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Abstract

:

Installing and developing a sophisticated control system to optimize left ventricular assist device (LVAD) pump speed to meet changes in metabolic demand is essential for advancing LVAD technology. This paper aims to design and implement a physiological control method for LVAD pumps to provide optimal cardiac output. The method is designed to adjust the pump speed by regulating the pump flow based on a predefined set point (operating point). The Frank–Starling mechanism technique was adopted to control the set point within a safe operating zone (green square), and it mimics the physiological demand of the patient. This zone is predefined by preload control lines, which are known as preload lines. A proportional–integral (PI) controller was utilized to control the operating point within safe limits to prevent suction or overperfusion. In addition, a PI type 1 fuzzy logic controller was designed and implemented to drive the LVAD pump. To evaluate the design method, rest, moderate, and exercise scenarios of heart failure (HF) were simulated by varying the hemodynamic parameters in one cardiac cycle. This evaluation was conducted using a lumped parameter model of the cardiovascular system (CVS). The results demonstrated that the proposed control method efficiently drives an LVAD pump under accepted clinical conditions. In both scenarios, the left ventricle pressure recorded 112 mmHg for rest and 55 mmHg for exercise, and the systematic flow recorded 5.5 L/min for rest and 1.75 L/min for exercise.
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1. Introduction


The physiological controller for a left ventricular assist device (LVAD) is a method that mimics the Frank–Starling mechanism (FSM) by directly varying the preload of the heart with an LVAD pump flow. In this context, different researchers have achieved this goal since LVADs began to be used as a final destination treatment for heart failure (HF) patients. For instance, an optimal control technique was applied to the in vitro system in a study, which incorporates suction prevention and venous return. The controller was based on the derivative of diastolic flow, which is the result of the harmonic spectrum of the flow signal [1]. The iterative of optimal learning control for LVADs was also developed to shape the final diastolic volume of a pathological ventricle in which ventricle uniform filling and pumping prevention were taken into account [2]. Other studies have introduced an optimal controller to maintain the mean aortic pressure [3], and adjusted the balance for aortic valve flow with the left ventricular (LV) stroke volume [4].



Due to the time-varying of the system parameters in the cardiovascular system (CVS), an adaptive control method has been introduced and is well developed in the applications of LVADs. In a recent study, an adaption feedback controller was proposed to automatically regulate the pump speed by controlling the motor’s power on time-varying according to physiological demand [5]. Furthermore, dual rotary ventricular assist devices (VADs) for a total artificial heart (TAH) were controlled using an adaptive mechanism based on the starling-like controller [6]. Intrinsic pump parameters were also used as input variables to adapt the rotary pump flow using computer simulation in both static and dynamic characteristics [7]. Heart rate was also regulated to maintain the arterial pressure using a free adaptive control model. This method successfully adjusted the pump speed based on the status of the circulatory system [8]. A new adaptive controller was used to test FSM with an LVAD to establish the linearity between the flow pulsatility and mean flow. In this work, the simulation results were used to compare the flow sensitivity with the postural change and pulmonary hypertension [9]. A similar study was conducted with adaptive control and was evaluated based on suction detection for the MicroMed DeBakey LVADs. The study used a mock loop device to simulate the system reliability of the parameters [10]. In addition, an adaptive feedback control of LVADs was also proposed to adjust the pump speed using the motor current to provide the correct flow demand to the patients under different physiological conditions [11].



Extremum seeking control (ESC) is defined as the method of adaptive control used to track the different variations in the performance feature, such as output or proposed cost function. This attempts to evaluate the performance of the control method during its operation, minimizing downtimes and allowing system analyses [12]. Different researchers have utilized this application to achieve the physiological control strategy for an LVAD. For example, the ESC control algorithm incorporated with a slope seeking control was used to track the unknown movement of the peak point of the desired cost function. This method was successfully tested and validated using animal data, where the diastolic pump flow was considered a cost function [13]. The parameters of the pulsatility index (PI) and pulsatility gradient (GPI) were also used to implement the ESC method. Here, the pump’s operating point was able to be automatically changed in terms of changes in heart rate (HR), left ventricle contractility, and systemic arterial pressure. The technique used full and partial assistance to robustly track the operating point [14]. The same author implemented a similar approach to physiologically control the pump pressure with selectable therapeutic options [15].



