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Abstract: A Takagi Sugeno fuzzy (TSF) modeling of an indirect hybrid solar-electrical dryer operated in
forced convection (0.027 kg/s) was developed. The hybrid dryer was considered as a nonlinear
and uncertain system where the operating point varies with weather conditions and airflow. The
proposed TSF model was used to predict the drying temperature in no load conditions. Different
experimental measurements were set up and used for evaluating the reliability of this model. At
first and before applying this method to hybrid solar-electrical dryer, the TSF modeling was tested
on solar mode and electrical mode where only one energy source was considered in each mode.
The proposed model was experimentally validated in two main modes of the dryer operation:
solar mode and electrical mode. The predicted behavior was closed to the experimental data with
Root Mean Square Error (RMSE) of 2.34 and 2.21 in solar mode and electrical mode,
respectively. The obtained predicted behavior confirms the pertinence of the identified model.
The TSF model of the dryer leads to predict the drying temperature instantly with a huge reduction
in simulation time in comparison with other modeling techniques. Thus, it is useful for
synthesizing a control system of the drying parameters.
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Nomenclature

Ten | Drying chamber temperature [°C]
Ta | Ambient temperature [°C]
G | Solar radiation [W/m?]
Py | Gas power [W]
m | Airflow [kg/s]
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1. INTRODUCTION

Solar energy is an important alternative source of energy. It is relatively preferred to other sources
because it is free, abundant, inexhaustible and non-pollutant in nature compared with higher prices and
shortage of fossil fuels [1,2].

Solar drying is one of the most potential applications. Farmers and citizen’s dry food, fruits, seeds,
medicinal plants and vegetables by spreading them in thin layers, on mats, paved ground or in the fields,
thus exposing them to the sun. This process is not very hygienic, it depends on weather conditions and
there is a risk of deterioration [3]. Some of the problems associated with open-air drying could be solved
through the use of indirect solar dryers which can reduce crop losses and improve the quality of dried
products [4]. According to the literature survey, different kinds of indirect solar dryers were constructed
and investigated [5,6]. In the last configuration, the air was heated by a solar collector connected to a
drying chamber. The products remain in shade and isolated from the sunlight and ambient air. The
process occurred by the exchange of water from the wet products to the hot air.

The temperature inside the drying chamber is the most important parameter that affects directly the
drying rate. Nevertheless, the fluctuating of weather conditions and the intermittency of solar energy
highly affect the temperature threshold of drying air. Therefore, the quality of the dried products is
strongly affected. Hence, solar dryers are still limited and could not be effective without the presence of
another energy source and without control of all drying parameters (temperature, humidity and airflow).

Hybrid solar-electrical dryers are operating with a solar energy and electrical power as a secondary
energy source. According to literature survey, many works [7, 8, 9, 10] used heat resistors inside the
drying cells in order to maintain the drying temperature in a suitable range with high efficiency of heat
energy exchange.

For efficient controlling system, predicting values of the output parameters related to input conditions
is necessary [11]. It is represented by a predictive model of the system. The prediction of drying
temperature can be established using several models based on heat transfer, movement and mass
equation. These models require a hug computational time compared with the settling time of the dryer.

In previous works, solar dryers were modeled using various techniques [12]: artificial neural networks,
Adaptive Neuron-Fuzzy Inference System (ANFIS), FUZZY, thermal modeling, mathematical
modeling and drying kinetics model, etc. But, there is no literature found in modeling hybrid solar dryers
by using model which can provide predictive output in enough less time to permit the complete control
of temperature inside dryer.

Fuzzy logic modeling is based on input and output data, applied on nonlinear multi-inputs and multi-
outputs systems [13,14]. The strength of fuzzy logic is the accuracy of output prediction even if the
system is nonlinear and the input parameters are floating. Fuzzy modeling and fuzzy sets are widely
used for predictions and estimations of floating and nonlinear parameters as reported in [15-17]. The
behavior of solar dryer remains nonlinear in widely operated cases.

In all previous works, Fuzzy model was used only for modeling solar dryers supplied by solar irradiation
without secondary energy source and only for the specific product drying [18-21]. This technique was
used to predict the drying behavior taking into account different weather conditions, mainly ambient
temperature, solar radiation, and relative humidity [18]. A fuzzy model was also developed to determine
and calculate the temperature and moisture of jiggery during the evaporation of water content in a
greenhouse system [19]. On the other hand, prediction models in no load conditions would provide
thermal behavior of the dryer. Based on this, suitable range of products of interest will be specified for



the effective drying. In order to predict the greenhouse air temperature and relative humidity, an ANFIS
prediction model of a greenhouse dryer in no load conditions was proposed in [20]. Authors in [21]
proposed no load performances index for various solar dryers.

