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ABSTRACT

This research presents an innovative framework for designing an intelligent two-layer controller in direct-
expansion solar heat pump (DX-SHP) systems. The system comprises a flat-plate solar collector-evaporator with
an area of 3.1 m?, a variable-frequency hermetic rotary compressor, a hot water storage tank with a volume of
0.1 m3, a finned-tube condenser;and.a capillary tube (expansion valve). The first layer, based on hysteresis logic
and utilizing digital temperature sensorsiand an Arduino microcontroller, is responsible for basic control and
energy management under normal operating conditions. This layer has been designed and evaluated
experimentally. The second layer consists of @ PID controller whose parameters are tuned based on the system's
ARX model and the direct synthesis method. Thiss<controller is activated upon the occurrence of severe
disturbances, such as sudden changes in solar irradiance or inlet temperature, and restores the system's control
accuracy to an optimal level. Quantitative results obtained from experimental implementation under three
scenarios—steady-state, step disturbance, and periodicsdisturbance—indicate that the proposed controller,
compared to the standalone hysteresis controller, reduces theeRMS temperature error in steady-state conditions
from 0.95 to 0.28 °C (a 70.5% reduction) and decreases the number of compressor cycles from 42 to 35 (a 16.6%
reduction). Furthermore, energy consumption under the disturbance scenarios is reduced by 24.4% and 19.6%,

respectively, in comparison to the hysteresis-only controller.
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1. Introduction

Direct-expansion solar heat pumps (DX-SHPs) are
considered a promising technology for domestic hot
water production due to the elimination of intermediate
heat exchangers and the capability to operate at lower
temperatures [1]. However, the performance of these
systems is severely affected by instantaneous variations
in solar irradiance and ambient temperature; this factor
has turned the design of a robust, accurate, and yet cost-
effective control strategy into a fundamental challenge

[2].

Existing<controlistrategies in this field are divided
into two general categories ) [3]: the first category
comprises simple and low-cost methods such as on/off
control with hysteresis logic, and the second category
includes accurate and complex_methods like model-
based PID controllers or advanced controls based on
artificial intelligence. Despite its reliability‘and low cost,
hysteresis control is associated” with temperature
fluctuations around the setpointiand non-optimal,energy
consumption [4]. In contrast, adaptive andsmodel-based
PID controllers offer high accuracy and stability [5];
however, computational complexity, ‘the need for an
accurate model, and higher hardware coststare'the main
obstacles to their commercial development [6].

A review of the research background reveals<that
previous efforts have mainly been focused on improving
each of these two approaches in isolation. For instance;
Rezaei et al. [7] studied the performance of these systems
in the moderate and humid climate of Rasht city and
confirmed its high potential. Kong et al. [8] built and
tested a direct-expansion solar-assisted heat pump
system for domestic hot water supply in Qingdao, China.
In response to this gap, the present research introduces an
innovative two-layer control framework. The main
novelty can be defined at three levels: (a) intelligent
integration of hysteresis control (first layer: low-cost and
reliable) with an ARX-based, model-based PID
controller (second layer: accurate and stable); (b) design
of an automatic switching mechanism based on two
complementary indices, namely the "derivative of error"”
(for detection of rapid disturbances) and the "integral of
error” (for detection of poor performance of the active
layer over a long interval); and (c) implementation on
low-cost hardware and experimental validation under
real operating conditions. The primary objective is to
preserve the advantages of both methods (simplicity and
economy under steady conditions, and high accuracy
when facing disturbances) while simultaneously
achieving cost reduction, energy consumption reduction,
and enhancement of thermal stability.

In the following, the experimental setup and the ARX
model identification method are first presented.
Subsequently, the design of the PID controller and the
intelligent switching algorithm is described, and finally,
the experimental results and validation are provided.