The application of fuzzy logic control (FLC) combined with the ventricular section detector to drive rotary LVADs has been widely used. In [16], the controller maintained the cardiac output within the acceptable physiological range using the suction detection method. A different approach was developed that implemented FLC to track the set point of estimated flow. The flow was estimated using pump speed and power during a steady-state operation [17]. Similarly, a robust FLC was designed to drive the thermodynamics of LVADs using an estimator of the flow pulsatility. The method was to assume that the natural heart can still produce blood flow through the aorta [18]. Another study proposed that active speed modulation can be used to enhance pulse pressure and to control LVAD blood pump flow. This method synchronized the cardiac cycle [19]. Pump speed and differential pressure were also used to investigate the FLC method to drive a non-linear model of LVADs [20].



In recent years, some researchers have used sliding mode control (SMC) methods to design and implement a sophisticated control algorithm to drive LVAD devices. One critical study involved regulating the estimated flow using the pulsatility index to generate the FSM. This study successfully implemented the physiological control algorithm-based SMC to prevent suction and overperfusion [21]. A similar study also evaluated the non-linear model associated with the pole placement method of SMC based on animal data [22]. In another study, an approach used a designed reference model to track the reference flow. This approach robustly tracked the proposed reference flow with minimal error and in the presence of noise and model uncertainty [23]. A different study used the global SMC method to drive an Intra-Aorta pump. This study used the dynamic estimator to estimate the uncertainties for the elimination chattering effect [24].



Most recently, model predictive control (MPC) was also used as a conventional centralized model to control multi-tasks of LVADs. The method was designed to create states and time-varying factors to adopt a pump speed based on FSM [25]. A similar study was carried out to evaluate the state space MPC of LVADs. The study was developed to mimic the FSM method by controlling the LVAD based on the preload of each side of the heart [26]. Another study designed a novel multi-objective neural MPC to regulate the flow rate of LVADs. The approach of this method was also implemented based on FSM by using the preload function as a variable for one LVAD and cardiac demand for the second LVAD to prevent ventricular suction and pulmonary congestion [27]. A different study used the MPC method based on non-invasive estimated parameters of the LVAD system. The estimated mean pulsatile flow was regulated and tracked using pre-defined practical constraints [28].



Despite a comprehensive analysis of LVAD technology, implementing the physiological control technique of LVADs is still in a preliminary phase. Various features, such as sensorless, automated pump speed, and control reliability, as well as a sensitive monitoring strategy that replaces the clinician by adapting the LVAD to mimic the change in preload of the patient’s current physiological state and CVS adaptation, still require further investigation [16]. The development of such a device would undoubtedly improve the probability of HF patients leaving the hospital and resuming regular activities.



To alleviate the control problems, this paper presents a feasible and sophisticated physiological control method to drive an LVAD pump. The method automatically regulates the control index of pump flow through an appropriate adjustment of the pump speed. The objective of this method is to mimic the FSM by controlling the set point through the preload control lines within the safe zone to prevent suction and overperfusion. This approach utilizes the pulsatility extractor to generate the parameter of the pulsatility index for pump flow. The pump flow pulsatility is then used with cardiac output to form the relation of the system flow–preload curve of the patients. A proportional–integral (PI) controller integrated with a PI type 1 fuzzy logic control system is proposed to implement and adopt the FSM.




2. Materials and Methods


2.1. Control Strategy


According to the FSM of the heart, a rise in ventricular filling pressure or preload causes a stronger contraction and results in higher stroke volume and cardiac output. Therefore, changes in the heart’s inotropic condition will alter the cardiac function curve. Furthermore, the ventricular filling of pressure can also increase the heart’s myocardial contractility. In contrast, the opposite can be obtained by increasing the negative inotropic influence [29].



