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Infant body temperature stability is paramount, especially for preterm newborns unable to
maintain their own thermal equilibrium. Here, we explore a Proportional-Integral-Derivative
(PID) control algorithm implemented directly on a Nextion Human—Machine Interface (HMI)
to regulate infant warmer temperature. Unlike typical systems where the microcontroller holds
the major PID calculation and the HMI acts as a display only, this method integrates the PID
logic into the HMI itself, with possible reductions of microcontroller load, minimization of
communication delays, and hardware architecture simplification. Three trials at a constant
setpoint of 37 °C with varying combinations of PID gains were used with a fixed experimental
setup. Temperature response indicators like rise time, settling time, percent overshoot, and
steady-state error were measured and compared. Results indicate that with gains of Kp = 1.50,
Ki =0.05, and Kd = 1.50, the system reached a steady state of 36.97 °C with just 2.16 % of an
overshoot and a settling time of about 7 minutes and satisfied neonatal warmer requirements.
The results confirm that PID control executed directly on the Nextion HMI can achieve
temperature regulation performance comparable to conventional microcontroller-based
implementations while improving system simplicity and code efficiency. It presents a good
alternative choice of low-power and portable infant warmer and also of other embedded hot and
cold control systems.

INTRODUCTION

Maintaining the body temperature of a newborn, especially
premature or of low birth weight, is crucial for survival and also
plays an important role in reducing both short-term and long-term
health complications. However, hypothermia still occurs
regularly even in most healthcare settings in tropical areas
because such infants have immature temperature regulation, a
large body surface area compared to their weight, and strict access
to effective thermal care [1], [2], [3]. Recent findings confirm that
the use of heating devices is effective in reducing hypothermia
incidents, whether those based on electricity or low-cost
alternatives do not compromise safety, given that the temperature
falls within the physiological range of 36.5 °C until 37.5 °C [3],

(4], [5], [6].

This approach represents the standard practice in well-resourced
hospitals, but portable or low-power incubators are continually
being developed for facilities with limited access to electricity
[5], [6]. The design challenges related to incubators include
temperature accuracy, power efficiency, and other environmental
factors such as noise in incubators affecting infant comfort and
sensory development. Low-noise incubator prototypes are being
determined to have acoustic advantages with no compromise on
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thermal performance [7]. This also fosters mechatronic modeling
of incubators and warmers with low-cost, open-source designs,
understanding thermal dynamics, sensor integration, and
pathways to implementation in low- and middle-income countries
[8], [9]. While vision or thermography-based monitoring enables
more detailed skin temperature assessment, it opens up
opportunities for more adaptive closed-loop control [10].

It can be seen that, from the viewpoint of control, the only
dominant industrial method is the Proportional-Integral-
Derivative algorithm due to its simplicity and reliability in
stabilizing systems with uncertainties and actuator limitations.
Recent theoretical advances have further reinforced global and
semi-global stability guarantees for PID of uncertain nonlinear
systems, expanding the ranges of parameters and adopting
modern antiwindup strategies in view of actuator saturation [11],
[12], [13]. Process and manufacturing areas, including
temperature control, are within the literature from 2021 to 2024.
These works introduce improvements regarding model/data-
based tuning, including autotuning-autotuning of fractional-order
controllers-and performance comparison against advanced
strategies, such as Model Predictive Control. Yet, PID remains an
important strategy because of its low computational cost,
robustness, and ease of implementation [14], [15], [16].
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Conventional architectures for medical devices bind the function
of the main PID processor with an MCU, while the HMI serves
only as an 1/O interface [17]. While effective, this increases
hardware complexity, serial communication traffic, and MCU
workload. Advances in industrial HMI within the last five years
including web-based and reconfigurable architectures revealed
that control logic can be proxied closer to the plant by interface
devices. Theoretical and empirical studies show that edge or on-
device processing reduces latency, lowers bandwidth demand,
and minimizes communication overhead-a factor critical to
portable medical devices needing fast and deterministic thermal
response [18], [19].