The main contribution of this paper is to perform an alternative method for modeling a hybrid solar-
electrical dryer in no load conditions by using Takagi-Sugeno fuzzy (TSF) system. This method has
never been explored for modeling hybrid dryers. The nonlinear system is linearized into different
operating points. Then, linear models corresponding to every operating point are established. The fuzzy
model is described by a family of fuzzy IF-THEN rules where each one represents a linear input-output
relation of the system. The global fuzzy model of the studied dryer was achieved by smoothly blending
these linear models together through the fuzzy membership functions in order to give the overall
nonlinear behavior of the dryer.

The principal objective of this work is to develop a TSF model of hybrid solar-electrical dryer in order
to predict accurately and quickly its thermal behavior in forced convection and in two operating modes:
solar mode (energy was only provided by solar energy) and electrical mode (energy was only provided
by electrical power). Fuzzy rules of the system were obtained based on experimental measurements of
drying temperature at various solar radiations and electrical powers. Some simple linear models for
several operating points were identified using Matlab system identification Toolbox (Ident) and were
used to build the global TSF model of the studied dryer. Then, the developed model was experimentally
validated at various solar radiation, ambient temperatures and electrical powers.

2. DESCRIPTION of EXPERIMENTAL SETUP

The solar dryer consists mainly of a solar collector where the air used in the drying process was heated
and a drying chamber where the material to be dried was spread in tray, electrical fan allowing the choice
of the desired airflow, resistance heater (4kW: accuracy +/- 2%) and an analogue power controller. The
solar collector is a finned absorber (Length = 2m and Width = 1m) made from aluminum. The top side
of the absorber is painted with matt black glycerophtalic lacquer (absorptivity = 0.95 and emissivity =
0.8). The number of fins is 24 and they are made from aluminum with 1mm thickness. The top losses
are minimized by placing a glass cover of 3 mm thickness with a distance of 50 mm over the top of the
absorber. The collector is stationary and inclined at a tilt angle of 30° (respect to the latitude of
Marrakesh, Morocco) with the horizontal facing south all the duration of experiments. The bottom and
sides are isolated with glass wool 40 mm thick. The solar collector is combined directly to the drying
chamber without using any air conducts. The drying chamber was built from a steel structure. The walls
were made from steel sheet metal and were isolated by mineral fiber 40 mm thick. The total capacity of
the drying chamber is four mesh trays with a drying area of 0.94m? (Figure 1).




Figure 2 shows a schematic layout of the hybrid indirect solar-electrical dryer.
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Figure 2. Bloc diagram of the hybrid solar dryer.

3. MATERIALS and METHODS

The dryer was unloaded because the investigations in no load conditions provide consistent results as
they are not influenced by the type, the composition and the moisture content of food products. The
experiments were conducted during several days starting at 11:00 am and finished at 13:30 pm. During
this period, solar radiation and ambient temperature can be assumed constants. The dryer was placed in
an unshaded and clear area during the whole duration of experiments. A fan was fixed in the chimney
of the dryer to ensure an even distribution of air and also to exhaust the humidity of the product to the
surrounding. In solar drying process, the drying air temperature changes with the magnitude of solar
radiation. Thus, the auxiliary electric heater was used to adjust the drying air temperature. The
preliminary heated drying air by solar radiation, arrived to the inlet of cabinet dryer will be heated by
electrical resistance. The power of the electrical resistance was varied using an analogue power
controller (037N0057, Danfoss). The drying air is then aspired by the exhaust fan of 10 cm diameter
(Orion 12HBVXC model, 43W power input, running at 5000 rpm and volumic flow at 0.107 m%/s). The
fan was controlled by an Arduino Uno for maintaining an air flow of 0.027 kg/s. Temperature, humidity
and solar radiation were recorded every 10 min. Temperature was measured and recorded at different
locations inside the drying chamber (bottom, middle and the top) using temperature sensors type (TM-
110 pt100, 0.5°C accuracy). Hygrometer sensors (HM-110, 0.5% accuracy) were employed for
measuring the ambient relative humidity. Incident global solar radiation was measured during the
experiments by a Keep and Zonnen pyranometer with a sensitivity of 14.69 10, Velocity of drying air
was measured using an anemometer (Kimo model CTV-210-BOS, 0.03 m/s accuracy) at the exit of the
exhaust fan.



