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Optimal Disturbance Control for Energy Feedback of Gas Water Heaters

Qian WANG*, Wei LI, Xue-gin MENG, Chun-lan LI

Abstract: In order to improve the recovery and utilization of hot water energy in gas water heater pipes, a self-powered solution is proposed in this study. The proposed
solution focuses on improving energy collection efficiency by increasing the heat transfer coefficient of the water flow and tracking the maximum output power of the
temperature plate. The design of heat transfer structure, power characteristics of temperature plate and circuit conversion are analyzed. In order to verify the feasibility of
the proposed solution, a test device was constructed for physical testing and verification. The experimental results demonstrate the successful implementation of the self-
powered gas water heater. The special structure and perturbation method used enable the experimental device to achieve the maximum power output, and the experimental
device can continuously provide 300mW output power. This research contributes to the development of energy -efficient and self-powered gas water heater solutions, offering

potential benefits for energy saving and sustainable use in the residential sector.
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1 INTRODUCTION

Energy collection is a way to use energy efficiently,
generally by converting weak energy into electrical energy
output or storage [1-5]. It is widely used in low-power
intermittent working scenarios. Common methods include
light energy collection, sound energy collection, thermal
energy collection, vibration energy collection, etc. [6].
Energy collection is mainly a process of converting and
storing residual energy. With the development of sensor
technology in recent years, the application of heat energy
collection has been widely used [7]. The conversion of
thermal energy into electricity, from the first discovery of
the thermoelectric effect by French physicist Partier in
1834 [8], has developed for nearly 200 years, and the most
common conversion method uses thermoelectric sheets.
Thermoelectric sheets, also called temperature platesheets
[9], use the thermoelectric effect to achieve electrical
energy output. They have advantages of simple structure,
small size, light weight, and no pollution. The output power
is directly related to the temperature difference between the
hot and cold ends of the thermometer. The greater the
temperature difference, the higher the output power. Hence
in practical applications, the energy conversion efficiency
is low, and improving the conversion efficiency is the
future development trend of thermoelectric conversion.

2 LITERATURE REVIEW

In the field of thermoelectric research, in recent years,
there are many interdisciplinary and cross-field scientists
at home and abroad to carry out a lot of research and
application of thermoelectric conversion. Zakariya M.
Dalala et al. used the maximum power point tracking
algorithm to measure the open circuit voltage and short
circuit current of the temperature plate [10]. Nistor Daniel
Trip et al. studied the matching relationship between the
output resistance of the temperature plate and the power
input and proposed a simulation model [11]. Hu Shenhua
et al. tested the efficiency improvement of temperature
difference power generation based on the algorithm of
maximum power point tracking [12]. Liu Dan et al. studied
the application of Ag2Se nanorods flexible thermoelectric
films in temperature difference power generation [13].

Zhang Yongchang et al. used genetic algorithm to construct
the module layout of high-efficiency energy conversion [14,
15]. Wu Zhidong et al. designed a pipeline temperature
difference energy conversion device [16, 17], which adopts
the direct tube convective disturbance method to realize the
collection and utilization of hot gas energy, which is
characterized by low heat transfer efficiency and can
realize energy conversion within a large temperature
difference range. Katche et al. designed a method of water
energy collection by changing the relative position of the
contact surface [18, 19], which improved the heat transfer
efficiency, but the system structure was complex and its
own power consumption was high. Zheng Shang et al.
proposed a method of oil flow energy collection that is
auxiliary to elastic potential energy [20], which requires
constant supply of elastic potential energy in specific
scenarios.

Liang Weiguang proposed an artificial neural network
method to predict and modify the coefficient of the
standard turbulence model in RANS [21], and obtained the
velocity field distribution of the pipeline flow after
disturbance, which could improve the accuracy of the
velocity field, but this method did not consider the
influence of temperature change. Zheng Haibo et al.
adopted plasma flow control technology to actively control
the generated turbulent boundary layer [22]. This method
can achieve effective control of turbulence, but it is only
applicable to fast fluid disturbance, and the effect of slow
fluid disturbance is not good. Wu Yiyi proposed a method
to increase the average Nusselt number to improve the
convective heat transfer capacity [23], which required that
the Reynolds number should be large enough, but the
Reynolds number of hot and cold water could not reach the
required value of the method. These studies have done a lot
of demonstration and design from the theoretical model,
material properties, structural design, practical engineering
applications and so on. However, the implementation
scheme is completed under established conditions, and the
structure is complex, which is not practical and adaptable.

