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Abstract 

This paper introduces an innovative sophisticated control scheme for a DC-DC 

boost converter (DCBC), employing an adaptive gain scheduled ISA-PI control-

ler. Addressing the inherent non-minimum phase behaviour arising from a right-

half plane zero and the complexities associated with nonlinear dynamics during 

continuous conduction mode (CCM), the proposed adaptive gain scheduled 

ISA-PI controller incorporates the distinct adjustable parameter within the control-

ler structure. This parameter is instrumental in enhancing the adaptability of the 

controller to varied operating conditions. The adaptive ISA-PI controller seamlessly 

integrates the real-time duty cycle value, replacing traditional tuning variables with 

precision. The dynamic adjustment of this sole controllable parameter is facilitated 

through a carefully designed look-up table, employing the loop-shaping method. 

Verification of the proposed control system’s effectiveness is conducted using 

MATLAB/Simulink, incorporating a comprehensive comparative analysis against 

single proportional integral (PI) controllers. The assessment centres on evaluating 

the system’s precision in tracking desired signals and regulating plant process 

variables with optimal efficiency, minimizing delays and overshoot. Experimental 

validation is further undertaken using MATLAB/Simulink/Stateflow on a dSPACE 

Real-time-interface (RTI) 1007 processor, DS2004 High-Speed A/D, and CP4002 

Timing and Digital I/O boards. The experimental results confirm the superior 

performance of the proposed adaptive gain schedule ISA-PI controller, which has 

a unique configurable parameter. This controller demonstrated a twofold improve-

ment in tracking speed and significantly improved disturbance rejection, confirming 

its effectiveness.
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1.  Introduction

DC-DC boost converters (DCBCs) are critical components in power electronics, with 
applications ranging from renewable energy systems to small electronic devices 
[1–3]. Their widespread use underlines their strategic importance in the quest for 
efficient and durable power sources [4,5]. As a type of DC-DC switch mode power 
supply, DCBCs offer several advantages, including being more compact, lighter, less 
noisy and highly efficient, making them indispensable in modern power electronic 
systems [6–8].

Despite their benefits, the management of DCBCs presents significant challenges 
that require innovative solutions to optimise their operational efficiency [9,10]. Key 
issues arise from the presence of a right half-plane zero (RHPZ) in their transfer 
functions, leading to non-minimum phase (NMP) behaviour [11–13]. This NMP 
characteristic complicates control design and often leads to unexpected problems 
such as undershoot in response to control inputs [14,15]. In addition, managing the 
NMP dynamics of the RHPZ further complicates the stability and responsiveness of 
the control system, making the efficient operation of DCBCs in power electronics a 
complex task [16–18].

NMP systems, particularly those with RHPZ, present unique control design chal-
lenges [19]. The NMP behaviour results from the phase lag caused by the transfer of 
stored energy from the turn-on period to the load during the turn-off period, which limits 
the control bandwidth achievable by feedback control [20]. This problem is related to the 
presence of RHPZ in the transfer function from control to output voltage, which com-
plicates the control effort [21]. In addition, dynamic shifts in the location of the RHPZ, 
driven by changes in converter parameters such as voltage gain and load resistance, 
exacerbate the problem [22]. For example, a reduction in input voltage or load resis-
tance moves the RHPZ closer to the origin, destabilizing the closed-loop system [23].

These challenges highlight the importance of tailored control solutions for the 
effective and reliable operation of DCBCs [24]. Adaptive control strategies are 
required to cope with the dynamic nature of NMP systems in power electronics 
[25,26]. In order to improve the control performance, this study introduces an 
adaptive mechanism that enhances the conventional Proportional-Integral (PI) 
controller and develops it into an ISA-PI controller [27,28]. This modification aims to 
achieve two key objectives: improved disturbance rejection and improved reference 
tracking, ultimately addressing the complexities associated with NMP behaviour in 
DCBCs.

The ISA-PI controller introduces an additional tuning parameter, dm, which allows 
independent control of the effect of the reference signal on the proportional action, 
significantly improving the controller’s responsiveness in reference tracking. To 
further increase the controller’s adaptability, the real-time duty cycle is integrated 
into the control system, replacing the conventional dm parameter with a dynamically 
varying value. This integration is supported by a carefully designed look-up table, 
developed using the loop-shaping method to facilitate real-time adaptation [25].

The advanced control strategy of the ISA-PI controller, combined with the adaptive 
integration of the duty cycle through the custom look-up table, maximises both noise 
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rejection and reference tracking performance. This approach highlights the effectiveness of adaptive control techniques 
in the context of DCBCs, with the loop-shaping method providing a foundation of technical precision and rigour in the 
controller design [22].

