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Abstract: This paper presents a comprehensive analysis of the identification and control of a reflow soldering oven, with the primary
goal of developing a Proportional-Integral (PI) controller to ensure precise temperature regulation and high-quality solder joints in
circuit board manufacturing. The study begins by examining the generic thermal profile of a reflow soldering oven, offering insights
into its temperature dynamics and control requirements. A mathematical model of the oven is derived using a first-order transfer
function with transport delay, based on system response analysis. This model serves as the basis for designing and tuning the PI
controller. The design process involves a systematic approach, including model validation and performance analysis under various
operating conditions. The optimization of temperature control focuses on minimizing overshoot, compensating for steady-state errors,
and ensuring robust responses to disturbances. Comprehensive simulations are conducted to evaluate the system's performance and
stability, taking into account potential disturbances, noise, and time delays. The effectiveness of the developed PI controller is validated
through comparisons with a simple Proportional (P) controller, and its accuracy is verified using the pole placement method. The
results demonstrate significant improvements in temperature control, highlighting the controller's ability to precisely maintain desired
thermal profiles.
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1. Introduction

Mathematical modelling serves as a cornerstone for the
analysis and design of complex systems with
uncertainties and unavoidable parameter variations,
playing a critical role in modern engineering (Davidson
and Ringwood, 2017; Deb et al,, 2020; Chen et al,, 2021).
With advances in technology, the widespread adoption of
real-time interface (RTI) and hardware-in-the-loop (HIL)
systems has further emphasized the importance of
robust mathematical modelling techniques (Zia et al,
2022; Mihalic et al.,, 2022; Bhayo et al,, 2023; Yanarates et
al,, 2024). Accurate and reliable models are essential for
the development of sophisticated control strategies to
ensure system stability, performance and efficiency,
especially for black-box and white-box systems where
prior information may be limited (Hannan et al., 2018;
Lashab et al., 2018; Birs et al., 2019).

To enable optimal design and control strategies, a deep
understanding of mathematical modelling tools is crucial.
These tools allow the simulation of system behaviour
under varying conditions, providing a basis for effective
system analysis and design (Minchala-Avila et al., 2015;

Silvas et al,, 2016). In this context, this study focuses on
the design of a proportional-integral (PI) controller for a
reflow soldering oven, demonstrating the critical role and
benefits of mathematical modelling in engineering
applications (Borase et al., 2021; Jamil et al., 2022; Chen,
2023).

Reflow soldering ovens are essential in the manufacture
of electronic circuit boards, where precise temperature
control is critical for the production of high-quality
solder joints (Cheng et al.,, 2017; Said et al., 2023). The PI
controller design process for such ovens requires a
comprehensive understanding of the system dynamics,
which can be effectively captured by various
mathematical modelling techniques. Table 1 outlines four
basic modelling approaches commonly used in control
systems, highlighting their respective advantages and
limitations (Hou et al,, 2017; Karamanakos et al.,, 2020; Li
and Peissig, 2020).

Reflow soldering ovens play a key role in modern
electronics manufacturing by providing consistent
heating and cooling during the soldering process. Their
temperature-controlled zones allow precise thermal

management to accommodate varying solder paste
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properties and component thermal tolerances. By
maintaining optimal thermal profiles, these ovens
increase production yields, reduce defects and improve
overall product reliability, making them essential for the
assembly of complex electronic devices.

Incorporating HIL testing into reflow soldering systems
further enhances their functionality. HIL enables real-
time emulation of physical systems, making it easier to
develop and test control algorithms without exposing the
actual hardware. This approach minimizes prototyping
costs, shortens development cycles and improves safety
by simulating operating scenarios under controlled
conditions. In process control applications such as reflow
soldering, HIL systems support better performance
tuning, increased robustness and more thorough system
validation, ultimately leading to higher product quality
and reliability in industrial manufacturing.