In this paper, a method to improve the disturbance is
proposed, using pipeline structure design to enhance the
turbulent velocity and heat transfer coefficient, so as to
enhance the heat transfer and the energy conversion
efficiency and realize the self-power supply of the gas
water heater.
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3 RESEARCH METHODS OF ENERGY HARVESTING FOR
HOT AND COLD WATER

The working principle of the hot and cold water energy
collection system is shown in Fig. 1. It includes four parts:
heat energy absorbing mechanism, cold energy absorbing
mechanism, electric energy storage mechanism and
electric energy releasing mechanism.
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Figure 1 System composition

The temperature difference brought by hot and cold
water temperature plate is obtained and converted into
voltage output. The output voltage charges the energy
storage element through the booster circuit. When the gas
water heater needs to work, the energy storage element
releases the stored electric energy to the pulse type fire
starter. In practical application, when the device is used for
the first time, the energy storage element has not stored
electricity, so a backup power supply (button battery) is
added to the design to solve this problem.

As can be seen from the heat transfer properties, there
are three measures to enhance heat transfer: increase the
contact area, increase the heat transfer temperature
difference, and increase the heat transfer coefficient [24,
25]. The heat energy absorption mechanism enhances heat
transfer from the above three points combined with
practical application characteristics. Fig. 2 shows the
schematic diagram of the heat transfer mechanism on the
wall of the heat energy absorbing pipe. The pipe is
designed into a right-angle structure. The temperature plate
is placed between the hot and cold water pipes, in the area
after turning the right angle.

Gas

Hot water ---»
water

heater

Cold water ¢

Figure 2 Schematic diagram of heat and cold energy extraction mechanism

In order to increase the heat transfer area, square pipes
with a cross-sectional area of 40 x 20 mm are adopted for
the hot and cold water pipes in the heat transfer area, so as
to maximize the contact between the hot and cold surfaces
of the temperature difference sheet and the pipe wall.
Meanwhile, thermal conductive silicon grease is applied to
improve heat transfer efficiency. The hot water pipe and
cold water pipe layout have a countercurrent structure, and
this helps increase the heat transfer temperature difference

and improve heat transfer efficiency. According to the fluid
properties, when tap water flows through a square pipe, its
Reynolds number can be calculated to obtain:

R, =2.64x10* > 4000

The fluid flow state is in the zone of fully developed
turbulence. In this case, the velocity is fastest in the
turbulent core region (partial circumferential region near
the center of the inner diameter section of the water pipe),
decreases gradually in the transition region, and is slowest
in the laminar flow. This feature reduces the heat transfer
ability of the fluid to the wall of the pipe, so the pipe is
designed into a right-angle shape. Under the action of the
angle, the flow velocity and turbulent layer degree near the
water pipe of the temperature difference sheet are
improved (turbulence destroys the laminar flow), and the
heat transfer coefficient of the pipe wall is increased,
thereby improving the heat energy transfer.

The initial conditions are set as follows: water inlet
velocity of 1 m/s, aluminum alloy wall material, and the &-
& model (k-epsilon (2eqn)). The ANSYS simulation
velocity cloud diagram of the square pipe rectangular
structure is shown in Fig. 3.
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Figure 3 Cloud chart of water velocity in a right-angled square pipe

As can be seen from the cloud diagram in Fig. 3, in the
rectangular tube, the water velocity on the outer side
increases significantly after the flow passes through the
second right angle in the forward direction (the red area in
Fig. 3), and the bottom layer of laminar flow near the tube
wall basically disappears, which is conducive to improving
heat transfer.

The influence of the flow velocity of the hot water
flowing out of the gas water heater on the heat transfer
coefficient was analyzed. The average logarithmic
temperature difference range of the hot and cold water
pipes was set at 18.75 °C to 22.64 °C, and the temperature
rise of the cold water pipes was set at 2.72 °C. The scatter
diagram and fitting curve of the influence of velocity on
heat transfer coefficient are shown in Fig. 4. The fitting
degree = 0.87, the fitting is good, and the fitting function is
as follows:

k =79.79+80.66In(v) (1)

Taking the derivative of Eq. (1), we can get:
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d(k) _ 80.66
dv) v

>0

That is, with the increase of velocity v, the heat transfer
coefficient increases gradually.

d? (k) ( 80.66]
= - 0
d(vz) 7)<

v

It indicates that the upward trend of heat transfer
coefficient decreases with the increase of velocity v.
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Figure 4 k-v scatter plot and fitting curve

The above analysis shows that an appropriate increase
in flow velocity can improve the heat transfer coefficient
and thus increase the heat transfer.

