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1. Introduction 
An artificial lighting system is crucial to provide light for daily human life, particularly at night and without 

daylighting exposure in the buildings. Based on recent data, in the US, the lighting system has consumed electric power 
up to 17% of total electricity energy in buildings [1]. However, the higher number of this consumption can be reduced. 
There are several strategies to reduce the electricity energy consumption of the artificial lighting system in the buildings 
[2] such as change conventional lamps (e.g., incandescent and fluorescent) to high energy-efficient lamps (e.g., LED) 
[3–6], occupancy control [7] and daylight-linked control [8–10]. The LED lamp, apart from having higher luminous 
efficacy and lifespan, the most important specification is easy to control than other lamps that have gained popularity 
[11]. In literature [8, 12, 13], the daylight-linked control strategy has been widely used due to its contribution towards 
higher energy savings of lighting systems in buildings.  

Abstract: This paper proposes a fuzzy logic-based tuning model (FLTM) for daylight-linked control of the 
lighting system in an office room. The proposed FLTM considered a new method of dimming levels of light-
emitting diode (LED) luminaires updating process to improve the performance of the developed fuzzy logic 
controller (FLC) in terms of energy consumption and visual comfort metric and, at the same time, fully complies 
with the European Standard EN 12464-1. The artificial lighting system and daylight simulation were carried out 
using DIALux to model artificial lighting and daylight illuminance level matrices. The proposed FLTM was 
developed and simulated using MATLAB and validated and compared with other controllers, including developed 
FLC and artificial neural network (ANN) based control. The simulation results showed that the proposed FLTM 
successfully improved the performance of developed FLC in terms of a fully satisfied visual comfort set-point. It 
also attained higher energy savings of 2% than ANN and achieved the closest to preset visual comfort compared 
with other controllers. Moreover, the proposed method consumes less computational effort, and it is easy to 
integrate with developed FLC and daylight-linked control of the lighting system. 
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Generally, the control system has two types: conventional and intelligent. The applications of conventional 
controllers in interior lighting system is to control the dimming levels of luminaires, including proportional-integral 
(PI) [14, 15] and proportional-integral differential (PID) [16, 17]. Nevertheless, conventional controllers have several 
shortcomings, i.e., they are difficult to design, suffering in achieving an optimal solution, and less stability. To address 
these issues, a particle swarm optimization (PSO) method was proposed to find the optimal parameters of PID to 
improve the controller's performance [18].   

 Recently, most literature utilized intelligent controllers, such as artificial neural network (ANN) and fuzzy logic 
controller (FLC) due to their good performances. The applications of ANN controller for controlling artificial lighting 
systems in buildings have been successfully implemented, considering daylight [19] and without daylight [20]. The 
main drawbacks of ANN are it requires historical data to train the model system (time-consuming) while its 
performance relies on its trained data. When the data are new and out of range from the trained data as input data, the 
results become invalid and have higher errors. For these reasons, FLC as one of the intelligent controllers can be used 
to tackle these problems. FLC has been successfully utilized in building automation and control system (BACS) [21], 
including electric lighting system and heating, ventilation and air conditioning (HVAC). It has great performances, i.e., 
more robust and higher energy savings than conventional controllers, such as PID [22] as well as easy to design (fewer 
parameters). The hybridization of ANN and FLC, known as adaptive neuro-fuzzy inference system (ANFIS) was 
successfully utilized for blind control to improve the performance of a single controller [23].   

The application of FLC in electric lighting systems by considering daylight have been implemented in [24–28]. 
Apart from a single FLC, hybrid with conventional controllers, including PI [29] and PID [30] for improving the 
performance of the single controller have been proposed. ANFIS was proposed by Kurian et al. [31] to improve the 
performance of every single intelligent controller in lighting control system.   

In some cases, FLC needs to improve its performance in terms of robustness [32]. From the literature survey, they 
focused on the tuning of the membership functions using optimization methods, such as genetic algorithm (GA) [33], 
differential search algorithm (DSA) [34], and particle swarm optimization (PSO) algorithm [35]. However, this 
approach needs a specific optimization method and increased computational effort.  

In this paper, FLC is developed to control the dimming levels of the LED lighting system in an office. Moreover, a 
new updating dimming levels vector of the LED luminaires method is proposed to improve the performance of the 
developed FLC in terms of energy consumption of the lighting system and visual comfort. The proposed method was 
then evaluated on its performance by comparing it to the ANN controller in terms of energy used and visual comfort 
metric.  

