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Abstract. In epochs of significant fluctuations in human health, medical 
equipment has garnered unprecedented attention, with mechanical ventilators 
being a focal point of numerous studies. Previous research has typically focused on 
controlling two critical parameters: volume and pressure. In actuality, the 
mechanical ventilator's controller must continuously monitor and address the 
intricate dynamics of the respiratory, which comprises airflow, pressure, and 
volume, to operate the two double-acting piston pumps in real time to meet the 
patients experiencing disease. To surmount this obstacle, this paper puts forward 
designing a PID controller based on a root locus to modulate the output airflow 
and ensure the tidal volume remains within a 15% error margin of the actual value. 
Specifically, simulations were conducted with the parameters of a 70-kilogram 
male patient in scenarios such as normal lungs, COPD, and ARDS. From there, the 
result of these scenarios are solid evidence to demonstrate that the airflow follows 
the square wave signal accurately, and the relative error of the tidal volume is 
maintained within a 5% error margin. Moreover, this approach markedly improves 
the transient response and steady-state error of the output airflow compared to the 
initial system. 

Keywords. COVID-19, two double-acting piston pump, inspiratory cycle, volume 
control. 

1. Introduction 

The COVID-19 pandemic, which began in late 2019, has dramatically impacted global 

health systems and highlighted critical shortages in medical equipment, particularly 
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mechanical ventilators [1]. In reality, traditional ventilators are often complex and 

expensive, incorporating advanced features into a wide range of clinical scenarios. 

However, the sheer tidal volume of patients during the COVID-19 crisis has 

necessitated the development of simpler, more affordable ventilator designs that can be 

quickly manufactured [2]. These simpler ventilators [3–6] focus on essential 

functionalities to provide the necessary respiratory support while being easier to 

produce and maintain as two double-acting piston pump (DAPP) mechanisms [7, 8]. 

This configuration offers a robust and efficient means of generating the required 

airflow for ventilation. The DAPP can deliver air during both the forward and 

backward strokes, thus improving the efficiency and consistency of the airflow. This 

simplicity in design makes it an attractive option for creating ventilators that can be 

rapidly produced at a lower cost. 

Currently, mechanical ventilators available on the market have numerous 

ventilation modes, ranging from simple to complex [9]. Importantly, the controller for a 

mechanical ventilator must be designed to handle the dynamic nature of respiratory 

demands by continuously monitoring various parameters such as airflow, pressure, and 

volume and adjusting the operation of the DAPP in real time to match the patient’s 

needs. Hence, this paper presents the design and development of a controller for a 

DAPP in inspiratory cycle volume control mode. Prominently, it emphasizes achieving 

the desired tidal volume through precise control of the inspiratory airflow. The 

procedure is as follows: 

 The mathematical model of the DAPP system and the controller evaluation 

criteria are established. 

 Root locus technique-based compensators are incorporated to ensure the 

output airflow meets the desired response and steady-state error requirements 

[10,11]. 

 The output tidal volume is observed by integrating the airflow at each time 

step, and the relative error between the actual tidal volume and the desired 

tidal volume is evaluated. 

2. Material and Method 

2.1. Overall System Description 

 

Figure 1. Circuit structure of DAPP. 
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Figure 1 depicts the structure and operation of the two double-acting pumps (DAPP) 

system, which is represented significantly in the research paper [8]. Also, in this 

research paper, the transfer function of the DAPP system is expressed in the frequency 

domain as follows: 

���� =
����
���� =

�	���

� + 1

 (1) 

where ���� is the output airflow of the DAPP system in the frequency domain; ���� is 

the voltage supplied to the DC motor driver module in the frequency domain; 
 = 0.03 

is a time constant of the DAPP system; � = 531 is the steady state gain; � = 0.04 is 

the dead time. 

In volume control mode, this paper focuses on regulating the DAPP’s airflow to 

track the desired square wave, meaning that the flow is kept constant throughout the 

inspiratory cycle. The airflow time is given as follows: 

       ����� =
���(�� + 1)

60�� = �����, 0 ≤ � ≤ �� (2) 

where ����� is the desired airflow expressed in ��/�; � is the tidal volume expressed 

in �� ; ��  is the inspiratory time expressed in second; ��  is the respiration rate 

expressed in ���; �� is the inspiratory to expiratory ratio. 

The definitions of the ventilator setting parameters are summarized in table 1. 

