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Abstract

In this paper, the optimization is carried out for a synthetic jet based piezoelectric air pump. The structural parameters
which affect the output flowrate are determined and orthogonal test method is used to find out the optimal values of these
parameters. Driven by a 150 Vpp, 3.15 kHz sinusoidal voltage signal, the optimized pump reaches its maximum output
flowrate of 2.79 L/min, which is 32.9% higher than that before optimization. Using the synthetic jet based piezoelectric air
pump as gas source, an open-loop detection and closed-loop control system is built for electronic cooling. The open-loop
experiments show that the heater’s surface temperature can be maintained at around 97.9 °C when the cooling distance is
60 mm, which is 32.5% lower than the initial value. The closed-loop control system can limit the temperature within the set
interval. Both the open and closed-loop system show that the synthetic jet based piezoelectric air pump has application

prospects in the field of electronic cooling.

1 Introduction

Piezoelectric material is a kind of typical smart material.
Pumps using piezoelectric material as driving component
are widely used in drug delivery (Revathi and Padmanab-
han 2016; Sateesh et al. 2018) and biochemical analysis
(Ma et al. 2016) due to their small size and fast response,
but the small output flowrate limit their application in other
areas. Since professor Ari Glezer found the synthetic jet in
1998 (Smith and Glezer 1998), this special fluid phe-
nomenon with high strength and continuous output flow
has received extensive attention and has been applied in
many fields such as active flow control (Okada et al. 2012;
Fisher et al. 2017) and mixing enhancement (Wang et al.
2018). The synthetic jet based piezoelectric pumps com-
bine the advantages of both the piezoelectric material and
the synthetic jet, which overcome the shortage of the
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conventional piezoelectric pumps. In recent years, some
scholars have explored the application of synthetic jet
devices in the field of heat transfer (Jalilvand et al. 2015;
Ghaffari et al. 2016; Deng et al. 2017), showing a
promising development prospect.

Any product that wants to be applied in a real scene
requires a lot of optimization to get it working at its best.
There are two main optimization methods, one is to adjust
the size of the existing structure, the other is to introduce a
new structure or principle. In the field of piezoelectric
pump, many scholars have studied the possibility of
improving the output performance by adding more driving
components, pump chambers and changing the flow
channel design (He et al. 2016; Dong et al. 2017). How-
ever, the increase of new components and structures may
also lead to negative effects such as more power con-
sumption, and trade-offs are needed. As for the adjustment
of the structural size, especially in the case of multiple
influencing factors, there are also problems of excessive
experimental combinations and costs. Therefore, it is nec-
essary to reduce the number of experiments under the
premise of ensuring certain accuracy through scientific
methods. The orthogonal test method is relatively common
and practical method. Many scholars use this method to
complete the performance optimization of the research
object (Yuan et al. 2015; Alrashdan et al. 2015; Xu et al.
2017).
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In order to optimize the structure of the synthetic jet
based piezoelectric air pump, improve its output flowrate
and then meet the application needs of electronic cooling,
the main contents of this paper are:

1. Find the key structural parameters which have influ-
ence on the pump’s output flowrate, and initially
determine the approximate range of the optimal
parameters.

2. Optimize the synthetic jet based piezoelectric air pump
by orthogonal test method, find a set of parameters
corresponding to the maximum output flowrate and
obtain the degree of influence of each structural
parameter on the output flowrate.

3. Set up a specific application scene for the optimized
piezoelectric pump to explore its prospects in the field
of electronic cooling. The main goals are to find out its
optimal cooling status, ultimate cooling ability and the
ability to prevent electronic devices from overheating
and large temperature fluctuations.

2 Optimization of the piezoelectric pump
2.1 Piezoelectric air pump to be optimized
In the previous work (Liu and Zhu 2019), a synthetic jet

based piezoelectric air pump was designed and
manufactured.

Inlet Pump Jet
Channel Chamber Orifice

Output Piezoelectric  Inlet
Orifice

Vibrator ~ Channel

ﬁ

(b) Prototype of the piezoelectric pump

Fig. 1 Principle diagram and prototype of the piezoelectric pump
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The principle diagram and the prototype are shown in
Fig. 1a, b. The piezoelectric vibrator deforms up and down
under a sinusoidal voltage signal, so that the air is sucked
into/gets out of the pump chamber. During this periodic
process, air around the jet orifice is subjected to intense
shear force and then generates vortex pairs. These vortex
pairs that move downstream and won’t be sucked back to
the pump chamber finally create the synthetic jet
phenomenon.

