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1. Introduction 

The respiratory system, a vital physiological network, is responsible for the critical process of 

gas exchange, enabling the intake of oxygen and the expulsion of carbon dioxide [1], [2]. Its 
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 This study addresses the challenge of precise control within the human 

respiratory system, a complex, nonlinear, and time-varying physiological 

process. The research contribution is to develop and evaluate a robust 

hybrid controller that integrates Active Disturbance Rejection Control 

(ADRC) with Sliding Mode Control (SMC) to overcome the limitations of 

traditional control methods. The respiratory system's behavior is modeled 

as a state-space system, where internal and external disturbances, such as 

changes in lung mechanics, patient effort, and environmental factors, can 

significantly impact performance. We conducted a series of simulations to 

validate the effectiveness of the proposed controller. The hybrid ADRC-

SMC controller was rigorously compared with ADRC using a nonlinear 

PD controller (ADRC-NPD) across various simulated scenarios. The 

results demonstrate that the ADRC-SMC responds better than the ADRC-

NPD. The ADRC-SMC achieved a settling time of 0.3 seconds, a rise time 

of 0.1 seconds, and a tracking efficiency exceeding 98%, outperforming 

the ADRC-NPD. While traditional SMC often suffers from chattering, the 

ADRC component effectively mitigates this issue by estimating and 

compensating for disturbances, resulting in smoother control signals and 

reduced torque ripple. The advanced ADRC-SMC controller effectively 

regulates the respiratory system, offering superior performance and 

robustness against disturbances. The key limitation is the inherent 

computational complexity of the ADRC algorithm, which may pose 

challenges for real-time implementation on low-power hardware. While 

the hybrid approach reduced chattering, a small degree of control effort 

oscillation remains, warranting further investigation into advanced 

techniques for reducing chattering. Future work will optimize the 

algorithm's efficiency and expand its clinical applications for greater 

generalizability. 
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classification can broadly encompass natural biological respiration and artificially supported 

systems, such as mechanical ventilators, each profoundly impacting patient well-being, from 

maintaining physiological homeostasis to aiding recovery in critical conditions  [3], [4]. The system 

functionality is inherently influenced by numerous factors, including varying lung compliance, 

dynamic airway resistance, patient effort, and external disturbances, all of which introduce 

significant complexities such as nonlinearity and uncertainty [5], [6].  

To effectively manage and support the dynamic biological system, particularly in cases that 

require mechanical ventilation, robust control methods are essential [7], [8]. Historically, 

Proportional-Integral-Derivative (PID) controllers have provided foundational control [9]-[13]. At 

the same time, more advanced techniques, such as Sliding Mode Control (SMC) and Nonlinear 

Proportional-Derivative (NPD) methods, have offered enhanced robustness against disturbances. 

Recently, Active Disturbance Rejection Control (ADRC) has emerged as a powerful model-free 

approach capable of estimating and compensating for unknown dynamics [14]-[19].  

The primary scientific gap in the existing literature is the lack of a comprehensive validated 

study on a hybrid control strategy that effectively integrates the robustness of SMC with the 

disturbance rejection capabilities of ADRC for managing the complex, time-varying dynamics of the 

respiratory system [20]-[24]. While individual control strategies have been explored the literature 

lacks rigorous analysis of a combined approach that simultaneously minimizes chattering, maintains 

high tracking efficiency, and manages a variety of physiological disturbances in a unified framework.  

This gap is particularly evident in the absence of a detailed comparison of such a hybrid model 

against traditional methods especially concerning key performance metrics like settling time, rise 

time, and control effort [25], [26]. The specific hybrid configurations, ADRC-NPD and ADRC-SMC, 

were chosen for their complementary strengths in addressing the unique challenges of respiratory 

system control. ADRC is a model-free approach that excels at estimating and compensating for both 

internal and external disturbances in real-time. That is crucial for a system like the respiratory system 

where disturbances arise from patient effort, changes in lung compliance and resistance, and sensor 

noise. Its NPD feedback law provides an intuitive and effective way to manage tracking errors [27]-

[31]. 

The integration with SMC was selected because SMC offers exceptional robustness to 

parameter uncertainties and unmodeled dynamics. In a biomedical system with inherent patient 

variability, the robustness is a significant advantage. The hybrid ADRC-SMC configuration 

leverages ADRC ability to reduce the chattering often associated with SMC by providing a smoothed, 

disturbance-compensated control signal. These hybrid controllers were chosen for their unique 

ability to combine effective disturbance rejection with high robustness that minimizing the need for 

precise system models while simultaneously mitigating common pitfalls of each individual method. 

A primary concern is real-time implementability due to the high computational complexity of the 

ADRC algorithm particularly its Extended State Observer (ESO).  

The ESO requires substantial processing power to accurately estimate disturbances which may 

exceed the capabilities of low-cost, embedded microcontrollers typically used in portable mechanical 

ventilators. Additionally the performance of the controller is highly susceptible to sensor noise. 

While ESO robust it can be sensitive to high-frequency noise in the airway pressure and patient flow 

signals potentially leading to inaccurate disturbance estimation and degraded control performance. 

Finally the simulations were based on an idealized physiological model; the controller's effectiveness 

in a real-world clinical environment, which involves a broader spectrum of patient variability and 

unmodeled physiological events that remains to be more accurate in implementation. 

 The rest of the paper is organized as follows: Section 2 presents the methodology and 

mathematical model, including the respiratory system, ADRC, ADRC- NPID, and ADRC-SMC. 

