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ARTICLE INFO ABSTRACT

Keywords: In forced air heating systems, there are basically two approaches to set the temperature of each
Air heating systems zone within a multi-zone building: regulating the supply airflow rate and regulating the supply air
Flexibility temperature (or a combination of these two parameters). Conventional variable air volume (VAV)
Model predictive control systems usually maintain the supply air temperature constant within all rooms and regulate only
Multi zone buildings the supply airflow rate to the room. Recently, a novel multi-zone air heating and ventilation

(MZHV) system has been developed, which is capable of regulating both the supply airflow rate
and the supply air temperature to the rooms independently of each other. This paper investigates
the flexibility of the novel MZHV system and compares it with the conventional VAV systems. The
MZHV system as well as a multi-zone case study building are modeled in a high-fidelity simu-
lation environment (IDA ICE). Instead of traditional rule-based control schemes, a model pre-
dictive control (MPC) scheme is developed to control real-time power consumption of the multi-
zone building. For this purpose, a second-order state space model is identified for each zone and
calibrated against the results from the high fidelity simulations. MPC is implemented in MATLAB
environment by using the second-order state space models. Two co-simulations are performed to
compare the flexibility of the novel MZHV system with a conventional VAV system. The results
show that the MZHV system provides a significant flexibility in terms of the energy usage, without
affecting the comfort levels. This flexibility can for example be exploited to reduce the overall
energy usage or provide ancillary services for a smart electricity grid.

Nomenclature

Notations

X The i" element of the vector x

my" Mass flow rate of supply air to the i zone

i Temperature of supply air to the i zone

Tdes Desired temperature for the i zone

yet Estimated temperature of the i zone by our state space model
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Yi The temperature of the i zone derived from IDA ICE
Coair Specific heat capacitance of the air

u; Net power delivered to the i zone

uint Power delivered to the i zone by internal sources
uren Power delivered to the i zone by the air heating and ventilation system
Abbreviations

CAV constant air volume

HVAC  heating, ventilation, and air conditioning

MPC model predictive control

MZHV  multi-zone air heating and ventilation

VAV variable air volume

VRF variable refrigerant flow

VRV variable refrigerant volume

1. Introduction

Heating, ventilation, and air conditioning (HVAC) systems are the most energy demanding services in many buildings, using almost
half of the final energy in the building sector [1], and account for 10-20% of the total final energy in developed countries [2]. As a
result, strong efforts are devoted to develop more efficient and flexible HVAC systems. Migrating to renewable energies has intensified
these efforts, since renewable energies are intrinsically unpredictable and their rising share in the power production increases the
imbalance between supply and demand. This requires new solutions to attenuate their impact on the stability of the power grid [3].
Activating the energy flexibility of small electricity consumers is among the most promising proposed solutions. For example, resi-
dential buildings can provide flexibility services through adjusting the timing and amount of energy used by HVAC systems [4].

There are many types of HVAC systems. Generally, they can be categorized into decentralized and central systems [5]. Decen-
tralized HVAC systems are usually located inside or adjacent a conditioned zone, and there is no requirement for ductwork. Mini-splits
and multi-splits (or VRV/VRF systems) are attractive ductless decentralized solutions [6].

In central HVAC systems, on the other hand, the heat is generated in a central location and then distributed throughout the house.
Central HVAC systems can be classified into hydronic and forced air systems [7]. Hydronic Systems usually exploit hot water running
through the pipes around the building and emit via radiators (or a floor surface) into the intended spaces, whereas forced air systems
use hot air as their medium and push it through a duct system into the intended spaces.

There are pros and cons associated with each HVAC solution, depending on the given situation. For example, many decentralized
solutions like multi-splits (or VRV/VRF systems) cannot provide any ventilation and thus additional ventilation systems are necessary
to be installed. Similarly, considering the hygienic airflow requirements, the maximum supply air temperature is around 50 °C for
forced air central HVAC systems. This imposes a limit on their heating power for some applications.

This paper deals specifically with forced air central HVAC systems. These systems are in turn categorized into constant air volume
(CAV) and variable air volume (VAV) systems.