The rest of the paper is structured as follows. Section 2 delves into the performance evaluation of the proposed adap-
tive gain scheduled ISA-PI controller, highlighting its advantages and key considerations, with a focus on how adaptive 
control can overcome conventional limitations. Section 3 outlines the design of the proposed adaptive gain scheduled 
ISA-PI controller, detailing its components and mechanisms. Section 4 introduces linear parameter-varying (LPV) systems 
and their application in control system design. Section 5 presents the results and discussion, covering both simulation 
and experimental results. Finally, Section 6 concludes the study by summarizing the findings and providing insights into 
possible future work.

2.  Performance evaluation of the proposed adaptive gain scheduled ISA-PI controller: Advantages and 
considerations

Before exploring the proposed adaptive ISA-PI controller, it is important to first acknowledge both the strengths and 
limitations of traditional PI controllers [27,29]. Widely used for their simplicity, versatility and ease of implementation, PI 
controllers are effective in many control applications due to their balance between fast response and steady-state accu-
racy through proportional and integral action [30–32]. However, despite these advantages, PI controllers face significant 
challenges, particularly in switch mode power supply (SMPS) systems such as DCBCs. In these scenarios, PI controllers 
often struggle with inadequate transient response, sensitivity to parameter variations and difficulties in managing complex 
system dynamics. The non-linear and time-varying nature of SMPS applications exacerbates these problems, making 
conventional PI controllers less effective [14]. For example, right-hand half-plane zeros in transfer functions introduce con-
trol challenges such as undershoot, which further degrade system performance. Consequently, there is a need for more 
advanced control strategies, particularly in DCBCs where the limitations of the traditional PI controller become apparent. 
Table 1 outlines the advantages and key considerations of the proposed adaptive gain scheduled ISA-PI controller, which 
provides a solution to these challenges.

Although more advanced control strategies, such as model-based approaches and predictive control, can outperform 
simpler methods under ideal conditions, their complexity and sensitivity to parameter uncertainties pose challenges for 
real-world implementation [33,34]. These techniques often require precise modelling and complex tuning, limiting their 
practicality in many applications [35]. In contrast, adaptive control offers a compelling solution to overcome the limitations 
of traditional controllers [36]. It addresses the dynamic nature of systems, operational variations and uncertainties by 

Table 1.  Advantages and considerations of the proposed adaptive gain scheduled ISA-PI controller.

Parameters/Aspects Advantages Considerations

Adaptability Improved adaptability to varying system conditions. Requires careful tuning for optimal performance.

Reference Tracking Enhanced reference tracking response. Sensitivity to extreme variations in reference signals.

Disturbance 
Rejection

Effective disturbance rejection capabilities. Performance may be impacted in the presence of severe and 
frequent disturbances.

Complexity Strikes a balance between performance and simplicity. May introduce complexity, depending on the tuning requirements.

Robustness Improved robustness against uncertainties and 
variations.

The extent of robustness may be influenced by the tuning 
process.

Stability Enhanced stability in dynamic operating conditions. Sensitivity to improper tuning and modelling inaccuracies.

Performance
Trade-off

Offers a favourable trade-off between performance and 
complexity.

Balancing competing objectives may require iterative tuning.

Switch Mode Power 
Supplies

Addresses inadequacies of traditional controllers in 
switch mode power supplies.

Sensitivity to specific characteristics of different power supply 
configurations

https://doi.org/10.1371/journal.pone.0325969.t001

https://doi.org/10.1371/journal.pone.0325969.t001
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continuously adapting and optimizing performance [37]. Adaptive control techniques improve robustness, tracking accu-
racy and disturbance rejection, making them highly effective in managing evolving conditions.

3.  Proposed adaptive gain scheduled ISA-PI controller design

The transition to an Adaptive Gain ISA-PI controller offers a strategic solution to overcome limitations associated with 
conventional PI controllers, especially in the context of switch mode power supply applications such as the DCBC Fig 1. 
providing an overview of the entire proposed adaptive Gain Scheduled ISA-PI control system.

In Fig 2, the proposed control scheme’s internal components and mechanisms for dynamically adjusting controller 
gains are highlighted. The blue path illustrates the feedback loop, while the black path represents the feedforward path.

Fig 3 illustrates the operational aspects of PWM generation which controls power transfer from one electrical compo-
nent to another by quickly switching between full power transfer and no power transfer.

Considering the aforementioned challenges, the proposed adaptive ISA-PI controller emerges as a practical solution. 
By introducing an independent tuning parameter to the conventional PI controller, the ISA-PI design significantly improves 
its adaptability to varying reference signals and disturbances. The numerical value of the set-point weight, dm, is con-
strained between 0 and 1. This adaptive feature provides a balanced trade-off between performance and complexity, 

Fig 1.  Overview of the adaptive gain scheduled ISA-PI control system.

https://doi.org/10.1371/journal.pone.0325969.g001

Fig 2.  Internal components of the adaptive gain ISA-PI control scheme.

https://doi.org/10.1371/journal.pone.0325969.g002

https://doi.org/10.1371/journal.pone.0325969.g001
https://doi.org/10.1371/journal.pone.0325969.g002
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allowing the controller to overcome the limitations of traditional PI controllers, particularly in demanding applications such 
as switching power supplies. The adaptive ISA-PI controller aims to improve stability, responsiveness and robustness in 
dynamic systems, effectively filling the gaps left by conventional controllers while avoiding the complications associated 
with more complex control strategies.