To design a controller that emulates the FSM of the heart, pump flow pulsatility is used as the LV filling pressure. The literature shows that the relationship between pump flow pulsatility and cardiac output can be assumed to be linear even when the aortic valve is closed [29]. Therefore, to implement the FSM, we set the flow–preload line (denoted by k) to intersect with the system flow–preload curve (denoted by c). The crossing represents the system’s operation point (indicated by a black dot), as shown in Figure 1. The operating point’s movement can form the LVAD pump speed at any given time. This means the LVAD speed increases when the pump flow pulsatility decreases and the mean flow increases, and vice versa. The characteristic of the flow–preload curve for the circulatory system is determined by different conditions, such as the contractility of the heart, the resistance of the systemic vascular system and the volume of the circulatory system.



A single gradient for the relationship (e.g., k = 1) would be sufficient to adjust the LV output (assumed to be pump flow) to short-term variations in the right ventricular output and, thus, LV preload (represented by pump flow pulsatility). Migration to different gradients can compensate for longer-term variations in LV contractility and the body’s metabolic requirements. A set of criteria for modifying the target flow–preload line based on upper and lower limits for both mean pump flow and pump flow pulsatility was devised to vary the control gradient. Further, an increase in total circulatory volume might cause a shift to the right in the flow–preload curve of the system (from c1 to c2).




2.2. Controller Design


In this work, a proportional–integral (PI) controller and a PI type 1 fuzzy logic controller were used to implement this control strategy, as shown in Figure 1.



The PI controller was used to control the gradient angle (θ) of control lines as given:


  θ =  K  p , θ   .   e r  r     Q p   ¯    + e r  r  P I    Q p        +  K  i , θ   ∫   e r  r     Q p   ¯    + e r  r  P I    Q p         



(1)




where    K  p , θ     and    K  i , θ     are the proportional and integral gains,      Q p   ¯    represents the mean pump flow for a cardiac cycle, and   P  I   Q p      represents the pulsatility index of pump flow.



For the proposed controller, when either      Q p   ¯    or     PI    Q p      exceeds its respective upper or lower limits, the gradient angle (θ) is automatically adjusted using a proportional integral controller. This is conducted to return the      Q p   ¯    or     PI    Q p      to its respective upper or lower limits.



Then, the target pump flow (   Q t   ) can be calculated based on Equation (1) as:


   Q t  = tan θ .   PI    Q p       



(2)







The PI type 1 FLC with error and change in error as inputs is used to regulate the    Q t    and    Q p   . The error of the control index is given as:


  e  k  =    Q p   ¯   k  −  Q t   k   



(3)







The change in   e  k    is defined as:


  Δ e  k  = e  k  − e   k − 1    



(4)







The voltage signal of the pulse-width modulation signal (   u  P W M    ) represents the output of FLC that drives the LVAD pump. Therefore, the update signal of    u  P W M     is given by:


   u  P W M     k + 1   =  u  P W M    k  + Δ  u  P W M    k   



(5)







Table 1 indicates the linguistic labels for the inputs and outputs. For the membership function, a triangular shape was used, as shown in Figure 2. In accordance with the fuzzy logic rules, the pump flow controller should make adjustments to the pump speed to minimize the error between the target flow and the mean pump flow. This will allow the controller to supply the body with the maximum amount of available blood while preventing adverse effects on the patients. In addition, the controller should run the pump correctly in various physiological situations, in accordance with the needs and requirements of the body.



The Mamdani method was also employed to implement the fuzzy rules, as given in Table 2. In this table, the linguistic labels for the inputs and outputs are defined as:



To obtain a robust result, a minimum operator was used to implement the proposed rules and maximum operator to implement the fuzzy relation as:


   μ  x ∗ y     e ,   Δ e   = min {  μ x   e  ,    μ y    Δ e   }  



(6)






   μ  x ∗ y → z     e ,   Δ e , Δ  u  P W M     = max   min    μ x   e  ,    μ y    Δ e   ,    μ z    Δ  u  P W M          



(7)




where   x   and   y   are fuzzy sets defined on the input dimensions for   e   and   Δ e  , respectively, while  z  is a fuzzy set defined on the output dimension   Δ  u  P W M    .



In this method, a center of area method was used to implement the defuzzification process as:


  Δ  u  P W M   =     ∑   i = 1  n   μ z    Δ  u    P W M   i     Δ  u  P W M       ∑   i = 1  n   μ z    Δ  u    P W M   i        



(8)




where  n  is the number of quantization levels of the output.