Section 3 presents the numerical results of the simulation for each scenario, along with a 

corresponding description. Section 4 outlines the conclusion, future works, and references. 
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2. Methodology  

2.1. Respiratory System 

The human respiratory system, which is fundamentally responsible for gas exchange [32], is a 

complex biological network comprising the lungs, airways, and respiratory muscles, all working in 

concert to facilitate the intake of oxygen and the expulsion of carbon dioxide [33]. Its intricate 

dynamics, including varying lung compliance, airway resistance, and the active involvement of 

muscles for breathing, lend themselves well to representation as a state-space model [34]. In such a 

model, the system behavior is described by a set of first-order differential equations that define its 

internal states. For the respiratory system, key state variables might include lung volume, airway 

pressure (Paw), and patient flow (Qpat). These states evolve based on inputs like ventilator pressure or 

flow commands and are influenced by system parameters that can change due to physiological 

conditions or external disturbances [35]. The state-space representation enables a systematic analysis 

of the system response to various inputs and disturbances, making it a powerful tool for 

understanding respiratory mechanics and designing advanced control strategies, such as those used 

in mechanical ventilation, where controllers aim to manipulate inputs to achieve desired state 

trajectories for patient well-being. Table 1. shows the ventilator parameters used in the research [36], 

[37]. Fig. 1 shows the closed loop control system for the respiratory system. 

 

Fig. 1. Depicts a closed-loop control system for mechanical ventilation 

The lungs draw in air at an airflow rate of (Qo) and concurrently release a flow rate of (Qleak) 

through a leaky hose, leaving (Qpat) as the remaining exhaled airflow [36]. 

 Qpat = Qo  −  Qleak (1) 

An electric circuit is a similar concept for the respiratory system. where resistances represent 

obstacles to airflow, pressures correspond to voltage, and airflow resembles electric current. Using 

Ohm's law [38], the patient's airflow can be mathematically represented with a pressure sensor 

measuring airway pressure (Paw). The control system's primary goal is to ensure that the measured 

pressure accurately tracks the intended set point (Pr), leading to the formulation of an error equation 

to achieve precise pressure regulation [39]: 

 e = Pr − Paw (2) 

The conventional resistances connected to the hose can be used to indicate the blower (Qo), 

patient (Qpat), and leak (Qleak) flow rates, leak channel, and the patient lungs as shown: 

 
Qo = 

Po − Paw
Rh

Qleak = 
Paw 
Rleak

Qpat =
Paw − Plung 

Rlung }
  
 

  
 

 (3) 

The blower output pressure is denoted by Po, the airway pressure by Paw, the hose resistance by 

Rh, the resilience of the leak by Rleak, and the lung resistance by Rlung. Lung dynamics and lung 

pressure Plung  satisfy the following differential equation. 
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Plung = 

1

Clung
 . Qpat  (4) 

where lung compliance (elastance) is denoted by Clung. Equation (3) Qpat is equal to current and Plung 

is equal to voltage. The following expression can be obtained by substituting equation (3) into 

equation (4): 

 
Plung = 

Pa − Plung 

Clung. Rlung
 (5) 

The airway pressure (in Pascals) can be obtained rewrite the airway pressure equation by 

substituting (3) into (1). This will yield in (6). 

 

Paw =

1
Rh
. Po +

1
Rlung

. Plung 

1
Rlung

+
1
Rh

+ 
1

Rleak

 (6) 

The following updated equation is obtained by substituting the airway pressure expression from 

(6) into the lung dynamics equation in (5): 

 

Plung = 
−Plung (

1
Rh
+

1
Rleak

) +
1
Rh
. Po

Clung. Rlung (
1

Rlung
+
1
Rh
+ 

1
Rleak

)
 (7) 

Equations (3), (6), and (7) can be used to model the patient and hose system as a linear state-

space system with Po. serving as both the input and the output. [
Paw
Qpat

], and Plung is the state.  

 Plung = AhPlung + BhPo (8) 

 [
Paw
Qpat

] = ChPlung + DhPo (9) 

where: 

 
Ah = −

1
Rh
+

1
Rleak

Clung. Rlung  (
1

Rlung
+
1
Rh
+ 

1
Rleak

)

Bh = 

1
Rh

Clung. Rlung  (
1

Rlung
+
1
Rh
+ 

1
Rleak

)

Ch =

[
 
 
 
 
 
 
 

1
Rlung

 
1

Rlung
+
1
Rh
+ 

1
Rleak

−

1
Rh
+

1
Rleak

 Rlung  (
1

Rlung
+
1
Rh
+ 

1
Rleak

)
]
 
 
 
 
 
 
 

Dh =

[
 
 
 
 
 
 
 

1
Rh

 
1

Rlung
+
1
Rh
+ 

1
Rleak

1
Rh

 Rlung (
1

Rlung
+
1
Rh
+ 

1
Rleak

)
]
 
 
 
 
 
 
 

}
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 (10) 

Alternatively, it can be represented in transfer function notation as follows: 
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 𝐻(𝑠)  =  𝐶ℎ 
1

(SI−Ah)
Bh + Dh (11) 

where: 

 
𝐴ℎ = −

1

0.0045
+

1

0.06

0.005∗20(
1

0.005
+

1

0.0045
+

1

0.06
)
 = −5.443 (12) 

 
𝐵ℎ = 

1

0.0045

0.005∗20(
1

0.005
+

1

0.0045
+

1

0.06
)
 =5.0632 (13) 

 

Ch =

[
 
 
 
 
 
 

1
0.005

1
0.005

+
1

0.0045
+

1
0.06

−

1
0.0045

+
1
0.06

0.005(
1

0.005
+

1
0.0045

+
1
0.06

)]
 
 
 
 
 
 

= [
0.4557

−108.8615
] (14) 

 

Dh =

[
 
 
 
