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	 Good plant growth is ensured by suitable light source, temperature, humidity, carbon dioxide 
content, moisture, and nutrient conditions.  In this paper, a plant cultivation driver system that 
consists of artificial light sources, ultrasonic nebulizers, and ventilation fans is proposed.  By 
using the control scheme of pulse-width modulation, the output powers of the artificial light 
sources, the ultrasonic nebulizers, and the fans are adjusted.  The artificial light sources use 
red, green, and blue light-emitting diodes (LEDs) to provide photosynthetic energy to plants.  
The ultrasonic nebulizers used for humidity control are installed near the plants to provide fine 
water molecules needed for plant leaves, and the fans provide them the desired temperature and 
venting environment.  The driver uses the Arduino chip connected to the light, temperature, 
and humidity sensors to monitor these environmental parameters.  Based on the environmental 
conditions fed back from the sensors, the chip can provide suitable growth conditions for plants 
by respectively controlling the light sources, atomizers, and fans.  A 500 W prototype driver 
with update environmental parameters was designed and built.  The output power range was 
adjusted from 60 to 460 W to meet plant growth requirements.  The measured input power 
factor was higher than 0.92, and the highest conversion efficiency of the driver was 82.5%.

1.	 Introduction

	 Smart agriculture is a newly emerging trend that uses sensor technology, intelligent machine 
equipment, Internet of Things, big data analysis, and so forth to replace the timing controller 
to provide a favorable growth environment.(1–5)  On the other hand, global warming caused 
by the depletion of fossil fuels will frequently induce extreme weather anomalies that may 
hinder plant growth and lead to human food shortage.(6–8)  Recently, plant factories have been 
controlled to establish an environment suitable for plant growth, thereby protecting plants from 
extreme weather.(9–15)  The light intensity, light wavelength, light on/off cycle, temperature, and 
humidity required by plants  differ at different stages, such as seeding, growth, and flowering.(16–20)  
Therefore, an energy driver should be designed to provide different environmental conditions at 
different stages of plant growth.  
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	 To create a suitable environmental condition in plant factories, the commercial environmental 
control system should consist of many environmental monitoring and control sets to adjust 
temperature, humidity, light, and so on.  However, the light sources, temperature, and humidity 
are individually controlled in these plant factories.  The light source, atomizer, and fan must use 
separate power converters.  Besides, these converters require different controllers to regulate 
light, temperature, and humidity.  This leads to an increase in the cost of circuit components.  
In addition, the parameters set to control the growth environment remain unchanged during 
plant growth, resulting in the waste of energy in the plant factory.  To solve these problems, 
in this study, an innovative approach to control environment conditions simultaneously by 
a single control device is proposed.  A driver system that connects light, temperature, and 
humidity sensors to an Arduino chip for the detection of plant growth environmental conditions 
is designed.  By controlling the light source, ultrasonic atomizer, and ventilation fan, the driver 
system can provide a suitable environment for plant growth.(21–23)  This paper is organized as 
follows.  Section 2 describes the concept of the proposed driver.  Section 3 details the analysis 
of the circuit and the derivation of equations.  The design and experimental test of a 500 W 
prototype circuit are provided in Sect. 4.  Finally, some conclusions are given in Sect. 5.

2.	 Circuit Configuration

	 Figure 1 shows the schematic diagram of the proposed plant driver system.  The shelves 
are used to improve plant utilization in the plant factory.  Plants are distributed throughout the 
shelves.  To increase plant growth efficiency, a number of devices that provide light, humidity, 
and temperature control are placed around the shelves to provide a suitable environment for the 
plants.  As shown in Fig. 1, a power factor corrector (PFC) is used to achieve high power factor 
and low total current harmonic distortion (THDi).  The PFC outputs a dc voltage to all flyback 
converters that are connected in parallel at input terminals.  Each flyback converter supplies 
a stable dc voltage for each shelf.  These flyback converters are controlled by the Arduino IC 
to control ambient devices, such as light sources, ultrasonic nebulizers, and fans.  The suitable 
environmental conditions for plants can be found in the literature and/or be obtained on the 