As their name implies, the supply airflow rate is constant in CAV systems. In addition, they usually have a centralized heating coil,
and thereby push the air at almost identical temperature to all the intended rooms. Such a supply strategy provides little or no pos-
sibility to meet individual heating demands in a multi-zone building. Consequently, they are more common in small-sized buildings
due to their simplicity and low cost [8]. Such small CAV systems often have on/off control, rather than adjusting supply air tem-
perature, to meet varying heating demands.

VAV systems provide more flexibility than a simple CAV system. Like a CAV system, an identical supply air temperature is delivered
to all the zones. In addition, they regulate the supply airflow rate for each zone separately by means of VAV dampers. Since they are
capable of regulating the temperature of each zone separately, they are more appropriate for mid-to large-size buildings [9]. Different
studies show that VAV systems use considerably less energy compared to the simple CAV systems [10-12]. In addition, the optimal
supply air temperature for a VAV system has been investigated in a few papers, which show that the supply air temperature has a
considerable effect on energy demand [13,14].

Recently, a novel multi-zone air heating and ventilation (MZHV) system has been developed, which provides even more flexibility
than traditional VAV systems. Like a VAV system, it can regulate the supply airflow rate for each zone separately by means of VAV
dampers. In addition, it is capable of regulating the supply air temperature for each zone, independently of flow rates. Mechanical
operation of the novel MZHV system within a laboratory environment is examined in Refs. [15,16]. The present study is an extension of
the preliminary work done in [17]. It investigates the operation and flexibility of the novel MZHV system and compares it with a
conventional VAV system. For this purpose, a relatively detailed model of the novel MZHV system is developed in the building
simulation environment IDA ICE [18]. In addition, a detailed model of a multi-zone case study building is developed in the same
environment.

Rather than relying on traditional rule-based control schemes, a short-term MPC scheme to control real-time power consumption of
the multi-zone case study building is developed. MPC controllers predict future events and take control actions accordingly. Some
studies show that MPC can reduce energy consumption by up to 17% in comparison with the traditional rule-based control schemes
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[19].

An accurate dynamic model of the controlled plant is an essential part of any MPC scheme. For this purpose, a simple second-order
state space model with sampling rate of minute order, is identified for each zone of the case study building and then validated against
data generated by IDA ICE. Using the second-order models, an MPC controller is developed to control the energy usage of each zone. A
local logic layer then determines if the energy dispatched by the MPC layer for each zone shall be supplied as a conventional VAV
system through regulating its supply airflow rate, or by regulating its supply air temperature. Finally, local PI controllers regulate the
supply airflow rate and supply air temperature for each zone.

The main contributions of this study can be summarized as follows:

A detailed model of the novel MZHV system, which is capable of manipulating both supply airflow rate and supply air temperature
within each zone, is developed in IDA ICE and its operation is compared with conventional VAV systems.

Two different levels of modeling for a multi-zone building are developed. The first level of modeling is developed in IDA ICE, which
is used as a reference. The second one is a decentralized set of simple second-order state-space models with sampling rates at the
order of minutes, which are exploited by the MPC layer. The state space models are identified for the case study building based on
time series data derived from IDA ICE.

A short term MPC scheme to control real-time power consumption of a multi-zone building is developed in MATLAB and linked
with IDA ICE.

The rest of this paper is organized as follows. Section 2 provides a brief description of the novel MZHV system and its simulation in
the IDA ICE environment. Section 3 is devoted to methodology. It discusses the case study building, the proposed models to capture its
thermal dynamics and identification procedure. Section 4 presents the proposed control scheme. The co-simulation between MATLAB
and IDA ICE and its results are discussed in Section 5. Finally, Section 6 concludes the paper.

2. The novel MZHV system

Fig. 1 shows a sketch of the novel HVAC system. The HVAC system is a balanced mechanical ventilation and air heating system, in
which heating is provided via the conditioned air. The system comprises of:

- An Air Handling Unit (AHU) with standard components i.e. supply and exhaust fans, filters and a heat exchanger
- A manifold with a built-in heating coil and heat valves

- Variable Air Volume (VAV) dampers

- A heating unit, e.g. a heat pump

- Supply and extract ductworks

The novelty of the HVAC system is related to the manifold [15,16]. It is a junction box with a built-in heating coil, from which a
number of ducts branch off to the ventilated rooms. Each duct is equipped with a so-called heat valve for individual supply air
temperature regulation. When air enters the manifold, it may either pass through the heating coil or bypass it. The heat valve of each
duct adjusts the percentage of air that passes the heating coil and accordingly regulates the supply air temperature to each room
separately (see Fig. 1b). The supply airflow rate to each room can be regulated via adjustment of the VAV damper opening degree
associated to that room. At the dwelling level, supply airflow rate and supply air temperature can be regulated via adjustment of the
supply fan speed and the supply water temperature to the manifold, respectively.

