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ARTICLE INFO ABSTRACT

Keywords:
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The use of roller blind as a surrogate for a switchable glazing in a dynamic building environmental simulation is
investigated. Seven different control algorithms were applied to simulations of both operations of the blind and
of the switchable glazing. The configurations compared were an electrochromic glazing and a roller blind, the
controllers used were rule-based, proportional-integral-derivative (PID), anti-windup PID (aPID) and a model
predictive controller (MPC). Particular case studies were examined in the weather conditions of Dublin, Ireland

to make comparisons of simulated energy savings and occupancy daylight comfort from the use of electrochromic
glazing or a roller blind with those for a double-glazed window. The results suggest that previous studies that
simulated electrochromic window as an integrated roller blind in a heating-dominated climate would have
overestimated building energy loads, and depending on the controller used, overestimated occupancy daylight

comfort.

1. Introduction

Windows provide the benefits of thermal insulation, solar heat gains,
daylight, exterior viewing and reduce external noise transmission; they
can also be a source of uncontrolled heat loss, glare and uncomfortable
thermal asymmetries [1-3]. To reduce cooling loads in sunny/hot cli-
mates, excessive solar gain is rejected by fixed window glass coatings. In
cloudy/cold climates, highly-insulated windows are used to retain solar
heat gain. In temperate/seasonally-varying climates with cold winters
and hot summers, less energy-use ensues when solar heat gains and heat
losses are modulated by weather-adaptive features such as movable
shading, shutters and openable windows [4,5].

For dwellings and offices where facades are adaptive to permuting
conditions and requirements, they can help optimize indoor conditions
to safety occupant comfort while minimizing building energy use.
Adaptive building facades combine features, materials and technologies
that can change their properties to modulate, convert, and store energy
and mass flows according to changing weather conditions and internal
comfort requirements [6]. Switchable-transmittance windows can
minimize combined annual heating, cooling and lighting energy loads in

highly thermally-insulated and airtight buildings, by controlling solar
heat gain [7,8].

Electrochromic windows (i) require power only during switching,
(ii) retain their optical transparency without a voltage being applied for
12h-48h, (iii) require a low voltage to switch, (iv) have long life
switching cycling ability (typically 10° cycles), (v) can provide both
visible and solar control and (vi) can vary in colour (typically blue or
colour neutral). Their switching speed, in the order of minutes for
standard sized windows, depends on the window size and temperature
[9-12].

For the simulation of switchable windows, various simulation tools
and software have been used, each using a different technique(s) to
represent a switchable window. Electrochromic windows have been
simulated as (i) a switchable window (SW) simulated with all glazing
layers present. (ii) a blind: where the electrochromic glazing is simu-
lated as if it were an integrated internal roller blind, and (iii) a combi-
nation of both previous techniques. There to-date has been no rigorous
comparison of the outcomes of (i) different ways of simulating a
switchable window and (ii) each of these ways of simulating a switch-
able window combined with different control algorithms. There is thus
no general agreement on the most effective controller type to be used
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Nomenclature

Symbol Definition

K, Proportional component
Kj Integral component

Ky Derivative component
T; Derivative time

Tq Integration time

with switchable windows. This chapter examines the accuracy of
simulating a switchable window as a blind and explores the wide range
of controller types used with switchable windows, utilizing data from
the solar test cell located in Dublin, Ireland. The energy consumption of
the test cell and the daylight comfort of occupants were examined using
IDA ICE dynamic building simulation software [13]. The study will be
done using electrochromic windows simulated either as such or as a
blind. The glazing will be controlled by seven different controllers.
This paper is organized as follows.

(i) Section two provides the background and contexts.
(ii) Section three presents the methodology used.
(iii) Section four shows the main findings.
(iv) Section five draws conclusion from this study.

2. Background

Most studies have investigated the performance of electrochromic
windows using dynamic building simulations. Particular simulation
tools use different techniques to simulate an electrochromic glazing.
These techniques can be summarized into three categories (i) blind, (ii)
electrochromic (EC) or (iii) a surrogate. The types of simulation used
previously to investigate the performance of electrochromic windows
are summarized in Table 1 [14-19].

