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Abstract: In the current context, a smart grid has replaced the conventional
grid through intelligent energy management, integration of renewable energy
sources (RES) and two-way communication infrastructures from power gen-
eration to distribution. Energy management from the distribution side is
a critical problem for balancing load demand. A unique energy manage-
ment strategy (EMS) is being developed for office building equipment. That
includes renewable energy integration, automation, and control based on
the Artificial Neural Network (ANN) system using Matlab Simulink. This
strategy reduces electric power consumption and balances the load demand
of the traditional grid. This strategy is developed by taking inputs from an
office building electricity consumption behavior study, a power generation
study of a solar photovoltaic system, and the supply pattern of a grid in peak
and non-peak hours. All this is done in consideration of the Indian scenario,
where real-time data of month-wise ANN-based intelligent switching has been
established for intermittent renewable sources and peak load reduction, as
well as average load reduction, has been demonstrated along with the power
control loop without the battery system.

Keywords: HVAC; ANN; demand response; power consumption; smart grid;
Weather and temperature; occupancy; EMS

1 Introduction

Commercial and residential buildings account for over 60% of energy uses in India, most of which
are old structures. Power is being supplied through conventional grid systems, where the demand is
fluctuating and uncertain [1]. Managing variable energy demands by consumers is a real challenge
in traditional grid systems; a typical building appliance uses more power consumption with manual
running operations and controls. On the other hand, intelligent building management includes various
automation and controls, occupancy detection management, humidity control, temperature control,
and renewable energy infrastructure management systems [2]. The energy management system of a
building appliance depends on the proper operations and maintenance of equipment and balanced
uses during peak and off-peak hours of demand. Managing variable energy demands and equipment
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operation controls is convenient with intelligent building management systems. In these systems, solar
photovoltaic energy infrastructures play a vital role [3]. It has low carbon emissions and provides clean
energy. Solar energy generation depends on weather conditions, solar irradiance, and cell temperature.
Nevertheless, it has certain limitations in the rainy season; solar energy generation is lower than in
other seasons. So an energy management system must use a comprehensive smart-choice approach
based on artificial intelligence, which plays an essential role in energy decision-making with automatic
operation controls of equipment and a combination of power supply from utility grid supply and
renewable energy sources. It will avoid unpredicted faults, balance the grid’s load demand, and reduce
daily electricity consumption [4]. Sustainable power management strategies between power generation
and consumption with artificial intelligence control are required to utilize produced energy best and
meet consumers’ energy demands [5,6]. Fig. 1 shows the smart grid energy management system.

~

i
Thermal @e‘ l )
Power Plant ’ ‘ Hﬂj Industrial Plant
5 \ /
gaoitr \ / Cities and Offices