3.1.  Boost converter power stage

The state-space modelling of the boost converter employs a dynamic (AC small signal) methodology, using a transfer 
function model [38,39]. This approach involves applying the zero-conditioned Laplace transform to the state and output 
equations within the state-space representation of the boost converter. The following design requirements are used to 
derive the nominal values: the maximum ripple permitted in the capacitor voltage is 20% of the average inductor current 
at maximum load, and the maximum ripple permitted in the inductor current is ± 2%. Constrained budgets, the use of 
pre-existing components, ageing materials, environmental factors that can impact performance and reliability, variances 
in manufacturing processes, component tolerances, and the complexity of real-world operating conditions are some of 
the reasons why designing ideal systems is frequently impractical in practice. As a result, it is critical to first recognize 
and resolve these constraints. These issues and challenges in applications can be mitigated by developing a robust and 
sophisticated controller which constitutes one of the main and prominent subjects of this study. Table 2 presents parame-
ter calculations of the ideal model operating condition in continuous conduction mode (CCM).

In this context, Table 3 provides a detailed overview of the critical components integrated into the proposed DCBC 
design, including essential elements such as diodes, active switches, capacitors, and inductors.

The designed output capacitance is 440 µF, while the nominal value is approximately 20.833 µF. This difference results 
in approximately a 95.27% reduction in output voltage ripple, a 2015% increase in rise time, and a decrease in overshoot 

Fig 3.  Operational aspects of PWM generation in power transfer control.

https://doi.org/10.1371/journal.pone.0325969.g003

Table 2.  Ideal model parameters derived from design requirements.

Parameter Equation Nominal Value

SW Vout
Vdc

= 1
(1–D)

Duty ratio of 0.5

Average Inductor Current (IL) Vout
2

RVdc
4A

Inductor Ripple Current (∆IL) 0.2× IL 0.8A

L VinD
fsw∆IL

0.9375 mH

Capacitor Ripple Voltage (∆VC) 0.04× Vout 2.4V

Cout VinD
Rfsw∆VC(1–D)

∼= 20.833 µF

RCout R× Cout ∼= 6.25× 10–4 s

https://doi.org/10.1371/journal.pone.0325969.t002

https://doi.org/10.1371/journal.pone.0325969.g003
https://doi.org/10.1371/journal.pone.0325969.t002
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ranging between 50% and 70%. Similarly, the designed inductance value is 2 mH, whereas the nominal value is 0.9375 
mH. This discrepancy leads to an approximate 122% increase in rise time and around a 55% reduction in overshoot, sig-
nificantly influencing both the step and frequency response characteristics. Additionally, the time constant of the designed 
DCBC is 0.0132 s, while the nominal value is approximately 6.25 × 10-4 s. This substantial difference strongly influences 
the overall system dynamics, impacting both transient and steady-state behavior. The proposed control system, as previ-
ously discussed in detail, is designed to ensure the system operates efficiently even under non-ideal conditions.

The circuit analysis of the DCBC in CCM is presented in Table 4, encompassing detailed examinations during both the 
time intervals when the active switch MOSFET is in the ON and OFF states.
The equations representing the state-space average model of the DCBC for both ON and OFF states of the MOSFET 
and additionally derivation of the transfer function facilitated by using these equations in conjunction with small-signal AC 
model are provided in Table 4. Transfer function estimation is facilitated by utilizing these equations, in conjunction with 
small-signal AC analysis. The most comprehensive and generic state-space representation of a system with p inputs, q 
outputs, and n state variables is shown in Fig 4.

where A(.), B(.), C(.), and D(.) are state matrix with dim [A (.)] = n× n, input matrix with dim [B (.)] = n× p, output 
matrix with dim [C (.)] = q× n and feedforward matrix with dim [D (.)] = q× p, respectively. x(.), y(.), and u(.) are state 
vector with x(t) ∈ Rn, output vector with y (t) ∈ Rq , control vector with u(t) ∈ Rp, respectively. In electric circuits, the 
number of state variables is frequently, though not invariably, identical to the number of energy storage devices present, 
such as capacitors and inductors. Consequently, the current flowing through the inductor ( iL) and the voltage across the 
capacitor (VC) are identified as state variables in this context, given that the proposed boost converter comprises a single 
inductor and a single capacitor. The state vector of the system is expressed as follows:

	
x =

[
x1
x2

]
=

[
iL
VC

]

	 (1)

Table 3.  Overview of key components in the proposed DCBC design.

Component Symbol Value Impact on Controller Performance

Inductor L 2 mH Rapid response to input changes

Switch (Duty Ratio) d 0.5 Affects settling time and transient behavior.

Switching Frequency fsw 20 kHz Impacts system performance at high frequencies by influencing rapid 
response, transient behavior, output quality, and overall efficiency.