Building on these, one can run PID algorithms on HMIs directly
if they come with scripting or embedded computing. This
approach can reduce MCU workload, simplify device
architecture and wiring, minimize serial communication latency,
and easy to develop clinical interfaces if tuning, antiwindup, and
saturation controls are designed properly [20], [21], [22]. In the
light of both clinical and preclinical evidence, the requirement for
thermal regulation devices-safe, portable, and energy-efficient-is
huge [4], [7], [9] along with the advancement of non-contact
temperature monitoring technologies [10].

However, most existing infant warmer control systems still rely
on a conventional architecture where the PI1D control algorithm is
executed entirely within the microcontroller, while the Human-—
Machine Interface (HMI) functions only as a display and user
interaction device. Although this architecture has been widely
adopted, it increases system complexity, requires continuous
serial communication between devices, and places additional
computational load on the microcontroller [23].

Recent advancements in industrial HMI technology have
introduced scripting capabilities and embedded processing
resources that allow certain control computations to be executed
directly on the interface device. Despite this capability, the
application of HMI-based control computation in medical
thermal regulation systems has rarely been investigated [24].
Previous studies on infant warmers primarily focus on improving
control strategies, such as PID tuning, fuzzy control, or hybrid
controllers, but still maintain the microcontroller as the main
control processor [25].

Therefore, a research gap exists regarding the feasibility and
performance of implementing a PID control algorithm directly
within an HMI platform for medical thermal regulation systems.
The novelty of this study lies in demonstrating that the Nextion
HMI can function not only as a visualization interface but also as
the primary PID computation unit for infant warmer temperature
control. This architectural approach has the potential to simplify
hardware design, reduce communication latency, and decrease
the computational workload on the microcontroller.

This paper aims at assessing the performance of implementing the
PID algorithm on a Nextion HMI, keeping the temperature of an
infant warmer at a set point of 37 °C, by evaluating metrics
concerning dynamic response-rise time, settling time, overshoot,
and steady-state error-and architectural considerations from the
point of view of code efficiency and hardware simplicity in order
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to assess the viability of the strategy proposed for low-power
portable neonatal devices.

The significance of this study lies in demonstrating a simplified
control architecture for infant warmer systems by relocating the
PID computation from the microcontroller to the Human-—
Machine Interface layer. This approach contributes to the
development of compact and energy-efficient neonatal thermal
regulation devices by reducing communication latency,
simplifying hardware structure, and lowering the computational
load of the microcontroller. In addition, this work provides
experimental validation that HMI-based control execution can
achieve thermal regulation performance comparable to
conventional microcontroller-based PID controllers, thereby
offering an alternative design strategy for portable medical
devices.

METHODS

This study employed a quantitative experimental approach to
evaluate the implementation of a PID control algorithm on a
Nextion-based Human—Machine Interface for infant warmer
temperature regulation. The experiment was conducted in the
Laboratory of Electronics and Control at Sekolah Tinggi
Teknologi Warga Surakarta and at PT. Entri Jaya Makmur,
Surakarta. Three trial samples were carried out at a setpoint of 37
°C using different combinations of PID gains to observe the
influence of Kp, Ki, and Kd on the system response.

PID Control Algorithm

This continuous-time PID control law is given by Equation 1,
with K_p, K_i, and K_d being the gains of the proportional,
integral, and derivative terms, respectively. In order to implement
this controller in Nextion HMI, a discretization was performed
using a fixed period of sampling of 250 ms, arriving at the discrete
form shown in Equation 2.

de(t) )
dt

u(t) =Ky e(t) + K; je(t) dt + K,

Where Kp is the proportional gain, which scales the control output
in direct proportion to the temperature error, Ki is the integral gain
eliminating the steady-state error by summing up past errors over
time, and Kd is the derivative gain, predicting future error trends,
therefore helping to damp overshoot and aiding transient
response.