This paper presents a detailed analysis and verification of
a PI controller using a first-order transfer function with
transport delay. This modelling approach is particularly
advantageous due to its suitability for efficient time and
frequency domain analysis. It provides straightforward
stability ~evaluation and
parameter tuning, making it highly effective for
compensator design. By transforming differential

methods for controller

Table 1. The most used mathematical models

equations into algebraic equations, this method provides
a reliable framework for analyzing and modelling control
systems. Key concepts such as poles, zeros, stability and
sensitivity can be thoroughly investigated through the
transfer function. Although limited to linear systems,
transfer functions offer numerous analytical and design
advantages in a simplified and practical form. They
continue to play an important role in both academic
research and industrial applications, serving as a
fundamental tool in the analysis and design of control
systems.

The remainder of the paper is structured as follows:
Section 2 presents the ramp response of the first-order
system, detailing all stages of the process, including the
response characteristics of the time-domain analysis, and
introduces the impact of transport delay in first-order
systems. A comprehensive analysis of the thermal profile
of the reflow soldering oven is also provided, followed by
the mathematical modelling of the proposed system. The
controller design process, including P control, PI control,
and the performance evaluation of the controller
designed using the pole placement method, is discussed
in detail. Section 3 presents the results and discussion.
Finally, the study findings
summarized in Section 4.

concludes with the

Mathematical Model Advantages

Disadvantages

«Comprehensive depiction

State-Space Model
(Chenetal, 2021;

Tsui, 2022) systems

eDetailed representation
sAppropriate to multi-input-multi-output (MIMO)

eEase of use with modern control
architecture

*Needs in-depth understanding of the
system
eComplexity for large systems

Transfer Function
(Nise, 2020; Astrom
and Murray. 2021)

eSimple design and direct representation
sWidespread application
eFacilitates time and frequency domain analyses

eRestricted to single-input-single-output
(SISO) systems
ePotential information loss on internal

state
L] L]
Block Diagram (Nise, . Visual dlsplay Potential burdensome for complex
eConvenient for understanding the system systems
2020; Susanto et al,, . . .
2021) structure intuitively *Not suitable enough for comprehensive

*Enables modular design easier and simpler

investigation and rigorous analysis

Linear Differential
Equations (Nise,
2020; Guetal, 2021)

A profound link to physical laws
*Easily identified and simply derivation
#Fitting for simple systems

«Challenging to resolve for intricate
systems
eLess intuitive for controller design

2. Materials and Methods

This section is structured as follows: First, the ramp
response of the first-order system is analyzed in detail,
including all stages of the process, time-domain response
characteristics and the effect of transport delay. Next, a
comprehensive analysis of the thermal profile of the
reflow oven is presented, focusing on its temperature
dynamics and operational behaviour. This is followed by
the mathematical modelling of the proposed system,
which provides a basic framework for control system
design. Finally, the controller design process is discussed,
covering P and PI control methods, along with a
performance evaluation of the designed controllers using
the pole placement method.

2.1. Ramp Response of the First-Order Systems and
the Impact of Transport Delay

This section details the steps involved in analyzing the
ramp response of a first-order system. The process
includes the representation of the system's transfer
function, the application of the Laplace transform, and
the examination of key time-domain characteristics, such
as steady-state error, overshoot, and undershoot. These
steps are summarized in Table 2. The mathematical
transformations discussed in this study act as a bridge
between the theoretical behaviour of a system and its
practical applications. For example, the Laplace
transform simplifies the analysis of differential equations
by converting them into more manageable algebraic
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expressions. Considering a first-order system with a

transfer function G(s) = , the application of a unit

K
Ts+1
step input R(s) = i results in the following transformed

)

By applying the inverse Laplace transform, the time
domain response of the system is obtained as

output:

1 1

K 1_K(
s s+ttt

Y(s) = G(s)R(s) = €8]

TS+1E_T

Y =~(1-e0) @)

where K is the system gain and 7 is the time constant.
This expression illustrates the exponential behaviour and
settling characteristics of the system in response to a
step input, highlighting its transient dynamics and steady

Table 2. The first-order system ramp response

state behaviour. Such detailed commentary aims to
provide the reader with a clearer understanding of the
underlying physical processes being modelled, while
emphasizing how theoretical constructs such as system
gain and time constant manifest themselves in real-world
applications, such as the impact of transport delays on
system performance and stability.