Capacitor Cout 440 μF Affects output voltage quality.

Input Voltage Vdc 30 V Determines initial system energy

Output Voltage Vout 60 V Specifies target voltage level.

Load Resistance R 30 Ω Alters response to load changes.

Time Constant RCout 0.0132 s Influences overall system dynamics.

https://doi.org/10.1371/journal.pone.0325969.t003

Table 4.  Circuit analysis of the DCBC in continuous conduction mode.

[State1 : SWON,DOFF]
(Time interval: 0 < t < dTs)

[State2 : SWOFF,DON]
(Time interval: dTs < t < Ts)

•	 The controllable switch (MOSFET) is conducting.
•	 Inductor stores energy from the input source.
•	 Capacitor supplies current to the load.
Vdc = LdiL

dt ; iC = CdVC
dt ;VC = –iCR;Vout = VC

•	 The controllable switch (MOSFET) is in the non-conduction state.
•	 Inductor releases energy to the load via the diode.
•	 Capacitor continues to smooth the output voltage.
Vdc = LdiL

dt + Vout; iC = CdVC
dt ; iL = iC + Vout

R ;Vout = VC

https://doi.org/10.1371/journal.pone.0325969.t004

https://doi.org/10.1371/journal.pone.0325969.t003
https://doi.org/10.1371/journal.pone.0325969.t004
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The state-space equations of the proposed DCBC are presented as follows:

	
ẋ =

dx
dt

=

[ diL
dt
dVC
dt

]
= Ax+ BVdc; y = Vout = Cx

	 (2)

The transfer function of the converter under consideration has been obtained through the utilization of data from Tables 
4 and 5, as follows:

	
G (s) =

–0.06s+ 225

6.6× 10–6s2 + 0.0005s+ 1.875	 (3)

3.2.  PI and prefiltering controllers design

The system configuration can be conceptualized as comprising a prefilter, controller, and plant, structured accordingly, as 
illustrated in Fig 5. Under the premise of negligible input and output disturbances within the system, along with the con-
stancy of set point weight parameters (designated as dm).

The transfer function of the closed-loop system T(s) is as follows:

	
T (s) =

C (s)G (s)
1 + C (s)G (s)

F(s)
	 (4)

The transfer function of the PI controller, designed by incorporating loop-shaping techniques considering the characteris-
tics of both time and frequency domain analyses, is provided as follows:

	
C (s) = KP +

KI
s

= 0.0014 +
0.151
s 	 (5)

where KP  and KI are the proportional and integral gains, respectively. The design process utilized specific criteria to 
ensure optimal performance, including a crossover frequency within the range of 1/10th to 1/8th of the switching fre-
quency, a phase margin exceeding 45◦, a gain margin greater than 10dB, and a slope of the gain curve at the crossover 
frequency approximating –20dB/decade. Additionally, the design aimed to maintain a steady-state error of less than 2% 
for step inputs. Through the application of root locus and frequency domain analysis, the KP  and KI gains were iteratively 
adjusted to enhance system performance. The implementation of loop shaping in simulation further refined the control-
ler design, ensuring that the desired frequency response was achieved. This systematic approach effectively identifies 

Fig 4.  The generic state space representation.

https://doi.org/10.1371/journal.pone.0325969.g004

https://doi.org/10.1371/journal.pone.0325969.g004
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the gains that yield a robust controller, ultimately resulting in improved performance for the DC-DC boost converter 
application.

The prefilter transfer function is defined as:

	
F (s) =

KPdms+ KI
KPs+ KI

=
0.0014× dms+ 0.151

0.0014s+ 0.151 	 (6)

The closed-loop transfer function of the system is reformulated utilizing the provided information as:

	
T (s) =

0.0014s+0.151
s × –0.06s+225

6.6×10–6s2+0.0005s+1.875

1 + 0.0014s+0.151
s × –0.06s+225

6.6×10–6s2+0.0005s+1.875

× 0.0014× dms+ 0.151
0.0014s+ 0.151 	 (7)

Table 5.  State-space average model and transfer function derivation of the DCBC.

State-space Average Model Small-signal AC Model

[State 1 : SWON,DOFF]

(Time interval: 0 < t < dT
s
)

ẋ = A1x+ B1Vdc
y1 = C1x

A1 =

[
0 0
0 –1/RCout

]
;B1 =

[
1/L
0

]
;C1 =

[
0 1

]

[
ẋ1
ẋ2

]
=

[
0 0
0 –1/RCout

] [
x1
x2

]
+

[
1/L
0

]
Vdc

Vout =
[
0 1

] [ x1
x2

]

Description of notations
d ≡ dutyratio = 0.5 d′ ≡ 1 – d = 0.5

Tsw ≡ switchingperiod = 5× 10–5s

Basic Averaged Model

ẋ = Ax+ BVdc

A = dA1 + d′A2 =

[
0 –d′/L

d′/Cout –1/RCout

]

