error plot of Figure 7 that, but the model biases, the main dynamic
mismatch occur for the S-model when the fan frequency input varies more
rapidly, whereas the DP-model still matches the reference.

In order to consider more general situations in which the controller acts
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more dynamically than in the subway station (where F. = 600s), other tests
were performed using a white noise as frequency input to the fans. In these
conditions the DP-model showed substantially unchanged performance both
in term of power and energy errors. With unchanged control interval, the
power RMSE increased to eg% = 4.46% and the final energy error increased
to e%% = 1.07%. Decreasing the control interval to F, = 60s, the white noise
input produced a power RMSE up to efj% = 8.58% and a final energy error
equal to e, = 2.94%.

So, it was shown that the performance, in terms of power consumption
estimation, offered by the DP-model is much better than what can be offered
by the S-model and is quite close to the output of the DT-model, in particular
when rapidly varying control inputs are applied. Moreover the computational
burden required by the DP-model is a good trade-off between the S-model
and the DT-model.

6. Conclusions

The calibrated DP-model, which is based on the phasor representation,
was shown to be able to simulate experimental data with deviations well
below the thresholds set by related technical standards. When the DP-
model was compared with the top performing DT-model, it was shown to
be between 2 and 10 times faster, while presenting negligible deviations in
terms of estimated power consumption, within the control frequency range

that can reasonably occur in ventilation systems driven by VFDs. This

40



—— DP-model, S-model, DT-model

50
40
30
20
10

01 2 3 4 5 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
time [h]

Fan frequency [Hz]

——DP-model —--S-model ----- DT-model

10000
8000
6000
4000
2000

Active power [W]

012 3 45 6 7 8 9 101112 13 14 15 16 17 18 19 20 21 22 23 24
time [h]

———DP-model = - =S-model

|

-5 l
-10
-15
-20
01 23 456 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

time [h]

|
. 'u.l" .1.[.“-"' -t‘ ‘:.

= T el ohee . eewdd “""l

Power error [W]
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result is confirmed by the one day long simulation over a typical day when
the fan was controlled dynamically by a VFD: the deviation of the energy
consumption estimated by the S-model was more than ten times higher than
the one associated to the DP-model (i.e. 0.27% and 0.02%, respectively).
Also, it was shown that the more dinamically was the fan driven, the higher
that deviation difference becomes.

For the reasons stated above, the DP-model for transient simulation of
induction motor fans was both accurate and efficient in terms of computa-
tional burden, that makes it suitable for integration in complex simulation

domains in the fields of building design and control.
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