The ventilated rooms can be equipped with just a supply duct, e.g. in a living room and bedrooms, or with an exhaust duct, e.g. in a
bathroom and a utility room, or can be equipped with both a supply and an exhaust duct, e.g. in a kitchen.

The novel MZHV system is modeled in IDA-ICE environment using available components from an existing IDA ICE library [18].

Fresh air  Exhaust air

Air Handling Unit

Manifold

@ I=h ““ é

eat pump

a) overall system b) manifold side view

Fig. 1. The novel designed ventilation and air heating system.
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Fig. 2 shows a block diagram of the simulation model. Two conventional AHUs from the IDA ICE library are utilized. One of them
functions as a heat recovery unit and provides a mild air stream. The second one warms up the mild air and provides a warm air stream.
There is an adjustable mixer for each controlled zone that regulates the ratio of mild and warm air streams and consequently sets the
supply air temperature. In addition, a conventional VAV adjusts the total airflow of each zone.

3. Methodology

First, this section describes the case study building. Then, two different levels of modeling to capture the thermal dynamics of the
case study building are presented. Finally, the identification mechanism is discussed.

3.1. The case study building

Fig. 3 shows the plan of the case study building, which is a typical Danish single-family house as found in a Copenhagen suburb and
consists of 11 zones. It is assumed that only 6 zones (Zone 1, Zone 2, Zone 6, Zone 9, Zone 10 and Zone 11) are controlled by the MZHV
system. Zone 5, Zone 7 and Zone 8 are only equipped with exhaust ducts, in which a supplementary heating system (e.g. floor heating
in the bathroom) can be used to regulate the room temperature.

3.2. Modeling

3.2.1. Modeling in IDA indoor climate and energy (IDA-ICE) software

The first level of modeling is done in IDA ICE, which is used as our “true reference.” A detailed model of the building is developed in
IDA ICE using the characteristics indicated in Fig. 3. The effect of internal sources including occupants, equipment and solar irradiation
are incorporated in the simulations.

3.2.2. Decentralized state space modeling

For MPC control applications such as coupling MZHV systems with smart-grids, where MZHV system provides ancillary services in
a smart electricity grid by responding to external signals (e.g. price signals), there is a need of accurate mathematical models, which are
capable of predicting the heat dynamics of a building at zone level. In addition, their time resolution should be high enough, which
means sampling rates of once every few minutes at least. Moreover, since they are implemented in real-time, their computational
burden should be kept as low as possible. On the other hand, they should be able to deal with real-time uncertainties.

Rather than using a centralized approach, which is known to be computationally demanding [20], a decentralized set of
second-order models with sampling rate on the order of minutes is used in the second level. We propose a second order model with a
slow and a fast mode for each zone, as follows:

xi (k4 1) = Ay (k) + by g (k) + 1 e (k) 1
(k4 1) = Ao (k) + bous () + e (k) @
¥i (k) = x1i(k) + x2(k) 3)
ei(k) = yi(k) — ¥ (k) 4

The control input y;(k) is the average delivered power to the i" zone and the output y;(k) is the average temperature of the i zone;
¥ (k) is the temperature of the i" zone estimated by our model.