2.3. Software Model


The control method was evaluated by using a dynamic model of the CVS that included descriptions of the left and right sides of the heart, the systemic and pulmonary circulations, and the LVAD pump, as shown in Figure 3. This model was used to simulate the interaction between the heart and the pump. The model was developed with the help of experimental data from five greyhounds that had an LVAD implanted and were subjected to a variety of different operating circumstances. These operating circumstances included changes in cardiac contractility, systemic vascular resistance, and total circulatory volume.



In this model, the relationship between pump flow (   Q p   ), left ventricle pressure (   P  l v    ), aortic pressure (   P  a o    ), and differential pressure across the pump (   δ p   ) was given by:


    d  Q p    d t   =    δ p  −    P  a o   −  P  l v     −    R  i n   +  R  o u t   +  R  s u c      Q p     L  i n   +  L  o u t      



(9)




where    R  i n     and    R  o u t     are inlet and outlet cannulae resistances,    R  s u c     is suction resistance, and    L  i n     and    L  o u t     are inlet and outlet cannulae inertances.



A selection of model parameters was fitted by using least square parameter estimate methods in order to increase agreement with the experimental data and verify the model’s robustness and validity under a variety of different operating scenarios. More details on the validation of this model can be found in [30].




2.4. Simulation Protocols


The model was implemented in MATLAB (The Mathworks, Inc., Natick, MA, USA) using its inbuilt Ordinary Differential Equation (ODE) solver suite. Table 1 illustrates the CVS model parameters used to simulate the scenario protocols. In this work, rest, moderate, and exercise scenarios were obtained by varying the parameters of the total blood volume (   V  t o t a l   )  , left ventricle contractility (   E  e s , l v    ), right ventricle contractility (   E  e s , r v    ), and systematic vascular resistance (   R  s a    ), as given in Table 3. For instance, to assess the immediate response of the controller to short term circulatory changes,    V  t o t a l     was linearly decreased by 50% and 70% over a period of 10 s to simulate the rest and moderate scenarios, respectively. Next, to evaluate the ability of the controller to adjust to more severe circulatory perturbations (severe HF by a change in the controller gradient),    E  e s , l v     and    E  e s , r v     were linearly increased by 20% and    R  s a     was decreased by 50% over a period of 10 s. This technique was sufficient to move the operating point outside the zone of acceptability. In all simulations, the baseline, lower and upper limits for the controller gradient were set to 1, 0.5, and 1.5, respectively, the lower and upper limits for pump flow pulsatility were set to 1.5 and 6 L/min, respectively, while the lower and upper limits for mean pump flow were set to 2 and 6 L/min, respectively. A constant speed controller scenario was also evaluated. In this scenario, we disabled the controller and let the LVAD work at a constant speed by a reduction in    V  t o t a l     with 500 mL in order to test the hemodynamic characteristic of the system. In all simulations, the gains for    K  p , θ     and    K  i , θ     were set by 1.25 and 0.75, respectively. Further, the gains for PI fuzzy were set by (   K p  = 0.35  ) and (   K i  = 1.56  ).





3. Results


3.1. Results in Rest Scenario


Figure 4 shows the hemodynamic variable results in the rest scenario. During this scenario, the CVS parameters were changed in one cardiac cycle, as given in Table 3. The results demonstrated that the pressure for the LV, aortic valve (Ao), and left atrium (LA) were slightly decreased, as shown in Figure 4a–c. Additionally, the controller reduced the LV volume by 140 mL (Figure 4d) and maintained the systematic flow within a safe range of 4.5 L/min (Figure 4e). The results also show that the flow through the Ao and mitral valves was within the clinical limits (Figure 4f,g).




3.2. Results in Moderate Scenario


Figure 5 shows the hemodynamic variable results in the moderate scenario. During this scenario, the CVS parameters were changed in one cardiac cycle, as given in Table 3. The results demonstrated that the pressure for the LV, aortic valve (Ao), and left atrium (LA) was slightly increased, as shown in Figure 5a–c. Further, the controller reduced the LV volume by 147 mL (Figure 5d) and maintained the systematic flow within a safe range by a maximum of 5.8 L/min and a minimum of 3.5 L/min (Figure 4e). The results also show that the flow through the Ao and mitral valves was within the clinical limits (Figure 5f,g).