4. NON LINEARITY OF THE HYBRID DRYER

Experimental measurements of the temperature profile inside the drying chamber at three planes; top,
middle and bottom were conducted in forced convection. It is noticed that there is no significant
differences in average temperature (maximum difference of 1.4°C) at all planes due to the air vortex
inside the drying chamber. However, only the average temperature of the drying chamber was
considered for modeling.

The hybrid dryer is a complex nonlinear system. In order to figure out the nonlinear relationship of the
dryer’s input/output and to investigate its overall behavior, static characteristics of the dryer operated in
solar mode and electrical mode were established based on experimental studies. The static characteristics
lead also to easily identify the linear zones and the operating points of the dryer.

Static characteristics were built measuring the drying chamber temperature in steady state on the basis
of solar radiation and electrical power of the resistance heater. From the conducted tests for different
solar radiations (solar radiations and ambient temperatures are considered approximately constant from
11:00 am to 13:30 pm, for each day), the steady state was reached after two hours and a half (at about
13:30 pm).

Figure 3 depicts the static characteristics of the dryer operated in solar mode (Figure 3a) and electrical
mode (Figure 3b). The plots clearly show the strong static non linearity of the dryer by appearance of
saturation of the output for high solar radiations. To overcome this problem, the static characteristics of
the dryer were divided into linear zones numbered (1, 2, 3, 4) and (1°, 2°, 3°, 4°) corresponding to
different weather conditions (windy day, cloudy day, partly cloudy day and clear day) and electrical
powers (low power, medium power, high power and very high power). Several operating points were
singled out in the linear zones and linear models corresponding to each operating point were identified.
A TSF model was developed to ensure the connection between the linear zones by combining the linear
models to give the overall nonlinear behavior of the studied hybrid dryer.

70- (a) (b) .
: 160 - :
o 11 oy , i
. 60 - 1 v o 140 4 i
s I }"' P 1 :
’;. . : A S 1204 . ’ :
S e 4 £ 8T o |
; Lkl ! - S
é 40~ : |(4i - B 1 1 1
. i 3 1 § 0 : I I i
g h v/i/ H | @ i i i
> 304 1 11 £ 404 1 s 1 1 1
1 1
B4t ' 1’ H ! |
o 200 40 's00 sbo' 1000 1200 3 T T ™ ™I
Solar radiation, G [Wim2) Electrical power, Pe [ kW |

Figure 3. Static characteristics of the hybrid dryer, (a) solar mode; (b) electrical mode.

5. RESULTS AND DISCUSSIONS

5.1. Behavior of the dryer operated in solar mode

In order to identify the linear models corresponding to each operating point of the dryer operated in solar
mode, several measurements were carried out in winter season for days December 12", 16", 2016 and
January 5™, 18" 2017 at different weather conditions. The dryer remains previously in shade and
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immediately exposed to solar radiation for two hours and a half starting at 11:00 am. The highest air
temperature inside the drying chamber was previously noticed between 11:00 am and 13:30 pm.

In clear days, the highest reached drying temperature was 50.2°C under a solar radiation of 964.4 W/m?
for an ambient temperature of 25.6°C (Figure 4a) (measurements corresponding to the operating point
in the linear zone 4), and 47.2°C at a solar radiation of 804.5W/m? (zone 3) and 25.1°C ambient
temperature (Figure 4b). In a cloudy day (Figure 4c), the drying chamber temperature reached 42.2°C,
under a solar radiation and ambient temperature of 630.6W/m?and 23.6°C, respectively (Zone 2).

Experimental tests were also conducted in a period of stormy weather and air temperature inside the
drying chamber reached 14.2°C at a solar radiation of 101.3W/m? (Zone 1) and an ambient temperature
of 12.1°C as shown in (Figure 4d).
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Figure 4. Solar intensity and air temperature variation; (a)(b) clear days, (c) windy day, (d) cloudy day. (1), (2),
(3), (4) numbers corresponding to linear zones in static characteristic of the dryer in solar mode.

5.2. Behavior of the dryer operated in electrical mode

To identify the linear models corresponding to each operating point of the dryer operated in electrical
mode, different measurements were carried out for days January 1%, 3", 7, and 10", 2017 at different
electrical powers. The tests were conducted at night in the absence of solar radiation. The steady state
was achieved in one hour of operation.

