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Abstract 

For patients requiring haemodialysis, clinical practice guidelines strongly recommend the 

arteriovenous fistula (AVF) as the preferred vascular access. However, there are instances 

when fistula creation is not possible for the vein, or the fistula does not mature. The Artio 

Medical Inc. Amplifi™ vein Dilation System is being developed for use prior to AVF 

creation to enhance the suitability of the vein for fistula creation and raise its probability 

of maturation. The Amplifi™ is a wearable motor-pump that extracts non-pulsatile blood 

from the right atrium and achieves vein dilation through a controlled increase in blood 

flow rates and thus in shear stress at the vessel’s wall. These higher flow rates must be 

within a range to produce approximately 4 pascals of shear stress on the vessel’s wall to 

achieve the desired dilatation and wall thickness to promote fistula development.  

  

The aims of this project were: 1) to estimate wall shear stress (WSS) during vein dilation 

(for the “External” control algorithm) and 2) to optimise the Amplifi™ System’s 

controller (the “Internal” control algorithm) for minimum vibration and maximum power 

efficiency.  Apart from the vibration and power consumption aims, additional 

optimisation goals were to implement an increased speed range and ramped speed 

function in flow (from 0.1 L/min to 1 L/min) over a 14-day period.   

 

In support of the external controller development, two models were developed and 

simulated: 1) a model of the Amplifi TM system and 2) a model of the vascular system.  

For the model of Amplifi™, a co-relationship was established between the motor’s 

electrical current and the mechanical parameters of the pump (flow and differential 

pressure across the pump) for a sensorless estimation of the latter. For the vascular system, 

an electrical analogy based on lumped-parameter modelling was used with a specific 

focus on the collateral veins. The venous system in the arm was divided into five sections 

based on its anatomy, with the right atrium as the ground for the circuit. The Amplifi TM 

was modelled by a DC current-controlled voltage source. The base-line values of 

resistance and capacitance were derived from the length and diameter of each relevant 

section of vein. The simulation was checked against the target “Rule of Six” for AVF 

maturation (6 mm diameter with 600 mL/min flow rate).  
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For the internal control, a sensorless, field-oriented control (FOC) scheme replaced the 

original trapezoidal controller. A methodology for a successful implementation of the 

sensorless FOC control for a low-inductance and low power-rating motor, such as the one 

used in AmplifiTM, was proposed in detail, implemented, and tested, using the Texas 

Instrument (TI) Piccolo Launchpad System. Overall vibration power spectrum density 

and power consumption were measured and compared between the trapezoidal control 

and the new FOC prototype. 

 

A model for wall shear stress was derived from the simulated data of the voltage 

(pressure) drop and current (flow) in the distal cephalic vein. Flow-mediated dilation was 

introduced using another electrical analogy so that it could be used with the lumped-

parameter model of the vascular system. The dilation model, analogous to the drain-to-

source resistor of a field-effect transistor, showed the desired exponential decrease in the 

resistance of the distal cephalic vein (equivalent exponential increase of diameter and 

flow). The full model was able to correctly predict the WSS of 4 pascals at 600 mL/min 

flow rate, after dilation. The greatest benefit of this simulated model is its potential to be 

used in applications for testing vein dilation because of the difficulties in replicating 

dilation in vitro.  

 

The experimental results for the internal controller showed that the overall vibration and 

power consumption of the AmplifiTM were considerably lower with the FOC. In 

particular, the FOC set-up showed its best performance at the nominal speed because of 

the accuracy of the rotor position estimator. Moreover, power consumption was three 

times higher with the trapezoidal control at the nominal speed (6 watts versus 2 watts at 

4800 rev/min). The quasi-square waveform with the trapezoidal control demonstrated a 

significant level of distortion due to pulse wave modulation switching and phase 

commutation. Furthermore, the low power consumption (and thus lower winding 

currents) in the FOC prototype made it possible to reach a higher maximum speed of 

11000 rev/min, significantly exceeding the previous speed of 4800 rev/min attained with 

the trapezoidal control. The optimised speed controller exhibited significantly lower 

vibration and thus improved patient comfort. Lower power consumption increases the 

battery run-time and also reduces extra heat generation, which increases the life span of 

the motor’s mechanical parts and the coils. Furthermore, the reduced heat generation 

lowers the likelihood of damaging red blood cells. As a result of this study, the effect of 

drive systems (the internal control) on the motor mechanical vibration was confirmed. 
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The specific contributions of this study to the body of research were 1) to confirm the 

effect of drive systems (the internal control) on the mechanical vibration of a motor, 2) to 

model vein dilation, and 3) to numerically estimate wall shear stress (WSS). 