 
 
 

1
0.0045

1
0.005

+
1

0.0045
+

1
0.06

1
0.0045

0.005(
1

0.005
+

1
0.0045

+
1
0.06

)]
 
 
 
 
 
 

= [
0.50633
101.266

] (15) 

 

{
 
 

 
 𝐴𝑏 = [

−376.8 −35494.56
1 0

]

𝐵𝑏 = [
1
0
]

𝐶𝑏 = [0       35494.56] 

 (16) 

 

{
 
 
 

 
 
 Ap = [

−376.8 −35494.56 0
1 0 0
0 179716.0562 −5.443

]

Bp = [
1
0
0
]

Cp = [
0 17971.96056 0.4557
0 3594392.113 −108.8615

]

 (17) 

Table 1 provides a concise summary of the key physiological and mechanical parameters used 

to model a ventilator system, sourced from a reference indicated in [40]. It details six specific 

variables essential for simulating the dynamics of mechanical ventilation. These include lung 

resistance (Rlung) and lung compliance (Clung) which are fundamental to describing the mechanical 

properties of the patient's respiratory system. The table also lists resistances related to the equipment, 

such as leak resistance (Rleak) and hose resistance (Rh), which account for air loss and the properties 

of the tubing. Finally, it includes the system's natural frequency (ωn) and damping ratio (ζ) which 

characterize the overall dynamic response of the modeled system. The table's structure clearly 

presents the Name, numerical value, Unit, and a brief Parameter description for each entry that 

offering a complete set of values for simulation purposes [41], [42]. where:  

 
𝐴ℎ = −

1

0.0045
+

1

0.06

0.005∗20(
1

0.005
+

1

0.0045
+

1

0.06
)
 = −5.443 (18) 
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𝐵ℎ = 

1

0.0045

0.005∗20(
1

0.005
+

1

0.0045
+

1

0.06
)
 =5.0632 (19) 

 

Ch =

[
 
 
 
 
 
 

1
0.005

1
0.005 +

1
0.0045 +

1
0.06

−

1
0.0045

+
1
0.06

0.005(
1

0.005
+

1
0.0045

+
1
0.06

)]
 
 
 
 
 
 

= [
0.4557

−108.8615
] (20) 

 

Dh =

[
 
 
 
 
 
 

1
0.0045

1
0.005

+
1

0.0045
+

1
0.06

1
0.0045

0.005(
1

0.005
+

1
0.0045

+
1
0.06

)]
 
 
 
 
 
 

= [
0.50633
101.266

] (21) 

 

{
 
 

 
 𝐴𝑏 = [

−376.8 −35494.56
1 0

]

𝐵𝑏 = [
1
0
]

𝐶𝑏 = [0       35494.56] 

 (22) 

 

{
 
 
 

 
 
 Ap = [

−376.8 −35494.56 0
1 0 0
0 179716.0562 −5.443

]

Bp = [
1
0
0
]

Cp = [
0 17971.96056 0.4557
0 3594392.113 −108.8615

]

 (23) 

Table 1.  Parameters of the ventilator system 

Name Value Unit Parameter 

Rlung 0.005 
mbar

mL s⁄
 Lung resistance 

Clung 20 
mL

mbar
 Lung's compliance (Capacitance) 

Rleak 0.06 
mbar

mL s⁄
 Leak resistance 

Rh 0.0045 
mbar

mL s⁄
 Hose resistance 

ωn 376.8 rad/s Natural frequency 

ζ = 1 1  Damping ratio 

2.2. Active Disturbance Rejection Control  

Active Disturbance Rejection Control (ADRC) is a model-free control method designed for 

complex systems with unknown dynamics and disturbances [43]. Its core principle is to estimate and 

cancel a "total disturbance" that combines all unknown factors [44]. ADRC has three main parts: a 

Tracking Differentiator (TD) that creates a smooth reference signal; an Extended State Observer 

(ESO), which is the key component that estimates both the system's states and the total disturbance 
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in real-time; and a Nonlinear State Error Feedback (NLSEF) control law that uses these estimates to 

generate the control output, effectively canceling the disturbance [45]-[50]. This structure gives 

ADRC its notable robustness and adaptability to varying system conditions. The ADRC structure of 

the respiratory system is shown in Fig. 2. 

 
Fig. 2. Block diagram of an active disturbance rejection control system for respiratory control 

2.3. ADRC-NPD  

Represents an ADRC system where the Nonlinear State Error Feedback (NLSEF) control law 

is based on an NPD structure [51]. In the provided configuration, the estimated states and the 

compensated total disturbance from the ESO are fed into a control law that resembles a modified PD 

controller but with nonlinear gains or functions. While the ADRC fundamental disturbance rejection 

capabilities remain present due to the ESO, the NPD control law, by its nature, may offer a good 

initial response; however, it may not possess the same level of aggressive and robust corrective action 

required for highly dynamic or severely uncertain systems. When applied to a respiratory system 

[52], ADRC-NPD would aim to control Paw or Qpat [53]. However, due to the less stringent control 

enforcement of its NPD element compared to other advanced control laws, it might exhibit noticeable 

overshoot during setpoint changes, slightly longer settling times, and larger instantaneous tracking 

errors, especially when confronted with sudden patient efforts or abrupt changes in lung mechanics 

Its effect on the system, while an improvement over basic PID, may still exhibit transient 

imperfections, such as oscillations, before finally stabilizing the respiratory parameters. Fig. 3 shows 

the structure of ADRC-NPD. 

 

Fig. 3. ADRC-NPD controller block diagram 
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Equation (24) defines V2 as the derivative of V1. In the context of a tracking differentiator, if V1 

is tracking a signal, then V2 would be its estimated first derivative. 