The drying temperature reached 37.4°C at an electrical power of 0.5kW and an ambient temperature of
24.6°C (Figure 5a (Zone 1°)). At an electrical power of 1.5kW, the temperature reached 69.7°C at an
ambient temperature of 22.6°C (Figure 5b (zone 2’)). The average temperature inside the drying
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chamber reached 100.1°C and 128.7°C at electrical powers of 2.5kW and 3.5kW and ambient
temperatures of 21.5°C and 23.8°C, respectively as shown in Figures 5c,5d (zone 3°,4°).
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Figure 5. Electrical power and air temperature variation; (a) 0.5kW (b) 1.5kW, (c) 2.5kW, (d) 3.5kW. (1), (2°),
(3°), (4°) numbers corresponding to linear zones in static characteristic of the dryer in Electrical mode.

6. HYBRID SOLAR-ELECTRICAL DRYER MODELING

6.1. The linear hybrid dryer models

The hybrid dryer dynamic response can be represented by different linear models depending on the
operating points in the three operating modes (solar mode, electrical mode and hybrid mode).

The experimental measurements corresponding to different operating points led to highlight the
influence of different inputs (solar radiation, ambient temperature and electrical power) on the behavior
of the dryer. In addition, they permit to evaluate the simplest representation (linear models) of the dryer.
In order to identify the linear models, the measured inputs and outputs were loaded into system
identification Toolbox of Matlab environment using (Ident). This latter provides functions and Simulink
blocs for constructing mathematical models based on least squares methods of dynamic systems from
measured input/output data. In the three operating modes, the obtained response is similar to that of a
second order system (Eqg. [1]) with a best fitting of 96.5% where the parameters change according to
each considered operating points.
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The coefficients (a, b, ¢, d) are the linear model’s parameters. These coefficients were computed using
the measured data obtained for different solar radiations and electrical powers. Table 1 gives the
identified coefficients of the linear models transfer functions. According to Table 1, the nonlinear
evolution of coefficient (a, b, ¢, d) can be noticed, which confirms the high nonlinearity of the studied
system. It confirms that it is impossible to represent the hybrid solar dryer by a unique second order
model for different weather conditions and operating modes. To overcome this issue a TSF system was
developed to obtain a global nonlinear model of the studied hybrid dryer.

Table 1. Linear models' parameters based on solar radiation and electrical power.

Coefficients of linear models

a b c d
964.7W/m?25.6°C  1,919.10° 6,033.10° 0,001273 2,048
804.5 W/m?25.1°C  2,543.10° 3,3.108 0,003218 1,165.10°°
463.6W/m?23.6°C  2,878.10° 2,226.10® 0,002761 7,518.107
251.2W/m220.1°C  3,104.10®° 2.053.10® 0.002662 5.535.107

Solar mode

0.5kW 24.6°C 34.7 24.7 2.027 0.9491
Electrical mode 1.5kW 22.6°C 39.7 20.68 1.82 0.65

2.5kW 21.5°C 425 16.3 1.53 0.48

3.5kW 23.8°C 45.2 14.2 1.21 0.41

6.2. Takagi Sugeno Fuzzy model of the hybrid dryer

In this paper, a TSF modeling based on linear functions of input variables was considered. It can
approximate nonlinear systems with few rules and higher modeling accuracy [22, 23]. This model was
used in many works and for many applications, where the linear models are used individually and aids
for validating and interpretation of the global model [24, 25]. The TSF model combines all the linear
models in order to find a global model of the system able to generate the appropriate output as shown in
Figure 6.
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| Linear model |~ (Ten)

Figure 6. Structure of TSK fuzzy system

The TSF fuzzy system was built from the input/output and the obtained parameters of linear models.
Figure 7 shows the seven membership functions corresponding to the dryer parameter (G) characterizing
solar radiation. It can be seen that the generation of membership functions was focused in the high and
low solar radiations where the system represents strong nonlinearity. The generated membership
functions corresponding to the dryer parameter (P¢) characterizing the electrical power are shown in
Figure 8. Figure 9 illustrates the generating membership functions corresponding to ambient temperature

(Ta).
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The rule of fuzzy model type Takagi Sugeno are built by the parameters of linear model. Where, each
rule represents the parameters of a linear model corresponding to a specific operating point. Thus, the
global fuzzy system gives the overall nonlinear behavior of the dryer system.