A specific set of control parameters is used in a control algorithm to
modulate outputs to achieve desired conditions in an electrochromic
window. control parameter data is provided by sensors that measure the
required parameter(s) at an appropriate sampling interval. Control pa-
rameters used include: (i) solar radiations [20], (ii) outdoor temperature
[21], (iii) indoor temperature [22,23], (iv) indoor luminous intensity
[24] and (v) heating and cooling loads [16].

2.1. Controller types

As shown in Tables 1 and in previous studies different controllers
have been used to control switchable windows. There has been no
agreement on the most effective controller type. This study used seven
controller types out of these. The selection of controllers for building
energy simulations was driven by the need to accurately represent real-
world scenarios while considering the specific characteristics of the
simulated environment. Each controller was chosen for its unique at-
tributes and relevance. Rule-based controllers were selected due to their
simplicity and interpretability. These controllers rely on a set of pre-
defined rules, making them suitable for scenarios where intuitive
decision-making is essential. In building energy simulations, rule-based
controllers can mimic human-like responses to environmental changes,
providing valuable insights into practical control strategies.
Proportional-Integral-Derivative (PID) controllers are widely used in
various industries, including building automation. Their selection was
motivated by their ability to strike a balance between responsiveness
and stability. PID controllers can effectively regulate environmental
conditions by adjusting control inputs based on error, integral of error,
and derivative of error. Their versatility and well-established perfor-
mance make them a suitable choice for building energy simulations. The
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inclusion of an Anti-Windup PID (aPID) controllers was driven by the
need to address practical issues such as control saturation. In real
building systems, actuators may have limitations, and controllers must
handle such constraints. The aPID controller, equipped with anti-
windup mechanisms, prevents integrator windup during control satu-
ration, ensuring more realistic and robust simulations. Model Predictive
Controller (MPC) was chosen for its advanced predictive capabilities.
This controller utilizes a dynamic model of the building and considers
future predictions when making control decisions. MPC is particularly
relevant in scenarios where optimal control strategies need to be
determined in real time while considering the system’s dynamics and
constraints. Its ability to adapt to changing conditions and optimize
energy usage aligns with the goals of building energy simulations.
Table 2 summarizes the advantages, disadvantages and main features of
seven controllers that were investigated in this study.

In the simulation, each of the seven controller types was applied to
control the EC glazing and to control the blind. The EC was controlled by
the sensed luminous intensity in the zone as shown in Fig. 1. Three
thresholds selected by optimization were used. When the sensed lumi-
nous intensity crosses the first threshold, a signal was sent from the
controller to activate (i) intermediate state I for EC or (ii) a specific blind
position and the process was repeated for all EC states and blind
positions.

2.1.1. Rule-based

A Rule-Based-Control or On/off controller is the most used strategy
for controlling active glazing systems [26-29], Rule-based controller
requires source(s) of data and “if statement” rules to manipulate that
data. On/Off controllers have only two states: fully on and fully off. In
this study, the on/off controller works by sending either O or 1 as a signal
for electrochromic each state or blind position.

2.1.2. P, PI and PID

A PID controller, widely used residential buildings, is a feedback
controller, consisting of three terms (i) proportional (P), (ii) integral (I)
and (iii) derivative (D). Each dependent on the error value between the
input and the output values. K}, K; and Kq are P, I and D parameters
respectively. As shown in Equation (7), a change in these parameters
will result in a change in the system response [30,31].

L
de
Output=K, x e(t) + K; x / e(t)dt + Ky x I 7)
0

where e is the error value. K;, and Kq4 can also be written as shown in
Equation (8) and Equation (9).

K=K, x T ®)

1
Ki=K, x T—d 9

where T4 and T; are, respectively, the derivative time and integration
time. Tuning these PID terms to their optimal values is crucial. Tuning
techniques used for a PID controller are either; Classical techniques,
where an assumption is made about controller parameters and then the
PID parameters are manually tuned to achieve the desired output, or
computational optimization techniques, where data modelling and a
function is used. These optimization techniques need to minimize a
function, the function can be energy needs, cost or emissions [32].

In this study, P, PI and PID controllers were examined separately,
only PI and PID were tuned using GenOpt software. GenOpt was used to
optimize Ky, K;, Kq parameters, the integration time and derivative time.
The optimization was set to the heating, cooling and lighting energy
consumption. In this study, for the PI controller, the T; and the K; were
tuned. and for the PID controller, K;, Kq, T; and Tq were tuned.
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Table 1
Previous studies on controlling EC windows considering their visual transmission (VT) and solar heat gain coefficient (SHGC).