The diameter of the piezoelectric vibrator used in this
pump is 41 mm. The total diameter of the pump is 55 mm
and the thickness without nozzle is 5 mm. The output
flowrate can reach up to 2.1 L/min driven by a 150 Vpp,
2.85 kHz sinusoidal voltage signal. This pump is only a
prototype for principle proof, but its output flowrate and
frequency response are still considerable. Therefore, the
optimization of this pump is carried out in order to achieve
a higher output flowrate.

2.2 Analysis of the structural parameters
affecting the output flowrate

In order to optimize an existing synthetic jet based piezo-
electric air pump, it’s necessary to find out the key struc-
tural parameters that affect its output flowrate and
determine the range in which the optimal values may fall.

There are few theoretical analysis on the output flowrate
of the synthetic jet based piezoelectric pumps, but there are
many on synthetic jets (Tang and Zhong 2006; Persoons
et al. 2018). Combined these existing analysis with the
actual situation of the pump in this paper, the theoretical
expression of the pump’s output flowrate can be given.

The theoretical expression can be divided into two parts:
part I is the input electrical signal to the output displace-
ment of the vibrator, and part II is the input displacement of
the vibrator to the output flowrate of the pump, as shown in
Fig. 2.

For part I, the theoretical expression from the input
voltage U to the vibrator’s central displacement w(0) and
then to the vibrator’s displacement distribution w(r) has
been given in the previous work (Liu and Zhu 2019), as
shown in Eq. 1.

w(0) =K xU

2
r 1
w(r)=|[1- () ] x w(0) M)
Iy
- Part I - Part IT
Electrical Displacement Output flowrate
signal of the vibrator of the pump

Fig. 2 Theoretical expression of the pump’s flowrate
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where K is the structural coefficient. r is the distance from
any point to the center. When considering the vibration as a
dynamic process, w(r) in Eq. 1 can be expressed as Eq. 2.

2
w(r,1) = [1 - (i) 1 x w(0) x sin 2nfr 2)
Iy
where f is the vibration frequency.
For part I, The vibration velocity u(r, f) can be given as
Eq. 3.

u(r,t) =w(r,t)

=2nf x ll - <i>2] x w(0) x cos 2nft ®)

v

The instantaneous flowrate and velocity through the jet
orifice are given as Eq. 4.

Qj(t) = puj(H)A = p/rv u(r,t) x 2mrdr
0

2
= %pfdﬁ x w(0) x cos 2nft (4)

_a0

2
u;j(1) A = nfw(0) x (lev) X cos 2nft

i

where p is the density of the fluid, A is the cross sectional
area of the jet orifice. d, and dj are the diameter of the
vibrator and the jet orifice, respectively. The average
velocity and flowrate through the jet orifice in one cycle T
are shown as Eq. 5.

D O 1 v\’

_ 1 [T T 2
QJ—T/M Oy (1)dr = pf % w(0) x &

It can be seen from the above formulas that the output
flowrate of the pump is related to the diameter of the
vibrator and the jet orifice. When the vibrator is selected,
the diameter of the vibrator and the pump chamber are
determined. So the diameter of the jet orifice is the key
parameter that affects the output flowrate.

The influence of other parameters on the output flowrate
were studied in previous paper (Liu and Zhu 2019). The
original dimensions of the prototype for principle proof
are: height of the inlet channel #; = 0.8 mm, height of the
pump chamber 7, = 0.3 mm, diameter of the jet orifice
dj=1.0mm and diameter of the outlet orifice d,.
= 1.5 mm. The optimization work of each parameter were
carried out using simulation software, and a set of
parameter combinations that maximized the output flow-
rate under simulation environment was obtained:
hi = 0.6 mm, h, = 0.5 mm, d; = 1.2 mm and d, = 1.9 mm.
Based on these work, the structural parameters need to be

(5)

optimized in this paper can be determined, as well as the
range in which the optimal values of the structural
parameters fall, as shown in Fig. 3 and Table 1.

2.3 Optimization using orthogonal test method

The key parameters affecting the output flowrate have been
listed in Table 1, Sect. 2.2. For this kind of optimization
work with multiple influencing factors, orthogonal test
method is an effective method. The orthogonal test method
uses a set of standardized tables, i.e., orthogonal tables, to
design experimental schemes and analyze experimental
results. Its core is to use a few representative combinations
to reflect all situations and find out the optimal result.