3.3. Results in Exercise Scenario


Figure 6 depicts the hemodynamic variable results in the exercise scenario. During this scenario, the CVS parameters were changed in one cardiac cycle, as given in Table 3. The results demonstrated that the pressure for LV, Ao, and LA was severely decreased, as shown in Figure 6a–c. For instance, the LV pressure dropped to 41 mmHg in systole and 20 mmHg in diastole pressure. Despite these severe decreases, the controller increased the LV volume by 287 mL at the beginning of the cycle, and this kept rising to 300 mL at the end of the cycle (Figure 6d). Further, the controller decreased the systematic flow within a safe range by 1.7 L/min (Figure 6e). The results also show that the flow through the Ao and mitral valves was within the clinical limits (Figure 6f,g). Additionally, Table 4 depicts the CVS hemodynamic parameters in a healthy person and in an HF patient with an LVAD.




3.4. Constant Speed Controllers


In this scenario, we disabled the controller and let the LVAD work at a constant speed to test the hemodynamic characteristic of the system. This scenario can be achieved by a quick reduction in the total circulatory volume, which decreases the pulsatility of pump flow dramatically. The reduced total circulatory volume caused a leftward shift of the left ventricular (LV) pressure volume loops, resulting in lower LV end-diastolic and end-systolic volumes, as well as lower end-diastolic and end-systolic pressures (Figure 7). In contrast, suction occurred in simulations that utilized a constant speed controller due to a substantial decrease in the LV preload. Therefore, to avoid this scenario, we must ensure that the set of operating point responds to the drop in total circulatory volume by decreasing the mean pump speed.





4. Discussion


Due to the parameter uncertainty, nonlinear components, and temporal delays present in the cardiovascular system, fuzzy logic control may offer improved functionality over some control methods [18]. These parameters include the flow rate, differential pressure, heart vascular resistances, and arteriovenous oxygen difference [31]. Different control strategies have been designed and implemented based on these hemodynamic variables [32,33]. For instance, pump flow controls allow the clinician to decide the target FR to ensure that the body achieves the perfusion requirements. Many researchers claim that the cardiac output and LVAD pump flow rate are the essential variables to adapt. For instance, Cysyk et al. [34] developed an inlet cannula tip for the continuous flow to control an LVAD. A waveform of current excitation with four platinum–iridium ring electrodes was applied to evaluate the model on HeartMate II. The ventricular size was measured during pump support using echocardiography to observe the ventricular unloading and suction prevention. Another study was conducted by Horobin et al. [35] to compare continuous and pulsatile flow through HeartWare HVAD. The pump ran at a constant speed and was controlled in a custom-built system. A different study was developed by Meki et al. [36] to design a novel physiological control algorithm to maintain continuous flow during ventricular prevention suction. The robustness of the controller was evaluated in different physiological conditions in the presence of hemodynamical variables.



In this work, we chose pump flow and pump flow pulsatility as the control parameters to drive an LVAD. The pump flow variable was used as the preload parameter. This parameter is widely used and is usually referred to as left ventricle end-diastolic pressure (Plved). Unlike our work, a recent study conducted by Fetanat et al. [37] used a measure of the Plved parameter to automatically adapt the LVAD using model-free adaptive control in combination with the PID controller. The control algorithm was used to track the target end-diastolic pressure of the reference point within the usual range of 3 to 15 mmHg. This approach was tested successfully in each of the six patient scenarios by simulating 100 different patient conditions. The results illustrated that the performance of the controller was able to maintain the cardiac flow.



The variable pulsatility index of flow (PIF) is usually obtained by the linear regression between the pump flow’s maximum derivative and the peak-to-peak value. In 2005, Misgeld [38] developed a robust and self-tuning controller based on the pulsatility index, HR, and mean blood flow. The controller was designed using PI and H-infinity methods. The method was successfully validated using a circulatory hydrodynamic simulator combined with an LVAD. A different study was conducted by Choi et al. [39] to develop a hemodynamical control method utilizing a pulsatility ratio of pump flow to maintain the physiological perfusion. A difference pressure parameter was used as a PERT from the control algorithm, which considered preload, afterload, and contractility. The results depicted that the control method automatically adjusted the pump speed within the safe operating mode [39].