Case Study Location Climate EC window Simulation Controller Comfort Energy benefit Software used Ref
properties type (Blind, Type Conditions
ECora
surrogate)

Two zones in Vaulx-en- Oceanic No. of glass A surrogate: On/Off Indoor Fuzzy controllers SIBIL building [14]
PASSYS test cell. Velin, panes: 2 combination PID temperature: reduce heating/ toolbox
Compare the France U-value: 1.4 of different 21-26 °C. cooling and environment
energy VT: simulation Inside daylight: ~ lighting energy
performance of [0.32-0.50] tools depends on the  consumption by
an SHGC: strategy used. 4% compared to
electrochromic [0.22-0.36] the ON/OFF
window under controller.
various control
strategies.

Office zone. Montreal, warm-summer No. of glass A surrogate: On/Off Indoor Total building TRNSYS, [15]
Evaluate energy CA humid panes: 2 combination Generic temperature: energy EnergyPlus
consumption continental U-value: 1.63 of different algorithm 21-25 (+3) °C.  consumption MATLAB
using quasi- VT: simulation MPC Inside daylight: ~ reduced by 4%-—
optimal, [0.015-0.621] tools schedule to 10% depending on
predictive and SHGC: keep it on 500 the control
rule-based [0.09-0.47] lux strategy.
control
strategies.

One zone of Anderson, Humid No. of glass A surrogate: On/Off Indoor Basic scenarios DIVA-for- [17]
34.8m>. USA subtropical panes: 2 combination temperature: strategy which Rhino,

Development of a U-value: Not of different 22.2-24.4 °C. uses CP 1 was EnergyPlus
comparison- given simulation Indoor slightly better than ~ MATLAB
based control VT: tools daylight: with CP 2.
strategy. [0.10-0.58] 300-500 lux.

SHGC:

[0.13-0.40]

Office building. Stockholm, Oceanic, humid No. of glass Blind On/Off Balance Occupancy based Winsel [16]
Evaluate control Denver and continental, panes: 2 temperature: control is
strategies for Miami tropical monsoon U-value: 2.8 8-14°C. beneficial.
different smart VT: Inside daylight: ~ The best coating
window and [0.12-0.74] depends on the combination
coating SHGC: Not strategy used. differs depending
combinations. given. on the balance

temperature of the
building.

One zone of 48m?. Trondheim, Oceanic climate, No. of glass Blind On/Off Indoor Lowest building IDA ICE [19]
Compare the Madrid, and Mediterranean panes: 2 PI temperature: energy
energy saving Nairobi climate, U-value: 21-25 °C. consumption
potential of subtropical [1.1-1.6] Indoor using
adaptive and climate VT: lighting: electrochromic
controllable [0.30-0.90] schedule with windows
smart windows. SHGC: range of controlled by the

[0.10-0.45] 100-500 lux. operative
temperature.

Office building Six locations Climates are split No. of glass EC On/Off Indoor Energy EnergyPlus [18]
(mid-size) in USA between Marine, panes: 2 temperature: consumption was
Compare four Dry and Moist U-value: 20-24 °C. 17.4% lower using
individual [3.2-6.3]. Indoor outdoor
control VT: daylight: temperature
parameters. [0.10-0.72] schedule. compared to the

SHGC: other three CP.
[0.10-0.50]

One room of 25m?  Quebec City, Continental No. of glass EC MPC Indoor Energy eQUEST [8]
Integration of Canada Climate panes: 2 Temperature: consumption was MATLAB
smart windows U-value: 20 °C. reduced between
into building [1.36-2.5] Indoor 8% and 53%
design VT: lighting: depending on the

[0.58-0.78] schedule to orientation.
SHGC: keep it on
[0.36-0.73] 400lux.