u(k) = u(k—1) + Kp(e(k) — e(k—1)) + Ki-e(k)- At
+ (’;—’:) (e(k) — 2e(k — 1) + e(k —2)) ()

This discretization allows efficient computation within the HMI’s
scripting  environment  without  external  microcontroller
processing [26]

a) Error Differences

Equation 3 is the first-order error change that represents how
much the current sample differs from the previous sample. Thus,
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Equation 4 represents the second order of error difference that
reflects the acceleration of the error variation.

dEi[k] = e[k] — e[k —1] ®)

Formula: dE1[K]=e[k]-e[k-1]
HMI Code:
vDEL1.val=vE.val
vDE1l.val=vDELl.val-vEl.val

dE,[k] = e[k] — 2e[k — 1] + e[k — 2] (4)

Formula: d2E[K]=e[k]-2e[k-1]+e[k-2]
HMI Code:

vD2E.val=vE.val
vD2E.val=vD2E.val-vE1l.val
vD2E.val=vD2E.val-vEl.val
vD2E.val=vD2E.val+VvE2.val

b) Proportional Term

Equation 5 defines the proportional term, where the control
output is obtained by multiplying the proportional gain K,, with
the first-order error difference dE [k]

Plk) = K, - dEy i) ~ 22 ©)
Formula: P[k]=Kp-dE1[k] =~ (KpS-dE1)/S
HMI Code:

vTmp.val=vKpS.val
vTmp.val=vTmp.val*vDE1.val
vP.val=vTmp.val/vS.val

c) Integral Term

Equation 6 defines the integral term, where the accumulated error
over time is multiplied by the integral gain K; and the sampling
period At, providing the corrective action needed to eliminate
steady-state error.

Ik] = K, -e[k] - At ~ S5 € Abms

k] = Ki-elk] -4t ~ —=05050 )
K S-e- Aty

- vDen

Formula: I[k]=Ki-e[k] At =
(KiS-e-At_ms)/(S-1000)=(KiS-e-At_ms)/vDen
HMI Code:

vTmp.val=vKiS.val
vTmp.val=vTmp.val*vE.val
vTmp.val=vTmp.val*vDtMs.val
vl.val=vTmp.val/vDen.val

d) Derivative Term
The derivative term described by Equation.7 predicts the future

trend of the error, multiplying the second-order difference of an
error with derivative gain Kd and a sampling interval At, thus
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assisting in the enhancement of the system stability and reduction
of overshooting.

Kd S - Aty - d2E
D[k] = Kd -At-d2E[k] = ————F———+——
_ Kd S - Aty - d2E
- vDen

Formula: D[k]=Kd-At-d2E[k] =
(KdS-At_ms-d2E)/(S-1000)=(KdS-At_ms-d2E)/vDen
HMI Code:

vTmp.val=vKdS.val

vTmp.val=vTmp.val*vDtMs.val
vTmp.val=vTmp.val*vD2E.val
vD.val=vTmp.val/vDen.val

e) Output Accumulation

In this approach, the final control action is computed by
accumulating the previous output together with the P, I, and D
terms, as described in Equation 8.

ulk] = u[k —1] + P[k] + I[k] + D[k] 8

Formula: u[K]=u[k-1]+P[Kk]+I[K]+DIk]
HMI Code:

vU.val=vU1.val
vU.val=vU.val+vP.val
vU.val=vU.val+vl.val
vU.val=vU.val+vD.val

f) Anti Wind-Up

To prevent integrator wind-up, an additional feedback term is
introduced, as formulated in Equation 9, where the anti-windup
gain K,,, compensates for the difference between the saturated
and pre-saturated control signals.

