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Abstract. The heat pump is considered as one of the alternatives to achieve greater efficiency in heating water for bath.
The control of heating water is necessary in a direct expansion solar assisted heat pump (DX-SAHP) for proper
operation. One of the alternatives to make the control effective would be an embedded system. In this study, it is
presented a low cost embedded system which is developed to set the hot water temperature in 60°C in a DX-SAHP. The
hardware of the embedded system has a microcontroller, an optocoupler for separating power and control circuits, a
Mosfet for high frequency switching and a Schottky diode for attenuating the reverse current. The software has as its
main functions getting temperature throughout an interruption generated by timer, the calculation of the error by
comparing the current temperature with the set-point, the calculation of the PID, the generation of PWM signal and
finally, the data is displayed on the LCD and sent by USB port. The system performance was verified with a solar
radiation variation between 154 W/m? and 1154 W/m? During this test the maximum absolute error (MAE) and the
root mean square error (RMSE) were 1.25 and 0.028, respectively. The volumetric flow rate varied between 0.26 L/min
and 0.55 L/min during the solar radiation variation to keep the hot water temperature in the correct value.
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1. INTRODUCTION

The hot water in residences generally has a high cost to be obtained due to the significant consume of energy. In
general, water heating is produced by electricity or by gas. Vasconcellos and Limberger (2012) report that the electric
shower is estimated to contribute 24% of residential electricity consumption in Brazil. In the last years, the market of
water heating is more and more demanding for more rational use of energy and for reducing the emission of greenhouse
gas.

An alternative to have a more efficient system for water heating is the use of heat pumps. For producing hot water
the heat pump can be used as a complementary energy source (Reis et al., 2014) or as a main equipment (Hepbasli and
Kalinci, 2009; Islam, Sumathy and Khan, 2013).

The use of heat pump for heating water reduces significantly the electricity consumption because this equipment
uses thermal energy available in the environment. When the heat pump is direct expansion solar assisted it is possible to
have the system operating at an even higher COP. Kong et al. (2011) and Sun et al. (2014) report the increase of the
COP in the solar assisted heat pump.
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For proper use of the carbon dioxide (CO.) heat pump it is required two control systems. The first system acts to
keep the water temperature in a suitable set point of 45°C for a direct consume as discussed by Shao et al. (2004) and
60°C for storage (Bensoussan et al., 2014). It is important to keep the system working in the correct set point because
when the water temperature is lower, the outlet gas cooler temperature is lower and the COP is better (Yang et al.,
2015). The second system acts to keep the high pressure at an adequate value through adjusts in the expansion device.
In this study, the discussion is focused in the control of hot water temperature.

Choi (2013) presented a study about the control of hot water temperature in a water-water heat pump. Among the
alternatives analyzed by the author, the modification of water mass flow rate is indicated as the solution that produces
the highest COP, although it is not the option for the best refrigeration capacity. Minetto (2011) and Hu et al. (2015)
also study the control of hot water temperature in the heat pump by changing the water mass flow rate.

The control of hot water temperature can be developed through programmable logic controller or by an embedded
system. Considering that this type of heat pump is designed to be used in residences, the cost is an important factor.
Therefore, the embedded system was chosen. In this study it is presented a low cost embedded system which is
developed to control the hot water temperature in a DX-SAHP. The value estimated for commercial manufacture of the
embedded system is less than 70 US.

2. EXPERIMENTAL DEVICE

In Fig. 1 it is presented the CO, DX-SAHP used in this study. The main components are a needle valve (expansion
device) (1), an evaporator/collector (2), a reciprocating compressor (3) and a gas cooler (4). The compressor was
manufactured by SANDEN. The gas cooler consists of two concentric tubes where CO, and water flow in
countercurrent. The needle valve model SS-31RS4 was manufactured by SWAGELOK. The evaporator / collector
receives energy from natural and forced convection from the condensation of water vapor in the external atmospheric
air and from solar radiation. The evaporator / collector was designed for a power of 700 W/m? and it has an area equal
to 1.57 m?.

1- Expansion device

2- Evaporator / collector
3- Compressor

4- Gas cooler
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Figure 1. CO, DX-SAHP for water heating.

The water pump model 100-000-21 was manufactured by SHURflo. This pump provides a volumetric flow rate of
1 L/min at 0.7 bar and 12 Vdc and 1 A.