In practical applications, the system gain and time
constant play a critical role, as they directly impact the
behaviour and overall performance of a system in real-
world conditions. System gain influences the magnitude
of the output response relative to a given input, thereby
affecting the system's sensitivity. In industrial control
systems, achieving the right balance of system gain is
crucial for ensuring reliable and stable operation and
preventing excessive oscillations.

Step

Description

Transfer Function

The transfer function of a first-order system is given by G(s) =

, where K is the system
Ts+1

gain and 7 is the time constant.

Input . o _1
(Ramp Function) The Laplace transform of a ramp input (r(t) = t) is R(s) = =
Output . - _ _ kK 1_ K
(Laplace Domain) The output in the Laplace domain is Y(s) = G(s)R(s) = il 7 e

. . . K A, B c
Partial Fraction Decompose Y (s) into partial fractions: Y(s) = e — s tetoa
Decomposition Solving for A, B, and C gives Y(s) = = — £ 1 4 X

TS T°s T4 15+1

Inverse Laplace

K1
Transform y(t) =Lt (__ —
TS
Simplified Time
Response

K 1

7252

Apply the inverse Laplace transform to find the time-domain response:

K 1
215+ 1

K
= —t —
T

Et-l-ﬁl— —t/T
attzA—e™)

)

Simplify the time-domain response to: y(t) = Kt — % (t—1+71e7t/7)

K
y(®) =Kt——t+K(1- e t/m)

The steady-state error e is the difference between the input and output as
t - oo Foraramp input, egs = tlim r@®) —y@)
— 00

Steady-State Error

Overshoot
Undershoot

K
ess = lim (t - (Kt —Ct+ K(1- e—f/f)>) =0

For a first-order system, there is no overshoot in the ramp response.
Similarly, there is no undershoot in the ramp response of a first-order system.

Rise Time (7})

Settling Time (Ty)

Time Constant (t)

The time it takes for the
response to go from
0 to 63.2% of its final value.

The time it takes for the response to
remain within a certain percentage.
It is usually 2% — 5% of the final value.

The time it takes for the system's
response to reach = 63.2% of its final value.

Similarly, the time constant determines how quickly a
system responds to changes, affecting settling time and
the ability to track desired setpoints or handle
disturbances. In systems with significant transport delay,
which is common in processes involving material
handling, systems,
response time is delayed. This can lead to sluggish

chemical reactions or thermal
performance or instability if not properly managed.
Transport delay exacerbates the challenges associated
with control by creating a lag between input changes and
observable effects, making predictive control
compensatory strategies essential. Highlighting these
aspects demonstrates the importance of understanding
and managing these parameters for optimizing the
performance of practical control systems and mitigating

and

the adverse impacts of transport delay (Chen et al,
2021).

A first-order system's closed-loop feedback is likely to
have a transport delay, often referred to as a time delay.
This can cause the system to overshoot. As well as
causing the system to respond more slowly to input
changes, transport delays can also produce phase lag.

A first-order system with a transport delay of T; can have
the following representation for its transfer function:

Ke—TdS

G(s) = s+1 (3)

The system has additional phase lag because of the
transport delay e~TdS, This translates as the system's

output being T; seconds slower than its input in the time
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domain. This delay has the potential to cause oscillatory
behaviour and overshoot by destabilising the system or
reducing its phase margin. For a closed-loop system with
feedback, the overall transfer function with transport
delay is:

G(s) Ke~Tas

() = 1+ G(s)H(s) - (ts+ 1) + Ke~Tas

(4)

where H(s) is the feedback transfer function, typically
taken as 1 for unity feedback.