In 2008, Arndt et al. proposed a control strategy based on the index of pulsatility, which was calculated from the pressure difference. The control technique was applied based on external and internal loops of FR to control the aortic valve opening and closing. First, the outer loop was used to regulate the gradient pulsatility index in the reference value’s presence. Then, the inner loop was used to control the pulsatility index [15]. Another study used a cascaded control loop to regulate LVAD pump speed based on the measured pressure difference. This method presented two operating modes for ranging between partial and full assist to adjust the pump speed. In addition, the technique proposed a robust predictive controller, and stability was achieved in different physiological conditions and operating points [40].



Generally, the differential pressure variable for LVADs is defined as the pressure across the pump or the pressure between the LV and aorta; the pressure between the aortic valve and pump outlet (afterload); the pressure between the inlet and outlet pumps; or the end-diastolic ventricular pressure (preload). This variable has been widely used in different studies to maintain the physiological demand by the human body. For instance, Wang et al. [41] developed an approach to prevent ventricular suction based on the differential pressure between the LV and aorta for axial and centrifugal LVADs. The method was designed using a gain-scheduled PI controller and evaluated in silico under varied conditions to provide physiologic perfusion. Similarly, Giridharan et al. [42] used a gain-scheduled (PI) non-linear controller to maintain the differential pressure between the LV and the aorta. The same authors also developed a sensorless estimator to estimate the differential pressure using an extended Kalman filter. This estimator was used to implement the physiological control algorithm using intrinsic pump parameters [43].



The use of a motor current as a control variable for LVADs has been investigated and evaluated. In 2012, Faragallah et al. [44] used a motor current to develop an automatic controller to maintain a CF from the weak LV to the ascending aorta. The method was established by observing the pump flow output and estimating the systemic vascular resistance. The simulation results demonstrated that the system was stable and rapidly controlled. Another study conducted by Endo et al. [45] used the index of motor current amplitude. In this study, the pump speed was automatically controlled within a safe operating mode by observing the motor current’s characteristic curve in changing preload, afterload, and contractility conditions. In addition, Choi et al. used the motor current variable to estimate the pump flow and adjust the LVAD pump. The method was implemented in the FLC to optimize the physiological perfusion while assuming that the natural heart can still produce some pumping action. In vivo tests demonstrated that the controller was able to provide enough blood and prevent ventricular suction [18].



In the last few decades, the H-infinity (   H ∞   ) optimization approach has continued to be investigated [29,46]. This control has been found to be efficient and effective, and it can be used for the creation of time-variant and linear control systems. However, these system applications are still not common in the field of LVAD control. In 2005, Misgeld et al. [38] designed a tuned control on the VAD pump and compared this to the PI and general predictive controller. The controllers were validated on the hydrodynamic simulator in a wide range of operating points with different physiological conditions in the presence of disturbances. The results demonstrated that the VAD pump is more robust in performance compared with the PI and general predictive controller.



The findings of this study are susceptible to important limitations because the software model did not take reflex control and auto-regulatory systems into account. The control strategy now being used may be significantly impacted by the reflex and autoregulatory system capacity to automatically adapt to transient changes in the cardiovascular system. The study demonstrated that the baroreceptor response was significant in both HF and exercise conditions, indicating that further model development to incorporate the reflex control system is necessary in order to assess the controller [47]. In the future, it will be crucial to consider the control algorithms created for both animal testing and clinical trials.




5. Conclusions


This work presented a physiological controller to drive an LVAD pump for heart failure patients. The controller aims to automatically regulate the mean pump flow and target flow based on the physiological demand of the body. The Frank–Starling mechanism (FSM) technique was designed and implanted to achieve this aim. In this technique, the FSM is emulated by shifting the operating point of the patient through the preload control lines within the designed boundary zone (green area) to avoid ventricular collapse or overperfusion. The slope of these lines is changed using the PI controller. The method also uses a PI type 1 fuzzy logic controller to update the speed of LVAD based on the physiological conditions of CVS.