 

Keywords 

Arteriovenous Fistula (AVF), AVF Non-Maturation, Haemodialysis, Data-Driven 

Modelling, Empirical Modelling, Field-Oriented Control, Haemolysis, Power 

Consumption, Power Quality, Mock Loop, Optimal Control, Sensorless Control, 

Trapezoidal Control, Vascular Access, Vein Dilation, Vibration, Wall Shear Stress 

Control, Windkessel Lumped-Parameter Model. 
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Thesis Structure 

This thesis has been written in accordance with the thesis-by-publication requirements of 

Griffith University (Appendix A) and consists of six chapters: A General Introduction 

(Chapter 1), Future Work (Chapter 6), Conclusion and Discussion (Chapter 7), and four 

result chapters (Chapters 2 to 5). The Introduction includes an overview of the project, 

background, and a literature review on control strategies (Internal and External) 

applicable to Amplifi™ (previously named as the AFE System). The resulting chapters 

are classified based on the two control strategies (internal and external). Each result 

chapter is a pdf version of a published or submitted manuscript (Fig. 1). Chapters 2 and 

5 are conference papers published by the IEEE (Institute of Electrical and Electronics 

Engineers) at ANZCC 2019 and 2020. Chapter 4 is a journal paper published by MDPI 

(Multidisciplinary Digital Publishing Institute)-Energies, Chapter 3 is submitted to the 

Annual International Conference of the IEEE Engineering in Medicine and Biology 

Society, and Chapter 6 is future work. 

 
Figure 1. Overview of publications presented within the chapters. 
 

Figure 2 gives a schematic overview of the structure of the thesis. The thesis was 

completed in accordance with Griffith  University’s policy for thesis-by-publication. As a 

result, there is some repetition across the chapters, including in the descriptions of each 

study and the reference lists. In addition to the literature review in Chapter 1 which more 

generally covers Internal and External control algorithms, each result chapter also 

includes a detailed literature review that is specific to that chapter in accordance with the 

requirements of journal manuscripts. According to the IEEE copyright policy, the IEEE 

does not require individuals working on a thesis to obtain a formal reuse license. For 

further information, refer to Appendix B. According to the MDPI (Energies) copyright 

policy, copyright is retained by the writer. 
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Figure 2.  Schematic overview of the content and structure of the thesis.  
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Chapter 1: Introduction and Outline 

1.1 OVERVIEW  

One of the most complex aspects of haemodialysis is preparing a patient’s blood 

vessels for connection to the extracorporeal circulation system. This is best done 

through creating a vascular access between a vein and an artery through surgery which 

should result in increased vein diameter and wall thickness allowing effective, on-

going haemodialysis. Figure 1.1 ((a) reproduced from [1], and (b) from [2] with minor 

changes) indicates the location of a standard vascular access, called a radiocephalic 

arteriovenous fistula (AVF), and shows a haemodialysis machine connected to a 

patient’s strengthened and enlarged arm vein.  

 

       (a)      (b) 

Figure 1.1. Arteriovenous Fistula (AVF) (a), Haemodialysis (b). 

To safely increase the flow of blood, the diameter and thickness of the vein walls must 

be increased. After creating an AVF, blood passing through the vascular access will 

have a higher flow rate which results in increased wall shear stress (WSS) at the vein 

wall. The increase in WSS results in remodelling of the vein which can lead to the 

desired vasodilation, allowing greater blood flow through the vein. AVF maturation 

refers to a desirable condition when the vein (cephalic vein) becomes dilated, and its 

wall becomes thicker. This maturation allows for safe, effective and repeated 

haemodialysis [3]. 

However, AVF maturation can be problematic. A very high WSS level can narrow the 

vein lumen and limit dilation [3]. Fig. 1.2 (reprinted from [3]) illustrates two types of 
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maturation failure of AVF: 1) outward remodelling with no occurrence of dilation 

increase in wall thickness, and 2) intimal hyperplasia with an occurrence of inward 

remodelling of the intima and a narrowing of the vein. 

 

 

Figure 1.2. Arteriovenous Fistula maturation success and failure. 

Current methods to maximise AVF maturation and thus the vein’s suitability for 

haemodialysis do not completely overcome these two types of maturation failure [4]. 