SMART GRID

/
Wind
Pan-e:nPan! _lér ﬂ_’ H“ Smart Houses

2Q /
Nuclear — @ . .
Electric Vehicle
Power Plant ! o0—0 o

Figure 1: Smart grid energy management system

2 Literature Review

Shareef et al. [7] reviewed the microgrid energy management system in depth. The critical
components of a microgrid system are compared. Distribution and control methods are discussed in
distributed and centralized grid systems. Rafique et al. [§] looked at demand response (DR), intelligent
technologies, and intelligent controllers in the context of home energy management systems (HEMS).
The HEMS system’s residential demand response and the ANN system’s load scheduling applications
are compared. Khan et al. [9] reviewed HEMS, load prediction, and monitoring of micro grids and
renewable sources. As discussed by Khan et al., multi-agent systems are considered in distributed
microgrid EMS [10]. Sendra-Arranz et al. [11] investigated the control of HVAC systems in smart
homes using recurrent generative adversarial networks. Additionally, an LSTM ANN for HVAC
systems’ daily building power consumption was established by Elnour et al. [12]. It uses optimal
Pearson correlation coefficients and low error between the predicted and consumed values to obtain
real-time output, as proposed by Hafeez et al. [13]. De et al. proposed a building occupancy prediction
algorithm to maximize thermal, visual, and air quality comfort while minimizing energy consumption
[14]. Dong et al. proposed in [15] a merged PEC with model predictive control to reduce HVAC energy
consumption while increasing user comfort for short-term occupancy prediction. For optimization,
a nature-inspired metaheuristic technique is used. Three types of responsive loads were considered,
viz., residential, commercial, and industrial, which participated in DRP only during the summer and
winter seasons, as taken into account by Kalaimani [16]. In the earlier work, a model was created for
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the energy management of an office Heating, Ventilation and Air Conditioning (HVAC) system using
a fuzzy logic controller. In this proposed work, we have developed energy management strategies by
analyzing the power consumption patterns of different appliances during an entire year. To reduce
the load on the distribution side grid without impacting the load requirements. We have developed
a MATLAB Simulink-based model by integrating the RES and an ANN controller. Temperature
sensing, occupant comfort, load demand, and occupancy pattern in the office are inputs for developing
the algorithm and energy management strategy, which will reduce the total power consumption and
help achieve sustainable development energy management goals.

3 Methodologies

In the proposed work, four offices were selected from a commercial complex. Each office has
an HVAC system and other essential equipment required for comfortable working conditions. These
offices are considered to study power consumption and occupancy patterns in each season for the
selected location. Using control strategies and the RES system, we have controlled the dependent vari-
ables, such as visibility, office temperature, and humidity, each season at a chosen location. Variation
in the power consumption pattern depends on independent variables, such as occupancy, peak hour
load variation, seasonal temperature, humidity, sunlight variations, etc. The power consumption is
calculated in the first stage due to non-controllable variables. MATLAB Simulink software simulates
an energy management model with various proposed strategies in the second stage. The flow of the
proposed work is shown in Fig. 2.
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Figure 2: Energy management methodologies

3.1 Site Selection and Data Collection

Four offices were selected for developing an energy management control strategy in a commercial
complex in Indore, M.P,, India. Outside and inside the Office, environmental data were collected.
These data include the daily and monthly weather conditions and outdoor environment temperature
variations directly affecting the HVAC work. Also, solar irradiation and cell temperature data were
collected to analyze the actual power generated by photovoltaic solar panels. Solar irradiance, cell
temperature, wind pressure and climate condition every month in a year for season-wise power con-
sumption analysis has been taken from the Government website [17]. Data analysis and categorization
are shown in Fig. 3.

With this data analysis, the power generated by RES is recorded. Also, the heat load is recorded
for the HVAC system. Day-wise office occupancy and visibility data were collected.
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Figure 3: Temperature variation month-wise

3.2 Study of Environmental Parameter for Energy Analysis

The difference between comfort and the non-comfort zone is required for energy analysis and
equipment’s power requirements. Fig. 3 shows the hourly change in climatic conditions for every
month. With the help of these data, occupant’s comfort zone and the limits of environmental
parameters can be fixed. Equipment and HVAC power consumption and power generation from
renewable energy sources depend upon variations in climatic conditions, i.e., temperature, humidity
and solar irradiance. Data are collected for the Indore location from M.P. Government’s website to
investigate the impact of variation in external environmental conditions. Indore location is selected for
study because variation in the climatic condition is available in all seasons [18] Shown in Fig. 4. These
datasets create a Simulink block for monthly temperature and solar radiation variations during office
hours. It will be helpful in actual RES system power generation and temperature setting for HVAC.
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Figure 4: Climate conditions of Indore, Madhya Pradesh

3.3 Energy Consumption by Equipment

Environmental parameters, i.e., temperature, humidity, lux level and air flow rate, influence the
comfort level of occupants. HVAC System, lighting and plug equipment are primary office equipment,
which brings environmental parameters into the comfort zone of occupants [19].