Table 1. Definitions and symbols of the ventilator settings. 

Parameters Symbol Definition 

Tidal volume, �� ��  The amount of air delivered to the lungs with each breath 

�:� ratio �� The duration of the inspiratory phase relative to the expiratory 
phase 

Inspiratory time, � �� The period during which inhalation occurs in a respiratory cycle 

Respiration rate, 	
� �� The number of breaths delivered by the ventilator per minute 

2.2. Method 

The method of designing a Proportional–Integral–Derivative controller (PID controller) 

based on root locus is applied in this paper. The objective of the PID controller is to 

modulate the output airflow to follow a square wave profile, as mentioned in [12], and 

to ensure the tidal volume remains within a 15% error margin of the actual value. 

Initially, the performance criteria for the controller are outlined. Then, a PD 

compensator is added to improve the system's transient response. If the steady-state 

error is not achieved, a PI compensator is added to eliminate this error. The process of 

tuning the P, I, and D parameters is repeated until the specified criteria are met. Finally, 

the tidal volume error is evaluated on a 70 kg male patient in three scenarios: normal 

lungs, COPD, and ARDS (shown in figure 2).  
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Figure 2. Controller design process using root locus technique. 

3. Controller Design 

The performance criteria for transient response, steady-state error of the airflow, and 

relative error of the tidal volume are set as follows: 

 Overshoot: %�� ≤ 10% 

 Settling time: �� ≤ 0.1 � 
 Steady-state error: 	�� ≈ 0 

 Relative error of the tidal volume: � ≤ 5% 

The overall control scheme is described in figure 3. 

 

Figure 3. Square flow control scheme for DAPP system. 

Applying the Taylor approximation formula with a small �, Equation (1) can be 

rewritten as: 

���� ≈
��
� + 1���� + 1� =

442500

�� + 25� �� +
100

3
� (3) 

From %�� and �� values, the desired poles postion can be found by this formular: 

⎩⎪
⎨
⎪⎧%�� ≤ 10% → " ≥

− ln�%���
#$� + ln��%��� = 0.59 → " = 0.6

�� ≤ 0.1 → %	 ≥
4

��" = 66.67 → %	 = 70

 (4) 

Thus, the dominant pole pair is determined as �∗ = −"%	 ± &%	#1 − "� =

−42 ± 56& 
3.1. PD Compensator Design 

The transfer function of the PD compensator is defined as follows: 

Controller
Reference flow

Plant

Actual flow
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������ � �� � ��� � �� 	� � ����


 � ���� � ��� (5) 

where �� ≜ ��/��. 

The required phase compensation angle is calculated by referring to figure 4 

� � �180° � 106.89° � 98.8° � 25.69° (6) 

From the phase compensation angle in Equation (6), the pole position ��  is 

determined by: 

�� � 56tan � � 42 � 158.41 (7) 

The gain �� is determined in such a way that the following condition holds: 

|����������|���∗ (8) 

Substitute (3), (5) and �∗ into (8), we have: 

����� � 158.41� 442500
�� � 25� �� � 1003 !�

���	
���

� 1 (9) 

From Equation (9), the value of �� is obtained: 

�� � 5.8 " 10�� (10) 

The value of �� is determined by the value of ��: 

�� � ���� � 9.19 " 10�� (11) 

 

Figure 4. The zero position satisfies the desired transient response. 
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3.2. PI Compensator Design 

The transfer function of the PI compensator is defined as: 

������ � ��� � ��� � ����� � �	��  (12) 

where �	 ≜ ��/���. 

To maintain the transient response of the system, the zero should be chosen as 

close as possible to the origin relative to the real part of the dominant pole pair. 

Therefore, one can choose �	 � 0.1, as shown in figure 5. 

 

Figure 5. The zero and pole positions for eliminating the steady-state error. 

