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Heat pump drying systems require a method to change the
inflow air temperature of the drying chamber. Pulse-width-
modulation (PWM) technique with duty cycle provides a
measure of controlling the voltage supplied to the electric
motors. Therefore, we conducted this research to PWM control a
heat pump dryer to change the air circuit parameters. In the
Parallel-Flow condensers, inlet and outlet temperatures, and
relative humidity, data were collected, and the average
temperature values were recorded. The duty cycle was changed
by developing a program using the Python programming
language. An Excel-based psychrometric calculator was
developed to analyze the collected data. The average condenser
outlet temperatures were 56.6+0.1 °C, 54.9+0.1 °C and
52.6+0.1°C and the average condenser inlet temperatures were
43.2+0.0 °C 42.8+0.1 °C and 41.2+0.1 °C for 60%, 80%, and
100% duty cycles, respectively. The power consumption rate of
the condenser reduced with an increasing duty cycle. The results
concluded that the PWM control system is a viable method to
control the inflow air temperature to the drying chamber.
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INTRODUCTION

Pulse-width-modulation (PWM) controls specific
analog quantities by the varying pulse width of a
fixed frequency rectangular waveform (Toulson
and Wilmshurst, 2012). The PWM generates
variable-width pulses to represent the amplitude
of an analog input signal. The output switching
transistor is "ON" most of the time for a high-
amplitude signal and "OFF" most of the time for a
low-amplitude signal. The digital nature (fully ON
or OFF) of the PWM circuit is less costly to fabricate
than an analog circuit that does not drift over time
(Christ and Wernli Sr, 2013).

The PWM is used in many applications, ranging
from communications to power control and
conversion, such as controlling the speed of electric
motors, the brightness of lights, ultrasonic cleaning
applications, etc. (Ibrahim, 2014). A typical PWM
signal pulsing its electrical signal by effectively
chopping it into discrete parts is presented in
Figure 1. The duty cycle of PWM refers to the
process "ON" time/Period.

Drying or dehydration is one of the most critical
post-harvest treatments adopted worldwide to
reduce spoilage and increase agricultural products’
shelflife or storage durability. Removal of moisture
in drying is a complex simultaneous heat and mass
transfer process (Jayas and Singh, 2011).
Agricultural commodities are sensitive to
temperatures and require different temperatures
to produce optimum quality products. Hot air in
the temperature range of 45-60°C is necessary for
the safe drying of agricultural commodities. Drying
under a controlled condition of temperature and
humidity brings the moisture level of the food
products to a safer limit and ensures the better
quality of products (Bhardwaj et al., 2017). The
development of a dryer with variable air
temperatures is a challenge in the food industry.

In response, heat pump (HP) drying systems are
advantageous because the air cycle and refrigerant
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cycle in the HP drying system provide
opportunities to change the drying kinetics.

In the HP trying system (Figure 2), low-pressure
refrigerant is compressed adiabatically (without
transferring heat or mass) up to the level of high
pressure in the compressor, which should allow
condensation at the ambient temperature. Work is
required to carry out this process, and this energy
is supplied in the form of electrical power to drive
the compressor motor. The refrigerant also gains in
enthalpy during this compression process. At the
condenser, the refrigerant condenses and transfers
the latent heat of condensation to the
surroundings. There is a loss of enthalpy in a
constant pressure process. This heat energy is
transferred to the drying chamber by the air
flowing through the condenser. At the expansion
valve, the liquid expands to a lower pressure at
constant enthalpy, while at the evaporator, the
liquid evaporates at constant pressure and gains in
enthalpy. The energy for the evaporation process is
supplied by the heated air flowing into the
evaporator from the drying chamber (Heldman,
2012).

Moreover, HP drying is advantageous over
conventional hot air drying due to its high drying
efficiency, produce high-quality dried products,
and high throughput, as identified by Chua et
al. (2010) and Gohet al. (2011). As a result, HP
drying is a widely used drying method applicable
for agricultural products such as grains, fruits,
vegetables, and condiments (Yousafet al, 2020;
Fernando et al, 2021; Singh et al, 2020;
Venkatachalam et al, 2020).