It is known that after AVF, both the pulsatility of the arterial blood that enters the 

cephalic vein and uncontrolled wall shear stress (WSS) during dilation are the two 

main contributors to unsuccessful maturation of the AVF. The Amplifi™ System 

(Artio Medical, Prairie Village, KS, USA and previously known as Arteriovenous 

Fistula Eligibility  system or AFE) increases the suitability of the selected vein and 

reduces maturity failure by pre-treating veins prior to AVF surgery. Amplifi TM is a 

blood-pump that extracts non-pulsatile blood from the right atrium of the heart and 

injects it into the cephalic vein in the lower arm while maintaining WSS during its 

operation.  

In a blood vessel, WSS is due to the viscous drag of blood flow along the vessel wall 

[5]. In a blood vessel, shear stress is maintained within a range so that atherogenesis, 

thrombosis, adhesion of Leukocytes, smooth muscle proliferation, and endothelial 

apoptosis are prevented [6]. Wall shear stress can be indirectly estimated by applying 

the Hagen-Poiseuille law for a Newtonian fluid, which defines a relationship between 

WSS, flow rate, pressure difference (through vascular resistance), and viscosity. 

Pressure data is not accessible when using Amplifi TM without utilising invasive sensors 

to measure pressure and an ultrasound to measure flow (at the dilated vein), which is 
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not generally available at a patient’s home. Therefore, one objective of this study was 

to develop a model for non-invasively estimating WSS from pressure and flow rate 

estimates. Flow rate and pressure estimation in the lower arm cephalic vein requires 

two different models: 1) a model to estimate the pump’s flow rate and pressure head 

without directly measuring them, and 2) a model for the flow distribution and pressure 

drop across the lower arm cephalic vein. The control algorithm for the AmplifiTM blood 

pump consists of external and internal controls. Apart from the external control (that 

maintains WSS), the internal control (motor driver) is responsible for motor 

commutation and can be categorized into three groups: trapezoidal, sinusoidal, and 

field-oriented controls. Different techniques of performing sensor-less control will be 

discussed in this Chapter. This will be followed by an investigation of the sensor-less 

field-oriented control, in particular for internal control of the AmplifiTM.  

 

1.2 STRUCTURE OF THE THESIS 

Chapter 1 provides an overall introduction to kidney failure leading to haemodialysis, 

treatment with the Amplifi™ System, and background to the internal and external 

control of the Amplifi system.  There follows an overview of kidney structure, chronic 

kidney disease, dialysis, vascular access, arteriovenous fistula (AVF), AVF 

complications, wall shear stress, and operation of the AmplifiTM System. An overview 

of the literature on sensorless control techniques for heart-assist blood-pumps is 

provided in this chapter, as sensorless algorithms used in heart-assist devices also 

estimate blood flow and pressure head across the pump. While the external control 

algorithm for heart-assist devices, such as the AmplifiTM, is designed to regulate flow 

and pressure or both, the internal control algorithm is responsible for the motor 

commutation. Chapter 1 also surveys the different internal control strategies, 

particularly the trapezoidal control which is currently utilised for the AmplifiTM 

System, and the new field-oriented control (FOC).  

 

The first objective of this study was to establish two models for: 1) estimating the 

pump’s flow rate and pressure head without directly measuring them, and 2) estimating 

flow distribution and pressure drop across the lower arm cephalic vein. The motor-

pump model of the Amplifi™ is proposed in Chapter 2 for pressure head and flow 

rate estimation. Chapter 3 presents a full model using. the AmplifiTM motor-pump 
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model plus the vascular venous system, using an electrical analogy based on the 

lumped parameter modelling technique. 

 

The second objective of this study was the implementation of an optimal internal 

controller for low inductance motors, discussed in Chapter 4.  From the tested 

sinusoidal back electro motive force (BEMF) waveform on the Amplifi™ stator coils, 

it was proposed that field-oriented control (FOC) would have substantial advantages 

over the trapezoidal commutation currently used for the Amplifi TM.  Field-oriented 

control is a software-based commutation technique and in its sensorless mode requires 

highly accurate parameter settings and feedback signals. The AmplifiTM System had a 

very low inductance and low power rating, which made the field-oriented-control 

implementation difficult due to the machine’s low time constant. Therefore, the 

methodology for implementation of an optimal controller based on field-oriented 

control for low time constant and low power rating motor-pumps (such as the 

Amplifi TM) was discussed in Chapter 4.  

