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Abstract - In this paper, an energy-saving oriented model-based air balancing method aiming at reducing the energy consumption and
achieving the air balancing among all air terminals is presented. The method includes two layers: one is the static pressure control layer,
and the other is the air balancing layer. The first layer is to modulate the speed of the fan with the variance of total airflow rates to achieve
the aim of energy saving. The second layer is to implement the air balancing among the terminals. Experimental tests are carried out in
the experimental rig with five terminals to validate the performance of the proposed method.

Keywords: Ventilation system, Air balancing, Bayesian regression, Model-based method, Parameter identi-fication,
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1. Introduction

Buildings account for 35-40% of total energy use in many countries [1, 2]. For instance, in the USA, 41% of the energy
is used in the buildings. In schools and hospitals, the need for energy for building services is audited to be just above 50%
[3]. Therefore, it is motivated to investigate the energy saving potential in the building. The mechanical ventilation system
is one of the most energy-demanding systems in the buildings, which operates on a 12-months basis.

Many methods, which focus on energy efficient ventilation systems, have been studied in the past decades, which can
be classified into two categories: 1) testing, adjusting and balancing (TAB) method; 2) demand controlled ventilation (DCV)
strategies. TAB is the three major steps used to achieve proper operation of heating, ventilation, and air conditioning (HVAC
) systems. The balancing is usually based on the design flow values required by the Mechanical Engineer for the project [4].
The TAB of the ventilation system is a time-consuming and laborious task that need iteration loops to ensure that the designed
airflow rate is reached in every location of the building. Some studies have proposed the non-iterative TAB method, to reduce
the time consumed. Federico Pedranzini et al. [5] presented the progressive flow (PFM) method, a non-iterative approach,
by adjusting dampers progressively from the furthest terminal to the closets terminals. A control loop, which using the add-
on device, is used to decouple the interactive effect in the terminals. The number of measurements and the time consumed
on air balancing are largely reduced, and only 57%-67% fewer adjustments are required compared to use the conventional
ratio method. Tamminen et al. [6] presented another non-iterative TAB approach suited for small-scale ventilation systems
with short common pipes, only needed the knowledge of the fan total airflow rate and pressure. During the adjustment
process, the fan static pressure remains constant implemented by a variable speed drive fan with corresponding fan speed
controller, while the total flow rate is increased until the estimated airflow rate meets design requirements. Simulation and
experimental results validate this approach.

DCV system is the ventilation system with feed-back and/or feed-forward control of the airflow rate according to
measured demand indicators which include airflow rate, pressure, temperature, humidity, CO2 or other gas concentration,
particle concentration and occupancy. Englander et al. [7] proposed two control strategies utilizing terminal box DDC
feedback to directly control the supply fan speed. All of the terminal box controllers were polled and an error signal was
calculated based on the maximum or average difference between the setpoint and measured airflows. The energy saving
potential of the two control strategies was verified using the simulation. Samira Rahnama et al. [8] proposed a method based
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on measuring the static pressure at the terminal dampers. The proposed DCV control was applied on a mockup of a VAV
ventilation system, including a supply duct with four branches connected to four terminal dampers, in a laboratory
environment. The experimental results showed a minimum reduction of 21% in main fan power use with the DCV control
compared to constant static pressure.

Due to the time-consuming and laborious characteristics, the TAB method is not easily executed when the system needs
to be rebalanced because of system aging and changing room usage. DCV strategies can regulate the airflow rate to each
branch to acceptable indoor air quality while consuming the least energy. However, many studies [9] pointed out that DCV
control strategy cannot adequately consider the ventilation demand in a space in many situations since the indicator (such as
CO2, temperature) provides no information of other contaminants, such as those generated by building materials. What’s
more important is that the indicator is usually captured from a single critical zone, which will make the other zones over-
ventilated or under-ventilated, resulting in unbalancing of the system and wasting of energy.