There are several basic information to be determined
first. The optimization problem is a single indicator prob-
lem, the output flowrate is the only indicator. There are
four key structural parameters affecting the output flowrate,
that is, the “factors” in orthogonal test: inlet channel height
hi, pump chamber height &, jet orifice diameter d; and
outlet orifice diameter d,. Each factor has three values as
the “levels” in orthogonal test. The factors and levels are
shown in Table 2.

The second step is to select the appropriate orthogonal
table. For the 4-factor, 3-level problem, the Lo(3%)
orthogonal table meets the requirement. There are still
some other problems: the theoretical analysis is based on
the situation under the first order resonant frequency, and
the frequency corresponding to the maximum output
flowrate obtained by different test combinations are not the
same. Therefore, the output flowrate under the frequency of
1000 Hz is selected as the results in orthogonal table. A
hypothesis is made: the pump which has a higher output
flowrate near the first order resonant frequency will also
has a higher maximum output flowrate. The tests also
record the maximum output flowrate and the corresponding
frequency to verify this hypothesis.

The test combinations and the results are shown in
Table 3. K; corresponds to the sum of the test results of
each factor and the level is i. k; is the average of Kj, that is,
k; = K;/level number. R is the extreme difference, i.e., the
difference between the maximum and minimum value of
k;. From Table 3, two conclusions can be drawn: (1) The
primary-second relationship of the factors. The degree of

| h;, Height of the inlet channel ‘

"‘_{ d,, Diameter of the outlet orifice |
) <| d;, Diameter of the jet orifice |

L:\{ hp, Height of the pump chamber |

Fig. 3 Diagram of the parameters to be optimized
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Table 1 Structural parameters to be optimized

Parameter Symbol Value range (mm)
Height of the inlet channel h; 0.6-0.8

Height of the pump chamber hy 0.3-0.7

Diameter of the jet orifice d 1.0-1.4

Diameter of the outlet orifice d, 1.5-1.9

Table 2 Factors and levels of the test

Level h; (mm) hy, (mm) d; (mm) d, (mm)
1 0.6 0.3 1.0 1.5

2 0.7 0.5 1.2 1.7

3 0.8 0.7 1.4 1.9

influence of each factor on the output flowrate is judged
according to value R. It can be seen that h, > d; > h; > d,,.
(2) The optimal level combination. According to the value
of k;, a set of optimal combination can be obtained: A;.
=0.8 mm, h, = 0.3 mm, dj = 1.2 mm and d, = 1.9 mm.
The maximum output flowrate of this combination is found
to be 2.38 L/min through the verification experiment, so
the optimal combination is still the fourth group in the
orthogonal test: /; = 0.7 mm, A, = 0.3 mm, d; = 1.2 mm
and d, = 1.9 mm.

Table 4 Comparison of the output flowrate under 1000 Hz and the
maximum output flowrate

Group  Output flowrate at Maximum output  Corresponding
number 1 kHz (L/min) flowrate (L/min) frequency (kHz)
1 0.64 2.48 3.10

2 0.71 1.92 3.05

3 0.56 1.84 3.05

4 1.15 2.79 3.15

5 0.72 2.01 3.05

6 0.50 1.97 1.55

7 0.94 2.58 3.15

8 0.79 2.30 3.05

9 0.76 1.83 1.60

In order to verify the assumption before the tests, the
output flowrate at 1 kHz, the maximum output flowrate and
corresponding frequency are listed in Table 4. It can be
seen that there is a positive correlation between the flow-
rate near the first order resonant frequency (about 1 kHz)
and the maximum flowrate, excluding the test error and
some special conditions. Therefore, the assumption before
test and the test results are reasonable.

It also can be seen from Table 4 that the maximum
output flowrate of the pump mostly appears in the range of
3.05-3.15 kHz. The maximum output flowrate of the pro-
totype before optimization appears at 2.85 kHz, all of them
are far higher than the vibrator’s first order resonant fre-
quency, but are closed to its second order resonant fre-
quency (about 2.9 kHz).