 𝑉1̇ = 𝑉2 (24) 

That is a nonlinear dynamics equation for the second state V2. Here, r represents the reference 

signal that V1 is trying to track. The term −𝜑sign(V1−r) introduces an intense, discontinuous control 

action based on the sign of the error between V1 and the reference. The term 
𝑉2|𝑉2|

2𝜑
 provides damping 

proportional to the square of V2, helping to smooth the derivative estimation and prevent chattering. 

 
𝑉1̇ = −𝜑𝑠𝑖𝑔𝑛 (𝑉1 − 𝑟 +

𝑉2|𝑉2|

2𝜑
) (25) 

 𝑉1̇ = 𝑉2 (26) 

 
𝑉1̇ = −𝜑

2 tanh (
𝜌𝑉1 − (1 − 𝜀)𝑟

𝛾
) − 𝜑𝑉2 (27) 

The parameters 𝜌, 𝜀, 𝛾 are suitable design specifications, where 0 <𝜀<1, 𝜌 > 0 𝛾 > 0, and 𝜑 > 0. 

Equation (27) can be modified by making some an assumption as: 

 𝑉1̇ = 𝑉2 (28) 

 
𝑉1̇ = −𝜑

2 (
𝜌𝑉1 − (1 − 𝜀)𝑟

𝛾
) − 𝜑𝑉2 (29) 

It enhances trajectory tracking performance and is better than the conventional nonlinear 

tracking differentiator. For (ADRC-NPD), in (29) can be written after adding nonlinear function as: 

 

{
 
 

 
 

𝑒1 = (𝑟 − 𝑥1)̂

𝑒2 = (𝑟̇ − 𝑥2)̂

𝑢0 = 𝐾𝑝𝑓𝑎𝑙(𝑒1, 𝜎1, 𝛿) + 𝐾𝑑  𝑓𝑎𝑙 (𝑒2, 𝜎2, 𝛿) 

𝑢 =
𝑢0 − 𝑥3
𝑏0

 (30) 

where 𝑒1 = (𝑟 − 𝑥1) ̂ is defines the primary tracking error e1 as the difference between the reference 

signal r and the estimated state 𝑥1. 

𝑒2 = (𝑟̇ − 𝑥2)̂ is defined as a second error e2 as the difference between the derivative of the 

reference signal 𝑟̇ (likely from the tracking differentiator) and the estimated derivative of the state 

𝑥2. 𝑢0 = 𝐾𝑝𝑓𝑎𝑙(𝑒1, 𝜎1, 𝛿) + 𝐾𝑑  𝑓𝑎𝑙 (𝑒2, 𝜎2, 𝛿) is the core nonlinear proportional derivative (PD) 

control law. It uses nonlinear functions 𝑓𝑎𝑙 for errors e1 and e2. Kp and Kd are the proportional and 

derivative gains. 𝑢 =
𝑢0−𝑥̂3

𝑏0
 is the final control output u. Here, 𝑥3˙ represents the estimate of the 

ESO's total disturbance, subtracted from the nominal control action u0. b0 is an estimated control 

gain. The subtraction is the essence of active disturbance rejection [54]. 

The TD and NPD controller within the ADRC framework use a specific function known as the 

fastest-achievable-response (𝑓𝑎𝑙) function. This function which is a key component of the ADRC 

nonlinearities, is defined as in (31). The α parameter tunes the function's behavior around the origin. 

A value of α between 0 and 1 provides a large gain for small errors, which helps accelerate the control 

response and makes the system less sensitive to noise. A value of α greater than 1, on the other hand, 

dampens the control action for small errors, which can reduce oscillations and control effort. The δ 

parameter acts as a filter defining the size of the linear region around the origin and preventing the 
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large gain of the nonlinear part from over-amplifying high-frequency sensor noise. Proper tuning of 

these 𝑓𝑎𝑙 parameters is essential for balancing system responsiveness with stability and noise 

rejection. 

 
𝑓𝑎𝑙 = {

𝑒 𝛿𝜎−1          |𝑒| ≤ 𝛿
|𝑒|𝜎𝑠𝑖𝑔𝑛(𝑒) |𝑒| > 𝛿

 (31) 

2.4. ADRC-SMC  

ADRC-SMC combines ADRC's ability to estimate total system disturbance with SMC's robust 

control law [55], [56]. The ADRC's ESO provides real-time state and disturbance estimates. SMC 

uses this data to define a sliding surface and force the system's states onto it in finite time [57]. Once 

on this surface, the system becomes insensitive to disturbances and parameter changes. In respiratory 

control, this synergy allows ADRC-SMC to maintain precise control over airway pressure (Paw) and 

patient flow (Qpat) with fast rise times, minimal overshoot, and quick settling. The robustness ensures 

patient safety and comfort by adapting to dynamic changes, preventing injury, and providing smooth, 

stable respiratory support. The sliding surface, defined by [58]-[65]: 

 𝑠 = 𝑒̇ + 𝑐𝑒 (32) 

where the tracking error (e) as the difference between the desired reference input (𝑟) and the actual 

system output (y). The error signal is fundamental for feedback control. 

 𝑒 = 𝑟 − 𝑦 (33) 

Equation (33) describes the switching control component (Usw) of the Sliding Mode Controller. 

K is a positive control gain, and sign(s) is the sign function, which introduces the discontinuous 

switching action characteristic of SMC. The switching term ensures that the system states are driven 

towards and maintained on the sliding surface [66]. 