Proper air balancing can reduce the total airflow rate, while at the same time avoiding the over-ventilated or under-
ventilated problem. Therefore, the air balancing method can save energy consumed by the ventilation system. In addition,
the advantage of energy-saving of air balancing methods can reduce the amount of pollution created on-site of at the
electricity generating plant, and also reduce the noise of the ventilation system. Recently, some methods focusing on the air
balancing of ventilation system have been proposed [10, 11]. These methods only realize the balance of the system using the
machine learning or optimization algorithm, while not consider the energy saving. Therefore, a DCV system will have large
potential of energy-saving provided that the DCV system is balanced compared to normal DCV system.

In this paper, an energy-saving model-based air balancing method which can accurately balance the DCV system is
proposed. The method includes two schemes. One is the static pressure control scheme used for maintaining the static pressure
of the main duct to its set-point. The other one is air balancing scheme used to balance the ventilation system by three steps:
1) building a mathematical model for duct system based on steady-state pressure balance; 2) identifying the significant model
parameters by Bayesian regression supervised machine learning; 3) determining the damper position based on the formulated
model. The first scheme is used to realize the energy saving and the second scheme is used to realize the balancing among
the terminals. The proposed method is validated in an experimental testbed with five terminals.

2. Energy-Saving Model-Based Air Balancing Method
The proposed method consists of two layers, namely static pressure control layer and air balancing layer. The
structure of the proposed method is illustrated in Figure 1.
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Fig. 1: Block diagram of the proposed method.

2.1. Selection of the static pressure control layer

The most common method of supply fan control in VAV systems is closed loop proportional-with-integral (P1) control
utilizing the pressure measured in the main supply duct in which variable speed drives (VSDs) are commonly used due to
their low energy consumption.

In this study, the closed loop PI control strategy is adopted for its simplicity and has been broadly used in practice.
The PI controller used in this study can be mathematically expressed as:
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U =K,E+K, [EdT +U, (1)

where U is the output direct current voltage (in the experimental rig, the fan is a variable-speed centrifugal supply fan whose
speed can be adjusted by direct current voltage over the range [0-10V]), E is the error/deviation of static pressure of the main
duct, K, is the proportionality (gain), Ki is the integral parameter, and dT is the time change, Uy is the output value in the
absence of an error (i.e. E=0).

2.2. Model development for the proposed method

Straight duct, elbow, damper junction and transition are the elementary components in a ventilation system. The
pressure-flow relationship of these components is complicated and difficult to formulate analytically. Fortunately, these
fittings have been widely tested experimentally, and empirical formulas have been established based on the experimental
results [12]. The model of the component is presented in the following equations.

® Duct
APduct = L(Dduct(q)
P9’ @)
Dauct (q) =2000f ﬁ
where AP, . is the friction loss in terms of total pressure, f is the friction factor, L is the duct length, D is the duct diameter,

V is the air velocity, p is the air density, ¢ is the duct surface roughness, Re is the Reynolds number, v is the kinematic
viscosity.

® FElbow, damper, junction and transition
e(q)=AP

1 4q Y 3)
:—C —_—
2 fp(;rDzj

where C is the friction coefficient of the elbow, damper, junction, and transition respectively. ¢, (q)and ¢(q) are the basis

function of each component to be used in Bayesian Linear regression machine learning.
For modeling a duct system, an associate matrix A is defined to describe the network topology. The elements a;
indicating the linkage between path i and branch j is defined as follow:

branch j does not belong to the path i;
branch j is a duct belonging to the path i;
branch j is an elbow belonging to the path i;
branch j is a junction belonging to the path i;
branch j is a damper belonging to the path i;
5, branch j is a transition belonging to the path i;

= o

(4)

NN

A basis function taking linear combinations of a fixed set of component models (nonlinear functions) is defined as
follows:
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By the definition of associate matrix and basis function, the steady-state pressure balance gives:
N
2 0p(a)+Py =0 (6)
=

where «j is the unknown variables of the component in the duct system, Ps, is the static pressure set-point. Assuming a duct
system has M paths and N branches, then ie(1,---,M), je(---,N).
Given one desired airflow rate of a terminal, the damper pressure difference of this terminal will be obtained:

P=2op(2)+R, %

J=k

where k is the number of the damper branch, i.e. the damper model is not included in Eq.(7).
The associate matrix A gives the detail description of the network topology, Eq.(6) provides the model of the duct
network, and Eq.(7) provides the model of achieving the pressure of the damper.