The rest of this paper is organized as follows. Section 2 describes the development of the mathematical models for 
the daylight-linked control system. Section 3 presents the methodology of the proposed method for improving the 
performance of the FLC. Simulation results and discussion based on the performances of the proposed method are 
presented in Section 4. Finally, Section 5 presents the conclusion of the study.  

 
2. Mathematical Models of Lighting Control System 

In this section, the mathematical models, including objective function, constraints, and measurement of 
illuminance level and energy performance are presented.   

 
2.1 Control Objective  

The main objective of the lighting control system is to minimize energy consumption. In literature, to reduce the 
lighting system's electricity energy, the dimming levels of luminaires need to be minimized at the appropriate level. 
The dimming level of the LED luminaire is directly proportional to its output power [36–39]. For this reason, the 
following equation has been commonly used for the LED lighting control system.  

 

Min
K

k
k=1

f(d)= d∑        (1) 

where f(d)  is an objective function which is the summation of dimming levels of the LED luminaires. 
 
2.2 Control Constraints 

To achieve the objective of the control system, the following constraints should be considered. 
Dimming capability of LED luminaire. This constraint refers to the luminaire specification that is provided by 

luminaire manufacturers. The mathematical representation is given in Equation (2).  The typical values of luminaire 
dimming capability lower bound ( minD ) and upper bound ( maxD ) are 0 and 1, respectively. 
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min j maxD d D≤ ≤         (2) 
 
Average illuminance level ( avgE ): The value is the average value from the measurement of illuminance levels on 

the working plane of the room. The minimum value ( min
avgE ) is according to the standard and the maximum value 

( max
avgE ) is based on occupants’ desired set point. The constraint can be represented in the following formula:  

 
min max
avg avg avgE E E≤ ≤         (3) 

 
In this paper, the value of min

avgE  is equal to maintained illuminance level ( mE ) of 500 lux, which is mentioned in 

the European Standard EN 12464-1 [40]. Meanwhile, max
avgE  is set to 505 lux, which is 1% of mE . By considering the 

illuminance level close to the mE , the energy consumption of the electric lighting system will be reduced.  
 

2.3 Measurement of Illuminance Level 
Measurement is a crucial process to evaluate the performance of the developed FLC and the proposed method. In 

this study, measurement is carried out to determine avgE based on a mathematical model, including an artificial light 
illuminance matrix for each ith lamp in the condition of one lamp is switched on and the rest of the lamps are in off 
condition ( Ai ), daylight illuminance matrix with respect to time ( ( )B t ) and dimming levels of luminaires vector (d). 
The mathematical model of avgE can be expressed in Equations (4) to (6) [41]. In this paper, the measurement grid size 
in accordance with the EN 12464-1 is considered.  

 
( )avgavgE = E  (4) 

 
( )t= +E dA B   (5) 

 

1

N
ii=

=∑A A  (6) 

 
2.4 Energy Performance  

To evaluate the performance of the proposed method, energy consumption (EC) can be used as a metric. EC can be 
calculated in the following equation [41]. 

 

1

J
j jj

EC = P d
=∑   (7) 

 
where jP  is the total power of luminaires in the jth zone and jd is the dimming levels of luminaires in the jth zone. 

  
3. Proposed Fuzzy Logic-Based Tuning Model 

This section presents an overview of the FLC. The development of the FLC for daylight adaptive lighting control 
systems is also explained. Finally, the proposed fuzzy logic-based tuning model (FLTM) model is presented. Moreover, 
with the aid of the diagram, the proposed model application is explained in detail.  

 
3.1 Overview of FLC 

Fuzzy logic was first introduced by Zadeh [42] in the year 1965. The FLC concept is based on human experts to 
solve control systems problems and is widely used in lighting control [43, 44]. Fig. 1 shows the main components of 
FLC, including fuzzification, inference engine, fuzzy rules, and defuzzification. 

• Fuzzification: The first process of the fuzzy system is to transform crisp inputs into fuzzy set. The crisp 
inputs are input parameters to fuzzy, and can be either from sensors (e.g., light and occupancy) or 
error/deviation of two or more models. This transformation is based on fuzzy linguistic variables and 
membership functions (MFs).  
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• Inference engine: Combine all MFs to produce fuzzy outputs according to fuzzy rules. 
 
• Fuzzy rules: IF-THEN rule is used in the fuzzy system based on expert knowledge. IF condition is linked to 

fuzzy input, meanwhile THEN is linked to fuzzy output. 
• Defuzzification: The last process of the fuzzy system to produce crisp outputs based on fuzzy outputs and 

degree of membership. The crisp outputs are also known as FLC outputs.  
 