Merger
extracted air
from all zones v v
Y Mixeér 1 ——&— Zone 1
mild ’ VAV
i air d: 1
fresh Heat recovery Heat valve 1 damper
air
o v
AHU 1 ]\{!,!XCTZ o> 2 Zone 2
VAV
Heat valve 2 damper 2
warm
Heat coils air
AHU 2 bl 4

Mixér n ——a—» Zone n

VAV
Heat valve n damper n

Fig. 2. Block diagram of the model used to simulate the novel MZHV system in IDA ICE environment.
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: Controlled zone - X g
Floor area 160 m?
: Uncontrolled zone i
4 H Volume 460 m*
4 Z3 = Window/Envelope 6.6%
AN = Z11 P s
J U-value of external walls 0.4 W /m?K
Z2 =L U-value of roof 0.2 W/m?K
Z
5 ;’ U-value of slabs towards 0.3 W/m?K
2 = [ ¥ the ground
Zy % e iz Z10 U-value of windows 29 W/m?K
& U-value of doors 2.9 W/m?K
_— = e

Fig. 3. Floor plan of the case study building and its characteristics.

The physical interpretation behind the model is that there are two thermal capacitances in each zone. The fast one corresponds to
the heat capacitance of the indoor air and the slow one, which can be considered as a storage media, corresponds to the heat
capacitance of the thermal mass (walls, floor, etc.) of the zone [21]. To deal with uncertainties, we use the prediction error as a
feedback signal, as is commonly done in a Kalman filter (the popular method for designing observers and state estimators). For
prediction purposes, it is assumed e(k + j) = 0,j > 0.

3.3. Identification

Since the computational burden of the second-order model is low enough, a 5-min sampling rate is applied. The identification
procedure is done in two steps. First, we assume e;(k) = 0 and identify the four parameters 4, ;, A2, b1, b2; for each zone by exploiting
the ssest command from the System Identification Toolbox of MATLAB [22]. Then, the two remaining parameters, i.e. [, ; and l»;, are
set by applying Kalman filter design methods [23].

Fig. 4 and Fig. 5 show 1-step-ahead and 12-step-ahead predictions of the zones temperatures by the second-order models for the six
controlled zones, respectively, and compare them with the responses of IDA ICE over a one-day simulation period with arbitrary initial
and boundary conditions. It is worthy of note that the initial transient responses in the figures, are due to the initial required time for

l IDAICE —-—-— Second order model l
Air Temperature of Zone 1 Air Temperature of Zone 2
[\
23 R AL R
23
225 2251\
22 = 22
0:00 6:00 12:00 18:00 24:00 0:00 6:00 12:00 18:00 24:00
Time (Hour) Time (Hour)
Air Temperature of Zone 6 Air Temperature of Zone 9
\ T :
23 \
23
225
22
22
0:00 6:00 12:00 18:00 24:00 0:00 6:00 12:00 18:00 24:00
Time (Hour) Time (Hour)
Air Temperature of Zone 10 Air Temperature of Zone 11

N

23
22.5
22
0:00 6:00 12:00 18:00 24:00 0:00 6:00 12:00 18:00 24:00
Time (Hour) Time (Hour)

Fig. 4. 1-step ahead prediction by the second order model (Ts = 5 min).
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IDAICE —-—-— Second order model

Air Temperature of Zone 1 Air Temperature of Zone 2

23 N
23
225\
22 < 22 h
0:00 6:00 12:00 18:00 24:00 0:00 6:00 12:00 18:00 24:00
Time (Hour) Time (Hour)
Air Temperature of Zone 6 Air Temperature of Zone 9
Y T T
23 "

23

225
225

221
n N N 22 A N n
0:00 6:00 12:00 18:00 24:00 0:00 6:00 12:00 18:00 24:00
Time (Hour) Time (Hour)
Air Temperature of Zone 10 Air Temperature of Zone 11

[

23

22.57,

22 =L~
0:00 6:00 12:00 18:00 24:00 0:00 6:00 12:00 18:00 24:00
Time (Hour) Time (Hour)

Fig. 5. 12-step ahead prediction by the second order model (Ts = 5 min).

the Kalman filter to converge. They only occur when the simulation starts, and can be ignored during normal operation. Thus, we can
simply assume the controller starts after this transient period. Overall, due to the Kalman filter feedback, there is a good agreement
between the responses of our simple linear second-order models and the data from IDA ICE.

4. Control scheme

Next, we implement a hierarchical control scheme, as described in Fig. 6. It consists of an MPC controller, a local logic layer and
local PI controllers. In the following subsections, each layer is described in more details.

4.1. MPC layer

Model predictive control (MPC) has been widely implemented in advanced supervisory control layers [24,25] due to its ability to
account for constraints and multi-variable interactions in the dynamics. Thus, it has the ability to optimally control constrained
multiple-input multiple-output nonlinear systems.