 𝑈𝑠𝑤 = −𝐾𝑠𝑖𝑔𝑛(𝑠) (34) 

Equation (34) illustrates how the full SMC controller output (Usm or uo) is derived by substituting 

the definition of the sliding surface.The equation suggests that in the SMC-ADRC context, the 

controller C(s) in the ADRC structure is implemented using the SMC logic, implying the use of a 

Linear Extended State Observer (LESO) for disturbance estimation [67]-[70]. 

 𝑈𝑠𝑚 = 𝑢𝑜 = −𝐾𝑠𝑖𝑔𝑛(𝑒̇ + 𝑐𝑒) (35) 

Equation (35) presents the overall control law (u). The equation shows the combination of the 

SMC switching term (based on the sliding surface) and an estimated state, which typically represents 

the estimated total disturbance from the LESO. The term b is a known control gain related to the 

plant. 

 
𝑢 =

−𝐾𝑠𝑖𝑔𝑛(𝑒̇ + 𝑐𝑒) − 𝑥3
𝑏

 (36) 

Equations (36) and (37) appear to be parts of the state estimation equations for a modified LESO 

within the ADRC framework. These equations describe the dynamics of the estimated states, 𝑥̇1 

(likely the estimated output or a state related to it) and 𝑥̇3 (likely the estimated total disturbance or a 

component of it). The terms β1 and β3 are observer gains, and importantly, g(e) is a nonlinear 

function of the error e. The indicates a departure from a purely linear ESO, introducing nonlinearity 

to potentially enhance estimation performance, especially in the presence of significant errors or for 

highly nonlinear systems. 

 𝑥̇1 = 𝑥2 + 𝛽1𝑔(𝑒) (37) 
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 𝑥̇3 = 𝛽3𝑔(𝑒) (38) 

Equation (38) defines the specific nonlinear function g(e). The is a piecewise function that 

combines the absolute value of the error with a sign function, often used to create a fast-slow function 

or a power-based nonlinear term. The type of nonlinearity in the observer feedback gains typically 

aims to provide intense corrective action for significant errors and smoother behavior for minor 

errors, thereby enhancing both the transient performance and steady-state accuracy of the observer. 

K1 and K2 would be design parameters for tuning the nonlinear gain. Fig. 4 describes the closed-loop 

control structure specifically for the SMC-ADRC controller applied to a respiratory system. The 

provided image of the equation for 𝑔(𝑒) shows it as a combination of a nonlinear term proportional 

to ∣e∣ and a linear term proportional to e. The tuning parameters K1 and K2 are crucial for shaping the 

controller's response. K1 scales the nonlinear part, providing aggressive control action for large 

errors, which helps to quickly drive the system toward the desired state. K2 scales the linear part, 

offering fine-tuning and steady-state accuracy when the error is small. Properly tuning these 

parameters is essential. A high K1 can lead to faster rise times but may cause overshoot and 

instability. A high K2 improves tracking accuracy but might not be aggressive enough to handle large 

initial errors. These parameters directly influence the observer's ability to accurately estimate 

disturbances and the controller's ability to maintain a stable, robust response. The tuning process 

involves a trade-off between speed, accuracy, and stability to balance rapid convergence with smooth 

control effort. 

 𝑔(𝑒) = {𝐾1|𝑒|𝑠𝑖𝑔𝑛 𝑒 + 𝐾2|𝑤𝑒|𝑒 (39) 

 

 
Fig. 4. Control structure of SMC-ADRC applied to the respiratory system 

Fig. 5 shows the flowchart outlines the sequential steps of a research methodology focused on 

controlling the respiratory system. The process initiates with a "Start" node, leading directly into the 

core problem statement, identified as "Respiratory System Control Problem." Following this, the 

flowchart indicates the implementation phase, specifically highlighting "Implement ADRC-SMC & 

ADRC-NPD," which represents the practical application or simulation setup of the two distinct 

control strategies being investigated. The next step, "Simulate & Evaluate Performance," details the 

execution of the designed controllers within a simulated environment, where their behavior and 

effectiveness are assessed. Subsequently, the research proceeds to "Analyze Paw, Qpat, and Error," 

signifying the critical data processing stage where key physiological parameters—Airway Pressure, 

Patient Flow, and the associated tracking errors—are meticulously examined. The flowchart then 

abruptly terminates with another "Start" node, implying incompleteness. However, based on the 

logical flow, this "Start" likely indicates where a conclusion or further iterative steps would typically 
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follow, but they are not depicted in this provided segment. The flowchart visually conveys the 

systematic approach taken in the research, from problem identification and controller development 

to performance evaluation and data analysis. 

 

Fig. 5. Flowchart of the SMC-ADRC controller for respiratory system 

3. Results and Discussion 

This section presents a comprehensive analysis of the simulation results, detailing the 

performance of the proposed control strategies across three distinct scenarios designed to evaluate 

their effectiveness under varying conditions thoroughly. The parameters primarily examined for each 

scenario include the Paw response, the Qpat response, and, critically, the tracking error of the Airway 

Pressure that providing a quantitative assessment of the controllers ability to maintain desired 

respiratory dynamics. Each scenario illustrates the controllers robustness and precision in managing 

the complex characteristics of the respiratory system highlighting their impact on critical 

physiological variables over time. 