Table 3 Orthogonal table and

results Group number Factors Results
h; (mm) h, (mm) di (mm) d, (mm) Q (L/min)
1 0.6 0.3 1.0 1.5 0.64
2 0.6 0.5 1.2 1.7 0.71
3 0.6 0.7 1.4 1.9 0.56
4 0.7 0.3 1.2 1.9 1.15
5 0.7 0.5 14 1.5 0.72
6 0.7 0.7 1.0 1.7 0.50
7 0.8 0.3 1.4 1.7 0.94
8 0.8 0.5 1.0 1.9 0.79
9 0.8 0.7 1.2 1.5 0.76
K; 1.91 2.73 1.93 2.12
K 2.37 2.22 2.62 2.15
K 2.49 1.82 222 2.50
ky 0.637 0.910 0.643 0.707
k> 0.790 0.740 0.873 0.717
k3 0.830 0.607 0.740 0.833
R 0.193 0.303 0.230 0.126
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2.4 Results

Through the orthogonal test method, the structural size of
the piezoelectric air pump is optimized. The maximum
output flowrate of the optimized pump is 2.79 L/min, dri-
ven by a 150 Vpp, 3.15 kHz sinusoidal voltage signal,
which is 32.9% higher than that before optimization. The
comparison of the output flowrate curves of the piezo-
electric air pumps before and after the optimization in the
frequency range of 0-5 kHz is shown in Fig. 4.

In the existing researches on synthetic jet based piezo-
electric pump, some scholars (e.g. Wang 2017) proposed

' Pump optimized
35

0 05 1 1.5 2 25 3
Frequency(kHz)

Pump unoptimized

Flowrate(L/min)
in

=
=] 7] —
%

Fig. 4 Flowrate curves of the unoptimized and optimized pumps
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Fig. 5 Open-loop thermal detection system

that the optimal working frequency should be lower than
the vibrator’s first order resonant frequency. But the
experiments in this paper found that the optimal working
frequency is concentrated in the range of 2.85-3.15 kHz,
which is much higher than the vibrator’s first order reso-
nant frequency (about 1.1 kHz), and is closed to the second
order resonant frequency (about 2.9 kHz). The conclusions
can be drawn: the rational use of the resonant frequency
can increase the output flowrate, but the working frequency
should not be limited under the first order resonant fre-
quency, higher order resonant frequency may lead to higher
output flowrate.
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Fig. 6 Temperature curve
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Fig. 7 Temperature curve under different cooling distance

Table 5 Stable temperatures under different cooling distance

Number Cooling distance (mm) Stable temperature (°C)
1 40 100.7
2 60 97.9
3 80 105.2
4 100 109.9
5 120 115.8

@ Springer
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Fig. 8 Closed-loop thermal control system

3 Application of the piezoelectric air pump
in electronic cooling

Thermal issues have become significant design factors in
electronic devices. Overheating can cause failure of the
electronic components and deformation of the mechanical
parts. Temperature fluctuations will also lead to significant
changes in electronic devices’ performance (Memik 2015).
Therefore, in this section of cooling application, focus lies
on the optimal cooling condition of the synthetic jet based
piezoelectric air pump and its ability to prevent overheating
and large temperature fluctuations.

Through the work in Sect. 2, the synthetic jet based
piezoelectric air pump with optimized structural parame-
ters and the optimal working condition are obtained. In this
section, an open-loop detection and closed-loop control
system is built for the application in electronic cooling and
the optimized pump is used as the gas source.

3.1 Open-loop thermal detection

The test bench and the principle of the open-loop detection
system is shown in Fig. 5. The sinusoidal signal that drives
the pump is generated by the signal generator (RIGOL
DG1022) and amplified by the power amplifier (AE
Techron 7224). A heater (XH-RP4040) is used to simulate
the heating status of the electronic component. An infrared
thermometer (LSCI DT300, range from O to 300 °C) is
used to measure the surface temperature of the heater. The
thermal signal is transferred to PC via data acquisition card

Fig. 9 Flow chart of the control
loop
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Fig. 10 control loop in
LabVIEW software

Upper Limit

Status Indicator

Temperature Signal

Upper Limit

Status Indicator

Temperature Signal

Upper Limit

Status Indicator

Temperature Signal

(NI USB 6211) and displayed on the front panel of the
LabVIEW software. Both the heater and the thermometer
are powered by a DC power supply (QJE QJ3003S).