Therefore, the objective of the research was to
PWM control of an HP dryer with cascade
evaporators and parallel flow condensers to
manipulate the air circuit parameters. The
properties of the air circuits were studied by
changing the duty cycle in the PWM control system.
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Figure 1. Typical PWM signal (Adapted from Ibrahim, 2014)
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Figure 2. Schematic diagram of heat pump drying process (Adapted from Chua et al,,
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Figure 3. Heat pump dryer configuration (Chamber-A includes two HVAC outdoor units

representing parallel condensers;

Chamber-B

includes two HVAC indoor units

representing series evaporators; C_in and C_out refer to condenser in and condenser out; T
and RH refers to temperature and relative humidity.

METHODOLOGY

Development of heat pump drying system

The HP dryer in this study was designed and
fabricated at the Department of Agricultural
Engineering, University of Peradeniya, Sri Lanka.
Figure 3 shows a schematic diagram of the HP
dryer configuration. The HP dryer design

configuration was an air-source closed-loop HP
dryer system. Two HVAC (heating, ventilating, air
conditioning) systems with a capacity of 9000 BTU
and 12000 BTU were arranged as two indoor units
in series and two outdoor units in parallel.
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Individual HVAC systems have four components:
compressor, condenser, expansion valve, and
evaporator. The outdoor unit includes the
compressor and the condenser, while the indoor
unit includes the expansion valve and the
evaporator. The refrigerant used in both systems
was R22. The drying chamber has a direct inlet
from the outdoor units and a direct outlet to indoor
units. The air flowing out the drying chamber feeds
into the two indoor units in series. The air moving
out of the second indoor unit feeds into the two
condensers in parallel. The air flowing out of the
outdoor units feeds into the drying chamber.

Development of control system

A fixed high condensing pressure can result in fan
power saving (Yan et al, 2014) in a refrigeration
system. However, Lu et al. (2016) and Yu and Chan
(2006) used variable speed condenser fans to
change the process parameters in HVAC systems.
Therefore, a PWM technique with the duty cycle
was adopted to the two condenser fan motors of
the outdoor units. The PWM system was developed
using microcontrollers and Solid-state Relay (SSR)
modules. The microcontroller used for the study
was Raspberry Pi 3 Model B+, which has 40 GPIO
pins, and the operations system was New Out of
Box Software (NOOBS).

Data acquisition system

We developed the data acquisition system using six
DHT22 sensors connected to the Raspberry Pi 3
control system. The chamber-A inlet and outlet
temperatures and relative humidity values were
recorded, and the average values were calculated.
We operated the HP dryer for one hour in each duty
cycle and collected data in the last 20 minutes of
each trial.

Model development for the HVAC outdoor
unit

Energy balance principle was used to develop a
model to find the capacity of chamber A. Equation
1 shows the developed model.

Ein = Eout

Energy supplied to the condenser units
= Energy released to the air

Qunit = (hoout —hoim) Xmg Equation 1

Psychrometric calculator

The psychrometric relationships were obtained
from ASHRAE Fundamentals (2013), and an Excel-
based psychrometric calculator was developed.
The calculator was tested for the given
temperature range. The calculator was used to find
the capacity (Qunit) expressed in Equation 1.

Statistical analysis

We recorded the chamber-A inlet and outlet
temperature in each duty cycle and the variation
chamber-A outlet temperature with different duty
cycles. The relationship between duty cycle and
chamber-A outlet temperature was obtained.
Further, chamber-A power consumption variation
with duty cycle for the experimental time was
obtained.

RESULTS AND DISCUSSION

PWM control system

The Raspberry pi and the SSR modules were
connected to develop the PWM system. The PWM
is a command controller that reduces the average
power by pulsing its electrical signal by effectively
chopping it into discrete parts. Modulation of those
pulses’ width allows controlling condenser fan
motor rpm according to the requirement. The
voltage supplied to the condenser fans was
controlled through PWM to obtain different duty
cycles. Duty cycles were changed from 0-100% and
measured the air velocity. The duty cycles above
60% provided a considerable air velocity.
Therefore, three duty cycles, 60%, 80%, and 100%,
were selected based on preliminary data (data not
reported).

The GPIO pin 4 of Raspberry Pi was used to supply
input voltage to the SSR modules connected to the
HP dryer condenser fan motors. A program code
was developed using the python programming
language to acquire the required duty cycles for the
experiment.

Each average temperature from three sensor
modules at condenser inlet and outlet were
outputting in the program. The PWM control
system, which acquires temperature data in
different duty cycles is shown in Figure 4.
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Figure 4. PWM control system for heat pump dryer

Variation of chamber-A temperature

The condenser inlet and outlet temperature varied
with duty cycles. The average condenser outlet
temperature in the last quarter of the experiment
was 56.6+0.1 °C, 54.9+0.1 °C, and 52.6+0.1 °C for
60%, 80%, and 100% duty cycles simultaneously
(Figures 5, 6, and 7). Thus, through changing the
motor frequency, the capacity output rises
decreases, and the capacity modulation allows for
accurate temperature and humidity control (Ko et
al, 2021).