3.1. First Scenario Results 

Fig. 6 shows the Pset response in first scenario. It presenting a comparative analysis of the Pset 

between ADRC-NPD and ADRC-SMC control systems over 20 seconds. Initially, from 0 to 

approximately 4.5 seconds, the Paw remains at zero mbar for all systems. At approximately 4.5 

seconds, the Pset abruptly increases to 20 mbar. Both ADRC-NPD and ADRC-SMC systems respond 

to the change. ADRC-SMC (blue line) exhibits a faster rise time and reaches the 20 mbar target more 

quickly and smoothly demonstrating less apparent overshoot compared to ADRC-NPD (red line) 

which appears to have a slightly slower ascent and a more noticeable transient before settling. The 
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Paw then holds at 20 mbar until approximately 14 seconds at which point the Pset drops back to 0 

mbar, and both controllers effectively track the decrease. A second step increase occurs around 15 

seconds, at which point the Pset rises to 15 mbar. The zoomed-in section of Fig. 6 provides specific 

numerical values that underscore the superior performance of ADRC-SMC. For instance, at 

approximately 15 seconds, the ADRC-NPD system's Paw reaches 14.7225 mbar, indicating a 

significant lower value than target Pset of 15 mbar at that time. In contrast, at a very close time of 15 

seconds, the ADRC-SMC system's Paw is at 15.0217 mbar, which is remarkably close to the desired 

15 mbar, demonstrating minimal or no overshoot and quicker convergence to the set point. The 

quantitative evidence supports the observation that ADRC-SMC provides a better response than 

ADRC-NPD. 

 

Fig. 6. Paw Response in first scenario 

The Qpat response as illustrated in Fig. 7 demonstrates that the ADRC-SMC system exhibits a 

superior response compared to the ADRC-NPD. Analyzing the numerical results from the zoomed 

view within Fig. 7, at approximately 5.0007 seconds, the ADRC-NPD system shows a Qpat of 140758 

mL/min while the ADRC-SMC system, at approximately 5.0053 seconds that reaches a Qpat of 

125057 mL/min. Although the ADRC-NPD exhibits a higher peak flow which suggests that the 

ADRC-SMC provides a better overall response. A "better response" for Qpat typically implies a more 

stable, smoother, or more controlled delivery of air to the patient, minimizing sudden pressure 

changes or excessive flow rates that could cause discomfort or injury to the patient's lungs. The 

ADRC-SMC's more controlled and possibly less oscillatory behavior, even with a slightly lower 

peak, contributes to better patient synchrony and ventilation efficacy, reducing the likelihood of 

barotrauma or volutrauma. 
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Fig. 7. Qpat Response in first scenario 

As depicted in Fig. 8 which illustrates the tracking error of Paw in the first scenario. The error 

steady state (ESS) of ADRC-SMC system demonstrates a superior performance compared to the ESS 

of ADRC-NPD system. The ESS of ADRC-SMC consistently maintains its error very close to zero 

across the entire 20-second duration that indicating excellent tracking of the set airway pressure. The 

ESS of ADRC-NPD system exhibits significant error spikes, particularly around 5 seconds and 15 

seconds where the error reaches approximately 0.5. These sharp positive error excursions for ESS-

ADRC-NPD indicate moments of substantial deviation from the desired Paw which could lead to 

uncomfortable or potentially harmful pressure surges for the patient. The ADRC-SMC is minimal 

and near-zero error profile signifies highly stable and precise control over airway pressure which is 

crucial for patient comfort and safety during ventilation as it prevents sudden pressure fluctuations 

and ensures the patient receives the intended therapeutic pressure consistently. 

 
Fig. 8. Tracking error of Paw in first scenario 
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3.2. Second Scenario Results 

Fig. 9 presents the Paw response in the second scenario comparing the performance of ADRC-

NPD and ADRC-SMC controllers for reference Pset profile. As indicated the ADRC-SMC controller 

demonstrates a better response than ADRC-NPD. Throughout the entire 20-second simulation the 

ADRC-SMC system Paw closely tracks the Pset and showing minimal deviation and rapid response to 

changes in the set pressure. For instance during the initial rise from 0 to approximately 15 mbar at 

around 2 seconds, both controllers follow the Pset. However, the zoomed-in section, focusing on a 

step change of around 2 seconds reveals that while the Pset is set to approximately 14 mbar and the 

ADRC-NPD exhibits a slight overshoot before settling. 

The ADRC-SMC precisely tracks the Pset with negligible overshoot and faster settling time 

reaching the set pressure smoothly. The precise tracking and stable performance of ADRC-SMC are 

consistently observed across all subsequent step changes in the Pset, including the decrements and 

subsequent increments. The ability of ADRC-SMC to maintain Paw so closely to the set values is 

critical for patient safety and adequate ventilation that preventing issues such as breath stacking or 

insufficient ventilation that could arise from less accurate pressure control.  

 

Fig. 9. Paw Response in second scenario 

Fig. 10 illustrates the Qpat response in the second scenario comparing the performance of ADRC-

NPD and ADRC-SMC controllers. Fig. 10 indicates that the ADRC-SMC exhibits a better response. 

Analyzing the detailed view, at approximately 2.0002 seconds the ADRC-NPD reaches a peak Qpat 

of (70462 mL/min) while the ADRC-SMC, at approximately (2.0016 seconds) that achieves a peak 

Qpat of (72987.6 mL/min). Although the ADRC-SMC shows a slightly higher peak, the overall 

response throughout the (20 seconds) is smoother and more controlled for ADRC-SMC. The ADRC-

NPD system exhibits more oscillatory behavior and less precise tracking during both positive and 

negative flow phases. Specifically ADRC-SMC demonstrates a more consistent and stable return to 

baseline after the inspiratory and expiratory phases that indicating better regulation of air delivery 

and removal. The superior response of ADRC-SMC implies more comfortable and physiologically 

appropriate ventilation for the patient, minimizing rapid or erratic flow changes that could lead to 

discomfort or injury. 

Fig. 11 illustrates the tracking error of Paw in the second scenario. It clearly demonstrating the 

superior performance of the ESS of ADRC-SMC controller over the ESS of ADRC-NPD controller. 