3.3.1 Energy Consumed by HVAC System

In Fig. 5 Thermal model of the HVAC system is depicted. Energy consumed by HVAC systems is
calculated based on the fundamental principles of thermodynamics [20,21].
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Figure 5: HVAC system

Energy consumption by HVAC system Ejy,c is derived from

I1BTU [ 1054JOULE| [ 1 HOUR
C.0.P, = SEER x 0.292, where 0.292 = |:HOURi| [ BTU i| [3600 SEC:| watts (1)
c.o.p, = )
qu
o= My Cop [tivac — torc] + tan 3)

COP

COP,; Coefficient Of Performance, SEER; Seasonal Energy Efficiency Ratio, q,, ;Heat energy
output, qy; energy Input, Eyyac; Energy consumption by HVAC system, m,;,; Air Volume Flow Rate,
C.h; Air Heat Capacity, tyyac; HVAC temperature, torc; Office Temperature and E,,; Fan Efficiency
[20,22]. According to the established criteria, the average power consumption of each HVAC system
in the workplace is 9000 btu/h. The power consumption was computed without any strategy for the
office working period of 8:00 a.m. to 6:00 p.m., for 10 h each day [22].

3.3.2 Energy Consumed by Office Equipments

Power consumed during office hours by different lights and plug loads are analyzed. So the total
energy consumed by the office is written as [22]

El:N*z[=]Pl*tl (4)
In Eq. (1) El; energy consumption by lighting loads, N; no. of office in the building, 1 = 1, 2,

3....., n; no of lights in each office, Pl; power consumed by n lights in t, working hours [20,22]. So,

total energy consumed by office equipment

ET = E1 + EHVAC (5)
My Ca[tuvac — torc] + tan "

E, = “Op + ZH P xt, (6)
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3.4 Renewable Energy System

Integration of renewable sources of energy in the traditional grids plays a vital role in meeting the
load demand [23]. A solar photovoltaic system is considered a renewable energy source for the alternate
power supply from the grid to office appliances shown in Fig. 6 [21,24]. The lifelong benefits of
continuous power generation outweigh the one-time installation cost. Rainy seasons and unfavorable
weather are rare instances where RES electricity generation is decreased [23,25].
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Figure 6: Renewable energy power generation block diagram

3.5 Artificial Neural Network

The neural network has some salient features such as non-linearity, parallel distribution process-
ing, input-output mapping, learning with experience, fault tolerance, multi-variable implementation,
etc. Artificial neural network trains to recognize datasets and predict future measures by learning
from input data [26]. The main elements of the neuron model are interconnection weights, summing
function and transfer function [27]. In proposed work three layers ANN has been designed for energy
management decision shows in Fig. 7.

Hidden Layer 1

Input l

Hidden Layer 2

8

Figure 7: ANN system for energy management

One weight function and one transfer function for each input feature are randomly adjusted here.
The proposed ANN system includes three hidden layers [28]. The output characteristic equation is

un = Zi:l Wnixi (7)
Vo=8 @, +b,) ®)

The input signal is represented by x,, X, . . . ..X,,; W, W,, . . . ..w,; are weights of a neuron; u,, is linear
combiner output, y, is neuron output and b, is biased. Here, the purelin transfer function y = mx + ¢
is used, which does not affect the output amplitude [28].
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The proposed work has established ANN-based smart switching control for intermittent renew-
able energy sources. It will be helpful in Peak load reduction as well as average load reduction.
The ANN controller has undergone K-fold cross-validation for that purpose, Different scenarios’
outcomes have been taken into account. Fig. § depicts a comprehensive block design of an office
building with suggested strategies.
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Figure 8: Complete block diagram for energy management

4 Proposed Work

During manual operation control of the building energy management system, the Power consump-
tion patterns of the HVAC system and Light and plug load were recorded. Based on these records
following strategies were developed and simulated.

