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Abstract—A range of infrared heater temperature 

management mechanisms for a hybrid FIR-convective fruit dryer 

were designed and tested. The dryer was implemented in order to 

produce commercial grade apple chips. The infrared heater was 

subjected to a step-down power converter under current-mode 

and voltage-mode control. A buck converter was designed and 

tested to gauge its effectiveness. Simulations were performed on 

the various system configurations incorporating the buck 

converter in order to observe their responses to disturbances. In 

addition these systems were placed  under classical control 

methods and a basic synergetic control scheme. 

 

Index Terms—fruit drying, hybrid FIR-convective dryer, 

infrared heating, power control. 

 

 
I.  INTRODUCTION 

he practice of food  dehydration  is probably the oldest 

form  of  food  preservation  performed.  The  drying  of 

foodstuffs in  particular  fruit and vegetables is a  major 

industrial process worldwide. Dried foodstuff is an important 

commercial commodity. Dried food products are of particular 

significance in extending the shelf life of various perishable 

commercial products. The removal of moisture prevents the 

growth   and   reproduction   of   microorganisms   that   cause 
deterioration of the products. 

controlled using sixteen buck converters. This paper will look 

at the power control and subsequent temperature control of 

one of the heaters using a buck converter. 

The design of controllers for buck power converter systems 

presents many interesting challenges, given that buck 

converters are inherently nonlinear time-varying systems. 

Several control strategies, including both linear and 

nonlinear methods, such as the classical PI and PID, sliding 

mode control, fuzzy control and peak current mode control, 

have been used for the control of dc-dc converters. 

 

II. POWER CONTROL ASPECTS 

 

A. Buck converter 

In order to efficiently convert the input voltage to the 

required output voltage, a switching regulator such as the buck 

converter is proposed [2]. The buck converter consists of a 

switch network that reduces the dc component of voltage and 

a low-pass filter that removes the high frequency switching 

harmonics. 

A step down power converter such as the buck converter 

proposed has been designed and is indicated in figure 1. The 

basic buck circuit has the following component values; VS = 

400Vdc,  L = 20mH,  C = 16uF and Rload = 132Ω. With the 

Drying  results  in  a  substantial  reduction  in  weight  and 

volume  minimising  packaging,  storage  and  transportation 

nominal inductor current, 

voltage, vo = 230V. 

iL = 1.74A and the nominal load 

costs.  Furthermore,  the  storage  of  these  products  under 
ambient conditions is an added advantage [1]. 

Today fruit drying is done in many different ways, 

sometimes dependant on the constraints of the system. If cost 

is a limiting factor then solar or sun drying is a good option, 

given that ample solar energy is available, but at the expense 

of system control and drying time. If simplicity of system 

control is a restriction, then hot-air drying is an option, often 

sacrificing drying time. 

An infrared-convective hybrid dryer has been developed 

with the aim of achieving improved system controllability and 

a significantly reduced drying time. This system incorporates 

sixteen 400 watt far-infrared (FIR) heaters and a 2.5 kilo-watt 

convective   heater.   Only  the  infrared  heaters  are  to  be 
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There are currently various methods of achieving the power 

control (temperature control) of the load. Among these there 

are broadly two power control options; voltage-mode control 

methods and current-mode control methods. These methods 

are discussed in more detail below. 

 

 
Fig.1. Basic buck converter topology 

 
The mathematical model of the buck converter is given by the 

 



switching-averaged model The mathematical expression incorporating these types of 

control can be expressed as, 
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where p(t) is  the  controller  output, e(t) is  the  actuating 

where u is the duty cycle. 

In order to drive the IGBT switch a train of PWM pulses are 

required. The PWM pulses are derived from an embedded 

digital controller in the feedback path. The purpose of the 

feedback controller is to vary the duty cycle, u of the PWM 

pulse. The switching frequency of the IGBT switch is set at 

40kHz. 

B. Voltage-mode control 

In the voltage control method the load voltage is fed back to 

control system that determines the pulse-width of the PWM 

waveform. This method has the disadvantage of a small 

frequency bandwidth. The inductor and capacitor at the 

output, which form a low-pass filter, introduce a 180° phase 

error output, K p is the proportional gain and Ti and Td are the 

integral and derivative time respectively. 

B. Synergetic control 

In the synergetic control approach, the use of an explicit 

model of the system for control synthesis is applied. This 

approach can be considered as an advantage and as a 

disadvantage [7]. It is desirable that the control makes use of 

all existing information on the system for control purposes, 

but it can be argued that this makes the control more 

susceptible to model and parameter errors. 

The general procedure for synergetic synthesis was given in 

[8]. A basic synergetic controller is synthesized by defining a 

macro-variable given as 

shift at the resonant frequency; this is f LC  1 2 LC . This 

entails that the gain of the control loop has to be less than 1 (t) k1 (vo vref ) k2 (iL iref ) k3 (iL iref )dt (4) 

unity at f LC in order to guarantee stability. The result is a 

slow response in output current or current change [3]. 

C. Current-mode control 
where k1 , k2 and  k3 are positive coefficients, vref and 

 

With this type of power control method the inductor current 
iref  are  the  references  of  the  output  voltage  and  inductor 

current, respectively. The aim of the synergetic controller is to 
is the value fed back to the PWM control system. One of the 
current  control  methods employed here is average current- 

operate on the manifold1 (t) 0 . 

mode control. In contrast to the voltage control method, a 

current-mode controlled system can achieve a larger frequency 

bandwidth, but at the cost of increased circuit complexity [4]. 

With the substitution of equations (1), (2) and (4) into the 

following equation: 

 


The other current control method engaged in this paper is a 

synergetic  controller.  This  type  of  controller  requires  two 

feedback loops, an inner current loop that senses the inductor 

T1 1 (t) 1 (t) 0, T1 

0 

(5) 

current and an outer loop for load voltage feedback. 