The influence of the temperature difference between
hot and cold water in the gas water heater on the heat
transfer coefficient is analyzed. The flow rate of hot water
in the water pipe is set at 1.2 m/s, and the device is tested
experimentally. The scatter diagram and fitting curve of the
influence of temperature difference on the heat transfer
coefficient are shown in Fig. 5. The degree of fit is 0.90,
and the fitting function is as follows:

k =99.864+0.747AT —0.007AT> )

The derivative of Eq. (2) is obtained when the
temperature difference AT is within the range of 0 to 50 °C.

d(k)
d(AT)

=(0.747-0.014AT)>0.

with the increase of temperature difference, the heat
transfer coefficient K gradually increases.

2
d—(kz) =-0.014<0,
d(AT?)

indicating that the increase of temperature difference
AT and heat transfer coefficient K gradually decrease.
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Figure 5 k-AT scatter plot and fitting curve

The above analysis shows that increasing temperature
difference can improve heat transfer coefficient and thus
increase heat transfer.

When the temperature difference is 20 °C, 30 °C, 40 °C
and 50 °C respectively, the output power changes under
different loads are shown in Fig. 6. As can be seen from
Fig. 6, under different temperature, the output power
reaches its maximum when the load is close to 2 Q. The
maximum output power is 3.42 W at 50 °C temperature
difference.
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Figure 6 Different load power curves

When the load is close to 2 Q, the load will obtain the
maximum power output by the temperature plate.
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Figure 7 Topological structure diagram of electric energy collection

The output electrical energy and storage topology of
the thermograph is shown in Fig. 7. It consists of two parts:
DC-DC transformation and MPPT.
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The thermostatic sheet is equivalent to a voltage source
(Voc) and internal resistance (Riy) in series, and its output
electric energy is charged to the energy storage unit
(ultracapacitor) through the BOOST circuit. Cin, L, O, D
and Coy constitute the DC-DC conversion circuit. BOOST
transform circuit is:

Uin
You 120 ®

where, D is the duty ratio of PWM wave, Ui, is the open-
circuit output voltage of the temperature plate, Uy is the
BOOST output voltage.

Assuming that the conversion efficiency of DC-DC is
100% and the initial voltage of the supercapacitor is 0, the
following can be obtained from energy conservation:

2
(;:_'n(tend -0)= %C[Uc (fena)’] @

Get:

_2(1-D)’ 1.

C &)

R,

where, D is the PWM wave duty ratio, C is the total
capacity of the supercapacitor, and ¢, is the charging

time of the supercapacitor.

By controlling duty ratio D, impedance matching
between Rj, and energy storage capacitor can be realized to
achieve maximum power output.

The MPPT controller adopts the disturbance algorithm
to realize the maximum power point tracking [26-28], and
realizes the maximum power point matching by adjusting
the duty ratio of PWM wave of the control signal of the
BOOST transform circuit.

The principle is to make a disturbance on the voltage
Ui -1y at time ¢ — 1, the disturbance value is AU, take Uy, -
1+ AU as the voltage at time ¢, at the same time measure
the current /) at time ¢, calculate the power value P at
time ¢, compare the power of P;)and Py - 1), power increase,
the disturbance is correct, the next step continues to disturb
along the direction; when the power is reduced the
disturbance is opposite, the next step is in the opposite
direction. If the voltage at time ¢ is increased but the power
is reduced relative to time z — 1, the duty ratio needs to be
reduced. If the voltage at time ¢ is increased relative to time
¢t — 1 but the power is also increased, you need to increase
the duty ratio. By the power value corresponding to the
PWM wave output of different duty ratios, control BOOST
transform, in order to achieve the load and the output
power of the temperature plate matching, to achieve the
maximum power point tracking.

The perturbation steps are as follows [29]:

(1) Apply forward disturbance voltage AU+, P> P-1),
and disturbance along the original direction;

(2) Apply the forward disturbance voltage AU+, Py)<
P-1y, along the opposite direction;

(3) Apply negative disturbance voltage AU-, Py ) >
P-1y, disturbance along the original direction;

(4) Apply negative perturbation voltage AU+, Py <
P-1), and perturbation along the opposite direction;

You can find the maximum power point by following
the preceding four steps.