The third objective was to study the effect of power quality (resulting from the motor 

drive technique-internal control) on the mechanical vibration and electrical efficiency 

of the device, discussed in Chapter 5. This chapter also compares and evaluates the 

performance of the AmplifiTM original controller with the new FOC prototype from  

smooth operation (low vibration) and high energy efficiency perspectives.  Chapter 6 

is a detailed future work and Chapter 7 is the conclusion. 

 

1.3 KIDNEYS  

The kidneys (Fig. 1.3 (a) [7] ) are paired organs situated at the back of the abdominal 

cavity in the renal system each coupled with an adrenal gland that sits on top of it. 

Their role in the body includes removal of liquid waste in the form of urea and removal 

of drugs, balancing the body’s fluid and salt, releasing hormones (vitamin D [8]; and 

erythropoietin to produce red blood cells [9]). Their main function is regulation of the 

volume and ionic composition of the blood. There are approximately 0.4 to 1.2 million 

nephrons in each human kidney [10]. Nephrons are hollow tubes and each consists of 

a renal corpuscle, a proximal tubule, a loop of Henle, a distal tubule, and a collecting 
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duct system [10]. The essential component of a nephron is the renal corpuscle which 

consists of glomerular capillaries and a Bowman’s capsule (Fig. 1.4).  

 

 

 

 

 

 

 

 

 

(a)           (b) 

Figure 1.3. Kidneys in the renal system (a); Diagram of the cut surface of the 

kidney (b). [10]. 

 

The kidneys use three procedures to accomplish homeostasis of the blood: glomerular 

filtration, tubular reabsorption, and tubular secretion, which are all performed in the 

functional unit of the kidney known as a nephron.  

In glomerular filtration, the blood flows from the afferent arteriole and into the 

glomerulus where blood cells and large molecules like proteins are separated from 

fluids and waste products producing the filtrate. The former will exit from the efferent 

arteriole and the filtrate, fluid, filtered from blood, will enter the tubules. The next 

filtration process is tubular reabsorption, in which the filtrate passes through the 

proximal/distal convoluted tubules and the loop of Henle to the collecting duct to 

reabsorb the needed minerals and water back into the blood stream. The tubular 

reabsorption process is based on filtration concentration (osmolality) changes. The last 

step in the filtration process is secretion, which is the converse of absorption. In 

secretion, blood is fil tered in the peritubular capillaries and the filtrate will be delivered 

to the collecting duct. Urine is then formed in the urethra and will leave the kidney to 

accumulate in the bladder to be removed from the body. Fig. 1.4 illustrates different 

sections of the nephron and an expanded view of the glomerulus [11].  
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 Figure 1.4.  Relationship of the nephron with glomerular and peritubular capillaries(a), 

Expanded view of the glomerulus (b) .[11] 
 

1.4 CHRONIC KIDNEY DISEASE  (CKD) AND END STAGE RENAL  
FAILURE   

According to the (US) National Kidney Foundation, chronic kidney disease (CKD) is 

defined as the gradual loss of kidney function due to kidney disease [12] and is often 

related to diabetes and high 

blood pressure. It is a global 

problem which is increasing 

rapidly and leads to poorer 

quality of life, premature 

mortality, and a burden on 

health care systems [13].]. It 

causes damage to multiple 

organs, including the 

kidneys, blood vessels, 

heart, nerves and eyes. If not 

controlled, blood pressure 

increase in the vessels can be a leading cause of heart attack. 

Chronic kidney disease is classified into five stages according to severity, assessed 

from the glomerular filtration rate (GFR) [14].]. Normal GFR in young adults is 

approximately 125 mL/min per 1·73 m² of body surface area (BSA). A glomerular 

filtration rate of less than 60 mL/min per 1.73 m2 is a marker of kidney disease and a 

GFR of less than 15 mL/min per 1.73 m2 is defined as kidney failure or stage five [14].  

Table 1.1.Classification of chronic kidney disease 

based on GFR (glomerular filtration rate). 

Stage Description GFR 

 (mL/min/1.73 m2) 

1 Kidney damage with 

normal or �9 GFR 

>90 

2 Mild  �; GFR 60-89 

3 Moderate �; GFR 30-59 

4 Severe �; GFR 15-29 

5 Kidney failure <15 or dialysis 
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Table 1.1 illustrates the GFR in the five stages of kidney disease. Stage represents as 

kidney failure and can only be treated by dialysis or transplantation.  