Fig. 1.	 (Color online) Schematic diagram of the proposed plant driver system.
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basis of previous experimental results.(16–20)  The energy supplied from the flyback converters 
to the ambient devices is adjusted on the basis of sensor feedback to ensure that the environment 
is suitable for plants in different growth stages.  
	 A boost converter is adopted to serve as the front-end PFC, as shown in Fig. 2.  The boost-
type PFC is composed of a bridge rectifier BD, an inductor LB, an active switch SB, a diode 
D1, and a bulky capacitor Cdc.  The PFC uses the control scheme of error multiplication.  The 
product of the sampled input voltage and the error voltage between the output voltage and the 
reference voltage is compared with the inductor current to determine the turn-off time of the 
active switch.  In addition, the PFC is controlled to operate in the boundary operation mode.  In 
other words, once the inductor current is reduced to zero, the active switch is turned on.  In this 
manner, the input current is wave-shaped into a sinusoidal waveform and is in phase with the 
input voltage source.  This ensures a high power factor and a low THDi.
	 The second stage that powers the environmental control device is a flyback converter, which 
has a relatively simple circuit topology compared with other dc/dc converters for low power 
applications.  Each flyback transformer can serve the dual purpose of energy storage/release 
and galvanic isolation.  Figure 3 shows the circuit topology of the flyback converter whose 
transformer consists of a primary winding and several secondary windings.  The primary 
winding is connected to a high-frequency-driven switch Sm.  Each secondary winding is 
connected in series with an independent low-frequency-driven switch (S1–Sn) for energy 
transfer.  A high-frequency signal vGSm and a plurality of low-frequency signals (vGS1–vGSn) 
are output by the Arduino IC.  These signals are fed to isolated gated driver integrated circuits 
(IC) to turn these active switches on and off.  The Arduino IC is a widely used microcontroller 
because it requires little programming or electronics knowledge and is easy to interface with 
various sensors.  The Arduino IC is programmable and can be easily modified.  It records the 
environmental parameters required for   plant growth.  When observing that the plant is about 
to enter the next stage of growth, the code for the corresponding growth stage is typed into the 
Arduino IC to match the environmental parameters.

Fig. 2.	 Schematic of boost-type PFC.
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3.	 Environmental Parameter Control Mechanism

	 The magnetic flux in the transformer of the flyback converter must be balanced at steady-
state operation.  The energy stored on its primary side must be completely transferred to 
the secondary side to prevent core saturation.  By adjusting each turn-on time of each low-
frequency switch on the secondary side to match the turn-on time of the active switch of 
the primary side, the energy transferred from the primary side to the secondary side can be 
correctly supplied to each load.
	 Figure 4 shows red, blue, and green light-emitting diode (LED) loads, where the flyback 
converter is designed to work in the discontinuous current mode (DCM).  To simplify the circuit 
analysis, the following assumptions are made:
(1)	All circuit components are ideal.
(2)	The output capacitors C1–C3 are large enough to regard the output voltages VO1–VO3 as 

constant.
(3)	The coupling coefficient between the primary and secondary windings is equal to one.  

Hence, there is no leakage inductance in the transformer.
	 Figure 5 shows the timing diagram designed to control the LED brightness.  The blue, green, 
and red LEDs are controlled by S1, S2, and S3, respectively.  In order, the brightest, second 
brightest, and lowest brightness LEDs are blue, green, and red, respectively.  The switches S1 to 
S3 are turned on and off at a low frequency with the switching period TL, while the switch Sm is 
turned on and off at a high frequency with the switching period TH.  The duty cycle DH of the 
switch Sm varies with the number of low-frequency switches that are turned on.  When all the 
switches S1 to S3 are turned on, the duty ratio DH1 of the switch Sm is maximum.  In contrast, 

Fig. 3.	 (Color online) Arduino IC-controlled flyback converter.
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during t1 to t2, only the blue and green LEDs are lit.  In this case, the duty ratio of Sm should 
be reduced to a lower value (DH2) to prevent the transfer of excessive energy to the secondary 
winding from the primary side, thereby burning the LED.

Fig. 5.	 (Color online) Timing diagram.

Fig. 4.	 (Color online) Flyback converter with LED loads.
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	 During t0 to t1, all the LEDs are lit.  The circuit operation can be divided into three operation 
modes in each high-frequency cycle in the steady state.  Figure 6 shows the equivalent circuits 
of the different operation modes and Fig. 7 shows the theoretical voltage and current waveforms 
of the key components.

Fig. 7.	 (Color online) Theoretical waveforms.Fig. 6.	 (Color online) Operation modes.  (a) Mode I.  
(b) Mode II.  (c) Mode III.