The condenser outlet temperature was higher than
the condenser inlet temperature because of the
heat generation process in the condenser. The
condensation of the refrigerant released heat
energy, and this energy transferred to the
surrounding air. The air flowing through the
condenser gains this energy and thereby increases
its temperature. The condenser inlet and outlet
temperature differences were 13.4, 12.1, and 11.3
°C for 60%, 80%, and 100% duty cycles, and
respective condenser inlet temperatures were
43.2+0.0 °C 42.8+0.1 °C and 41.2+0.1 °C. Higher
temperature differences indicate higher heat
energy accumulation in the condenser.

Figure 8 shows the variation of temperature at the
condenser outlet in different duty cycles.

Condenser outlet temperature decreases with
increasing duty cycle. Thus, the average condenser
outlet temperature in the last quarter of the
experiment was 56.6+x0.1 °C, 54.9+0.1 °C, and
52.6%0.1 °C for 60%, 80%, and 100% duty cycles
simultaneously. At low duty cycles in the
condenser motor, the heat transfer rate reduces.
Therefore, air gains a higher temperature. But with
increasing the duty cycle, heat transfer rate and the
airflow rates in the condenser increase.

A linear relationship was observed for duty cycle
vs. chamber-A outlet temperature. The equation
was y=-0.1x+62.7 with R? of 0.9926, where y
denotes chamber-A outlet temperature, and x
denotes the duty cycle of condenser fans. The
energy consumption was calculated by the
enthalpy difference stated in the developed model
(Equation 1). The Excel-based psychrometric chart
was used as a tool in developing a relationship with
enthalpy difference at different time intervals. The
chamber-A power consumption at different duty
cycles has shown in Figure 9. The power
consumption has been reduced with the increasing
duty cycle. The less heat transfers from the
refrigerant to the air at the high duty cycles cause
high heat energy accumulation in chamber A.
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Figure 5. Chamber-A temperatures at 60% duty cycle
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Figure 6. Chamber-A temperatures at 80% duty cycle
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Figure 7. Chamber-A temperatures at 100% duty cycle
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Figure 8. Variation of temperature at the Chamber-A outlet in different duty cycles
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Figure 9. Variation of chamber-A power consumption with duty cycle

CONCLUSIONS

The hardware for the PWM control system was
developed, and the program code was compiled
and the required duty cycles, 60%, 80%, and 100%
were provided. Respective average condenser
outlet temperatures were 56.6+0.1 °C, 54.9+0.1 °C,
and 52.6+0.1 °C, and the average condenser inlet
temperatures were 43.2+0.0 °C, 42.8+0.1 °C, and
41.2+0.1 °C, respectively. Further, the power
consumption rate of the condenser was reduced
with an increasing duty cycle. The duty cycle
changes can control the voltage supply to the
condenser fan motors and thereby regulates the
condensers' outlet temperatures by modifying heat
transfer rates and airflow rates. In conclusion, the
PWM control system could be successfully applied
to the HP dryer to manipulate the air circuit
parameters. It would support obtaining different
temperatures for drying various food products.

ABBREVIATIONS

T C.out - chamber outlet
temperature (°C)

T C_in - chamber A/condensers’ inlet temperature
(°C)

T C_out 60 - chamber A/condensers’ outlet
temperature at 60% duty cycle (°C)

A/condensers’

T C_out 80 - chamber A/condensers’ outlet
temperature at 80% duty cycle (°C)

T C_out 100 - chamber A/condensers’ outlet
temperature at 100% duty cycle (°C)

°C - Celsius

min - minutes

hoin — enthalpy of the air entering the chamber
A/condensers (k] /kg)

ho,out — enthalpy of the air releasing the chamber
A/condensers (k] /kg)

Qunit - chamber A/condensers’ capacity (W)

RH — Relative Humidity (%)

Ein - Energy In

Eout — Energy Out

BTU - British Thermal Unit

GPIO - General Purpose Input/Output

HP - Heat Pump

HVAC - Heating, Ventilating, Air conditioning
NOOBS - New Out of Box Software

PWM - Pulse Width Modulation

SSR - Solid-State Relay
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