 
Fig. 1 - Fuzzy logic controller (FLC) diagram 

 
3.2 Developed FLC 

In this paper, the fuzzy logic toolbox in MATLAB was used to develop the FLC. Input for fuzzification is an error 
(er) between the illuminance value pre-set ( mE ) and the illuminance value from light sensors (Es). The fuzzification 
consists of five triangular membership functions, including negative (N), positive low (PL), positive medium (PM), 
positive high (PH), and positive very high (PVH), as presented in Fig. 2.  

 

 
Fig. 2 - Fuzzy membership functions of input 

 
Mamdani fuzzy inference system was used (setting in MATLAB) to produce fuzzy outputs based on five fuzzy 

rules, which are shown in Table 1. The fuzzy outputs are transformed to crisp output, which is dimming levels of 
luminaires (dj) based on five triangular membership functions: very low (VL), low (L), medium (M), high (H), and very 
high (VH) are as illustrated in Fig. 3. This process is called defuzzification, where the centroid method has been used. 

 
Table 1 - Fuzzy rules for fuzzy inference 

 Fuzzy rules  

If (Error ==N) then Diming level=VL 
If (Error ==PL) then Diming level=L 

If (Error ==PM) then Diming level=M 

If (Error ==PH) then Diming level=H 

If (Error ==PVH) then Diming level=VH 
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Fig. 3 - Fuzzy membership functions of output 
 
3.3 Proposed Model  

In certain cases, the performance of the FLC in terms of robustness has been debated, especially when dealing with 
non-linear and significant input variations [45]. In this case, the distribution of daylight illuminance (Eday) is the input. 
The variation of Eday is non-uniform and continuously changing with respect to time as it depends on the position of the 
sun path and its light intensity. For this reason, to improve the performance of the developed FLC in terms of optimized 
energy consumption and visual comfort that satisfies the constraint in Equation (3), a new method FLTM with updated 
dimming levels of luminaires vector ( dnew ) was proposed. By updating the dnew , the algorithm will calculate the new 

avgE to achieve the avgE constraint in Equation (3). The mathematical formulation can be expressed as follows.  
 

 new flcd= ∆ +d d  (8) 

 
( ) 0.01m avgE E

d
Nz

− ×
∆ =    (9) 

 
where d flc is the dimming levels vector from FLC results, mE is the maintained illuminance level, and Nz is a number 
of zones. 

However, at certain times, the value of avgE will be trapped at a certain value (498 lux). To overcome this problem, 

a constant value of d∆ (0.02) is needed for selected zones, which is at a lower value of the E (measured values of the 
sensors) to be added with d flc . This approach can be expressed mathematically as follows. 

 
 ( ) 0.02new flcj = +d d   (10) 
 

where j is jth zone of lower value of E. 
The algorithm for updating the dimming levels vector is illustrated in Fig. 4 and the flow chart in Fig. 5. 
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if (lb<=Ea || Ea>=ub)         % Condition for Eavg (x condition) 
    
Delta_Dn1=((Em-Ea)*0.01)/Nz   % dimming level deviation updating equation  
 
End 
 
if ((Em-Ea)>0 || (Em-Ea)<=2)   % condition for trapped value (y condition) 
    
Delta(j)_Dn2=0.02   % dimming level deviation updating with constant value  
 
End 
 
Delta_Dnew=Delta_Dn1+ Delta(j)_Dn2    % dimming level deviation updating 
 
Dnew= Delta_Dnew+Dflc                 % dimming level updating 
 

Fig. 4 - Proposed FLTM algorithm 
 

 Start 

S(t) from light 
sensors 

Calculate di using FLC 

Calculate Eavg (Eq. (4))  

Eavg  ˂  Em  
 
 

lb  ≤  Eavg  &  
Eavg  ≥ ub  ? 

 
Yes 

Yes 

No 

Calculate Δd (Eq. (9))  

Em –  Eavg > 0 &  
Em –  Eavg  ≤ 2? 

 

Calculate d(j)new (Eq. (10))  

Yes 

Calculate dnew (Eq. (8))  

End 

No 

No 

 

Fig. 5 - Proposed FLTM model flow chart 
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The application of the proposed FLTM model for daylight-linked control is shown in Fig. 6. Based on the figure, 
the proposed method is represented with a shaded rectangle. During daytime, initially, all artificial luminaires are 
switched off. The light sensors (s(t)) measure illuminance values, which is only from daylight ( ( )B t ). The values of the 
sensors will be compared with the value of mE and the difference between these two values is an error (er), which 
becomes the input value to the FLC. FLC provides d flc , thus, this vector will be multiplied with artificial light 

illuminance matrix (A). Then, these results will be added with ( )B t . The end results are called distributed illuminance 
levels matrix (E).  