The typical temperature change curve is shown in
Fig. 6. The rated power of the heater used in this test is
16 W. The output power decreases due to the increase of
internal resistance after the temperature rises, reflecting on
the temperature curve is that the curve’s slope becomes
smaller. After working 4.7 min, the surface temperature of
the heater can be maintained at around 145 °C. When the
pump start working, the surface temperature drops and
finally maintains at a stable temperature. The difference
between this temperature and the maximum temperature
(145 °C) can be used to measure the cooling effect of the
pump.

The cooling distance, i.e., the distance between the
pump’s outlet orifice and the heater’s surface, is an
important parameter which affect the cooling result. By
adjusting the cooling distance, a series of temperature
curves can be obtained, as shown in Fig. 7.

The cooling distance is selected as 40 mm, 60 mm,
80 mm, 100 mm, 120 mm. The pump doesn’t work during
the first 4.7 min and starts working when the heater’s
temperature naturally rises to 145 °C. The operating

K "True" H
[B>-¢-+Status Indicator
4.6875
(a) Case 1 of the control loop body
[ "False” H
I w "
{"False” ]
0
(b) Case 2 of the control loop body
4 False”
B = = HrTrue” H
__tatus Lol ¢>-+Status Indicator
0
g
¢ Lower Limit 4.6875]

(c) Case 3 of the control loop body

voltage and frequency are set to 150 Vpp and 3.15 kHz,
respectively, which is the optimal working point. It can be
seen that as the cooling distance decreases, the final
stable temperature also decreases, but the opposite trend
occurs when the distance is too close, that is, there has an
optimal cooling distance.

The corresponding stable temperatures under different
cooling distances are shown in Table 5. When the cooling
distance is 60 mm, the system can control the heater’s
temperature within 100 °C, reaching to 97.9 °C, which is
32.5% lower than the initial value (145 °C). 60 mm is the
optimal cooling distance for this system.

3.2 Closed-loop thermal control

Through the open-loop test in Sect. 3.1, the cooling per-
formance of the piezoelectric pump under different cooling
distance is obtained. Based on this, a closed-loop control
system can be developed to control the heater’s surface
temperature. The test bench and the principle of the closed-
loop control system is shown in Fig. 8.

The instruments are basically the same as the open-loop
system. The driving signal is amplified by the power
amplifier, the heater’s temperature is detected by infrared

@ Springer
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Fig. 11 Test results of the closed-loop system
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thermometer and transfer to PC via data acquisition card.
The signal generator used in open-loop system is replaced
by the analog output port of the data acquisition card.

In closed-loop control system, it’s necessary to judge the
detected temperature signal and then generate the corre-
sponding output signal to drive the pump. The most critical
part of the whole process is a loop body that detects and
processes the temperature signal. The logic flow chart is
shown in Fig. 9.

First, it judges whether the temperature exceeds the
upper limit. If so, the pump start working directly; If not,
it’s necessary to further judge whether the pump is working
currently. If not, it indicates that the heater’s temperature is
natural rising so the pump continues the stopped state; If
so, it indicates that the heater’s temperature is dropping and
further judgement whether the temperature is smaller than
lower limit is needed. If so, the pump stops working; If not,
the pump continues to work. So far is a complete cycle of
the control loop. Repeat this cycle, The system will gen-
erate the signals according to the thermal signals to control
the pump’s working state and realize the closed-loop
control.

In the LabVIEW software, this loop body is realized by
nested case structures, as shown in Fig. 10.

The status indicator is a Boolean control, which not only
displays the pump’s working status, but also works as an
input control of the inner case structure. The temperature
signal is first compared with the upper limit. If it’s true, as
shown in Fig. 10a, the status indicator is also true, the
analog output port of the data acquisition card generates a
9.375 Vpp, 3.15 kHz sinusoidal signal. This signal is
amplified by the power amplifier for 16 times and becomes
the driving signal of the pump. If the comparison result is
false, further judge the pump’s working status, that is, true
of false of the status indicator. If it’s false, output O directly
so the pump stops, as shown in Fig. 10b. If it’s true, further
compare the temperature signal with the lower limit. If it’s
true, the status indicator is false and the output signal is O,
the pump stops. If it’s false, the status indicator is true and
the pump keeps working, as shown in Fig. 10c. The logical
judgement process shown in Fig. 9 is realized through this
nested case structure.