MATLAB software was utilized for the lumped parameter model of the CVS with an LVAD throughout the design and analysis of the control technique. This model’s parameters, which were used to simulate HF conditions, were set based on clinical data. Three scenarios: rest, moderate, and exercise, were proposed to examine this control strategy using a lumped parameter model. In all scenarios, the CVS parameters were varied by changing total blood volume, left ventricle contractility, right ventricle contractility, and systematic vascular resistance to demonstrate the rest and severity of conditions of HF patients.



The hemodynamic results show that the proposed control method was able to regulate the pump flow within the accepted clinical state. Furthermore, the system indicated that all hemodynamic parameters, such as left ventricle pressure, aortic pressure, left atrial pressure, left ventricle volume, and systematic flow were within the acceptable clinical range. The results demonstrated that the design method also prevented ventricular collapse or overperfusion.
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Figure 1. Block diagram of the control system. 
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Figure 2. Membership function for the inputs and outputs; (a) input variable (e); (b) input variable   Δ ( e )  ; (c) output variable (   u  P W M    ). 
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Figure 3. Electrical equivalent circuit analogue of CVS–LVAD interaction.    R  i n    : inlet cannula resistances;    R  o u t    : outlet cannula resistances;    L  i n    : inlet cannula inertances;    L  o u t    : outlet cannula inertances;    R  s u c    : suction resistance; and    P  t h o r 1     and    P  t h o r 2    : intrathoracic pressures. 
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Figure 4. Hemodynamic variable results for the rest condition; (a) left ventricle pressure; (b) aortic pressure; (c) left atrium pressure; (d) left ventricle volume; (e) systemic flow; (f) aortic valve flow; (g) mitral valve flow. 
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Figure 5. Hemodynamic variable results for the moderate healthy condition; (a) left ventricle pressure; (b) aortic pressure; (c) left atrium pressure; (d) left ventricle volume; (e) systemic flow; (f) aortic valve flow; (g) mitral valve flow. 






Figure 5. Hemodynamic variable results for the moderate healthy condition; (a) left ventricle pressure; (b) aortic pressure; (c) left atrium pressure; (d) left ventricle volume; (e) systemic flow; (f) aortic valve flow; (g) mitral valve flow.



[image: Mathematics 10 02251 g005a][image: Mathematics 10 02251 g005b]







[image: Mathematics 10 02251 g006a 550][image: Mathematics 10 02251 g006b 550] 





Figure 6. Hemodynamic variable results for a severe HF condition; (a) left ventricle pressure; (b) aortic pressure; (c) left atrium pressure; (d) left ventricle volume; (e) systemic flow; (f) aortic valve flow; (g) mitral valve flow. 
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Figure 7. Hemodynamic characteristic of preload and afterload in severe HF condition. 
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Table 1. Linguistic labels for the inputs and outputs.
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	Label
	LN
	MN
	SN
	VSN
	Z
	VSP
	SP
	MP
	LP





	Definition
	Large

negative
	Medium

negative
	Small

negative
	Very small

negative
	Zero
	Very small

positive
	Small

Positive
	Medium positive
	Large

positive
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Table 2. Rules of FLC.
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Table 3. CVS model parameters used to simulate HF conditions.
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	Variable
	Unit
	Healthy
	Heart Failure (HF)





	Total blood volume (   V  t o t a l   )  
	mL
	5300
	5800



	Left ventricle contractility (   E  e s , l v    )
	mm Hg/mL
	1.7235
	0.5322



	Right ventricle contractility (   E  e s , r v    )
	mm Hg/mL
	3.5443
	0.7100



	Systematic vascular resistance (   R  s a    )
	mm Hg·s/mL
	0.7411
	1.1100
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Table 4. CVS hemodynamic parameters in a healthy person and a HF patient with an LVAD.
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Hemodynamic Parameters

	
Unit

	
Healthy

	
HF Patient with an LVAD




	
Rest

	
Moderate

	
Exercise






	
Left ventricle pressure

	
mmHg

	
120

	
112

	
118

	
55




	
Aortic pressure

	
mmHg

	
120

	
113

	
120

	
54.66




	
Left atrial pressure

	
mmHg

	
6

	
4.78

	
6

	
14.87




	
Left ventricle volume

	
mL

	
150

	
140

	
150

	
287




	
Systematic flow

	
L/min

	
6

	
5.5

	
6

	
1.75
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