To evaluate the visual performance metric of the developed FLC, an average of E needs to be calculated. The first 
IF model will check the condition based on the x condition. x can be represented mathematically as in Fig. 4. If the 
condition is true, two actions will be considered are (1) the dimming level deviation vector (∆d) will be calculated 
according to Equation (5) and the signal is represented as ∆dn1 and (2) the second IF model will be checked the 
condition based on y condition (refer to Figure 4). If the condition is true, the constant value of 0.02 will be taken into 
account for the dimming level deviation vector for selected jth zones (i.e., lower value of E) and the signal is 
represented as ∆d(j)n2. Both signals will be added to become dimming levels deviation vector (∆ dnew ). Finally, the 
∆ dnew will be summed with d flc and produces a new dimming level of luminaires vector ( dnew ). This process will be 
repeated until the lighting system is scheduled off at the end of the working hour of the room.  

In this paper, the proposed FLTM model was developed and simulated by using MATLAB 2017b platform.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Proposed method 

er Em FLC A 

s(t) 

+ dflc 

E 

avg(E) 

+ 
+ x 

B(t) 

if(x) 

else 
∆d 

if(y) 

else 

0.02 

+ 

∆dn1 

∆d(j)n2 

+ ∆dnew 
- 

+ 

+ 

dnew 

 

Fig. 6 - Proposed FLTM model block diagram for daylight-linked control 
 

4. Simulation Results and Discussion 
This section presents a case study, which is an office room that was used to validate and compare the performance 

of the proposed method. Simulation results presented also include illuminance levels for different controllers and 
dimming level performance. Finally, energy performance analysis results are illustrated.  
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4.1 Case Study 
To validate and compare the performance of the proposed method, a case study in [19] was considered. The case 

study is an office room with a dimension of (20 × 8 × 2.7 m3). It was recessed with 35 LEDs and installed six light 
sensors on the ceiling. The detailed layout of the luminaires and sensors for each zone of the office room is illustrated 
in Fig. 7.  

 

 
Fig. 7 - Luminaires and sensors layout for each zone of the office room [19] 

 
4.2 Simulation Results 

In this study, building modeling and lighting system simulation (i.e., artificial light and daylight) were performed 
using DIALux. The daylight simulation under a clear sky setting was considered between 8.00 a.m. and 5.00 p.m. with 
a one-hour interval on 5th October 2017. To fairly compare the performance of the proposed FLTM with the ANN 
controller [19], the parameters such as sky condition (clear), test periods (9 h), and date (5th October 2017) were 
maintained to be the same.  

Fig. 7 shows the comparison results of average illuminance levels for different controllers, including ANN, FLC, 
and FLTM. It can be seen in Fig. 7, FLC results at times 8:00, 9:00, and 17:00 did not achieve a minimum illuminance 
level (i.e., 500 lux). The rest of the time did achieve the minimum illuminance level. However, at times 10:00, 11:00, 
14:00, 15:00, and 16:00, the results did not satisfy the upper bound of the constraint, which is shown in equation (3). 
Meanwhile, ANN results [19] showed that all the times within the stipulated period achieved the minimum illuminance 
level. However, the only time it did not satisfy the upper bound was at time 8:00. For the proposed FLTM, it was 
shown that all the time was fully satisfied with the illuminance level bounds. Based on this analysis, the proposed 
FLTM showed superior performance compared to other controllers in terms of satisfying the average illuminance level 
constraint.  

 

 

Fig. 8 - Comparison results of average illuminance level for different controllers 
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According to Equation (1), the main objective of the lighting control system is to minimize the summation of 

dimming levels of LED luminaires. The comparison results of dimming levels of LED luminaires based on measured 
illuminance of sensors under different controllers are presented in Table 2. It can be seen in Table 2, the proposed 
FLTM showed the best performance among controllers for most of the time in terms of providing the lowest 
summation of dimming levels of LED luminaires and, at the same time satisfied the visual performance metric. The 
significant difference in the summation of dimming levels between the proposed FLTM and ANN was at 8.00 a.m. with 
0.246. At the time of 13:00, FLC and the proposed FLTM has the same value of dimming levels summation due to the 
value of avgE satisfying its constraint, thus the proposed method is not required. Meanwhile, at the times of 10:00 to 
12:00, ANN recorded the lowest summation of dimming levels compared to the other controllers.  