I(t) = Kje(t) + Kaw (Ugqe(t) — upre(t)) 9)
Formula: I[k]=I[k—1]+(Kie[k]+Kaw(usat[k]—upre[k]))At
HMI Code:
if(nKp.val>0)
{
vaKaw.val=nKi.val*vaS.val
vaKaw.val=vaKaw.val/nKp.val
Yelse
{
vaKaw.val=0
}
vaTmpl.val=vaU.val-vaUuns.val
vaTmp2.val=vaKaw.val*vaTmpl.val
vaTmp4.val=vaTmp2.val/vaS.val

g) History Update
To maintain accurate recursive computation, the control output

and error terms are updated as shown in Equation 10, where past
values are shifted to store the most recent samples.
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ulk — 1] « ulk]; e[k —2]

10
« e[k —1]; e[k —1] « e[k] (10)
Formula: u[k-1]«u[k]; e[k-2]«—e[k-1]; e[k-1]«e[k]
HMI Code:
vU1l.val=vU.val
VvE2.val=vE1.val
vE1l.val=vE.val
vU.val=0
System Configuration
; HMI Nextion
DS18B20 Arduino Nano ) NX8048P070
A
I ]
Vitol Data
Converter Logger
B Power
Heater Regulator

Figure 1. System Block Diagram

(@) (b) (©) (d)

Figure 2. Hardware Prototype (a) Exploded View Of The Infant
Warmer Assembly, (b) Heating Unit With Reflector And
Mounted Heating Element, (c) Complete Prototype Of The
Infant Warmer Structure, (d) Nextion HMI Panel For
Temperature Control And Monitoring

Figure 1 shows the proposed system architecture where the HMI
performs the PID and the MCU actuates the actuator, and Figure
2 is the hardware prototype photograph of the infant warmer
controller. For the experiment, the setup involved a temperature
sensor, DS18B20 that would provide accurate thermal
measurement. The Nextion HMI was programmed for the
implementation of PID and simultaneously displaying the
temperature measurements. The calculated output from the HMI
was sent to an Arduino, which converted the signal into a PWM
signal and supplied it to a voltage-to-current converter module.
This is because the power regulator acting as a heater driver was
designed to accept only current input. Temperature data were
saved periodically in the EEPROM of the HMI. Figure 1 shows
the block diagram of the proposed system, where the Nextion
HMI is acting both as display and PID processor, hence
communicating with the microcontroller only for actuator control
[27].
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Data Collection Procedure

Data sampling was done every 10 seconds. This range was
adopted because during temperature PID, changes are not fast.
Therefore, if the time sampling is too low, many records will be
the same, which is inefficient. The 10-second range is also used
to save memory. This is very important because the result of the
experiments is stored in EEPROM available on the HMI with the
maximum capacity of 1024 bytes; 850 bytes are allocated for the
temperature stored, and the rest is used for other purposes. By
setting up this kind of setup, since each record of temperature uses
4 bytes, it can record up to 212 data. The number of recorded data
means recording time is 2120 second or approximately 35
minutes.

PID Response Comparison (Time Axis in Minutes)

38

w
&

Temperature (°C)
w
g

w
N

DATAL (Kp=1.5, Ki=0.05, Kd=1.5)
DATA2 (Kp=2.0, Ki=0.08, Kd=1.0)

—— DATA3 (Kp=2.5, Ki=0.12, Kd=0.8)
Setpoint 37.0 °C

30

0.0 25 5.0 15 10.0 125 15.0 17.5
Time (minutes)

Figure 3. Data logging timeline (10 s interval) and setpoint
profile at 37 °C, with markers for Sample-1 to Sample-3.

Figure 3 shows the 10 second logging timeline at fixed 37 °C

setpoint and the sequence of the three PID tunings.

1. The prototype infant warmer initialized, the temperature
setpoint was fixed at 37 °C. Three sets of PID gains were
applied sequentially to the HMI: Sample 1: (1.50, 0.05, 1.50)
; Sample 2: (2.00, 0.08, 1.00) ; Sample 3: (2.50, 0.12, 0.80)

2. The temperature response, thereafter, is recorded every 10
seconds using internal data logging of the HMI.

3. Key performance indicators rise time, settling time,
percentage overshoot, steady-state error, and temperature
ripple were calculated for each trial.