B = dB1 + d′B2 =

[
1/L
0

]

C = dC1 + d′C2 =
[
0 1

]

Perturbation

d = D+ d̂ x = X+ x̂ y = Y+ ŷ

vdc = Vdc + v̂dc

Steady-state DC Model

ẋ = AX+ BVdc = 0 ⇒ X = –A–1BVdc

X =

[
Vdc/d′2R
Vdc/d′

]

AC Small Signal Model
ˆ̇x = Ax̂+ Bv̂dc + [(A1 – A2)X+ (B1 – B2)Vdc]d̂

Transfer Function Derivation
Vout(s)
d(s) = –sLVdc+RVdcd

′2

s2(LRCoutd′2)+s(Ld′2)+Rd′4

[State 2 : SWOFF,DON]

(Time interval: dT
s
 < t < T

s
)

ẋ = A2x+ B2Vdc
y2 = C2x

A2 =

[
0 –1/L

1/Cout –1/RCout

]
;B2 =

[
1/L
0

]
;C2 =

[
0 1

]

[
ẋ1
ẋ2

]
=

[
0 –1/L

1/Cout –1/RCout

] [
x1
x2

]
+

[
1/L
0

]
Vdc

Vout =
[
0 1

] [ x1
x2

]

https://doi.org/10.1371/journal.pone.0325969.t005

Fig 5.  System configuration: prefilter, controller, and plant structure.

https://doi.org/10.1371/journal.pone.0325969.g005

https://doi.org/10.1371/journal.pone.0325969.t005
https://doi.org/10.1371/journal.pone.0325969.g005
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T (s) =

(–0.06s+ 225) (0.0014dms+ 0.151)
6.6× 10–6s3 + 5.81× 10–4s2 + 2.1839s+ 33.975	 (8)

	
T(s) =

–8.4× 10–5dms2 +
(
0.315dm – 9.06× 10–3

)
s+ 33.975

6.6× 10–6s3 + 5.81× 10–4s2 + 2.1839s+ 33.975 	 (9)

The impact of changes in the set point weight on the system, under conditions where input-output disturbances, uncertain-
ties, and parameter variations are not considered, and the system response in the presence of noise and disturbance by 
using single PI and ISA-PI controller with a dm value of 0.1 are depicted in the provided Fig 6a, b, respectively.

The objective is to illustrate that despite the converter being designed with nominal values, variations in the set point 
weight still influence the performance of the system in the absence of the PI controller. Additionally, the reference tracking 
response achieved with an ISA-PI controller exhibits smoother waveforms with reduced disturbances.

4.  Linear parameter-varying systems

LPV models are essential tools in control engineering, allowing the approximation of nonlinear system behaviour and 
facilitating the application of linear design techniques [40,41]. These models account for variations in system dynamics 
resulting from changing parameters, providing a linear representation that supports the analysis of key attributes such as 
stability, controllability and observability [42]. LPV models can be adapted to changing operating conditions by modifying 
time dependencies or parameters. By simulating LPV models, control strategies can be improved by providing insight into 
system performance under different settings. Ultimately, these models provide a flexible framework that combines the 
ability to handle the complexity of dynamic real-world systems with the analytical tractability inherent in linear approaches.

Fig 6.  The independent impact of the set point and the assessment of the proposed control mechanism a) impact of set point weight on sys-
tem response, b) comparison of single PI and ISA-PI control techniques at fixed set-point value of dm= 0.1.

https://doi.org/10.1371/journal.pone.0325969.g006

https://doi.org/10.1371/journal.pone.0325969.g006
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4.1.  LPV approximation of boost converter model

Obtaining a mathematically accurate model that closely resembles the real system is essential for effective control design. 
In this study, hybrid modelling is applied, integrating state-space and LPV approaches. The LPV concept, derived from 
gain scheduling for nonlinear systems, enables the use of established linear control design techniques, enhancing adapt-
ability to varying conditions. Meanwhile, state-space representation offers a compact framework for analyzing multi-input, 
multi-output systems, facilitating state-feedback controller design. This hybrid approach combines the strengths of both 
methodologies, improving robustness and overall performance metrics, such as stability and response time. Additionally, 
determining the parameters of the lookup tables and the gains of the PI controller, as well as the adaptive parameters in 
the system, is effectively achieved through this approach. The differential equations model of the DCBC, as used in LPV 
approximation through the implementation of varying duty cycles and resistive loads, is presented in Fig 7.

This application uses a state-space variant of an LPV model for the suggested DCBC given by parameter-dependent 
coefficients, which can be formally expressed as follows:

	 dx (t) = A (d) x (t) + B(d)u(t)	

	 y (t) = C (d) x (t)	 (10)

In continuous-time systems, the state derivative vector ẋ  is represented by dx(t), where u(t) stands for the input voltage 
Vdc, y(t) for the output voltage Vout , and x(t) for the model states inductor current iL and capacitor voltage VC. A(d), B(d), 
and C(d) are state-space matrices parameterized by the scheduling parameter vector d. The scheduling space over which 
the LPV model is characterised is defined by the functions d = d (t) that are measurable from Vdc, iL, and VC.