The MPC layer designed in this study, with 5-min update rate and 1-h prediction horizon, estimates the required energy of each
zone, according to the desirable air temperature for the i" zone (Tdes(t)).

Our decentralized set of second-order models are used in this layer for optimization purposes. The following optimization program
is executed 12 times each hour (every 5 min) in a receding horizon manner.

T}’“(t)

setpoints Control

MPC L l for flow Local PI signals for Tcm;;(:gturcs
controller () —OCA sl controllers #1 A4yl IDATCE | yinowraces
1 1 : .
> 0gic
(Update rate 1ager Local PI — Environment
5 minute) 4 setpoints for\ o trollers #2 signals for

- Heat valves
of supply
air

Fig. 6. Hierarchical control scheme.




M. Khatibi et al. Journal of Building Engineering 49 (2022) 104100

N

m}(rl, 3 ]IZIO: (T (k+j+1) =y (k+j+ 1)) (5)
s.t.

wi(k+j) = u" (k+j) + u]" (k + ) (6)
xui(k+j+ 1) = Ak +5) + b (k+j) + Lei(k+j), @
xoi(k+j+ 1) = hoxai(k+j) + boui(k +j) + biei (k +), (8)
Yk +j) = xii(k+J) + x2:(k +)), 9)
eilk+j)= {g"(k) ) jig (10)
0<u(k+j) < P (11)

where ul™ denotes the thermal power rate of internal sources, including occupants, equipment and light radiations within the i" zone
and N, is the number of zones.

4.2. Control logic layer

As mentioned in the introduction, we compare two different control logic schemes in this research.

The control logic layer, as follows, translates w}*" (k) into m}*" (k) and T;"” (k) according to the control logic and then sends them to
the local PI controllers. The output of this layer is the reference set points for the local PI controllers to regulate the supply air tem-
perature and supply airflow rate.

4.2.1. Conventional VAV logic for MZHV systems
In this approach, the supply air temperature is fixed and the rate of delivered energy to each zone is controlled by manipulating the
supply airflow rate to each zone. So, we set

T (k) =T (12)

i (k)

13
Cuir(Tmp - yi(k)) ( )

mrer (k) —

i

If m*" (k) is outside its minimum or maximum level, we set it to its saturation limit.

4.2.2. Minimum airflow rate (The novel MZHV system)

In the novel MZHYV system, we can manipulate both the supply air temperature and supply airflow rate to control the delivered
energy. To reduce the system’s acoustic noise, we base the local regulation on keeping a minimum airflow rate in each zone. For this
purpose, we set

m:(!n (k) — m;'e/l (14)
SUp _ u:_'en (k) X
;7 (k) = Coprit® TV (k) (1s)

If T;"” (k) is outside its min or max level, we set it to its saturation limit.

4.3. Local PI controllers

There are two sets of local PI controllers in this scheme. A local PI controller per VAV damper regulates it to keep the supply airflow

control

Matlab signals IDA ICE y(©

Environment Environment

Fig. 7. Co-simulation between MATLAB and IDA ICE
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rate around its desired value. In addition, one local PI controller per heat valve regulates it to keep the supply air temperature around
its desired value.

5. Results and discussion

We run two co-simulations involving MATLAB (control) and IDA ICE (building and HVAC simulation) to compare the two control
logic schemes (Fig. 7). The two investigated scenarios are represented in Table 1.

In the first scenario, which represents a conventional VAV system, the supply air temperature is kept constant around 30 °C and the
supply airflow rate is manipulated within each zone to follow the reference temperatures. At the second scenario, the supply airflow
rate is kept at the minimum level of 0.3 L; for each zone and the supply air temperature is manipulated within each zone to follow the
references.

Remark. Except for the local logic layer, all other settings, including the MPC layer, are identical in the two co-simulations.
Consequently, any observed improvement will be due to the difference in the local logic layer, i.e. manipulating supply air temper-
ature instead of supply airflow rate. Comparing the proposed MPC scheme with traditional rule-based control schemes is beyond the
scope of this paper.