 

1.5 PREVALENCE  OF END-STAGE RENAL  DISEASE 

The prevalence of kidney failure (a sub-class of chronic kidney disease) is rising 

globally, leading to 1.2 million deaths in 2017 [15]  .[15]  .  Figure 1.5 illustrates the 

rising trend of kidney failure globally between 2000 and 2012. According to a study 

conducted in 2017 [15], there were 697.5 million cases of chronic kidney disease 

globally [15] , equivalent to a prevalence of 9.1%. Approximately 850 million people 

worldwide suffer from some form of kidney disease, and it is predicted that by 2040, 

CKD would to be the fifth leading cause of death globally [16]. Seventeen percent (1 

among 6) Australians were hospitalised due to CKD in 2011 [17]. 

 

  

Figure 1.5. Global rising trend of kidney failure (end stage renal disease) until 2012. [18]  . 

 

Figure 1.6 shows the age prevalence of kidney failure disease in Australia and a rapid 

increase after 74 years of age [19].  
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Figure 1.6. Prevalence of CKD by age group and gender in Australia (2011-12) [19]. 

 

 Figure 1.7 shows the prevalence of CKD by gender in Australia [19] ; there has 

been  a greater increase in males, rising from 6 to 15 percent per 100,000 from 1998 

to 2018 in males versus an increase of 5 to 8 percent for females in the same time 

period. 

 

 

Figure 1.7. Prevalence of CKD by sex in Australia (2011-12)[19]. 

 

1.6 DIALYSIS  

Dialysis is the process of removing nitrogen and other excess waste products from the 

blood, and thereby correcting the balance of electrolytes, water, and acid-based 

abnormalities associated with renal failure [14] ]. There are two types of dialysis 

treatment: Haemodialysis (HD) and peritoneal dialysis (PD). In HD, the artery is 

connected to a tube and blood is circulated through a filtering mechanism and then 
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sent back to the patient’s body. This process should be performed approximately three 

times a week at a specific centre such as a hospital. 

In PD, a flexible catheter is inserted into the peritoneal cavity in the patient’s abdomen, 

with a small tube remaining outside of the body connected to a bag of dialysis solution. 

Peritoneal dialysis takes advantage of the characteristics of the peritoneal membrane 

to filter waste from the blood vessels in the abdominal lining. The peritoneal 

membrane lines the abdominal cavity and is semi-permeable, which allows certain 

substances to pass through but filters out toxins and excess fluid. The PD process may 

take few hours and should be done every day at the patient’s home. The main 

advantages of PD are that it can be done at home, and there is no need to use needles. 

However, use of a PD catheter is aligned with high rates of infection complications in 

the peritoneal membrane and requires a strict sterilisation protocol to be followed, and 

bathing is not recommended. These infections could occur in the tunnel that the 

catheter is threaded through (the subcutaneous tunnel), at its exit from the body, or the 

within the peritoneum itself . Also, there is a risk of clotting associated with PD. 

 

 

 

 

  

 

 

 

 

(a)                                   (b) 

Figure 1.8.     Methods of dialysis: Haemodialysis (a), Peritoneal dialysis (b) [20]. 

 

 

Figure 1.8 (a) illustrates the basic haemodialysis circuit. Haemodialysis mainly 

involves a dialyser that pumps blood and dialysate (a solution of purified water, 

sodium, potassium, magnesium, calcium, chloride, dextrose, and bicarbonate or 

acetate) in the opposite directions to the blood. The dialysate is kept separate from the 

blood by a semi-permeable membrane. Waste products in the blood will diffuse 

through the membrane into the dialysate. Figure 1.8 (b) shows peritoneal dialysis with 

a catheter inserted to the peritoneal cavity, the dialysate bag, and the drainage bag. 
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1.7 VASCULAR ACCESS 

To procure blood for haemodialysis, vascular access is required through minor 

surgery. This access can be of three types: arteriovenous fistula (AVF), or 

arteriovenous graft (AVG) and Catheter (Fig. 1.9).  

 

 

 

 

 

 

 

 

 

Figure 1.9.  Haemodialysis access: (a) AVF, (b) AVG, (c) catheter [21]. 