2.3. Model development for the proposed method

In this section, the purpose is to identify the unknown parameters of the developed model of the duct system. The
supervised machine learning method of Bayesian linear regression [13, 14] is employed to estimate the unknown parameters
of the system.

Assuming the target pressure difference of the damper, P, is given by a deterministic function #(q, w) with additive
Gaussian noise so that

P=s(Q,w)+e (8)

where ¢ is a zero mean Gaussian random variable with precision (inverse variance) £ .

According to definition of the marginal distribution, conditional distribution, and Bayes’ theorem for Gaussian
variables, the posterior distribution can be obtained:
f(Wlp):N(W|mNysN) (9)

where
m, :ﬂSN(I)TP
Sy =al+ po'®
o) o) - ous(a)

®- :(90(%) :(ﬂl(qz) fDM—l(qZ)

2o(@y) @(ay) - oua(ay)

The optimal prediction of the pressure difference of the damper, for a new value of g, will be given by the conditional
mean of the target variable.
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P=E[5(P|P,a,p)]

(10)
= [Pp(P 1w, B)p(w|P,a, B)dPdw
2.4. Damper position determination for the proposed method

In this stage, the purpose is to determine the damper position according to the predicted pressure difference using
Eq.(10).

Assuming a desired airflow rate q, the pressure difference P of the damper can be obtained according to Eq.(10). The
damper position will be determined through the lookup table based on the obtained Ct. The friction coefficient of the butterfly
damper in round conduit is tabulated with the damper position is shown in Table 1, which comes from the handbook of
hydraulic resistance [22].

Table 1: Friction coefficient table for circular butterfly damper CD9-1.

Degree (0) Coefficient (Cr)
0 0.19

10 0.67

20 1.76

30 4.38

40 11.2

50 32.0

60 113

70 619

75 2.01x108
80 1.035 x104
85 9.9999 x103
90 9.9999 x103

The procedure of damper position determination is illustrated in Figure 2.

Fig. 2: Schematic diagram of damper position determination.

3. Operating Steps of the Proposed Method

Up to this moment, the proposed method has been completed. The procedure of determining the position using the
proposed method is summarized as following steps:
Step 1: Calculating the posterior distribution of w using the training data D, the s(w|P,a, ) needed for pressure prediction
is obtained in this step;
Step 2: Selecting the appropriate value of the g, thenthe (P |w, ) needed for pressure prediction can be obtained,
Step 3: Calculating the optimal prediction of the pressure difference, i.e. outputs P = (ps, p2, ..., px) of the damper using
given the desired airflow rate, i.e. inputs g = (qu, Oz, ..., qi);
Step 4: Calculating the friction coefficient C; of the damper according to the achieved pressure difference P in Step 3;
Step 5: Determining the damper position through a lookup table according to the obtained value of C: in Step 4.

The procedure can be well illustrated by a flowchart in Figure 3.
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Figure 3: The procedure of the air balancing method.

4. Performance Validation
4.1. Experiment platform

In this study, an experimental rig together with the measurement instrumentation is developed to simulate a ventilation
system. The ventilation system comprises two major parts: a fan and an air ducting system. The fan is a variable-speed
centrifugal supply fan with backward curved blades, whose speed is controlled through direct DC voltage over the range
from OV to 10V provided from the controller. A PI controller was applied to control the fan speed using the measured duct
static pressure (pressure sensor presented through blue dot in the figure) to keep the duct static pressure at specified setpoint.
The major components in the air ducting system comprise three elbows, seven straight ducts, four tees and two transitions,
five smart dampers [15, 16] and five terminals, which are the main components and extensively used in practice. The photo
of the experimental rig is shown in Figure 4.

Fig. 4: Photo of the testbed having five terminals with smart damper.

4.2. Relative error of airflow rate

In this stage, the purpose is to validate the performance of modulating the position of the damper to achieve the desired
airflow rate of the proposed method.