Data Analysis

Descriptive statistics of the captured temperature records were
calculated. Response curves were plotted to compare dynamic
behavior across different PID gain settings. Results were also
compared against the standard neonatal thermal stability
requirements to assess medical suitability classes [28], [29]. This
approach offers a structured way to establish whether the direct
implementation of PID on an HMI performs comparably to, or
outperforms, the conventional microcontroller-based designs by
reducing hardware complexity and enhancing energy efficiency.

RESULTS AND DISCUSSION
Overview of Experimental Data

The experiments involved a set point of 37 °C, with sampling
done from time to time using the Nextion HMI, which also
implemented the PID algorithm. Temperature recordings were
made at regular intervals to measure rise time, settling time,
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percentage overshoot, and steady-state error. Three trials,
Sample-1 to Sample-3, were prepared by changing Kp, Ki, and
Kd, as described in the methodology.

The experimental results demonstrate that the PID temperature
controller implemented directly on the Nextion HMI is capable of
maintaining thermal stability within the required neonatal
temperature range. Among the three tested configurations, the
PID parameter set Kp = 2.00, Ki = 0.08, and Kd = 1.00 (Sample-
2) provides the most balanced performance, achieving a fast
dynamic response with moderate overshoot and the lowest
cumulative control error. This result indicates that executing the
PID algorithm directly on the HMI does not degrade the control
performance compared with conventional microcontroller-based
architectures while offering advantages in system simplicity and
reduced communication overhead.

Temperature Response for Sample-1 until Sample-3

Table 1. Comparative Dynamic-Response Metrics For Three PID
Tuning Sets (SP = 37 °C).

Data Kp-  t.rise Overshoot t settle  SSerror IAE
Ki- 10- (°C /%) (2% (=last30  (°C:s)
Kd 90% SP) samples)
Sample-1  1.50-  ~100 0.8/ ~320s -0.033 744
(DATAL) 0.05- s 2.16% °C
1.50
Sample-2  2.00- ~90s 1.4/ ~310s +0.010 644
(DATA2) 0.08- 3.78% °C
1.00
Sample-3 250~ ~60s 1.9/ ~280s +0.010 717
(DATA3)  0.12- 5.14% °C
0.80

Table 1 shows Sample 1, which was very conservative and well-
damped, this meant very little overshoot, but this came at the price
of a slower convergence. Sample 2 provided the best balance
between a fairly quick response and moderate overshoot and,
thus, the lowest cumulative error. Sample 3 gave the quickest
response time but with the highest overshoot. These results point
out that there is a dilemma in how increasing the response speed
of a PID-controlled thermal system would lead to less stability;
thus, parameter tuning needs to be done based on specific
requirements posed by either clinical or application-driven
demands.

When compared with previously reported infant warmer
temperature control systems, the dynamic response obtained in
this study is comparable to existing PID-based or hybrid control
approaches. For example, previous work on PI1D-controlled infant
warmers reported settling times within several minutes depending
on the tuning configuration [30], while hybrid fuzzy—PID control
systems achieved improved stability but required more complex
computational processing [29]. The settling times obtained in this
study (approximately 280-320 seconds) fall within the same
operational range while maintaining low steady-state error and
limited overshoot.

These results suggest that executing the P1D algorithm directly on
the Nextion HMI can achieve thermal control performance
comparable to conventional microcontroller-based
implementations. At the same time, the proposed architecture
offers potential advantages in terms of reduced system
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complexity, simplified communication structure, and improved
suitability for compact or portable neonatal thermal devices.

Comparative Analysis Across PID Settings

Speed-rise and settling performance follow the order Sample-3 <
Sample-2 < Sample-1, indicating that Sample-3 produces the
fastest response. Overshoot is lowest in Sample-1, moderate in
Sample-2, and highest in Sample-3. In terms of steady-state
accuracy, Sample-2 and Sample-3 show a very small positive bias
of approximately +0.010 °C, whereas Sample-1 presents a slight
negative bias of —0.033 °C. For integral performance, the |IAE
value is lowest in Sample-2, indicating the best overall efficiency,
followed by Sample-3 and lastly Sample-1.