(a)

(b)

(c)
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	 The LEDs are dimmed by the control scheme of low-frequency modulation, as shown in 
Fig. 5.  In other words, each LED is turned on at its rated current and its average current is 
equal to the low-frequency duty cycle.  Plants at different growth stages require different LED 
light intensities.  Therefore, the intensities of the red, green, and blue LEDs must be adjusted 
accordingly.  According to the pattern in Fig. 5, the average currents of the blue, green, and red 
LEDs are denoted as IBLED, IGLED, and IRLED, and can be expressed as
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where IB(Rated), IG(Rated), and IR(Rated) are the rated currents of the blue, green, and red LEDs, 
respectively.
	 The flyback converter is operated in DCM and supplies multiple sets of loads simultaneously.  
The design equations of the circuit components are shown as
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where η is the converter efficiency, Vdc is the DC input voltage, fH is the switching frequency 
of Sm, DH(max) is the maximum duty cycle of Sm, Po is the load rated power, ni (i = 1, 2, and 3) is 
the turn ratio of the transformer, Lp is the transformer primary inductance, Lsi is the transformer 
i-th secondary inductance, and  DGSm is the duty cycle of Sm.
	 When the loads in Fig. 3 are changed to an ultrasonic atomizer module or a fan module, 
the operation modes are similar to those with the LED loads.  All of these modules are driven 
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by direct current.  The description will not be repeated here.  Ultrasonic atomizers are used 
to provide space humidity, and fans are used to provide airflow in the space to promote plant 
growth.
	
4.	 Design and Experimental Test Results

	 A prototype circuit was built and tested.  Each LED string consists of twenty 1 W LEDs 
connected in series.  The circuit specifications and the component parameters obtained by using 
Eqs. (4)–(7) are shown in Table 1.  The LEDs are dimmed by controlling the duty cycles of the 
low-frequency switches.  Table 2 shows all possible conditions, depending on whether each 
LED string is turned on or off.  Under each condition, the duty ratio of the switch Sm and the 
input and output powers are measured, and the conversion efficiency is calculated.
	 In the design of flyback converters for driving ultrasonic nebulizers and ventilation fans, the 
architecture in Fig. 3 is still used.  The loads are three 20 W ultrasonic atomizers and one 2 W 
DC fan, which is controlled to slowly rotate to prevent damage to the plants.  The component 
parameters are shown in Table 3.  The duty ratio of the switch Sm and the circuit conversion 
efficiency for all the conditions for the three ultrasonic atomizers and the DC fan that are either 
on or off are shown in Table 4.

Table 1
Circuit specifications and component parameters.
DC voltage Vdc 240 Vdc 
Switching frequency fH 32 kHz
Max. duty ratio DH 0.2
Switching frequency fL1–fL3 1 kHz
Max. duty ratio DL1–DL3 1
Primary inductance Lp 571 μH
Output voltage Voi B: 60 Vdc G: 58 Vdc R: 42 Vdc 
Output current Ioi B: 0.34 A G: 0.35 A R: 0.48 A
LED equivalent resistance roi B: 176.5 Ω G: 165.7 Ω R: 87.5 Ω
Turn ratio ni = Np/Ni B: 1.00 G: 1.00 R: 1.35
Output capacitance Ci B: 100 μH/250 V G: 100 μH/250 V R: 100 μH/250 V 
Secondary inductance Lsi B: 571 μH G: 571 μH R: 310 μH 

Table 2
Conversion efficiency under different light conditions.

B-LED G-LED R-LED DGSm (%) Po (W) Pin (W) η (%) 
ON ON ON 	 19.54 	 61.77 	 72.00 	 85.8 
ON ON OFF 	 16.52 	 44.26 	 51.84 	 85.4 
ON OFF ON 	 14.43 	 38.15 	 41.52 	 91.9 
ON OFF OFF 	 10.62 	 20.64 	 24.72 	 83.5 
OFF ON ON 	 16.35 	 41.13 	 48.72 	 84.4 
OFF ON OFF 	 11.62 	 23.62 	 28.80 	 82.0 
OFF OFF ON  	 9.70 	 17.51 	 20.40 	 85.8 
OFF OFF OFF 	 0 	 0 	 0 	 0
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	 A 480 W boost-type PFC is designed and built to drive six sets of LED loads (as shown in 
Table 1) and two sets of ultrasonic atomizer and fan loads (as shown in Table 3).  The eight 
primary switches of the eight circuits are connected to the 8-digit pins in the Arduino of Mega 
2560, and the 26 ON/OFF pins in the Arduino are connected to the 26 switches of the secondary 
side.  The 26 switches are used to control the energy delivered to the load.  Table 5 shows the 
specifications of the PFC circuit and the detailed component parameters can be seen in Fig. 8.  
Table 6 shows the power factor and conversion efficiency under different output powers.  The 
proposed drive system architecture can be applied to provide environmental conditions without 
having to significantly change the system structure for different plants.  Although this circuit is 
cost-effective in the high power range, it is less cost-effective in the low-power range owing to 
the addition of PFC power stages and control circuitry.  However, its energy supply is adjusted 
during the growth stages of plants and energy waste is effectively reduced.