3. CONTROLLER DEVELOPMENT

The energy (Qcoz) in the evaporator / collector changes during the day. The Eq. (1) shows the effect of this energy
variation in the refrigerant. During this process, the difference between enthalpy (Ah) at the outlet (h,) and at the inlet
(h;) of the evaporator is almost the same, but there is change in the mass flow rate (mco2) of CO,. As a result, in the gas
cooler the CO» will be able to deliver more energy to water. The Eq. (2) shows the heat transfer to water (Qw), the inlet
water temperature (Tiw) and specific heat of water at constant pressure (c,) are constant, then, the water mass flow rate
(my) needs to change for keeping the outlet water temperature (Tow) at the appropriate value.
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Qcoz = mcozAh = mcoz (ho - hi) M
Q’H’ = n./lw’cpAT = n'/lwcp (TOW’ - 7—;—\4/’) (2)

3.1 Control algorithm

According to Campos and Teixeira (2010) the controller proportional-integral-derivative (PID) is the most used in
the industry for closed-loop system. The authors describe the advantages of PID control as good performance, versatile
structure, low number of parameters to set or tune, and it is easy to associate parameters of setting and tuning. The Eq.
(3) shows the implementation of classic parallel PID.

de(t) 3)
dt

u(t)=K, (e(t) +TL1':[e(t)dt +T,

However, only discrete signal can be implemented in an embedded system. So, approximations were used for
integral and derivative terms. The derivative term is approximated for Euler method as shows Eq. (4). The integral term
is approximate by Tustin technique as shows Eq. (5). In this technique the integral, or area, between two points is
approximate by a rectangle. The base of rectangle is the time and the height is the average temperature between the
current time and the previous instant of time. The Eq. (5) also considers the integral in the previous instant of time.
Therefore, the Eq. (3) is rewritten in the Eq. (6) and the Eq. (6) can be implemented in an embedded system.

de(t) _ e(kT)=e(kT ~T) @)
dt T

4 _ 5

fe(t)dt;u(kT):u(kT—T)+e(kT)+e(kT Dr ©

2

0

e(kT) +e(hT =T) . . e(KT)+e(kT ~T) (6)

u(t)=K e(t)+u(kT -T)+ K, 5 T

In the Eq. (3), Eq. (4), Eq. (5) and Eq. (6) u is the controller output, t is the time, K, is the proportional gain, X; is the
integral gain, Ky is the derivative gain, e is the error signal, 77 is the integration time, 7p is the derivative time, e(?) is the
error during the time, e(k7) is the current error, e(k7-7) is the error in the previous instant of time, u(k7) is the controller
output in the current time and u(k7T) is controller output in the previous instant of time.

Two methods were used to evaluate errors: maximum absolute error (MAE), as shows Eq. (7) and root mean square
error (RMSE) calculated by Eq. (8). Where T,,,; is the current water temperature, T, is the water temperature correct
value and # is the number of points.

T, —-T (7

ow,i ow,set

MAE = max,

. 2 ®)
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3.2 Software description

The software developed to control the water temperature presents the following steps: first the initial configurations
were done and after that the temperature is obtained throughout an interruption generated by timer. Having the current
water temperature, this value is compared with the appropriate value and the error is sent to the function of PID
controller. The output of the PID function is the input data to generate the pulse width modulation (PWM) signal.
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Finally, the data is displayed on the LCD and sent by USB port for a computer. The constants used in the controller
were 4.37, 0.18 and 6.51 for K, K; and K, respectively. Figure 2 shows the software flowchart.

‘ Initial Settings ‘

:

‘ Timer and Interruption ‘

‘ Temperature Measurement }—»{ PID calculate }%
1
‘ PWM modification ‘
'
Sent Data -
‘Water Pump motor drive
i
Sent Data -
USB Port / LCD

|

Figure 2. Software for hot water temperature control.