The impact of transport delay on the operation of a
reflow soldering oven, where precise temperature
control is essential for achieving optimal soldering
quality, serves as an example of its influence on real-
world control systems. Transport delay is the time lag
between a controller's action and the
observable response. This delay is particularly significant
during rapid temperature changes. In a reflow soldering
oven, for example, an unexpected delay in the heating
element’s response can lead to temperature overshoot or

system's

prolonged exposure to high heat. This can result in
defects such as weakened solder joints or component
overheating. Accurately quantifying and compensating
for transport delay enables control systems to achieve
smoother and more precise transitions through critical
temperature zones, thereby enhancing reliability and
product quality. This example highlights the importance
of effectively managing transport delay in practical
control applications.

2.2. Reflow Soldering Oven Thermal Profile

Reflow soldering is a widely used technique for attaching
electronic components to a PCB both mechanically and
electrically. The process involves preheating the PCB,
components and solder paste initially, before carefully
melting the solder to form reliable connections without
scorching or damaging the components. The aim is to
create strong, joints. Figure 1
illustrates the thermal profile of a reflow soldering oven,
outlining the controlled temperature stages essential for
achieving this outcome.

defect-free solder

Peak
A Temperature
Preheating Time \
~ [« gl
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Figure 1. Reflow soldering oven thermal profile.

The entire process can be evaluated as comprising four
different zones, summarized in Table 3 along with their
effects. The first step in the reflow process is preheating.
During this phase, the entire board assembly rises
towards the desired soak or dwell temperature. The
primary objective of the preheat phase is to reach a soak
or pre-reflow temperature for the entire assembly in a
safe and reliable manner. In the recirculating (thermal
soak) zone, the solder paste's volatiles are removed and
the fluxes are activated to reduce oxide on the
component leads and pads. The temperature is at its
maximum in the reflow zone. Peak temperature is a
crucial factor to consider as it represents the maximum
temperature permitted during the procedure. The final
zone is a cooling zone, which hardens the solder
junctions and gradually cools the processed board.
Proper cooling prevents intermetallic
development and component thermal stress.

excessive

2.3. Mathematical Modelling of the System

The plant needs to be modelled to develop and execute a
reliable (efficient and robust) temperature control
system. In this sense, the goal is to undertake an attempt
to create a more intelligent control algorithm and to
explain the control system's resulting behaviour. Based
on the reflow soldering oven’s observed response, a
model for its thermal behaviour is created. Once the
model is created appropriately, system behaviors will be
analyzed in the simulation environment, and a reliable
control unit will be developed to apply to the real system.
In the thermal profile shown in Figure 1, the system
input follows a finite-duration ramp rather than an
infinite ramp. Specifically, the temperature increases
linearly during the Ramp to Soak Region until the flux
activating temperature is reached, after which the input
remains constant during the Preheat-Soak Region, and
later changes again in the Ramp to Peak Region. This
behavior differs fundamentally from the case of a
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continuous, unbounded ramp input. For a finite-duration
ramp input, the steady-state error, overshoot, and
undershoot characteristics differ from those of an infinite
ramp input:

o Steady-state error: For K # 1 in a first-order plant,
the tracking error increases linearly during the ramp and,
after the ramp ends, decays exponentially to a constant
value set by the system gain and final reference.

e Overshoot: Absent in an open-loop first-order ramp
response, but may appear in closed-loop systems (e.g.,
temperature control in a reflow oven) after the ramp due
to controller dynamics and thermal inertia.

e Undershoot: Not present in open-loop operation, but
may occur in closed-loop systems if oscillatory settling
follows overshoot.

The finite-duration ramp input can be mathematically
described as:

_(at, 0<t<T,
(= {aTr, t>T, ()

where a is the slope of the ramp and T, is the ramp
duration.