Table 3
Component parameters with ultrasonic atomizers and fan loads.
DC voltage Vdc 240 Vdc
Switching frequency fH 32 kHz
Max. duty ratio DH 0.2
Switching frequency fL1–fL4 1 kHz
Max. duty ratio DL1–DL4 1
Output capacitance Ci 100 μH/250 V
Primary inductance Lp 559 μH (47T) 
Output voltage Voi Vo1: 30.7 Vdc Vo2: 29.8 Vdc Vo3: 30.3 Vdc Vo4: 28.0 Vdc
Output current Ioi Io1: 0.631 A Io2: 0.594 A Io3: 0.623 A Io4: 0.062 A 
Equivalent resistance roi ro1: 48.7 Ω ro2: 50.1 Ω ro3: 48.6 Ω ro4: 452 Ω 
Turn ratio ni = Np/Ni n1: 2.2 n2: 2.2 n3: 2.2 n4: 2.6
Secondary inductance Lsi Ls1: 114 μH (21T) Ls2: 110 μH (21T) Ls3: 112 μH (21T) Ls4: 94.3 μH (18T) 

Table 4
Conversion efficiency with ultrasonic atomizers and fan.
Atomizer #1 Atomizer #2 Atomizer #3 Fan DGSm (%) Po (W) Pin (W) η (%) 

ON ON ON ON 	 17.22 	 57.67 	 60.96 	 94.6
ON ON ON OFF 	 17.00 	 55.94 	 59.28 	 94.4
ON ON OFF ON 	 14.13 	 38.80 	 42.96 	 90.3
ON ON OFF OFF 	 13.90 	 37.07 	 41.76 	 88.8
ON OFF ON ON 	 14.08 	 40.10 	 42.72 	 93.9
ON OFF ON OFF 	 13.84 	 38.24 	 41.04 	 93.2
ON OFF OFF ON 	 10.29 	 21.10 	 24.48 	 86.2
ON OFF OFF OFF 	 10.04 	 19.37 	 22.80 	 85.0
OFF ON ON ON 	 13.88 	 38.30 	 41.28 	 92.8
OFF ON ON OFF 	 13.67 	 36.57 	 39.36 	 92.9
OFF ON OFF ON 	 10.06 	 19.61 	 23.04 	 85.1
OFF ON OFF OFF 	 9.60 	 17.70 	 20.88 	 84.8
OFF OFF ON ON 	 9.90 	 20.63 	 22.32 	 92.4
OFF OFF ON OFF 	 9.50 	 18.87 	 20.40 	 92.5
OFF OFF OFF ON 	 2.00 	 1.73 	 2.40 	 72.1
OFF OFF OFF OFF 	 0 	 0 	 0 	 0
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5.	 Conclusions

	 A plant cultivation driver system for driving artificial light sources, ultrasonic nebulizers, 
and ventilation fans is proposed in this paper.  The green, blue, and red high-brightness LEDs 
serve as light sources.  The circuit topology consists of a boost converter serving as PFC and 
eight flyback converters used to drive LEDs, ultrasonic nebulizers, and ventilation fans.  These 

Fig. 8.	 (Color online) Boost-type PFC.

Table 6 
Conversion efficiency and power factor.

Po (W) Ps (W) η (%) PF
	 63.5 	 109.5 	 58.0 	 0.921
	 89.5 	 127.6 	 70.1 	 0.948
	 120.0 	 170.0 	 70.6 	 0.966
	 154.0 	 213.5 	 72.1 	 0.969
	 183.8 	 252.4 	 72.8 	 0.971
	 214.4 	 290.4 	 73.8 	 0.973
	 244.0 	 320.7 	 76.1 	 0.980
	 273.9 	 368.7 	 74.3 	 0.982
	 302.6 	 414.5 	 73.0 	 0.981
	 344.7 	 417.9 	 82.5 	 0.983
	 377.0 	 461.1 	 81.8 	 0.981
	 407.6 	 503.4 	 81.0 	 0.980
	 442.1 	 556.6 	 79.4 	 0.979
	 459.4 	 597.8 	 76.8 	 0.982

Table 5
Circuit specifications of boost-type PFC.
AC source VS AC 110 Vrms /60 Hz
DC-link power Po 480 W 
DC-link voltage Vdc 240 V
DC-link current Io 0.25–1.9 A 
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devices are well controlled by the Arduino IC to provide suitable environmental conditions for 
plants at different growth stages.  A 500 W prototype driver was built and tested.  The output 
power range was adjusted from 60 to 460 W.  The measured input power factor was higher than 
0.92, and the conversion efficiency of the driver was 82.5%.
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