 
III. FEEDBACK CONTROL 

Two types of controllers were comparatively tested, namely 

the more established linear classical controllers which includes 

where T1 is a controller parameter indicating the converging 

speed of the closed loop system to the manifold 1 (t) 0 and 

solving for the duty cycle, u the following is the result of the 

control law 

the PI, PD and PID compensators and the more recent 

synergetic type controller. 
u 

vo
  k1L(iL  io ) 

k1L(vo  vref ) 

vS k2vS C k2T1vS 

A.  PI, PD and PID control (k  k T )L(i  i ) k L  (i  i )dt (6) 

These classical controllers provide the simplest form of 

control. These strategies are among the most commonly 

practiced approaches. 

     2  3  1  L  ref   
 

k2T1vS 

   3          L  ref   

k2T1vS 

The buck converter is considered piecewise linear based on 

the   switched-averaged   model   [5].   However,   nonlinear 

The schematic diagram used to implement (6) is shown in 
figure 2. The control law in (6) constitutes four distinct parts. 

phenomena such as sub harmonic oscillations are inherent in The  first  part  is  the  feedforward  term, vo   vS which  is 

switching regulators because of the pulse-width modulation 

(PWM) which is a particularly nonlinear process [6]. 

In order to simplify the control of these converters and 

implement these linear control methods, the buck converter is 

linearized. 

calculated based on the duty cycle at the previous sampling 

instant. This term compensates for alterations in the input and 



 

 

Fig.2. Basic synergetic schematic 

 

output voltages. The second term represents the discrepancy 

between the slowly moving inductor current and the output 

current. The third term incorporates the proportional term 

relating the oscillations in output voltage. The last two terms 

include the proportional and integral terms of the perturbations 

in the inductor current. 

The disadvantage of the scheme presented in (6) is that the 

synergetic controller requires more control inputs while a 

better dynamic performance is the result [9]. 

 

IV. SIMULATION RESULTS 

 
The various control strategies were simulated with the aim 

of producing stable output waveforms. System stability is of 

critical concern in any power converter application. The 

results of the classical control methods were compared to that 

of an initial and basic synergetic controller. 

 
The consequent system output dynamic responses were 

contrasted with the aim of determining the most improved 

performance relating to the duration of the resultant 

disturbance. Only steady-state responses were studied. 

A frequency response from each of the two control 

strategies is revealed in the curves in figures 3 and 4. 

The response of the system under synergetic control, 

voltage-mode control and average current-mode control are 

plotted in figures 4-9. For each response the output load 

voltage, the inductor current and output load power are 

plotted. The average and control methods were placed under 

classical feedback control approaches. Each of the controllers 

was subjected to an input voltage disturbance and a load 

impedance change. 

In all instances the goal is to regulate the load voltage at 

230Vdc, inductor current at 1.74A and a power output of 

400W. The subsequent aim is to achieve the temperature 

regulation of the heater at approximately 600°C. 

Figures 5-7 indicates the response to a load change from a 

nominal 132Ω to 14Ω. The voltage-mode controller was 

placed under proportional-derivative (PD) action and the 

average current-mode controller put through a proportional- 

integral (PI) action. 

These curves reveal that the duration of the disturbance 

under a basic synergetic management gives a favourable 

response. 

With respect to the load power level response, the 

disturbance lasts for only 0.2ms under synergetic control as 

opposed to 8ms for the system under average current-mode 

control and 6ms for voltage-mode control for a  load 

impedance change. The synergetic actuator requires further 

refinement in order to limit the surges inherent in its response. 

In figures 8-10, the system was subjected to an  abrupt 

source voltage change from 400Vdc to 200Vdc and back to 

400Vdc for a period of 1ms. 

Fig.3. Average current-mode frequency response 

Fig.4. Voltage mode frequency response 



 

  
Fig.5. Basic synergetic control response to load change 

 

 

 
Fig.6. Voltage-mode control (PD) response to load change 

 

Fig.7. Average current-mode (PI) response to load change 

 

 
The curves plotted below reveal that there is little if any 

difference in the way that the three control mechanisms 

respond to this input voltage change. 

The durations of the disturbance for each of the control 

strategies are very similar in length. 

Fig.8. Basic synergetic response to a source voltage change 

 

Fig.9. Voltage mode (PD) response to source voltage 

change 

 

Fig.10. Average current mode (PI) control response to 

source voltage change 

 

 
In addition to the types of controllers tested here, a range of 

other mechanisms were tried. These included an average 

current-mode control under a proportional and derivative (PD) 

action and a voltage-mode mechanism under proportional plus 

derivative and integral action (PID), but their subsequent 

responses were lacking when compared to those tested in this 

paper. 



V. DRYING EXPERIMENTS 

Drying experiments conducted in order to produce apple 

chips using the hybrid FIR-convective dryer model developed 

in [10], produced very promising results. Figure 11 shows the 

apple slices in the dryer and figure 12 shows the completed 

dried of an apple chip result. In an experiment conducted, a 

batch of 150g of apple slices (which never filled the dryer to 

capacity) was sufficiently dried to chip quality in 

approximately 30 minutes. 

These initial results reveal extremely useful drying times of 

apple chips, given that the final moisture content of fruit chips 

are far lower than that of ordinary dried fruit. The drying time 

in order to produce ordinary apple dried fruit is considerably 

shorter. This drying process developed however still requires 

optimization and testing under a range of air temperature and 

relative humidity conditions. 

 

 

Fig.11. Apple slices in the dryer 

 

 

Fig.12. Example of an apple chip result 
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