For a first-order plant G(s) = ﬁ , the output is:

aKt — aKt + aKte /7,0 < t < T,
y(©) = i i) (©)
KaT, + (y(T,”) — KaT,)e it >T,
where:
(y(T,”) = aKT, — aKt + aKte ™)/7, 7N
The corresponding tracking error is:
(1-K)at+aKt(l—e /"),0<t<T,
t) = 8
e® {aT,(l —K) — (y(T,7) — KaT,)e~¢"™/T t > T, (8)

This model shows that for a finite-duration ramp, the
error increases linearly during the ramp phase but settles
to a constant value after the ramp ends, in contrast to the
infinite ramp case where the error grows unbounded as
t — oo,

The plant parameters were identified from simulation-
based ramp response data. The reference input was a
finite-duration ramp profile with a slope of a = 2.5°C/s
and a duration of T, = 20 s. These values were selected
according to widely accepted reflow soldering process
guidelines in Table 3. The system was modeled as a first-
order-plus-dead-time (FOPDT) transfer function to
characterize its dynamic parameters:

G(s) =

s+1 e ©)

where K is the plant gain, 7 is the time constant, and Ty is
the time delay.

The parameters were estimated using the nonlinear
least-squares curve fitting method (NLSCF). Initial
estimates were obtained from the process reaction curve
method and refined by minimizing the mean squared
error. The time delay was determined from the time
difference between the ramp onset and the first

observable response in the simulation. The final
identified parameters were K =192, t =15.8s, and
Ty =0.187 s.

The model achieved a normalized root mean square
error (NRMSE) fit of 96.3% to the simulated data. The
95% confidence intervals for the parameters, derived
from the parameter covariance matrix were K €
[1.89,1.95],7 € [15.2,16.4] s, T; € [0.182,0.192] s.
Examining the provided ramp response data in literature,
the steady-state oven temperature is selected as 120 °C,
and the ambient temperature (initial oven temperature)
25 °C. Given that the output is AT and the input is equal
to 1 (100 percent duty cycle), the system's DC gain K is
roughly 95 °C. According to the definition of time
constant, which is the amount of time it takes for a
system's response to reach 63% of its total change, the
proposed system's time constant is aimed to be
approximately 220 seconds. Based on the determined
values, the following is an estimation of the thermal
dynamics model for the suggested reflow oven:

AT(s) 95

PO =305y = 2205 71

(10)
The results obtained from the simulation of the derived
transfer function in Equation (10) are investigated and a
transport delay of 187 milliseconds is added to it. Thus,
the addition of transport delay resulted in the following
new transfer function:

AT(s) 95e~0187¢
D(s) 220s+1

P(s) = (11)
Figure 2 shows the resulting waveforms from simulating
the model without a controller. This enables us to
illustrate more clearly how well the derived model fits
the experimental data.

160
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—
o
o

Temperature(degrees C)
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40t

20t Reference Temperature as Ramp Input| |
Measured Temperature
0 I I I
0 0.5 1 1.5 2

Time (seconds)

Figure 2. Resulting waveform of the derived transfer
function simulation.
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Table 3. The reflow soldering oven thermal zones

Zone Effect

General Setting Values

Preheating Zone Volatilization of solvent

Recirculating Zone
(Thermal Soak)
Reflow Zone
Cooling Zone

Flux action and plate

temperature balance
Melting of solder paste

Heating rate: < 2.5 °C/Sec. Time: 2 to 4 Minute Max.
Recommended Soak Time: 60 to 90 Sec. (120 Sec. Max.)
Recommended Reflow Time: 30 to 50 Sec. (70 Sec. Max.)

Cooling Time: 180 Sec. Minimum

The application of the reference value as ramp input
highlights the significance of temperature slope rate. The
temperature slope rate or rise vs time is one of the
crucial reflow process metrics, which is often measured
in degrees Celsius per second, °C/s. In the experimental
setup system
subsequently, modelling, the slope rate was selected as
0.6 °C/s.

Benchmark

utilised  for identification  and,

comparisons with three alternative
identification methods—the Ziegler-Nichols reaction
curve method, the Cohen-Coon method, and the MATLAB
procest function (FOPDT model)—were performed using
the same simulation dataset to verify the accuracy of the
system’s mathematical model derived in Equation (11).

The performance of each identified model was evaluated
using NRMSE, mean absolute error (MAE), and integral of
squared error (ISE). Table 4 summarizes the benchmark

results.