Using the condition of Equation (8), the following expression can be obtained 

���

�5.8 " 10��� " 442500 " 129.17 " 69.9456.67 " 58.52 " 70 � 1 (13) 

From Equation (13), the value of ��� is derived: 

��� � 1 (14) 

Consequently, the value of �� is determined from �	 and ���: 

�� � �	��� � 0.1 (15) 

The values of the three parameters ��, ��, and �� yield 

$�� � 9.19 " 10���� � 0.1�� � 5.8 " 10��

 (16) 
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4. Results and Discussion 

Figure 6 shows the root locus of the system after implementing the PID controller. It 

can be seen that the PID controller directs the system’s root locus through the desired 

pole pair. Figure 7 illustrates the DAPP ventilator's response before and after the PD 

and PI compensators were implemented. It can be observed that before implementing 

the compensators, the open-loop plant response exhibited a dramatic overshoot (the 

airflow over 15%/� ) and the airflow could not reach the steady-state value, 

continuously oscillating around the reference with a certain amplitude (with an 

oscillating value greater than the value reference between 0.95%  and 36.24%). When 

the PD compensator was added, the PD Controller curve response improved 

significantly with an overshoot of 9.1% and a settling time of 0.09 seconds, but the 

DAPP ventilator still had a steady-state error of 17% . Finally, the PI compensator was 

added to make the steady-state error converge to zero while maintaining the settling 

time and overshoot achieved by the PD compensator. 

Figure 6. Root locus of the ventilator plant after implementing the PID controller. 

Figure 7. System response with step input before and after implementing the PD, PI compensator. 

After verifying the system’s response to a step input, simulations were applied to 

specific clinical scenarios. Simulation is conducted on a 70 ()  male patient with 

airway resistance * and compliance + values of 10 �����

�/�
, and 0.05 �

�����
, respectively. 

Figure 8 shows the airflow and tidal volume graphs for the first four respiratory cycles 

under three different scenarios corresponding to three respiratory conditions: normal 

lungs, COPD, and ARDS. In all three scenarios, the flow is controlled to track a square 
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wave signal defined by Equation (2) and maintained for the duration ��  in the 

inspiratory cycle. Consequently, the tidal volume during inspiratory phase also 

increases linearly following a ramp function. During the expiratory cycle, the system 

ceases to supply airflow, and the airflow is expelled out, with the tidal volume 

decreasing exponentially because of the elastic properties of the lungs. 

Additionally, the results shown in table 2 indicate that the system meets the initial 

control criteria effectively, with an airflow overshoot of less than 10%, a flow settling 

time of less than 0.1 s, and a steady-state error close to zero. Furthermore, the relative 

error of the tidal volume remains below 5% of the desired value. Specifically, the 

relative errors for tidal volume in the normal lungs, COPD, and ARDS scenarios are 

1.7%, 1.93%, and 0.68%, respectively. 

a) Tidal volume, airflow waveform in normal lungs scenario, �� = 560 ��,  �� = 1.43 �,�� =

391.61
��

�
, �� =

�

	
 

b) Tidal volume, airflow waveform in COPD scenario, �� = 420 ��,�� = 1.33 �,�� = 315.79
��

�
, �� =

�



 

c) Tidal volume, airflow waveform in ARDS scenario, �� = 420 ��,�� = 2.86 �,�� = 146.85
��

�
, �� = 2: 1 

Figure 8. Simulation results of volume and flow waveform in three clinical scenarios. 

Table 2. Simulation performance in three clinical scenarios 

 Normal lungs COPD ARDS 

Tidal volume performance 
Desired tidal volume, �� 

Actual tidal volume, �� 
Relative error, % 
Airflow performance 
Overshoot, % 

Settling time, � 
Steady-state error, ��/� 

 
560 
550.48 
1.7 
 
4.44 
0.08 
≈0 

 
420 
411.89 
1.93 
 
3.51 
0.07 
≈0 

 
420 
417.13 
0.68 
 
2.5 
0.09 
≈0 
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5. Conclusion 

The paper dedicated a method for designing a PID controller for the inspiratory cycle 

of a DAPP using the root locus technique. The PID controller is designed based on the 

system’s transfer function and ventilation parameters specified in Vietnam standards 

TCVN 7010-2-2007. The addition of the controller significantly improves the transient 

response and steady-state error of the output flow compared to the original system. 

Furthermore, simulation results in three different scenarios demonstrate that the airflow 

follows the square wave signal accurately, and the relative error of the tidal volume 

does not exceed the 5% error. 

Nevertheless, the paper exhibits certain limitations, including omitting 

considerations regarding flow sensor noise. Otherwise, the noise can significantly 

impact the effectiveness of the designed controller. Therefore, the signal of the flow 

sensor needs to be analyzed and appropriately filtered in future work. In the future, 

DAPP is going to update comprehensive factors which comprise the hardware and the 

control mode to adapt to various patient breathing problems. 
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