3.3 Hardware description

Figure 3 shows the hardware developed to control the hot water temperature. In order to separate power and control
circuits, an optocoupler was used. Further, for switching in high frequency of the water pump DC motor a PWM signal
is used. Because the switching occurs in high frequency, it is included a Schottky diode for attenuating the reverse
current and improving the quality of PWM signal. In addition, a three ampere fuses for current limitation was included
because of the recommendation of the water pump manufacturer. Finally, the sensor used for temperature measurement
is the DS18b20.

v 1] Ny 1842
51
Bl &l mBD
r‘;\. DHSPLAY 1 19k FETET]
U 52
£ mm
19k W]
5
BNz -
ok SWEFST
%4
B -~
ah [
19k AW-RFRT
GHI
)
AT b
ey :
~ = . [ ]
1 aND i [
D L kit =
[T -
%he [
ENABLE -

% 1 :
£ fusr 13 g D8I
4
]| E &
T xral gy T VISE B g 32
- - | G E =
i HI ul il '{ || VOB
_ —ie VIR L o3y
it VES RBOAN N TR FLTOS S04 s
V&S EEUAMIBINT ISCRSCL = 1|
L NTZWN -

RB&KHINPGE
ERTERVMIN +ote

4] v WRI LM sy
RCUTIDSRTIXCR] ~o5 - 2 1 aMo
B UTI0SLCTFHT +
RCLCTPIPIA i

- REVANSTEISPP ROATVM GRD Wl
+ REVANGTESFF RS VP

i RCETNCK F g
BUTRAAITAIN o

GRD

Figure 3. Hardware for hot water temperature control.
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4. RESULTS AND DISCUSSION
4.1  Pulse width modulation signal

Figure 4 shows the curve for a PWM signal when the duty cycle is equal to 900. The duty cycle represents the part
of the one period in which the signal is in high level. In this case, as the maximum duty cycle is 1023. If the duty cycle
is equal to 900, the voltage DC sent to the system is ((900/1023)x12.8V), 11,2V as shows Fig. 4. Analyzing Fig. 4 it is
also possible to notice a reasonable wave rectified because of the use of Schottky diode.

Figure 4. Oscilloscope signal.

4.2  Voltage and volumetric flow rate curve

An experimental work was performed to obtain the curves of the voltage and the volumetric flow rate as a function
of the duty cycle. Figure 5 shows the results when a different duty cycle was sent to the drive motor. During the
experiment the oscilloscope registered the current voltage and the volumetric flow rate was measured. The results
presented in the Fig. 5 were used to generate the voltage and the volumetric flow rate curves from the duty cycle as
represent Eq. (9) and Eq. (10) respectively.
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Figure 5. Voltage versus Duty cycle and Volumetric flow rate versus Duty cycle.

Voltage(V) = 0.0117 x DutyCycle + 0.6046 )
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V(L /min) = 0.0028 x DutyCycle —0.5765 (10)

4.3 Water temperature control

Figure 6 shows the water temperature control in the DX-SAHP during around 42 minutes. It is possible to notice
that controller try to fix the water temperature in the correct value, 60°C. Additionally, in this experiment, after the hot
water temperature achieve the correct value, the MAE and the RMSE were 1.25 and 0.028, respectively.
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Figure 6. Hot water temperature control.

Figure 7 shows the temperature and volumetric flow rate during the experiment. The water mass flow rate (product
of the volumetric flow rate and density) varies to keep the outlet water temperature in the correct value. During this
time, there was a considerable variation in the solar radiation (154 W/m? - 1154 W/m?), due to the presence of clouds
during the tests. Moreover, during the test the ambient temperature was around 25°C. This experiment was important to
verify the adequacy of the controller in an environment condition that change all the time.
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Figure 7. Hot water temperature control and Volumetric flow rate.

When the solar radiation is high, the volumetric flow rate is high. On the other hand, when the solar radiation is low
the volumetric flow rate is low. As discussed before, when the amount of solar radiation that achieves the evaporator
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increase, the CO, mass flow rate also increases. At this time, the mass flow rate of water should be augmented to
preserve the water temperature at the desired set point. In the Fig. 5 can be observed the minimum (0.26 L/min) and the
maximum (0.55 L/min) water volumetric flow rate realized during the tests.

5. CONCLUSIONS

This paper presents the low cost embedded system to set the hot water temperature in 60°C in a DX-SAHP. The
software and hardware developed is presented. The performance of the system was verified for around 42 minutes in a
day with considerable variation in the solar radiation (154 W/m? - 1154 W/m?). During this test, the MAE and the
RMSE were 1.25 and 0.028, respectively. The volumetric flow rate varied between 0.26 L/min and 0.55 L/min during
the solar radiation variation to keep the hot water in the correct value. The system worked as expected keeping the hot
water in the correct value even with a widely variation in the solar radiation.
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