2. Methodology

The direct-expansion solar heat pump (DX-SHP) system
under study in this research is designed for domestic hot
water production and is illustrated in Fig. 1. The system
operates with R134a refrigerant. An auxiliary electric
heater with a power of 600 W is installed in the water
storage tank to supplement the system's performance
under conditions of reduced solar irradiance or when
rapid heating is required. Optimal management of this
auxiliary heater constitutes the design objective of the
proposed temperature control system. The control system
designed to manage the auxiliary heater's operation is
based on an Arduino Nano microcontroller. The
complete schematic of the electronic connections of the
control system was drawn in Fritzing software and is
presented in Fig. 2.

Figure'l. Constructed direct-expansion solar heat pump
system
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Figure 2. Schematic of the control circuit designed in
Fritzing software



3. Results and Discussion

The presented results clearly confirm the superiority of
thes~two-layer hybrid approach in simultaneously
achieving optimal energy consumption, thermal stability,
and reduced mechanical wear. Fig. 3 depicts the graph of
water outlettemperature variations over time. In Fig. 3,
the trend of outlet water temperature changes over a
period of 2000 seconds is shown. As can be observed, the
outlet temperature initially lies within the range of 51 to
53 °C and varies.at different time intervals under the
influence of€nvironmental.conditions and system inputs.
The setpoint of\55 °C isqdndicated by the red dashed line.
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Figure 3. Graph of changes in water outlet temperature
over time

At approximately 1000 seconds, a.gradual increase
in temperature begins, which is caused by an increase in
heating power or a change in irradiance.conditions.
Thereafter, the temperature reaches a maximum of
approximately 64-65 °C and then decreases again. This
behavior indicates that, without advanced control; the
system is sensitive to input variations, and the outlet
temperature exhibits significant fluctuation around the
setpoint. Fig. 4 demonstrates that, with temperature
variations, the PWM duty cycle for the water pump has
changed. At times when the temperature increased (e.g.,
approximately 1000-1500 seconds), the PWM decreased
to reduce heat transfer. Conversely, when the
temperature dropped, the PWM increased. This behavior
indicates that the fine-tuning layer is continuously
adjusting the water flow rate to achieve temperature
stability.
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Figure 4. Temperature changes versus PWM signal

Fig. 5 shows the on/off status of the heater. It is
observed that the heater is active only at specific
intervals, i.e., when the system temperature approaches
the lower bound of the hysteresis. This leads to a
reduction in energy consumption and an increase in
system efficiency.
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Figure 5. Heater on/off status

Fig. 6 displays the amount of disturbance applied to
the system, including reduced irradiance (blue region),
increased irradiance (yellow region), and inlet
temperature variation (purple region). The fluctuations
created in the disturbances were intentional in order to
assess the controller's performance under various
conditions. The results indicate that the two-layer control
successfully maintained the outlet temperature within the
permissible range despite these significant changes.
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Figure 6. Amount of disturbance applied to the system

Fig. 7 presents the controller test for inlet and outlet
water temperature variations. The two signals are the
inlet water temperature (blue) and the outlet water
temperature (orange); above the graph, the input voltage
(0V, 80V, 100V, 120V, 0V, 120V, QV) is specified,
representing the controller or pump/heater input
variations. The inlet temperature exhibits severe
oscillations with the voltage changes, and its average
level shifts. This implies that the system is subjected to
sudden disturbances, and voltage changes have a
significant effect on the inlet temperature. The outlet
temperature remains»almost stable and close to 50 °C.
This graph /demonstrates that the controller effectively
compensates<for severe inlet temperature disturbances
and maintains the'output close to the reference value with
a small error. The controller's performance is robust and
resilient.
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Figure 7. Testing the controller for changes in inlet and
outlet water temperatures

In Fig. 8, three quantities—inlet water temperature
(green line), outlet water temperature (blue line), and



solar irradiance intensity (red line — right axis)—are
measured simultaneously. The solar irradiance exhibits
rapid fluctuations with high amplitude, and its wave-like
behavior is repeated throughout the test duration. These
fluctuations cause the inlet temperature to also oscillate
within a “specific range (approximately 25-35 °C).
Around the midpoint of the simulation time, concurrently
with the increase in irradiance, the outlet temperature
exhibits’an ascending trend and stabilizes within the
range of 60-63 °C.
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Figure 8. Changes in inlet and outlet water temperatures
and solar radiation versustime