Using the fuzzy rules, the appropriate TSF model’s output (drying temperature) was estimated according
to the associated linear models as shown in Figure 10.
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The rules of the TSF fuzzy models are the following forms [22, 26]:
Rule i:
Li: if XiiSai, X2 IS aiy, ..., and X, iS aip then Fi.

Where, L; (i=1, 2, ..., n) is i-th fuzzy rule, x; =1, 2, ..., p) is input variable and F; are output parameters
of linear models obtained by L;, aij (j = 1...p) is the fuzzy set of the variable inputs j.

Given the inputx?,xJ,...,x?, x93, the global parameters F can be inferred by a weighted average
defuzzification as Eq. [2]

_ Zimg Wil

DHRTA

@)

Where the weight w; implies the overall truth value of the premise of the j-th implication for the input,
and is calculated as Eq. [3].

w; = H e () 3)

Where u,, (x;) the grade of the membership function of xj in fuzzy set ai and it is characterized by a
Gaussian function as Eq. [4].

N2

Ha (%) = exp(— Coe) ) (4)

o]
The application of TSF modeling provides an estimation of the dryer behavior for all combinations of
solar radiation, ambient temperature and electrical power. This implies that for any weather condition

and operating mode (solar mode, electrical mode and hybrid mode) the TSF fuzzy model will predict
accurately the drying chamber temperature.

7. EXPERIMENTAL VALIDATION OF THE HYBRID DRYER TSF MODEL

The reliability and the performances of the developed model for describing the behavior of the hybrid
dryer at three mains operating modes were evaluated by comparing the predicted drying temperature

10
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with experimentally measured temperature during the operation of the dryer in solar mode, electrical
mode and hybrid mode.

Experimental tests were performed in winter season, in clear days, cloudy days and at nights. The dryer
was operated in forced convection at an airflow maintained at 0.027 kg/s.

7.1. Solar mode

Experimental measurements were conducted for days 2", 14", January 2017 in a clear and cloudy
weather. The average recorded solar radiations and ambient temperatures were 1014W/m?, 24.5°C.
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Figure 11. Validation of the constructed TSK model of the dryer operated in solar mode; average solar radiation
of 1014.3W/m?2.

The predicted responses of the model were compared with the experimental ones as shown in Figure 11.

It is clearly the measured temperature and the simulated one are in good accordance with an RMSE
equal 2.34.

7.2. Electrical mode

In order to test the reliability of the constructed model for dryer operated in electrical mode,
experimental measurements were conducted for day 10", February 2017 at night. The considered
electrical powers were 2kW (Figure 12) with ambient temperatures of 25.6°C.
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Figure 12. Validation of the constructed TSK model of the dryer operated in electrical mode; average electrical
power of 2kW.
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The predicted response was compared with the experimental ones as shown in Figure 11. It is clearly
shown that the fit of drying temperature by the simulated ones is significantly good with an RMSE equal
2.21.

In Table 2 the values of RMSE of modeling the hybrid dryer operated in solar and electrical mode are
presented.

Table 2. Root mean square error (RMSE) of modeling the hybrid dryer.

Operating mode RMSE
Solar mode 2.34
Electrical mode 2.21

8. CONCLUSION

In this study, a hybrid solar-electrical dryer modeling operated in forced convection was investigated.
A TSF model of the hybrid dryer was developed in order to describe its behavior in three mode of
operation (solar mode, electrical mode and hybrid mode) in no load conditions. Static characteristics of
the dryer were established to testify the strong nonlinearity of the dryer. The proposed TSF model was
explored to predict nonlinear thermal behavior (drying temperature) of the dryer taking into account
different solar radiations, ambient temperature, and electrical powers as input parameters. The TSF
model was successfully validated through experimental tests with a RMSE of 2.34 and 2.21 for the dryer
operated in solar mode and electrical mode, respectively. The proposed TSF model reveals a high
prediction ability of the hybrid dryer with a huge reduction in simulation time comparing to other
modeling methods. The proposed model will be useful for synthesizing the temperature controller and
increasing the efficiency of the dryer to enhance the quality of the dried products. The system could be
enhanced by adding a thermal energy storage such as pebbles or rock salts which can help to extend the
drying time and also reduce the electrical consumption. Also for the area far from the electricity, the
dryer cannot be operated, for this reason a PV models should be used. All this issues will be taken into
considerations in future works.
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