The affine form of the LPV model can be expanded to include offsets in the dx, x , u, and y  variables. This can be 
stated mathematically as follows:

	 dx (t) = A (d) x (t) + B (d) u (t) + (dx (d) – A (d) x (d) – B (d) u (d))	

	 y (t) = C (d) x (t) + (y (d) – C (d) x (d))	 (11)

Fig 7.  The differential equations model of the DCBC for LPV approximation.

https://doi.org/10.1371/journal.pone.0325969.g007

https://doi.org/10.1371/journal.pone.0325969.g007
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The values of dx (d), x (d), u (d)), and y (d) indicate the offsets in the values of dx (t), x (t), u(t) and y (t) at a given parame-
ter value d = d (t).

Upon scrutinizing the matrices representing the state, input, and output of the system, along with the corresponding vec-
tors given in Table 4, it becomes apparent that the model is directly susceptible to fluctuations in the input voltage (Vdc) and 
the load resistance (R). Specifically, variations in the input voltage induce changes in the duty cycle (d′) of the permanent 
regime, while alterations in the load resistance are consequential to load variations. Consequently, if the duty cycle is contin-
gent upon the input voltage, and the load is contingent upon power, it can be posited that the system described by Equation 
(9) exhibits Linearity Parameter Varying (LPV) characteristics. Accordingly, the system can be formally expressed as:

	
A(d′,R) =

[
0 –d′/L

d′/Cout –1/RCout

]

	 (12)

In the presence of input voltage variations resulted in change in the duty cycle, denoted as d′ ∈ [d′d′], and load resistance 
fluctuations, denoted as R ∈ [RR], the system exhibits variability characterized by uncertain parameters. In this study, ten 
specific points for trimming and linearization have been meticulously selected and applied to enhance the accuracy of the 
model under consideration. Thus, the proposed system is encompassed within a polytope formed by ten local points as:

	 [A (d′,R)
∣∣B (d′,R) |C(d′,R)] ∈ Cset

{
[A0,B0,C0] , [A1,B1,C1] , [A2,B2,C2] , . . . , [A9,B9,C9]

}
	 (13)

where Cset{.} represents the convex hull of the polytope, and [Aj,Bj,Cj] denote the vertices comprising the polytopic struc-
ture. Thus, the system matrix A can be reformulated as follows:

	
A (d′,R) = A0 +

n=9∑
i=1

d′i Ai +
n=9∑
i=1

RiAi
	 (14)

	 A (d′,R) = A0 + d′1A1 + R1A1 + d′2A2 + R2A2 + . . .+ d′9A9 + R9A9	 (15)

The linear system array is obtained through the process of linearization across a specified set of operating points, where 
the offsets are aligned. This set of operating points encompasses variations in duty cycles, specifically involving 10 distinct 
duty cycle values varying between 10%and80% shown as below.

	 d′ = [0.1, 0.1778, 0.2556, 0.3333, 0.4111, 0.4889, 0.5667, 0.6444, 0.7272, 0.8]	 (16)

A vector is formed by choosing 10 distinct values within the range of 20–40 ohms to represent approximately ∓33% varia-
tions in load, as illustrated below.

	 R = [20, 22.2222, 24.4444, 26.6667, 28.8889, 31.1111, 33.3333, 35.5556, 37.7778, 40]	 (17)

The linear system array is visualized comprehensively, presenting both time-domain step response plot and frequency 
spectra in the accompanying Fig 8a, b, respectively.

5.  Results and discussions

Parameter variations are critical in real-world applications, impacting system behavior due to deviations from nominal val-
ues. Designing controllers that can accommodate these variations is essential for maintaining stability and performance. 
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Robust control techniques enable the development of controllers capable of adapting to parameter uncertainties. In the 
mathematical modelling process, the parasitic resistances of the inductor and capacitor were not explicitly included in the 
transfer function estimation. However, their impact was indirectly considered through the introduction of disturbance and 
noise during the controller design phase. By adding these factors, a more realistic operating environment was simulated, 
capturing the effect of non-idealities in the system. The current approach of incorporating disturbances and noise was 
deemed an effective method to account for system imperfections. In this study, a ±25% variation in inductance, capaci-
tance, and load resistance is applied to the transfer function of the proposed system. The simulation has been conducted 
for multiple values of each parameter, with 10 samples, and a time vector spanning 1000 points with adjusted spacing of 
0.0005 between each point. Fig 9a, b show the outcomes for an ISA-PI controller and a single PI controller, respectively.