4.1 Strategy for HVAC

The strategy is developed for HVAC operations to maintain the indoor temperature and humidity
in the comfort zone. For load control, a threshold value of power is fixed. Each Office has occupancy
sensors installed to assess whether or not the office is occupied. In Eqgs. (8) and (9), K, represents
the occupancy state, threshold power is represented by w in watts and tc, ty and ty is set as cold,
medium and hot temperatures to establish the HVAC temperature for the office. If office appliances
consume power above the threshold power value w, then the HVAC system must function at a medium
temperature and the office is partially filled. If K,,, = 1, the HVAC temperature is set to t. and if K,
= 0, the HVAC temperature is set to ty [20,22].

m”ircﬂh [tHVAC - tOFC] + Eﬁl"

Epve = 9

e C.0.P, x S.H.F ©)

., = 0= ojﬁce occuplec{ (10)
1 = office unoccupied
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ty = l/[ K()L‘P:Q Ec<w
lorc = 1ty = lf Kanpzos, otherwise
te =1 Kopei koo
Mg Con [trvac — torc] + E/tm

Ewv == 0P xsHF K= LEar<w (
airCa t =1 y Eim

B = O i e = LB 2 )
airCu t _Z Ean

B = K =0 < 0

In Eq. (13) to (17), Power consumption is higher in the summer and winter to maintain the work
environment in the comfort zone. The overall energy analysis for the summer and winter seasons is
analyzed here. The energy savings using this approach for summer E,y and winter E.,, were analyzed
for T hours in n days for both the summer and winter seasons. SHF plays a vital function. Other

seasons’ energy usage, such as spring, autumn, and rain, can be calculated by setting the value of SHF
22].

Eiw e = 1% {Zjo K, % ma,-,‘Cg'[g‘,(Z; lgo;;]}j G } , for Euyy <w (14)
b =[S s Pl )y =
Ecp e = 1% {Z;O Ko M Cat [tcocff)o_‘;:w] ha E/;,,,} , Jor Ecy <w (16)

4.2 Strategy for Light and Plug Load

Accordingto Egs. (18) and (19), occupancy in offices, power will supply to the lights and plug load.
The total energy consumption by light load E, in n hours is written [20]. Fig. 9 depicts the occupancy
state. Offices 1 and 2 occupancy pattern is slightly changing than offices 3 and 4.

_ | 0= office occupied (18)
" 1 = office unoccupied
P, if K., =1
Plighl = ” lf o (19)
05 l]p Kocpl = O

EL - zPl=l [P]’l’ Pl’z’ Pm """"" Pl,n] Ko(m * T (20)
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4.3 Strategy for ANN Controller
In Fig. 10, a feed-forward-back propagation neural network with three hidden layers has been

used to train the best possible power distribution. Power consumption patterns by equipment’s dataset
have been generated—these datasets are used for training and testing of efficient power distribution

of power according to load demand patterns.
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Figure 10: Ann training and testing for performance evaluation
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In the proposed ANN, Weight and bias are randomly fed. At 84 epochs, all validations are checked,
and the mean square error for performance evaluation is considered. The value of MSE = 0.002 after
validation. The performance was achieved in 22 S the evaluation results are shown in Fig. 11.

4.4 Strategy for Power Control Switch

One control switch designed to distribute power comes after the ANN. When the control switch CS
is OFF, RES-generated power will not be sufficient to supply office loads. At that point, the electric
grid receives RES electricity, and grid power is supplied to office equipment. When CS is ON, the
generated power by RES is greater than the power required by office appliances. Supply Priority is
defined for the loads. The light loads of all offices will connect to RES If sufficient power is available
to serve the light load. After that, it will switch to HVAC Load and the leftover RES-generated
power will be supplied to the grid. An offset of 100 w prevents the equipment from switching damage
consequences. We are considering distributive load in place of centralizing load.