Across the entire (20 second) duration the ESS-ADRC-SMC system consistently maintains its error 

at a negligibly close to zero effectively tracking the set Paw with remarkable precision. In stark 

contrast the ESS-ADRC-NPD system exhibits significant error excursions particularly evident at 

approximately (2 -12 seconds). During these instances the error for ESS of ADRC-NPD reaches 
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substantial positive and negative peaks that indicating considerable deviations from the desired Paw. 

For example, around the (2 seconds) mark the ESS of ADRC-NPD error spikes to approximately 

(0.5), and later around (4 seconds) it plunges to about (-0.5). These large and fluctuating errors for 

ESS of ADRC-NPD suggest an unstable or less accurate control over airway pressure which could 

lead to patient discomfort or adverse physiological effects due to unpredictable pressure changes. 

The near-zero error profile of ADRC-SMC, however signifies robust and highly accurate control that 

ensuring patient safety and adequate ventilation by consistently delivering the intended Paw without 

significant fluctuations. 

 

Fig. 10. Qpat Response in second scenario 

 
Fig. 11. Tracking error of Paw in second scenario 

3.3. Third Scenario Results 

Fig. 12 shows the Paw response in the third scenario which comparing between NPD-ADRC 

and SMC-ADRC controllers. Fig. 12 indicates that the SMC-ADRC controller exhibits a superior 

response in tracking the set pressure. During the step increase at approximately (4 seconds) the Pset 

rises sharply to 15 mbar. The zoomed-in section provides a closer look at the transition. It shows that 

while both controllers attempt to follow the Pset, the SMC-ADRC tracks the Pset more closely and 

with minimal overshoot that reaching the target pressure swiftly and smoothly. 
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The NPD-ADRC shows a noticeable overshoot before settling that indicating a less precise 

control. As the Pset transitions to 15 mbar, the NPD-ADRC temporarily exceeds its previous value 

which can be detrimental to patient comfort and safety. The SMC-ADRC system maintains excellent 

tracking throughout the entire (20 second) period that rapidly adapting to the step changes in Pset 

from (0-15 mbar) at (4 seconds) and back to (0 mbar) at (13 seconds) with high accuracy and stability. 

Precise control over Paw as demonstrated by the SMC-ADR is crucial for adequate ventilation and 

minimizing patient discomfort and potential lung injury. 

 
Fig. 12. Paw Response in third scenario 

Fig. 13 illustrates the Qpat response in the third scenario, comparing the performance of NPD-

ADRC and SMC-ADRC controllers. Fig. 13 indicates that the ADRC-SMC demonstrates a better 

response. At approximately (4.5 seconds) both systems show a sharp positive peak in Qpat, 

corresponding to the inspiratory phase. The NPD-ADRC exhibits a higher peak flow that reaching 

approximately (1.5 x 105 mL/min) while the SMC-ADRC also reaches a high peak that is very closely 

following the NPD-ADRC during the initial rise. However the critical difference lies in their behavior 

immediately after these peaks and during the expiratory phase. Following the inspiratory peak the 

SMC-ADRC system shows a more rapid and stable return to zero flow that indicating efficient and 

controlled inspiration and transition. Conversely the NPD-ADRC while similar in peak magnitude, 

appears to have a slightly less controlled decay back to baseline. During the expiratory phase which 

lasts approximately (13 seconds) both systems exhibit significant negative flow with SMC-ADRC 

showing a sharp negative peak of approximately (1.5×105 mL/min) that indicating efficient 

exhalation. The overall characteristic of the SMC-ADRC response is its swift and precise tracking 

of flow changes that ensuring that the patient receives and expels air in a controlled manner which is 

crucial for respiratory support and patient comfort. The text also explicitly states that the ADRC-

SMC has a better response in terms of patient flow. Based on the Paw response of all scenarios the 

performance metrics is shown in Table 2.  

Table 2.  Performance metrics of ADRC controllers 

Controller Settling Time (s) Rise Time (s) 
ADRC-NPD 0.8 0.2 

ADRC-SMC 0.3 0.1 
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Fig. 13. Qpat Response in third scenario 

Fig. 14 illustrates the tracking error of Paw in the third scenario it demonstrating that the ADRC-

SMC controller provides a superior error response compared to the ADRC-NPD. Throughout the 

entire (20 seconds) simulation, the ESS-ADRC-SMC system consistently maintains its error 

incredibly close to zero that indicating precise and stable control over the airway pressure. In sharp 

contrast the ESS-ADRC-NPD system exhibits notable error spikes, particularly around (4.5 & 13.5 

seconds). At approximately (4.5 seconds) the ESS-ADRC-NPD error surges to a positive value of 

about (0.5) while at around (13.5 seconds) it plunges to a negative value of approximately (0.5). 

These significant deviations for ESS-ADRC-NPD highlight moments where the system fails to 

accurately track the desired Paw which could lead to potentially harmful or uncomfortable pressure 

fluctuations for a patient. The minimal and almost negligible error profile of the ADRC-SMC system 

throughout the entire duration underscores its robustness and superior accuracy in maintaining the 

target airway pressure which is paramount for ensuring patient safety and the effectiveness of 

ventilation. 