High rise building  Four Hot-summer No. of glass EC On/Off Indoor Energy EnergyPlus [25]
Energy locations in mediterranean, panes: 2 Temperature: consumption was DesignBuilder
consumption of Iran. cold semi-arid U-value: 20 °C. reduced by 35.5%
high rise using steppe, hot desert [1.32-2.5] Indoor using EC and other
smart windows and hot semi-arid VT: lighting: tools.
and other tools. climates® [0.099-0.78] Maximum

SHGC: allowable glare
[0.11-0.7] index of 22
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Table 2
advantages and disadvantages of the controller types examined [4].
Controller type Advantages Disadvantages Accuracy Complexity Computational
requirements
Rule-Based Simple, no tuning Overshoots the Lack precision in Relatively simple Computationally

Proportional (P)

Proportional-Integral (PI)

Proportional-Integral-Derivative (PID)

Anti-Windup Proportional-Integral (aPI)

Anti-Windup Proportional-Integral-Derivative (aPID)

Model Predictive Controller (MPC)

required.

Reduced rise time is
required to achieve
the desired tinting
level; no tuning is
required in most
cases.

Less rise time with
controlled
overshooting.

No overshooting,
very stable.
Eliminates the delay

that can be caused in

the PI controller.

Eliminates the delay

that can be caused in

the PID controller.
Predicts future
changes and
accommodates
disturbances.

desired condition

Has a significant
overshoot. Takes
a long time to
stabilize.

Causes minor
overshoot and
instability. Tuning
required.

Slow response,
tuning required.
Can be unstable,
can overshoot,
more tuning
compared to
normal PIL
Significant tuning
is required.

Requires (i)
system modelling
(ii) training and
(iii) validation.

situations where
complex decision-
making is required
Can achieve good
accuracy for a wide
range of systems but
may struggle with
highly nonlinear
systems or systems
with significant time
delays

Addresses integrator
windup but may still
struggle with systems
that have extreme
saturation conditions
or nonlinearity.

Can provide high
accuracy as it
considers system
dynamics and future
predictions. However,
it relies heavily on
accurate system
models.

Moderately complex
due to the need for
tuning coefficients,
and tuning can be
challenging for
complex systems.

Slightly more
complex than
standard PID
controllers due to
the anti-windup
mechanisms.

The most complex
among the
controllers, as it
involves solving
optimization
problems at each
time step.

lightweight and require
minimal resources.

Low to moderate
computational
requirements and can be
implemented efficiently.

Have similar
computational
requirements to PID
controllers.

Demands significantly
higher computational
resources than the other
controllers due to its
optimization-based
approach.

2.1.3. Anti-windup PI and PID

A PI/PID windup problem causes saturation to the actuator which
causes instability. It ensues when the error (i.e., the difference between
input and output) is either large or remains nonzero for a long time. A
PI/PID controller under saturation usually gives a delayed response to
the input change, the deeper the saturation level the more delay is added
to the response [33].

Anti-windup controllers have been used in different applications, in
this study, the tracking anti-windup scheme shown in Fig. 2 was used.
This type of anti-windup controller prevents the integral term from
accumulating a large value by using an extra component (represented by
the green line in Fig. 2) which sense the difference between the output
and input multiplied by tracking gain to the integral gain.

The model, an extension of “Modelica.Blocks.Continuous.LimPID”,

Three controllers
of the same type

——

»| Controller I

offers P, PI, PD, and full PID control modes with adaptable "reverseAc-
tion" for heating or cooling. It includes features like output limiting,
anti-windup, and setpoint weighting for versatile control system
modelling. For the anti-windup PI controller, the derivative gain was set
to zero and Tj, Kj, tracking-gain and limiter were tuned. For the anti-
windup PID controller, Tj, Kj, Kq, both tracking-gain and limiter were
tuned.

2.1.4. Model predictive control

Model Predictive Control (MPC) calculates the ideal inputs for the
controller in order to minimize the overall objective over a finite pre-
diction horizon. Previous studies have shown that MPC can significantly
reduce energy consumption by 15%-50% [35-37].

Building an accurate underlying building simulation model is crucial

Intermediate I

L t
ux meter Controller II

located in
zone

»| Controller III

Intermediate II Shading Signal | gC or
o | Blind

Adding

Junction

Fully-Tinted

Fig. 1. Control model for EC glazing and blind.
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Fig. 12. Shading signal, daylight and indoor temperature using model predictive control and rule-based controller in (a) EC and (b) blind.
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Table 5
Tuning time using different controllers.
Controller type Electrochromic Blind
Computational tuning time Relative computing time Computational tuning time Relative computing time
PI 1h 02 m 0.18 Oh 52 m 0.21
PID 2h 24 m 0.41 1h42m 0.41
Anti-windup PI 3h35m 0.61 2h 38 m 0.64
Anti-windup PID 4h 05 m 0.69 3h 21 m 0.81
MPC 5h 53 m 1 4h 08 m 1

4.5. Annual simulations

In this study, seven controllers were examined. For separate simu-
lations each controller was used to manipulate electrochromic glazing
transparency and blind position depending on interior illuminance level.
Annual heating, cooling, lighting energy consumption and tuning time
were calculated for each controller when used separately with an elec-
trochromic window and with a roller blind.