 
Table 2 - Comparison results of dimming levels of LED luminaires under different controllers  

Time Measured illuminance of sensors Ca Dimming levels of LED luminaires 

s1 s2 s3 s4 s5 s6 d1 d2 d3 d4 d5 d6 Sumb 

8:00 440 515 399 63 465 117 ANN 0.390  0.340  0.470  0.990  0.400  0.800  3.390  
FLC 0.239  0.237  0.305  0.862  0.238  0.771  2.653  
FLTM 0.321  0.319  0.387  0.944  0.320  0.853  3.144  

9:00 687 822 608 93 910 147 ANN 0.140  0.030  0.060  0.990  0.300  0.760  2.280  
FLC 0.101  0.092  0.090  0.818  0.105  0.719  1.925  
FLTM 0.134  0.124  0.123  0.850  0.138  0.752  2.120  

10:00 913 976 692 100 923 141 ANN 0.000  0.000  0.050  0.980  0.000  0.760  1.790  
FLC 0.086  0.082  0.101  0.804  0.086  0.727  1.887  
FLTM 0.065  0.061  0.080  0.803  0.065  0.726  1.801  

11:00 916 1036 719 101 921 127 ANN 0.000  0.000  0.040  0.970  0.000  0.780  1.790  
FLC 0.088  0.080  0.099  0.804  0.086  0.750  1.907  
FLTM 0.070  0.061  0.080  0.806  0.068  0.751  1.836  

12:00 919 1068 739 96 936 115 ANN 0.000  0.000  0.040  0.980  0.000  0.800  1.820  
FLC 0.086  0.094  0.097  0.807  0.088  0.768  1.940  
FLTM 0.078  0.085  0.088  0.818  0.079  0.779  1.928  

13:00 971 1105 771 108 859 109 ANN 0.000  0.084  0.071  0.953  0.048  0.878  2.033  
FLC 0.083  0.095  0.095  0.804  0.090  0.777  1.944  
FLTM 0.083  0.095  0.095  0.804  0.090  0.777  1.944  

14:00 1053 778 819 108 850 109 ANN 0.157  0.006  0.060  0.994  0.000  0.818  2.035  
FLC 0.079  0.076  0.091  0.792  0.094  0.777  1.909  
FLTM 0.065  0.062  0.078  0.799  0.081  0.784  1.868  

15:00 1141 1195 863 122 824 112 ANN 0.014  0.000  0.027  0.965  0.008  0.878  1.892  
FLC 0.076  0.075  0.088  0.774  0.093  0.772  1.879  
FLTM 0.037  0.036  0.049  0.755  0.054  0.753  1.685  

16:00 1216 1175 859 135 771 113 ANN 0.006  0.000  0.005  0.902  0.000  0.862  1.774  
FLC 0.075  0.075  0.088  0.754  0.097  0.771  1.861  
FLTM 0.023  0.023  0.036  0.722  0.045  0.739  1.587  

17:00 1014 996 735 136 635 101 ANN 0.019  0.012  0.073  0.916  0.191  0.941  2.151  
FLC 0.080  0.081  0.096  0.751  0.105  0.787  1.900  
FLTM 0.084  0.084  0.100  0.755  0.109  0.791  1.924  

Note: 
a Types of controllers 
b Summation of the dimming levels of LED luminaires 

 
4.3 Energy Performance Analysis Results 

In this study, the energy consumption (EC) of the proposed FLTM method was compared to ANN [19]. The 
comparison results of EC for ANN and FLTM are depicted in Fig. 8. Based on the figure, the highest (0.6 kWh) and the 
lowest (0.25 kWh) EC were contributed by ANN at times 8:00 and 10:00, respectively. Whereas most of the time, the 
proposed FLTM contributed lower EC than ANN, for example at times 8:00 (0.55 kWh) and times 17:00 (0.29 kWh). 
From this analysis, the proposed FLTM achieved higher energy savings of 2% than ANN.  
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Fig. 9 - Comparison results of energy consumption for different controllers  
 

5. Conclusion 
In this paper, FLC is developed to control the dimming levels of LED luminaires by considering daylight for an 

office room. Due to the lower performance of the developed FLC and the targeted illuminance levels not achieved as 
well as because of higher energy consumption, the FLTM based on a new dimming levels updating method was 
proposed. The proposed FLTM was compared to other methods, including developed FLC and ANN to evaluate the 
performance. From the simulation results, the proposed FLTM showed great performance compared with other 
methods in terms of fully satisfied illuminance level constraint and attain higher energy savings of 2% than ANN. 
Moreover, the proposed method is also easy to integrate with existing FLC and it utilized less computational time 
compared to other methods, such as using optimization techniques for tuning the fuzzy system parameters. 
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