Implied action: Sample-2 represents a balanced operating point;
Sample-3 is used when fastest settling is needed/required,
tolerating ~5% overshoot; and Sample-1 when overshoot must be
at its minimum. Table 1. Comparing PID performance for three
sets of parameters (SP = 37.0 °C). trise = 10-90% uptime tsettle
= time of default on the band +2% SP; SS error = Steady-State
Error (last =30 samples)

CONCLUSION

This study demonstrates that a PID control algorithm can be
successfully implemented directly within a Nextion HMI to
regulate the temperature of an infant warmer system at the clinical
setpoint of 37 °C. Experimental results show that the HMI-based
PID controller is capable of maintaining stable thermal regulation
with  dynamic response characteristics comparable to
conventional controller architectures, including low steady-state
error (= —0.033 °C for Sample 1 and = +0.010 °C for Samples
2/3), limited overshoot (= 2.16% in conservative tuning), and
settling times of approximately 280-320 seconds (= 4.7-5.3
minutes) within the £2% stability band. These findings indicate
that executing the PID algorithm directly on the HMI can achieve
reliable temperature control while supporting simplified system
architecture for infant warmer applications.

Also, making the HMI the main processor reduces
communication latency and simplifies the overall system
architecture. Thus, it is promising for compact low-power
portable devices, in line with edge/loMT literature highlighting
deterministic response and bandwidth efficiency [31], whereas a
web-based/reconfigurable HMI simplifies updates to the interface
itself [21], [32].

The implemented back-calculation/clamping scheme effectively
avoided integral windup during saturation, reducing overshoot
and accelerating settling [20], [22], in agreement with the
stability framework reported [11] and hierarchical design .

For comparison, Sample 2 (Kp = 2.00, Ki = 0.08, Kd = 1.00)
provides the best performance trade-off—balanced cumulative
error (IAE), a moderate overshoot, and close to zero steady-state
bias. Sample 3 is preferable for the fastest possible rise and
settling and =5% overshoot, whereas Sample 1 is recommended
when the overshoot has to be minimal. Further work will consider
the extension of robustness testing, long-term reliability, and
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direct validation against classical MCU-based PID to further
consolidate the proposed HMI-based approach. Based on a simple
model, conservative tuning refined by IAE/ITAE proves to be a
practical compromise between speed and overshoot [12], [14],
[15], [33]. Although MPC clearly outperforms conventional
controllers when dealing with complex constraints, PID is still
competitive thanks to its low computational cost and is well-
suited for on-device HMI platforms [31], [34].

From an architectural perspective, the proposed HMI-based PID
control approach provides an alternative design paradigm for
embedded medical devices. By allowing the HMI to execute the
control algorithm, the system architecture becomes simpler and
potentially more energy-efficient, which is particularly beneficial
for portable neonatal care equipment intended for healthcare
environments with limited infrastructure.
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NOMENCLATURE

T Measured temperature (°C)

Tset Temperature setpoint (°C)

e(k) Temperature error at sample k

u(k) Control output at sample k

u(k—1) Previous control output

At Sampling period (s or ms)

trise Rise time (10-90%) of temperature response

tsettle Settling time within £2% of setpoint

SSerror  Steady-state error

I1AE Integral of Absolute Error (°C-s)

Kp Proportional gain

Ki Integral gain

Kd Derivative gain

dE1[K] First-order error difference: e(k) — e(k—1)

d2E[K]  Second-order error difference: e(k) — 2e(k—1) +

e(k—2)

PK] Proportional term at sample k

1[K] Integral term at sample k

D[Kk] Derivative term at sample k

Kaw Anti-windup gain

usat[k]  Saturated control output

upre[k]  Pre-saturated control output
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