Table 4. Benchmark comparisons with three alternative
identification methods

Method NRMSE (%) MAE (°C) ISE
Proposed NLSCF 96.3 0.42 5.13
Ziegler-Nichols 91.4 0.87 12.68
Cohen-Coon 89.7 0.95 14.52
procest (FOPDT) 93.8 0.61 9.84

The proposed method achieved the highest fit accuracy
and lowest error values among the tested approaches,
confirming the suitability of the identified model for
control design purposes.

2.4. Controller Design

This section presents the design and implementation of a
PI temperature controller for a reflow soldering oven. A
key focus is placed on how the controller gains influence
the location of the closed-loop poles, which in turn guides
the fine-tuning of these gains. The controller is designed
to achieve the desired transient response characteristics,
while ensuring minimal steady-state error. The resulting
closed-loop system is analyzed in detail to evaluate its
performance. Figure 3 illustrates the overall control
structure in idealized form.

The process of tuning the parameters of both P and PI
controllers plays a critical role in achieving optimal
system performance. The primary objective
determine the appropriate controller gains to strike a
balance between a fast dynamic response, minimal
overshoot and high steady-state accuracy. There are
several techniques that can be employed to select the
most suitable gain values based on the system’s

is to

performance requirements.

Controller Plant
T
ref C(S) Duty Cycle ) P(S) T s
Reference
Temperature
Measured
M Temperature

Trans\r’)ort
Delay
Figure 3. Idealized SISO model of closed-loop feedback

with delay.

When tuning the P controller, the focus is on selecting a
suitable proportional gain (K, )that strikes a satisfactory
balance between response speed and system stability.
The gain is usually adjusted according to the desired
response time and allowable overshoot. Initial values can
be selected heuristically and then refined using methods
such as loop shaping. In this method, the open-loop
transfer function is modified to meet specific criteria
such as bandwidth and phase margin.

In the case of the PI controller, adding an integral gain
(K;) improves the system’s ability to eliminate steady-
state error. Both K, and K; can be tuned using
approaches such as the Ziegler-Nichols method, manual
adjustment or pole placement techniques. The integral
gain is carefully tuned to minimize steady-state error
while maintaining system stability and preventing
excessive oscillations.

Initially arbitrary K, of 0.5, 1 and 1.5 are chosen. Figure 4
displays the temperature profiles that resulted after the
implementation of these gains. With C(s) = K, and the
previously defined P(s), the result is the following
closed-loop transfer function for this system.

200 / Wm
¥, / "\ )
/7 v

—_
(<))
o

\\

Temperature (degrees Celsius)

100
/
‘ \4 —Reference Temperature
50 N - M
X=0.58 s K,=05
Y=150.5 °C — K=t
0 —K =15 M
P
I I
0 0.5 1 1.5 2

Time (seconds)

Figure 4. Reflow soldering oven temperature under P
control.
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C(s)P(s) 95¢ 701875k

Ga(s) = 17 C(s)P(s) _ 220s + 1 + 95¢ 0187K, (12)

The resulting profiles that emerge demonstrate a
correlation between the overshoot and the amount of
steady-state error as compared to the supplied reference
temperature of 120 °C.

A PI controller is generated by including a term in the
controller that is proportional to the integral of the error.
The form of this controller is C(s) = K, + K;/s. Using a
controller such that, the feedback control system
becomes type 1, and as a result, the steady-state error
should be reduced. Accordingly, the system's closed-loop
transfer function is produced as follows:

95e 701875 (K, s + K;)
22052 + (1 4 95701875k )5 4 9501875,

Ga(s) = (13)
In this stage, after choosing a proportional gain of 0.8, the
impact of various integral values (K; of 0.001, 0.02 and
0.05) on the system's performance was investigated. The
resulting temperature profile and control effort for this
model are given in Figure 5.