4. Conclusions

In this research, an innovative two-layer control
framework for direct-expansion solar heat pump (DX-
SHP) systems was presented. The core of _this
architecture is the intelligent integration of a low-cost
and reliable hysteresis control layer with an adaptive PID
control layer based on an ARX model. A decision-
making algorithm based on the derivative of error and the
integral of error switches between these two layers
automatically and dynamically. Practical implementation
on the ESP32 platform and experimental tests clearly
demonstrated the superiority of this method. The
simulation results show that in the uncontrolled state, the
system exhibits high sensitivity to environmental
changes, and the temperature deviates from the desired
value, whereas the proposed two-layer controller
successfully maintains the water temperature within the
operational range and reduces deviations. In this
structure, the hysteresis layer plays a protective role, and
the PWM-based layer provides the precision of
temperature regulation. Consequently, heater operation is
minimized, which translates to reduced energy
consumption and increased overall system efficiency.
Furthermore, the controller remains stable against severe

1 please level both columns of the last page as far as possible. 1

environmental disturbances and delivers desirable
thermal behavior. This research proved that, with an
intelligent design and a suitable architecture, the gap
between simplicity and accuracy can be bridged, offering
a cost-effective, stable, and efficient solution for the
control of dynamic renewable energy systems..

5. References

[1] S.1.d.M. Resende, H.A.G. Diniz, R.N.d. Faria, R.
Nunes de Oliveira, Design and Experimental Evaluation
of a Controller for a Direct-Expansion Solar-Assisted
Heat Pump with Propane, Processes, 13(11) (2025) 3583.

[2] V. Rezaee, A. Taghizadeh, Evaluating of the Impact
of Environmental Indicators on Thermal Comfort for
Different Climates in Iran Using the PMV Model,
Amirkabir Journal of Mechanical Engineering, 57(1)
(2025) 3-24.(In Persian)

[3] D.E. Seborg, T.F. Edgar, D.A. Mellichamp, F.J.
Doyle 111, Process dynamics and control, John Wiley &
Sons, 2016.

[4] S. Anil, H. Srinaath, M. Jayakumar, Comparative
Analysis of ON/OFF, PID and Model Predictive Control
System in HVAC Systems, in: 2023 Innovations in
Power and Advanced Computing Technologies (i-
PACT), IEEE, 2023, pp. 1-5.

[5] K.J.Astrom, T. Hagglund, Advanced PID control,
ISA-The Instrumentation, Systems and Automation
Society, 2006.

[6] G. Ulpiani, M. Borgognoni, A. Romagnoli, C. Di
Perna, Comparing.the performance of on/off, PID and
fuzzy controllers applied to the heating system of an
energy-efficient building, Energy and Buildings, 116
(2016) 1-17.

[71 V. Rezaee, wA«Taghizadeh; M. Masomnezhad,
Comparative feasibility study of two direct expansion
solar water heater heat pump systems in Rasht climate,
Amirkabir Journal of Mechanical Engineering, 57(5)
(2025) 589-610. (In Persian)



S ySdos dgmis 1y 606! (2 9 oy Blaie p (S Webgd Y g sullS S
TSl st 001 dllae Gl T Sl y sy Mool (A Hdgf