Best Validation Performance is 1.2019¢-05 at epoch 104

Train
Valdaton |

Mean Squared Error (mse)

103 1 1 1 1 1 1 1 1 1 T S—
0 10 20 30 40 50 60 70 B0 20 100 110

Figure 11: Performance and validation

4.5 Energy Management System Modeling

The Figure depicts the Matlab Simulink model with energy management strategies. First, we
simulated HVAC power consumption without using any strategy, as shown in Fig.12. After that,
the above-defined strategies, i.e., temperature control, load control, occupancy control and RES with
ANN control, were implemented step by step and simulated for power consumption analysis as shown
in Figs. 13 and 14.
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5 Simulation Results

Developed strategies are simulated and power distribution results are shown in Fig. 15. Total
power generation by a renewable source of the energy system. Variation in solar radiation, cell
temperature and weather conditions generated power for every season is shown. After the ANN
controller, the distribution of power in office appliances by the RES system and the remaining RES
generated power will send back to the utility grid.

Figs. 16 to 20 depicts the entire power flow from 8:00 a.m. to 6:00 p.m. for winter, summer, spring
and rainy seasons. When the electricity generated by the RES system is insufficient, the utility grid
supplies power to office appliances based on load. And according to the control switch, if the generated
power is sufficient to provide, it will be delivered to light loads first, followed by one offset power
delivered to office 1 HVAC load. If power is insufficient, the control switch will be connected to the
grid supply to provide power for office appliances. The graph above displays the total power utilized
by all offices, the power supplied by the grid, the power supplied by the RES system to the offices and
the power provided by the grid for each office time after implementing the complete strategy.
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Figure 17: Power generation, consumption and distribution for the summer season

From the above-proposed strategies, the energy consumption by the HVAC system and the light
load of the automated office has been calculated in Table 1. The Strategies were based on Indian
seasons, including weather conditions, temperature variation, occupancy change and load balancing.
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Figure 18: Power generation, consumption and distribution for the rainy season
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Figure 19: Power generation, consumption and distribution for winter season

In the last strategy, the ANN system is designed for the best possible power distribution and
management. For maximum utilization of RES-generated power during office hours and supply of
excessively generated power to the grid are analyzed by simulation for a different season. Table 2 shows
the Power consumption of office equipment after automation, season-wise RES power generations,
RES power distribution in Distributed office loads and remaining power supplied to the utility grid.
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Figure 20: Power generation, consumption and distribution for the autumn season

Table 1: Total energy consumed by HVAC system for offices 1, 2, 3 and 4 in one year after load,
temperature, occupancy control

Strategy Energy consumption (kWh) % saving
Normal power consumption by HVAC 7358 28%
temperature setting according to season

Power consumption after applying 5308

load/temperature and occupancy control

Table 2: Season wise power consumption (kWh) and % saving

Season wise energy saving (kWh)

Season Total energy Energy Energy Energy Energy % reduction Yearly
consumed by generated by delivered by  supplied by  supplied by in grid saving
HVAC RES system  grid to office RES system REStothe energy using using
to Office utility grid strategy complete
appliances strategy
Spring 732 1083 178 657 427 79% 69%
Summer 1738 1653 524 1370 282 72%
Monsoon 699 813 306 487 335 61%
Winter 917 1098 288 735 364 72%

Autumn 763 897 330 550 347 63%
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6 Conclusions

This article presented the study findings, discussions and analysis for the efficient energy manage-
ment strategy. To reduce power consumption for building appliances and support the utility grid to
reduce electricity demand and feed extra power to the grid by power generated from renewable energy
sources. Results show a significant saving in electricity use by office appliances. The overall power
consumption of HVAC is reduced by 28% using occupancy, load control, weather, and temperature
control strategies. After that, the integration of RES provides good exposure to minimize power
consumption using a neural network controller. The total energy saving in each season depicts in
Table 2. These results are better than previous work presented [17] and overall, yearly energy saving is
about 69% observed and power delivered back to the grid from the RES system was 31%.
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