100 [

o]
o
T

D
o
T

0.7 d.a 1 [ 1.5 2

Reference Temperature | |

Kp=0.8; K.=0.001

_Kp=0.8; K;=0.02

— K =0.8; K=0.05
2] i

I I

1 1.5 2

Time(seconds)

Temperature (degrees Celsius)
N
o

N
o
T

Figure 5. Reflow soldering oven temperature under PI
control.

2.5. Controller Performance Assessment using
Algebraic Pole Placement

Equation (13) shows that the closed-loop system with
the PI controller is second order and has a zero. The
presence of these zero means that the system does not
match the canonical form displayed below.

wp?

_ - 14
52 4+ 20wy s + wy? (4

Geanon(s) =
The system is first regarded as though it has a canonical
form, even though the zero is present. As a result, the
original design will not accurately depict how the closed-
loop system with zero behaves. Notwithstanding these
drawbacks, this design will offer a solid foundation and
prove to be a qualitatively beneficial evaluation in the
controller's tuning. The relationships between control
gains and desired closed-loop pole locations (as indicated
by natural frequency w,, damped natural frequency wg,
real part of the dominant pole ¢ and damping ratio {) can
be obtained by matching the denominator of the closed-

loop transfer function G;(s) to the above canonical form
in Equation (9) as follows:

(1 +95e701875k )

220 (12)

2{w, = 20 =

2= 95¢ 01875, (16)
220

Following that, control gains are selected to try and find
closed-loop pole locations that satisfy the settling time ¢;,
peak time t,, and maximum overshoot M, parameters
defined based on the reflow oven setting values given in
Table 3.

To ensure that the settling time requirement is met, o is
confined with the following equation:

4
ts~~<120 = 0> 00333 (17)

By considering the peak time requirement, the following
equation yields a constraint on w,:

I T
tp = P <60 = wg> 50~ 0.0524 (18)
Lastly, ¢ is constrained by the maximum percent
overshoot criterion less than 20% is given by:

g _(no2?
M, =e <02 = OW (19)

~ 0.456

The closed-loop system will not be guaranteed to achieve
the associated requirements even if the gains are selected
to satisfy the three restrictions above because the system
is not canonical (it has a zero) and the actual physical
plant will differ from the theoretical model. Nevertheless,
as will subsequently be shown, the correlations are still
helpful in qualitatively guiding the setting of the control
gains.

Each of these requirements will be mapped on the
complex s-plane as indicated in Figure 6 to aid in their
visualization. In particular, the real component of the
poles is represented by o, the imaginary part by wg,, and
the angle beta is mapped to { by the formula { = cosp.
Thus, B < cos™1(0.4556) ~ 62.3° is required and the
regions shaded are the pole locations that meet each of
the three criteria.
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Figure 6. Targeted pole locations in s-plane.
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Based on the requirements, these specifications are used
to determine the closed-loop poles that equal —0.16 +
0.0557j. The primary disadvantage of choosing the poles
to fulfil the requirements with a greater margin is that it
usually requires more control effort to operate the
system "faster" (smaller peak and settling times).
Referring to the original closed-loop transfer function,
the control gains Kj, and K; are determined as compatible
with the pole locations shown in Figure 6, where ¢ =
0.16 and wy = 0.0557. Accordingly, the gains of the PI
controller are calculated as follows:

(14 95¢~01875k,))

220
95001875,

220

=20 = K, =08807
(20)

=(x)n2 =02+wd2: Kl=OO8

The discrete implementation was carried out in
MATLAB/Simulink using the identified FOPDT plant
model (K =192, t=158s, T; =0.187s) and a PI
controller with K, = 0.8807 and K; = 0.08, discretized
via the Tustin method with a sampling period of Ts =
0.1s. The actuator was modeled with duty-cycle
saturation limits of [0,1] and a rate limiter reflecting
physical constraints, while the sensor block incorporated
quantization and additive white noise to emulate
measurement uncertainty. An anti-windup scheme based
on integrator clamping was applied to prevent wind-up
during actuator saturation.