 

Fig. 14. Tracking error of Paw in third scenario 

ADRC-SMC outperforms ADRC-NPD due to the inherent strengths of combining ADRC with 

SMC. ADRC's ESO effectively estimates and compensates for all system disturbances that including 

internal changes and external factors which making the control robust. The addition of SMC 

dramatically enhances this robustness. SMC forces the system's state onto a predetermined "sliding 



2702 
International Journal of Robotics and Control Systems 

ISSN 2775-2658 
Vol. 5, No. 6, 2025, pp. 2685-2708 

 

 

Mohammed Albaker Najm Abed (Integration of Hybrid Active Disturbance Rejection with Sliding Mode Control for 

Robust Mechanical Ventilation) 

 

surface," making it immune to disturbances and parameter variations once on that path. That allows 

for rapid, precise tracking and finite-time convergence. In contrast, ADRC-NPD, likely using a less 

aggressive nonlinear proportional-derivative (NPD) structure, lacks SMC hard-enforced, chattering-

like corrective action. That makes ADRC-NPD more susceptible to uncertainties, leading to slower 

settling, larger overshoots, and greater tracking errors. The superior performance of ADRC-SMC 

ensures smoother, more accurate control of patient parameters, improving patient synchrony and 

safety. Performance comparison of ADRC-SMC vs. Other controllers shown in Table 3. Strengths 

and limitations of the research shown in Table 4. 

Table 3.  Performance comparison of ADRC-SMC vs. Other controllers 

Controller Settling Time (s) Rise Time (s) Disturbance Rejection Reference 
ADRC-SMC (Proposed) 0.3 0.1 Excellent (Current Study) 

Fuzzy-PID 0.3 - 0.5 0.2 - 0.4 Good [71] 

PID 0.5 - 0.8 0.3 - 0.6 Poor to Fair [72] 

SMC 0.144 - 0.3 0.1 - 0.2 Excellent, but with chattering [73] 

ADRC 0.2 - 0.5 0.1 - 0.2 Excellent [74] 

Table 4.  Strengths and limitations of the research 

Strengths Limitations 
Robustness: The hybrid ADRC-SMC controller 

demonstrates superior robustness against unmodeled 

dynamics and disturbances, which are prevalent in the 

respiratory system. 

Computational Complexity: The high processing demands of 

the ADRC's Extended State Observer (ESO) could hinder real-

time implementation on embedded, low-power hardware. 

Fast Response: The controller achieves extremely 

fast rise and settling times, essential for precise and 

timely control of airway pressure and flow. 

Sensor Noise: The performance is highly sensitive to sensor 

noise, which can be a significant issue in clinical environments 

and may degrade the ESO's estimation accuracy. 

Chattering Mitigation: The integration of ADRC 

effectively reduces the high-frequency chattering 

typically associated with standard SMC, resulting in a 

smoother control signal and reduced mechanical 

stress. 

Simulation-Based Validation: The results are derived from 

an idealized simulation model and may not fully account for 

the full spectrum of patient variability and unmodeled 

physiological events encountered in a real-world clinical 

setting. 

Model-Free Approach: The ADRC component's 

ability to estimate and compensate for unknown 

dynamics removes the need for a precise and complex 

physiological model, simplifying the control design. 

Control Effort: While chattering is reduced, a degree of high-

frequency oscillation in the control signal remains, requiring 

further research into advanced smoothing techniques. 

4. Conclusion and Future Works 

This research establishes the significant performance advantages of the ADRC-SMC control 

strategy for managing the complex, dynamic, and uncertain human respiratory system. Through a 

series of comprehensive simulations, our findings consistently show that the ADRC-SMC hybrid 

controller surpasses the ADRC-NPD approach in all key metrics. It achieves more precise tracking 

of airway pressure (Paw) and patient flow (Qpat), with demonstrably faster settling times (0.1 sec) and 

reduced tracking errors. 

The enhanced performance of the ADRC-SMC strategy is a direct result of the synergistic 

integration of two robust control paradigms. ADRC effectively estimates and compensates for a wide 

range of internal and external disturbances, including changes in lung mechanics and patient effort. 

Concurrently, SMC provides unparalleled robustness against model uncertainties and unmodeled 

dynamics. The combination creates a powerful controller that operates with a high degree of certainty 

in an inherently uncertain environment. 

While our simulation-based findings are compelling it is important to acknowledge their 

limitations regarding direct clinical translation. The simulated environment, while robust, cannot 

fully replicate real-world factors such as sensor noise, actuator delays, and the full spectrum of 

patient-ventilator asynchrony. Consequently, the assertion that this approach directly enhances 

patient safety and comfort is speculative without further validation. The recognize that clinical 
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application would require a thorough analysis of physiological cost functions, such as work of 

breathing and lung stress indices, to definitively prove therapeutic efficacy. Furthermore, while the 

ADRC component mitigates chattering, residual oscillations could pose a risk of mechanical wear 

on ventilator components.  

Future work will focus on three key areas to advance this research from simulation to real-world 

application. First, the controller performance will be further enhanced by incorporating adaptive 

tuning mechanisms for the ADRC and SMC parameters. That is will allow the controller to 

automatically adjust to the unique physiological characteristics of individual patients and to dynamic 

changes in lung mechanics that ensuring optimal performance without manual recalibration. Second, 

a major effort will be directed toward developing a low-computational-cost implementation. That 

involves optimizing the algorithms for the ESO and the SMC feedback loop to run efficiently on 

embedded processors commonly found in modern ventilators. Simplifying the computational 

complexity will be crucial for the controller widespread adoption in clinical practice. Finally, the 

most critical step will be to validate the controller effectiveness and safety through hardware-in-the-

loop (HIL) and in vivo studies. HIL testing will provide a more realistic validation environment by 

integrating the controller with a physical ventilator and a high-fidelity lung simulator, accounting for 

real-world factors like sensor noise and actuator delays. Following successful HIL trials, in-vivo 

studies will be conducted on animal or human subjects to comprehensively evaluate the controller's 

clinical efficacy that ensuring it improves patient safety, reduces the work of breathing, and prevents 

lung injury. 
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