The simulations are done for a whole day, i.e. 24 h, in early January. It is assumed we have a perfect knowledge about the delivered
energy from internal sources, including occupants, lighting, solar irradiation, as well as in-house equipment (See Table 2).

Fig. 8 shows the response of the six controlled zones in the two scenarios. We define two indexes for the purpose of comparison. To
quantify the comfort level, we define the mean absolute difference between the reference and simulated temperature responses as an
index for the comfort level and denote it as “mean absolute error”. Another index is the mean delivered power to each zone by the
MZHV system. Table 1 compares the performance and power consumption in both scenarios for the 6 zones which we have control
over.

According to Table 2, the second scenario, in which the supply air temperature is regulated instead of the supply airflow rate,
reduces the mean absolute error from 0.95 to 0.65, which shows that the reference signals can be tracked more precisely, and therefore
a better comfort level is achieved. In addition, the novel MZHV system lowers average power consumption from about 1 kW to less than
0.8 kW (indicating more than 20% energy saving). It is worthy to mention that the novel MZHV system can operate as a traditional
VAV system and manipulate only supply airflow rates (the first scenario) as well. In addition, it is capable of manipulating the tem-
perature of supply air for each zone separately (the second scenario). So, it can be considered as a flexible load which can deliver
roughly the same comfort level at lower energy use. Moreover, it should be emphasized that there is a cost-flexibility tradeoff. If the
system is adjusted to minimize power consumption and therefore the energy cost, the only flexibility is to increase power consumption
when it is needed by the grid. However, it is possible to adjust the system consumption, slightly above the minimum level. It will
increase the total energy cost, but in turn provide more flexibility. In this case, the system will be capable of both increasing and
decreasing its power consumption according to the grid’s condition and thus contribute to balance the electricity network in a smart-
grid setting without compromising the comfort levels. How this extra flexibility can be utilized in an efficient way in order to balance a
smart grid, is the subject of future research.

6. Conclusion

There are two approaches to control the temperature of each zone within a multi-zone building by forced air heating systems:
regulating the supply airflow rate and regulating the supply air temperature. Recently, a novel MZHV system has been developed,
which is characterized by regulating both the supply airflow rate and the supply air temperature to the rooms, independently of each
other. The performance of the novel MZHV system is investigated in this paper and compared with conventional VAV systems, which
usually maintain the supply air temperature constant within all rooms and regulate only the supply airflow rate to the rooms. For this
purpose, the MZHV system as well as a multi-zone building are modeled in the IDA ICE environment. For control purposes, a simple
second order state-space model for each zone is identified and validated against the results from IDA ICE simulations. Then a model
predictive control (MPC) scheme is developed and implemented in MATLAB environment. The communication between MATLAB and
IDA ICE is established and two co-simulations (MATLAB and IDA ICE) are performed to compare the performance of the novel MZHV
system with the conventional VAV systems. Two indexes were defined for the purpose of comparison. The mean absolute difference
between the reference and simulated responses is considered as an index for the comfort level. Another index is the average delivered
power to each zone by the MZHV system. The results show that the novel MZHV system is not only able to track the reference signal
better (improving mean absolute error by almost 30%), but also decreases the energy use considerably (more than 20%). The flexibility
can be exploited to reduce the power consumption or balance the electricity network in a smart grid. It will be the subject of future
research.
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Table 1
The two investigated scenarios.
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Supply airflow rate Supply air temperature

Scenario 1 (Conventional VAV systems)
Scenario 2 (Minimum airflow rate, the novel MZHV system)

variable 30°C

03 L variable
T sm?

Table 2
Comparison the performance and power consumption in the both scenarios.

Mean power of internal The first scenario

The second scenario

sources (W)
mean absolute error

mean delivered power by VAV

mean absolute error  mean delivered power by MZHV

("C) system (W) (5C) system (W)
Zone 1 281 0.21 69 0.12 48
Zone 2 281 0.24 62 0.15 42
Zone 6 281 0.06 312 0.06 257
Zone 9 106 0.18 69 0.11 53
Zone 281 0.07 418 0.1 329
10
Zone 181 0.19 78 0.11 57
11
Sum 1411 0.95 1008 0.65 786
l ————— The first scenario — The second scenario — — — Reference
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Fig. 8. The response of the first zone for the two scenarios.
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