A-Taghizadeh@tvu.ac.ir <)l ! oyl e5 oo )loe o olKiils ¢ 5,0 (wdigo 05,5 -\
Ul)"l 50‘)@) ‘Q)Le,a ‘SLQ olKisls n&u&a i 05; -y

ouSe

ol a3 oo il eaditae blasl G jo3 Byl ooy Slaptns ;0 diedisn 450 0aiS S8 S0 (b sl @l oszlr Ghesk o
p oS Ol 0psd (i3 e (uilTB L Sieje (2552 gm0 peS crpe s V1) Colis b S0 ammio gad o3 558U — il ol el piss
9 Jizs slod sl jgunin 5l (5 pSahtr b ) yuniislate w0l p Gzt Y sl (blasdl 12) Grage gl S5 g 5l00  (lalg) jguilanS caSa o </
Jols pgo ¥ el oad D)l 5 (b 8 Dge B Y Gl o jls ssge |y sole lulpd 50 (5551 Cupae g b S aiby ghge)] Sy S
G glaBlazel 5 plin ;0 S Gl digd oo erkis @i Fiw (b5 § piaems STl Jae Galil o (sla el oS sl gogT g S S
2 25 Gilwesly 5l ol (oS bl 0338 (o0 gl B it (708 085 sk crge g 00l Jlad 05,5 sl b (26 GLSL s s
R0 51l Ll 53 1 Lo o) ol T (llas wogfite ey s Bl ;5 (golpiin S 4 and e 0Lt o3l g (SIS GALEZED ¢l (50l as
30 G58 Bras isred 025 oo a5 (do )0 VEIE a5 Y0 4 FY 51, jam,S sl JSew slows (aoys Yo/ 1alS) (wgmdes a0 VA &
el a8l Gl LVYE 5 YEIE oy o5 s g s 5Lz (gl i

S lols

(8551 mfh yomsd Blane(s sl oo (56T (o1 P BT (G 95 (Il ey



doddio -

$y38 Fiml slales ;o 0,55 el 5 Sl S)l> sla o Bi> Lo 4 ‘wM blasl gowd )53 J,1> sloca

eI Bl 55 5 cov s 4 b ol 3 ,8kee (Jb ol b D Wss o g S 2,5 ST adgs (sl 00 lgasl

M a1y a8 oa gk Jlo e )0 9 380 pglie (JyS sFll Ko (b a5 bile sl e (glos g a9 6
Iv] el os s o owlal

JAS ks i 5208 g a0l (sla g, e gl atod V] Wigdh o o IS 45 50 45 055 (2l 50 39250 (S (slas i
oS0 jemaan TG0 lg o)) i wiile sz 5 380 Sla by, pg Awd g e mrj e (Bl L T bgels | (g,
5 ekt abai Jo> Slod Clllgs L ol ase g liebl Colill néyide s 7S estan Ghn (S by
Jo] sias oo Sl VW6 b 5 cds jemme Joe 5 ks g0l g sla ) S o hlie o [F] ol ol jon aigy é (65,51 B pae
TF] sin T ()l angs (ool @lge tin (s 8l 4o g 3535 Joo 4 5l lmilne (Fauzmy L

el 039y Bolana lizme & 90 48 505 99 gl 5 o 8 3gnte 4 Boree (L3 (Lo 00 o5 w3 a LS gy Aoy (o)
Sty 5 25l 13 anlllan 3590 Culigheds osbye 5 Jotne @aldl 50 1) lapiancs cpl 0 Shoe [V] (lSen 5 ola; (e sl
£ 2 el sl 1 prtane Bl (5055 @5 b (G5l om it o [A] )10 5 S5 08wl 1, T WL
eor St (2l g 2 Ul Jy Slasllan [A] S 5 45550 s S alesT 5 wisle n gilaSie o (S
or [Vl e g a8 aisls @l By slgn .81 50 (S 0,5 ST adgs (sl (ola S me (5095 (oS 5 e o>
a3yl 53,5 Ghalosl s (>l s 9y 5l eolinl b e Blosl o3 (55581 b () ey s S (5 9,Skes
5 23S sewle i0ls &) S oS auitans blus! (0 155 51> ooy 5o oo o slaaglie aslllas 5 [NV ol 1S
ey laglasle jo 05 O (sl 5 Lad (iole S Gl ()l slagaey oIl (i (10 iz g, S anlllae [yl o)Sen
S 5 e sled peban sl Jms sy S IS S8 mi el 5 (b ] 1Ko 5 00 oizan i S
Sy P Sopde p S0 (SIS e (Jo 0ol b el plol Lpeis Ll (sunl e 6551 L (G ey pten
ol 9P slod wlats sl 55 Tomiin S b s Tig sle ) S taiile sloazen (sl J S %08 (g9 51 VYT 09, 55 et
A3 5 330 ikl 4 Lo (b (Faszmn Ll iyl jos 2V sl lagl S ol ez S1DVFT wloas slgity lapiacss
SIIVEL e 5 ola V0] 85l oo axlge (il b wgasme az39: b g iliecSzsS slad )15 10 1, Loy 5l solitsl ¢ 5V oo
Oyan 5 Kb ais,S oolatuw] pudtue bluasl (gowd o5 (65,51 5yl Coos ik’ Slas S o 5l (551 6061@.;‘,@1—5@
Soligh 5 4z )LSo (JyuS (6 lene S )l 50 (6,88 g SIS (Jlo ol bnsslaBleiing 1) (dss e e 3lata [VV]
S YL 83 5 s J 505 (0928 potiyg e 9 (Solw o Slles bl pd bl p@lgy &j00 4 Gilyn 45 010 292
ams &l gl 15 calae gas 1) Jae 9 50 0 Slae 120 Wil so (55lone iz WIS Elises j9me oo g3 Ta