The thermometer used in this paper has a range of
0-300 °C, corresponding to a 0-5 V voltage output.
According to the result of the open-loop detection test, the
lower limit voltage in closed-loop control system is set to
1.75 V and the upper limit voltage is set to 1.9 V, 2.05 V,
2.2 V and 2.35 V, that is, the lower limit is set to 105 °C
and the upper limit is set to 114 °C, 123 °C, 132 °C and
141 °C, respectively. The test results are shown in Fig. 11.

It can be seen that the closed-loop control system can
control the heater’s surface temperature effectively. The
temperature is kept within the preset upper and lower limit.
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Table 6 Pump’s work/stop time

during each cooling period No. Cooling period (s) Work time (s) Stop time (s) Work time ratio (%)
(a) 54.0 32.5 21.5 60.2
(b) 121.0 68.5 52.5 56.6
(c) 172.5 75.0 97.5 43.5
(d) 299.0 106.0 193.0 35.5
IfobsI: d?loggr;t;:tle?flcurmy of the No. Set interval (V) Actual interval (V) Excess (V) Temperature excess (°C)
(a) 1.95 1.90981 + 0.00981 + 0.5886
1.75 1.73887 — 0.01113 — 0.6678
(b) 2.05 2.05887 + 0.00887 + 0.5322
1.75 1.74249 — 0.00751 — 0.4506
(c) 2.20 2.20480 + 0.00480 + 0.2880
1.75 1.73756 — 0.01244 — 0.7464
(d) 2.35 2.35452 + 0.00452 + 0.2712
1.75 1.74578 — 0.00422 — 0.2532

160

ot -
(=3 [ N
o o <o

T T T

Temperature(°C)
=S

0 2 4 6 8 10 12 14 16
Time(min)

Fig. 12 Temperature curve when the set range is 105 to 108 °C

Defining the time during which the temperature drops from
the upper limit to the lower limit and then rises back as a
cooling period, the pump’s work and stop time during each
period can be further obtained, as shown in Table 6.

It can be seen that the pump needs to change the
working status more frequently in order to control the
temperature in a smaller interval, the cooling period is
shorter, but the working time is longer during each cooling
period. In other scholar’s research (Deng et al. 2017), a
closed-loop thermal control using a synthetic jet device
with different structure from this paper also has similar
conclusions.

In addition, Table 7 shows the control accuracy of the
closed-loop system. There are excesses (about 0.5 °C) at
both the upper and lower limit. The main reason for these
excesses is the response time of the thermometer (about
300 ms).

The excess doesn’t change much when the temperature
interval changes, so when the set interval is too small, the
periodicity of the temperature curve becomes worse, but
the temperature can still be controlled within a certain
interval, as shown in Fig. 12. The set
1.75-1.80 V.

Through the above thermal open-loop detection and
closed-loop control tests, it can be concluded that the
cooling system based on piezoelectric air pump can be
applied in electronic cooling. The system built in this paper
can work normally, collect the thermal signal, generate the
corresponding control signal and finally control the hea-
ter’s surface temperature within the set interval.

interval is

4 Conclusions

In this paper, the structural parameters of a synthetic jet
based piezoelectric air pump is optimized and the research
in electronic cooling field based on this pump is carried
out. The main conclusions are as follows:

1. The structural parameters of the synthetic jet based
piezoelectric air pump is optimized by orthogonal test
method. The degree of influence of each parameter on
output flowrate is obtained and optimal parameter
combinations are determined. The optimized pump
achieves a maximum output flowrate of 2.79 L/min
under the excitation of a 150 Vpp, 3.15 kHz sinusoidal
voltage signal, which is 32.9% higher than that before
optimization.

2. The rational use of the vibrator’s resonant frequency
will lead to the increase in pump’s flowrate. The
pump’s optimal working frequency achieved at the
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range of 2.85-3.15 kHz, which are all closed to the
vibrator’s second order resonant frequency.

3. An open-loop detection system is built to study the
cooling effect of the pump. The test results show that
the optimal cooling distance is 60 mm and the
stable temperature is 97.9 °C, showing a certain
cooling effect.

4. A closd-loop control system is built to verify the
feasibility of thermal control based on the pump. The
test results show that this system can control the
temperature within the set interval, the excess at both
the upper and lower limit is about 0.5 °C. The smaller
the interval is, the more frequently the pump’s working
state changes, the shorter the cooling period is and the
longer the pump works during each period.
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