The rated power of the electronic fire starter of the gas
water heater is 300 mW and the rated voltage is 3 V. The
voltage of the full terminal of the ultracapacitor will be
greater than 3 V, and the voltage of the discharge terminal
of the ultracapacitor will be less than 3 V. In order to make
the electronic igniter work normally, the DC-DC
transformation is added to realize the rated operation of the
ignitor.

The power supply topology of the energy storage unit
releasing electric energy to the electronic emitter is shown
in Fig. 8. The topology adopts BUCK-BOOST structure
with up and down pressure [30], RL as electronic flame,
Rfl and Rf2 as output sampling feedback resistors. The
feedback resistor samples the output voltage and partial
voltage and transmits it to the controller to control the
PWM wave duty ratio (D), realizing the output voltage
regulation process.

Uout Ql o DI K N
1511

— L1

Super C1 ——Cl [}Rl

Control
- 0

Super C2 ; | ‘ JRL

Figure 8 Topological structure diagram of electric energy release

BUCK-BOOST conversion circuits are:

D
UrL = 1-D Utiout (6)

where, D is the duty ratio of PWM wave.

In the physical test and production, in order to reduce
the actual circuit loss, the ADP5090 power collection
integrated chip is selected to store the output power of the
thermograph into the ultracapacitor group. ADP5090 chip
integrates BOOST module and MPPT module, starting
voltage 380 mV, minimum input effective voltage 80 mV
after starting, maximum input voltage 3.3 V. The energy
storage device is composed of two 4.0 F2.7 V
supercapacitors in series.

The circuit is shown in Fig. 9. The reverse breakdown
voltage of the regulator D1 is 3.2 V to prevent the input
voltage from exceeding 3.3 V and protect the ADP5090
chip.
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Figure 9 Energy harvesting circuit
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The supercapacitor overcharge protection threshold
voltage is 5.40 V, which can be calculated as follows:

3 R, 3 721M
Vig == Vegp ¥ (1+—=%) =2 x1.21x (14 ———) =540V (7
e = Vrer ( Rg) 5 ( 3'65M) (7

The minimum discharge voltage of the supercapacitor
is 1.65 'V, which can be calculated as follows:

R 3.65M
Very = Vo x (14 =2) =121x (1+ ———) =1.65V 8
sp = Vrer % ( R7) ( 0M ) ®)

BT?2 is a lithium ion button battery CR2032, which is
used as a backup battery with a nominal value of 3.0 V/225
mAh. When the output voltage of the ultracapacitor group
is less than 3.0 V, the battery supplies power to the load.
When the voltage of the ultracapacitor is greater than the
BT2 voltage, the ultracapacitor discharges. In this way, the
electronic ignition of water heater can be normally opened
when the device is used for the first time.

The design uses TPS63802 chip, the chip input voltage
range: 1.3 V-5.5V; the output voltage ranges from 1.8 V to
5.2 V. The circuit is shown in Fig. 10. AGND is used in the
design of PCB hole in layer after connecting to GND.

VIN:1.3V~5.5V
GND
VN = 3.0
C2 (10uF - - L3||22vF
p— - —
Lr1 )
S oo 1‘1) VIN VOUT
— EN
=— PG
~— MODE FB
GXD-|||—: GND  AGND
TPS63802

Figure 10 3 V voltage regulator circuit

The feedback resistance is determined by the output
voltage. In the design, the output voltage is a constant 3.0
V, and the resistance values of the feedback resistors are set
as R2 =500 KQ and R3 =100 KQ respectively, which just
meets the conditions. The calculation is as follows:

R 500K
Voor = Vapr X| 14— | = 0.5%| |+ —— | =3.0V 9
ouT REF [ R3J ( 1 OOKj ( )

Temperature plate to achieve heat energy conversion
into current output; BOOST will input a small DC voltage
boost to continuously charge the supercapacitor. After the
water heater starts to use (during the use stage and at the
end of the use), the temperature difference sheet converts
the heat energy of the pipeline into electric energy and
stores it in the supercapacitor through the BOOST circuit.
When the gas water heater is used next time, the electric
spark of the water heater can be driven by the discharge of
the supercapacitor to ignite the water heater to work
normally. When the gas water heater works, it can continue
to make use of the temperature difference between the hot
water pipe and the cold water pipe to output electric energy

through the temperature difference sheet and store it in the
ultracapacitor group, realizing the self-powered cycle
process.

4 RESULTS AND DISCUSSION

Energy absorption structure uses comparative method
to verify the performance of the device structure in
improving heat transfer capacity. The heat transfer
efficiency of the pipe with the structure shown in Fig. 2 and
the straight pipe structure is compared in the test. Under the
conditions of the same inlet speed (1.5 m/s), the same
contact area and different temperature differences, the test
data are shown in Tab. 1 below.