In the proposed system, the duty cycle is feedback-controlled through a combination of prelookup and one-dimensional 
lookup table structures to facilitate adaptive behaviour, thereby optimizing system performance without the necessity for 
extensive manual tuning. The prelookup table effectively identifies the position of the duty cycle input within a defined set 
of intervals, referred to as “Breakpoint data.” Specifically, this table generates an index k  and a fraction f , wherek  denotes 
the interval containing the input u, andf  indicates the normalized position of the input within that interval, constrained by 
the range 0.2 ≤ f ≤ 0.8. This methodology enables real-time adaptation of the duty cycle, which is limited to the range of 0.2 
to 0.8.

The one-dimensional lookup table conducts interpolated lookups based on the input’s position relative to the predefined 
breakpoints. In this study, 20 breakpoints were selected, spanning from 0.01 to 0.9. This configuration allows for effective 
adaptation within a critical operating range, facilitating a finely tuned response from the controller while significantly reduc-
ing the need for manual adjustments.

The selection of breakpoint values, ranging from 0.1 to 0.9, alongside the prelookup parameters of 0.2 ≤ f ≤ 0.8, was 
grounded in a thorough analysis of empirical evidence, performance optimization, and simulation results. This selection 
process considered the presence of output noise quantified at 1× 10–14 with a sample time of 0.01, utilizing a band-limited 
white noise block. Furthermore, the system was designed to account for disturbances arising from a PWM signal, also 
quantified at a value of 0.01, implemented through a step block.

Fig 8.  Thorough visualization of linear system array with 10 distinct points withing the range of 20-40 Ω representing ∓33% load variation a) 
frequency response, b) step response.

https://doi.org/10.1371/journal.pone.0325969.g008

https://doi.org/10.1371/journal.pone.0325969.g008
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By employing this adaptive structure, the system achieves automatic adaptation, ensuring robust performance across 
various applications. This adaptive mechanism is essential for minimizing tuning complexity while simultaneously main-
taining system stability and efficiency.

The system can efficiently manage these variations by incorporating strong control techniques that ensure stable 
operation and good performance over a range of settings. In addition, a comparative analysis of four alternative control 
strategies, with the addition of a new feature at a later stage, is part of the performance evaluation of the proposed con-
troller. This evaluation, shown in Fig 10, is carried out in the presence of noise and disturbances – two phenomena that 
are intrinsic and unavoidable in control system applications, especially in the case of non-linear plant dynamics.

To observe the effects of input voltage variations along with noise and disturbances on the system, step changes were 
applied to the input voltage. Specifically, from 0 to 0.3 seconds, the input voltage was set to 25 V. It was then increased 
to 30 V between 0.3 and 0.6 seconds, further raised to 35 V from 0.6 to 0.8 seconds, and finally returned to the nominal 
value of 30 V between 0.8 and 1 second. The results for both the gain scheduled PI controller and the proposed gain 
scheduled adaptive ISA-PI controller are presented in Fig 11.

For the initial 0.3-second interval, the rise time using the gain scheduled PI controller was measured as 92.876 ms, 
whereas the proposed gain-scheduled adaptive ISA-PI controller achieved a reduced rise time of 78.757 ms. The settling 

Fig 9.  Effects of ±25% parameter variations on ISA-PI and single PI controllers: outcomes illustrating the impact of inductance, capacitance, 
and load resistance variations on a) single PI controller and b) the ISA-PI controller.

https://doi.org/10.1371/journal.pone.0325969.g009

https://doi.org/10.1371/journal.pone.0325969.g009
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time for the first controller was recorded as 121.527 ms, while the proposed controller demonstrated an improved settling 
time of 98.274 ms. Notably, no overshoot was observed in this phase for either controller.

A more detailed comparison was conducted during the 0.3 to 0.6-second interval, as this period exhibited the 
most significant variations. The maximum percentage overshoot for the gain scheduled PI controller was recorded as 
19.67%, whereas for the proposed controller, it was slightly higher at 21.26%. However, for the second and third peak 
values, the gain scheduled PI controller exhibited overshoots of 12.40% and 9.552%, respectively, while the proposed 

Fig 10.  Comparative analysis of control strategies under noise and disturbance: evaluation of the proposed controller against four alternative 
strategies in the presence of intrinsic system variances.

https://doi.org/10.1371/journal.pone.0325969.g010

Fig 11.  Output voltage response to input voltage variations using gain scheduled PI and gain scheduled adaptive ISA-PI Controllers.

https://doi.org/10.1371/journal.pone.0325969.g011

https://doi.org/10.1371/journal.pone.0325969.g010
https://doi.org/10.1371/journal.pone.0325969.g011
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control approach resulted in significantly lower values of 8.415% and 4.094%. Additionally, while the system under the 
gain-scheduled PI controller reached a steady-state in 224 ms during this interval, the proposed controller achieved 
steady-state in just 50 ms, highlighting its superior transient response.

The experimental setting designed to assess the effectiveness of the suggested approach is shown in Fig 12. Import-
ant components of this setup include the DC-DC boost converter, an electronic resistive load that allows for constant DC 
voltage output, a DC voltage source, and a dSPACE real-time interface (RTI) hardware-in-the-loop (HIL) control system. 
The RTI setup consists of the RTI 1007 CPU board, the DS2004 high-speed A/D converter, and the CP4002 timing and 
digital I/O boards.