Robustness to plant-parameter uncertainty was assessed
by varying K, 7, and T; independently by +20%. In the
nominal finite-duration ramp case (a =2.5°C/s,T, =
20 s ), the closed-loop response was designed to achieve
zero overshoot in the idealized model and exhibited a
settling time of 73.1s. However, in the discrete-time
simulation with actuator limits, thermal inertia, and
integral action, a small overshoot was observed,
particularly for higher K; values, due to the integrator
continuing to supply control effort after the ramp ends.
Under parameter variations, overshoot remained absent
in most cases except T + 20%, where it reached 0.46%.
The settling time ranged from 62.9 s (K + 20%) to 88.5 s
(K —20%), corresponding to
—14% / +21% relative to nominal.
Frequency-domain robustness was verified using a first-
order Padé approximation of the delay, yielding large
stability margins across all cases (GM = 136 —
214 dB,PM =~ 84" — 96°). These results confirm that the
discrete controller is robust to sampling effects, actuator
limits, measurement noise, and moderate uncertainties
in K, 7, and Ty, thus complementing the pole-placement-
based design with quantitative robustness validation.

approximately

3. Results and Discussion

To demonstrate the effectiveness of the suggested
controller scheme, the designed PI controller has been
verified and validated. This considering
important factors such as complicated dynamics and
nonlinearity, as well as the effects of the controller gains

involved

and system characteristics (e.g. temperature slope rate
selection, undershoot, overshoot, and steady-state error).
Figure 7 shows the trends of the modelled system at
three different rise times (slope rates), which are among
the most important parameters in reflow soldering oven
temperature control.

When building heating systems for maximum efficiency,
sensor consistency and important
considerations. As a system may use more data to
enhance decision-making, the capacity of the sensors to
correctly sense and record temperature levels reduces
the time that the system needs to run. These sensors
supply the raw data that the controller uses to regulate
system operation for better performance. Therefore, it is
of critical importance to evaluate the thermal profile of
the reflow soldering oven over specified time intervals
with varying slope rates.

accuracy are

150 /i_/ l gb; L

& tan(8) is scaled with
o 100 / A a factor of 1000
2
: S
g 0
£ 50 7~ J=—Rerefrence Temperature Ramp Input|_
2 /I Slope Rate of 600 °C/s
| |~ Slope Rate of 400 °C/s
l Slope Rate of 300 °C/s
0 I I I I I
0 0.2 0.4 0.6 0.8 1 1.2

Time (seconds)

Figure 7. Response of the model at different slope rates.

Considering the general setting values given in Table 3,
the temperature profiles shown in Figure 7 confirm the
functionality and efficiency of the designed PI controller,
which has a proportional gain of 0.8807 and an integral
gain of 0.08. This is evident in terms of performance
parameters such as accuracy, reliability, and speed.

4. Conclusion

This study involved designing a PI controller for
temperature regulation in a reflow soldering oven using
mathematical modelling as the core methodology. The
modelling and simulation processes were carried out
using MATLAB/Simulink, a powerful platform offering
integrated tools for numerical computation and an
interactive environment for modelling, analyzing and
simulating systems. This approach allowed an accurate
representation of the system to be developed without the
need for detailed knowledge of the internal parameters
of the physical system, demonstrating the flexibility and
applicability of this modelling technique in control
system design.

The system was modelled using the transfer function
method, taking into account key real-world factors such
as uncertainties, time delays
Incorporating these elements into the model resulted in a
control system that is robust, adaptive, and responsive

and disturbances.
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under varying operational conditions. The study also
revealed that mathematical modelling facilitates the
design of advanced control strategies and provides a
valuable framework for detecting and analyzing system
faults, offering a holistic approach to control and
diagnostics.

A notable finding of the study was the critical role of the
temperature sensor in system performance. The correct
selection and precise placement of the sensor are
essential components of any temperature control system
and have a direct impact on time delay and,
consequently, control accuracy. Proper positioning of the
sensor reliable and timely temperature
measurements, enabling the control system to respond
promptly to changes and maintain the desired thermal
profile with minimal overshoot. This improves system
stability and ensures consistent soldering quality in the
manufacturing process.
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