Table 1 Comparison of the influence of temperature difference on the output
power of the energy extraction structure

Right Angle pipe Straight pipe
Tg?gt%igtg;e Output Output Output Output
/oC voltage /V | power/w | voltage/V | power/w
49.9 4.14 3.89 3.61 3.42
40.7 3.38 2.76 2.88 2.44
30.5 2.44 2.12 2.01 1.87
20.8 1.57 1.36 1.23 1.25
10.3 0.68 0.23 0.47 0.24

As can be seen from Tab. 1, when the temperature
difference is high, the output power of right-angle pipe
structure increases by 13.7% compared with that of straight
pipe structure, and the power difference decreases with the
decrease of temperature difference. When the temperature
difference is low, there is little difference between the
output power of right-angle pipe and that of straight pipe.

The contact area is constant, the temperature
difference is the same (50 °C), and the flow rate is different.
The test data are shown in Tab. 2 below.

Table 2 Comparison of the influence of flow rate on the output power of the
energy extraction structure

Right Angle pipe Straight pipe

Velocity Output Output Output Output
of flow /

m/s voltage / V power / w voltage / V power / w

0.5 3.63 3.76 3.02 3.39

1.0 3.98 3.81 3.28 3.41

1.5 4.14 3.88 3.61 3.42

2.0 437 3.96 3.78 3.48

2.5 4.56 4.04 3.92 3.53

As can be seen from Tab. 2, under the same flow
velocity, the heat transfer of right-angle pipe is higher than
that of straight pipe, and the faster the flow velocity, the
heat transfer will be improved to some extent. When the
flow rate increases from 0.5 m/s to 2.5 m/s, the output
power increases.

The results in Tab. 1 and Tab. 2 show that the designed
energy absorption results can improve the heat transfer
efficiency of the temperature plate and alleviate the
problem of low power generation efficiency of the
temperature plate.

Tab. 1 The temperature difference increases sharply
from 20 °C to 50 °C. The output current, voltage and power
change curves of the temperature difference sheet are
shown in Fig. 11, Fig. 12 and Fig. 13.
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At 5 ms, the temperature difference rapidly increases
from 20 °C to 50 °C. Under the action of MPPT, the current
increases from 0.87 A to 0.94 A, the voltage increases from
1.57 V to 4.14 V, and the output power changes from 1.36
w to 3.89 w, which takes about 1.4 ms.

The supercapacitor group is 5.5 V/2 F. When the input
conditions are the same, Fig. 14 shows the comparison of

the charging curves of the supercapacitor group. Curve 1
shows the charging curve without power tracking, and
curve 2 shows the charging curve with power tracking.

6.0 -
5.5
5.0 '

— / — "

1 7 /' —=— Ultracapacitor bank charge Curve 1
/ —=— Ultracapacitor bank charge Curve 2

0 260 4c|)0 S(I)O at'm 10'00 12'00
Time(/s)
Figure 14 Super capacitor bank charging curve

Based on the 3 V voltage point, the charging time of
the ultracapacitor group with power tracking is about 120
s, and that without power tracking is about 330.

As can be seen from Fig. 11, Fig. 12, Fig. 13 and Fig.
14, maximum power tracking can be applied in
thermoelectric effect, and the heat energy collection and
storage time after adopting maximum power tracking is
significantly shortened (the 3 V reference point is about
210 s).

Install the test device on the domestic water heater as
shown in Fig. 15. The rated power of the electronic flame
used in the test is 300mW (3 V x 0.1 A). After the water
heater is opened, the output power of the temperature
difference sheet on the device tends to be stable after 5.5 s.
The temperature difference is about 55 °C, the water flow
rate is about 1 m/s, and the output power is 3.72 W (3.66 V
x 1.01 A).

Figure 15 Application test
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Absolute value of relative error with test value A [31]:

‘M‘XIOO% =6.5% (10)

A is less than 7%, indicating that the completed hot
water energy collection device can be applied.

5 CONCLUSIONS

The optimized energy feedback controller of the
disturbed gas water heater uses the pipeline structure
design to enhance the turbulent velocity and the heat
transfer coefficient, which improves the energy feedback
utilization rate of the gas water heater pipeline. The method
maintains high heat transfer efficiency and robustness. This
research enables self-powered supply of gas water heaters
to reduce the need for external power supply.
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