Firstly, the representative testing data set is chosen according to the characteristic curve of the damper. Four
representative data sets of airflow rate, shown in Table 2, are chosen to be tested.

Secondly, the damper positions 0=(6,,6,,6,,6,,6,) of five terminals can be obtained using the developed model

according to the selected desired airflow rate q=(q,,q,,9,,9,.9;), and the positions of five dampers are modulated to the
according to the angle 0.
Lastly, after the testbed settles down, the airflow rates q= (&l, az,ag,au as) of five terminals are measured and captured.

Then the error can be calculated through comparing qwith q. Table 2 presented the results of air balancing in which the
relative errors are all within 3.9%.
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Table 2: Balancing result of five-terminal duct system.

No Terminal Target Desired Tested Relative
position airflow  rate airflow rate error

1 1 11.51 43 43.64 1.5%
2 14.10 35 35.12 0.3%
3 13.25 38 38.56 1.5%
4 1.35 26 25.71 1.1%
5 6.50 24 23.89 0.5%

2 1 35.40 21 21.64 3.0%
2 33.69 21 20.73 1.3%
3 40.23 17 16.83 1.0%
4 30.88 20 19.22 3.9%
5 40.69 13 13.49 3.8%

3 1 90 0 0 0.0%
2 90 0 0 0.0%
3 90 0 0 0.0%
4 90 0 0 0.0%
5 90 0 0 0.0%

4 1 10.59 40 40.58 1.5%
2 40.80 17 16.70 1.8%
3 51.17 10 9.64 3.6%
4 40.31 16 16.32 2.0%
5 90 0 0 0.0%

4.3. Energy saving potential of the proposed method

This section shows the performance of the proposed method by trending a few measured variables, fan voltage, static
pressure and airflow rate of terminal captured during the first 2-h data collection, providing useful information in regard to
on-going energy savings and the reduction in static pressure compared the conventional system control.

Figure 5 presents the recorded measurements during the first 2-h experiment. The measurements were logged every
100ms for the static pressure and fan input voltage, and every 2 minutes for airflow rate. Figure 5 (a) shows the measured
static pressure at the fan outlet in which the performance of the PI controller can be seen. At the time of varying of the load,
the pressure set-point was followed almost immediately. Figure 5 (c) shows the airflow rate of each terminal, which varied
with the regulation of the damper position. Figure 5 (b) shows the input voltage to the fan from the controller during the test.

From Figure 5, it can be seen that the average voltage, used during the 2-h experiment is 3.9 V, dropped on the
average by 7.1% compared to the constant static pressure (the maximum of the voltage is 4.2V during the first 2-h
experiment), which demonstrates that the proposed 5method saves energy compared to ACV system.
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(a) Static pressure at the fan outlet.
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(c) Airflow rates of five terminal dampers (T1, T2, T3, T4, T5).
Fig. 5: Recorded measurements during a 2-h experiment.

5. Conclusion

This paper proposed an energy-saving oriented model-based air balancing method for the ventilation system, which can
achieve the balancing among the terminals while at the same time minimize the energy use of the system. The method
consisted of two layers: the first layer was a static pressure control scheme, the second one was an air balancing scheme. The
first layer was used to maintain the static pressure of the main duct to its set-point to achieve the purpose of energy-saving,
which was realized through the PI controller. The second layer was used to accurately balance the DCV system based on the
measured airflow rate of each terminal by three steps. Firstly, the model of the system was build based on the component
model and steady-state pressure balance. Secondly, the unknown parameters of the developed model are identified using the
Bayesian linear regression machine learning algorithm. Lastly, the damper position was determined based on the empirical
model of the damper to achieve the desired airflow rate.

The proposed method was validated in an experimental rig with five terminals. The evaluation of the method shows
that this method is capable of balancing the DCV system given the desired airflow rates, and also has a large potential
to save energy compared to the CAV and DCV system. The results show that the proposed method can achieve the

desired airflow rates within 3.9% relative error, and the voltage of the fan can be reduced by 7.1% compare to CAV.
system.
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