The test bench configuration for the experiment is illustrated in Fig 13. The primary DC input source for the custom-
designed boost converter is a programmable 4 kW DC power supply (LAB/SMS-4600), capable of delivering a maximum 
output voltage of 600 V and a maximum output current of 7 A. Additionally, an adjustable bench power supply with three 
outputs (AL991A-48 W power rating) is utilized to energize the converter, offering a voltage range from −15 V to +15 V. 

Fig 12.  Experimental setup for assessing the proposed approach.

https://doi.org/10.1371/journal.pone.0325969.g012

https://doi.org/10.1371/journal.pone.0325969.g012
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For applying the desired output load resistance, a high-performance DC electronic load (3362F high voltage DC electronic 
load 500V, 60A, 1800W) is employed.

Fig 14a shows the open-loop system operating with a 0.3 duty cycle and a 20 kHz switching frequency. Fig 14b depicts 
the transient response of the open-loop system when the duty cycle is altered from 0.3 to 0.5 while maintaining a switch-
ing frequency of 20 kHz.

Fig 15a–d demonstrate the transient response of the proposed DCBC under various control strategies, encompassing 
single PI, cascade PI, ISA-PI with a constant set-point weight dm, and adaptive gain scheduled ISA-PI controllers, respec-
tively. These figures provide insights into the dynamic behavior of the system across different control schemes, offering 
valuable comparisons for performance evaluation.

Fig 13.  Test bench configuration of the custom-designed boost converter.

https://doi.org/10.1371/journal.pone.0325969.g013

Fig 14.  Open-loop system response at 20 kHz switching frequency a) 0.3 duty cycle, b) duty cycle change from 0.3 to 0.5.

https://doi.org/10.1371/journal.pone.0325969.g014

https://doi.org/10.1371/journal.pone.0325969.g013
https://doi.org/10.1371/journal.pone.0325969.g014
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The simulation results shown in Fig 10 are in accordance with the experimental results. Fig 15a shows underdamped 
behaviour resulting from intrinsic characteristics. This is caused by the energy storage components, the capacitor and 
inductor, and single PI controller was insufficient to remove it. Although this issue was eliminated with the use of cascade 
PI and ISA-PI (with constant set-point weight) techniques, an overshoot has emerged, albeit sightly. The proposed adap-
tive gain scheduled ISA-PI controller exhibits noticeable improvements in step response characteristics. Although there 
was slight overshoot in the other methods, the proposed control scheme totally eliminated this and reduced the steady-
state time by half.

The improved transient response demonstrates the proposed controller’s effectiveness in mitigating intrinsic system 
challenges, such as the interaction between energy storage components and switching dynamics. Overall, these findings 
highlight the importance of advanced control strategies in addressing inherent limitations and improving system perfor-
mance and robustness

6.  Conclusion and future work

This paper introduces a novel and sophisticated control scheme for a DCBC through the implementation of an adap-
tive gain scheduled ISA-PI controller. This controller effectively addresses the inherent non-minimum phase behavior 

Fig 15.  Transient response of proposed DCBC under various control strategies a) single PI, b) cascade PI, c) ISA-PI with constant set-point 
weight, d) adaptive gain scheduled ISA-PI.

https://doi.org/10.1371/journal.pone.0325969.g015

https://doi.org/10.1371/journal.pone.0325969.g015
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associated with a right-half plane zero and navigates the complexities of nonlinear dynamics during CCM. By incorporat-
ing a distinct adjustable parameter within the controller structure, the proposed approach enhances adaptability to varied 
operating conditions.

The Adaptive ISA-PI controller integrates the real-time duty cycle value, providing a precise alternative to conventional 
tuning variables. This single controllable parameter can be dynamically adjusted using a meticulously designed look-up 
table based on the loop-shaping technique. The efficacy of the proposed control system is validated through thorough ver-
ification using MATLAB/Simulink, including comprehensive comparison assessments against single PI, cascade PI, and 
ISA-PI controllers with constant set-points. The evaluation primarily focuses on the system’s accuracy in tracking required 
signals and efficiently controlling plant process variables while minimizing delays and overshoot.

Furthermore, the research findings are corroborated by experimental validation conducted on a dSPACE RTI 1007 
CPU, along with DS2004 high-speed A/D and CP4002 timing and digital I/O boards. The testing results highlight the 
superior performance of the introduced adaptive gain scheduled ISA-PI controller, showcasing a twofold improvement in 
tracking speed and significantly enhanced disturbance rejection.

Future studies could explore the extension of this control scheme to other power electronic systems and examine 
its resilience to disturbances and uncertainties in practical settings. Additionally, further improvements may involve the 
development of advanced tuning techniques aimed at maximizing the controller’s performance across various operating 
environments, thereby enhancing its applicability and effectiveness in real-world scenarios.
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