Fig. 13 shows the annual energy consumption of the zone using the
seven controllers, for the simulations which were done in the climate of
Dublin, Ireland. In this climate annual heating energy consumption is
generally higher than lighting and cooling energy consumptions. A
switchable window simulated as electrochromic glazing gave lower
energy consumption for all seven controllers compared with simulation
using an integrated blind. However, as shown in Fig. 13, the controllers
rank order in terms of energy needs was the same in both cases, with the

H Heating using EC  ® Cooling using EC  m Lighting using EC

Lighting using Blind

L

aPID MPC
Fig. 13. Annual total heating and cooling energy consumptions for each of
seven controllers using an Electrochromic window and a Blind.

Heating using blind * Cooling using blind
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Fig. 14. Annual daylight comfort periods using seven controllers using (a)
Electrochromic and (b) Blind.
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=
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Blind
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Blind
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PI PID aPl aPID MPC
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Rule-based controller resulting in the higher energy needs and MPC with
the least energy needs.

Fig. 14 shows the annual daylight comfort and discomfort periods
from simulation of a blind and an EC glazing. The comfort period is the
amount of time the average indoor illuminance was maintained (Within
range) in the comfort range (200-500 Ix), and the discomfort periods are
the amount of time the average indoor illuminance was below (Under
range) or higher (Over range) the recommended range. MPC achieved
the most comfort period with an average of 72% daylight comfort ach-
ieved during working hours, because MPC predicted the daylight level
every hour, so reacted ahead of changes. On the other hand, Rule-based
controller caused more daylight discomfort compared to other controller
types 58%. The difference between the seven controllers was insignifi-
cant when using a blind to simulate the window. However, the differ-
ence between the controllers was significant when simulating an EC.
This is because unlike the blind where it fully blocks a portion of the
daylight in intermediate position as shown in Fig. 7, an EC moderates
the transparency of the entire pane.

To provide a base case to calculate energy savings from displaced
heating and lighting, two double-glazed windows with the same prop-
erties have been used. The energy consumption using the static double-
glazed window was 1623 kWh and the daylight comfort was 43% of
annual working hours. Fig. 15 shows EC and blind energy savings and
daylight comfort increase compared to a double-glazed window.

5. Conclusions

The performance of a roller blind and an electrochromic glazing have
been simulated, the different outcomes in performance have been
examined for seven different controllers. For the particular conditions
studied, a room simulated with an electrochromic glazing required from
1268 kWh to 868 kWh heating, cooling and lighting energy needs
depending on controller algorithm, these were equivalent to 22% and
46% energy savings when compared to a double-glazed window. For the
same particular conditions, the simulated room with a roller blind
required from 1513 kWh to 1062 kWh heating, cooling and lighting

0

EC Blind EC Blind EC Blind EC Blind EC Blind EC Blind EC Blind
On/off P PI PID MPC

50
45
40
35
30

25

percentage %

aPI aPID

H Energy savings H Daylight comfort increase

Fig. 15. Energy savings and daylight comfort compared to a double-
glazed window.
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energy needs depending on the control algorithm, these were equivalent
to 7% and 35% energy savings when compared to a double-glazed
window. Simulation across seven controllers using blinds resulted in a
27% annual average daylight discomfort compared to a 30% daylight
annual average discomfort for the simulation of electrochromic glazing.
Moreover, it’s essential to highlight the aspect of computational opti-
mization time. The tuning required for EC glazing simulations deman-
ded an average of 3 h and 23 min. In contrast, simulating roller blinds
showcased more computational process time, with an average time of 2
h and 32 min. The results of this study suggest that previous studies
simulating electrochromic windows as integrated roller blinds in
heating-dominated climates may have overestimated building energy
loads. Additionally, depending on the controller used, they may have
also overestimated occupancy daylight comfort. These findings under-
score the importance of simulation method selection and its impact on
building performance and occupant well-being.
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