5 5oglr ilads 48,5 15 4 0025 jebay (3T Sintar SISk sl sla ) S VL SBS el 1y
oty Lol cams malS hgels pig, S dr Cad |y oo Sllugs wilgs oo (Jgome 50T o S0 &5 wisls sLas DAL (]S
ilasdly anwgs Jao p e il 5006 g gl S (S onl @) sl sl s (5518 i Ll (sl (T sl el
oo s o sl 1y (el e iy S5 6L atb ity JuS glid o DAL G See gl el lsie o
b 8o Slas oo 50 G3gue & ke Jio bas Gl yie,40 b oS wisls W) lea- (g9 oS Sl >

! direct-expansion solar-assisted heat pump (DX-SAHP) system
2 ON/OFF

3 proportional-integral—derivative controller (PID controller)

4 Model Predictive Control - (MPC)

5 Coefficient of performance (COP)
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! Autoregressive with Exogenous Input (ARX)
2 Direct Synthesis
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Fig. 1: Constructed direct expansion solar heat pump system
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An Intelligent Two-Layer Controller Based on
Hysteresis and PID Logic for Performance
Improvement of a Direct-Expansion Solar Heat Pump
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“Department of Electrical Engineering, Technical and Vocational University (TVU), Tehran, Iran.
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ABSTRACT
This study proposes an’innovative,framework for designing a two-layer intelligent controller for direct

expansion solar heat pump systems. The system consists of a flat-plate solar collector—evaporator with a surface
area of 3.1 m?, a variable-frequency hermetic.rotary compressor, a hot-water storage tank with a volume of 0.1
m3, a finned-tube condenser, and a capillary tube (expansion valve). The first layer, based on hysteresis logic,
utilizes digital temperature sensorsi,and an Arduino microcontroller to perform basic control and energy
management under normal operating conditions. This.layer was designed and evaluated experimentally. The
second layer comprises a PID controller whose parameters are tuned according to the system’s ARX model using
the direct synthesis method. This controller activates under severe disturbances, such as sudden variations in
solar irradiance or inlet temperature, restoring the-system’s control accuracy to its optimal level. Quantitative
results obtained from experimental implementation under three.scenarios—steady-state, step disturbance, and
periodic disturbance—demonstrate that the proposed controller;in comparison with the standalone hysteresis
controller, reduces the RMS temperature error under steady-state canditions from 0.95°C to 0.28°C (a 70.5%
reduction), and decreases the number of compressor on/off.€ycles from_42 to 35 (a 16.6% reduction).
Furthermore, energy consumption under disturbance scenarios is reduced by 24.4% and 19.6%, respectively,

compared to the standalone hysteresis controller.
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