 

Due to the fact that other types of vascular access require time to mature, central 

venous catheters (CVC) are used when an immediate start to haemodialysis is 

necessary. The catheter is generally used in cases when the kidney is expected to regain 

its function after a short time, i.e. in sudden cases of kidney failure which require 

immediate, short-term dialysis. It is therefore not appropriate for chronic kidney failure 

patients. Vascular access by catheter involves a tunnelled, flexible, long, Y shaped 

tube which is preferably inserted into the internal jugular vein (or any other large 

central vein in the neck or leg). The tube has two lumens and thus will split in two after 

leaving the body. Catheters are either classified as short term (non-tunnelled) and long-

term (tunnelled) or as cuffed and non-cuffed. Short-term catheters are inserted via a 

guide wire and are stiff and tapered while the long-term version is blunt, soft-bodied, 

and inserted placed through a split-sheath. Long-term catheters usually have two 

lumens, one for blood outflow and one for blood return (Fig. 1.10). The short-term 

catheters could be twin single-lumen, one for outflow blood (arterial flow) and one for 

inflow blood (venous flow). Double-D design (DD) dual-lumen catheters are the most 

used design. In these, a flat wall separates the arterial and venous lumens. The 

advantage of the DD design is small diameter and low hydraulic resistance [22]. A cuff 

(a) 
 

 
 

 
 

 

(b) 
 

 
 

 
 

 

(c) 
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is a device that keeps the catheter in its place; non-cuffed catheters are used in 

emergencies for short periods of up to 3 weeks. 

Catheters are generally made of silicone and polyurethane, or more recently from 

copolymers such as carbothane [23]. Softer material such as silicone and 

polycarbonate copolymer are generally used in long-term catheters to improve their 

longevity and reduce vein damage [22] . In order to minimise thrombosis and infection, 

catheters are coated with heparin, antibiotics, and silver ions to minimise infection 

[23].  

While the advantages of catheters include an immediate start to dialysis and tunnelling 

under the skin, rather than insertion into the vein, there are disadvantages associated 

with the use of catheters, which makes them a short-term option. These disadvantages 

include the possibility of damaging the vein, bleeding and haematoma (accumulation 

of blood around the injured vessel under the tissue), infection and catheter clotting, 

increased length of haemodialysis, and blockage of the tip of the catheter due to fibrin 

sheath formation [24]. 

 

 

Figure 1.10.   Double lumen catheter. [25] 

 

Arteriovenous fistula (AVF) is the most preferred type of vascular access, referred to 

as the gold standard [26]. The AVF (Fig. 1.9 (b)) is an access made by anastomosis of 

a native artery to an outflow vein in the patient’s arm. Successful AVF creation results 

in increased blood flow through the vein which in turn will result in higher wall shear 

stress on the vein’s walls resulting in vein dilation and increased wall thickness, known 

as AVF maturation. The treated vein is then eligible for regular haemodialysis and can 

tolerate repeated needle insertion and the dialysis machine’s suction.  An AVF created 

in the forearm is known as a radiocephalic arteriovenous fistula (RCAVF), compared 

with a brachiocephalic arteriovenous fistula (BCAVF), which is created in the upper 

arm. 
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The advantages of the AVF include providing good flow for dialysis, longevity, and 

lower risk of infection and blood clots. However, the main disadvantages of the AVF 

are related to the complications associated with its maturation, which are discussed 

later in this thesis. Finally, the AVG is a tube (‘graft’) that connects an artery to a vein 

(Fig. 1.9 (c)). This method is used when the vein is unsuitable for a fistula because itis 

too small, is blocked (stenosis), or is damaged.  The AVG is a small hollow tube of 4-

8 mm in diameter, which is placed surgically under the skin with one end connected 

to the vein and the other to an artery. AVG tubes are generally made of 

polytetrafluethylene (PTFE) due to its availability, ease of implementation, low risk of 

infection, and long patency [27]. The two different configurations of AVG (Fig. 1.11) 

are straight or loop, and the locations for AVG placement include the upper thigh, 

upper arm, and lower arm [28]. Although the optimal location for the AVG is not 

known [29], the forearm location and loop configuration is preferred due to its better 

patency [30]. 

The advantages of using AVG over AVF are that it is ready to use in less time, as AVF 

needs to mature; it is easy to implement, and placement is an out-patient procedure. 

However, AVGs do not last as long as AVF, are prone to clotting, have higher infection 

rates, may need angioplasty to maintain performance, and they may need replacement 

over time. 

 

 
Figure 1.11.  Necklace graft between subclavian artery and vein, a) straight graft from auxiliary 

artery to the femoral vein (b), straight and looped graft in the lower extremity. [2]. 

 

Among the different types of haemodialysis (catheters, AVF, AVG), AVF is the 

preferred vascular access [31] due to its longevity, fewer complications, fewer 

procedures, and lower costs compared with AVG or catheters. The AVG is the second 
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choice for dialysis while the catheter is considered to be only a temporary solution. 

Table 1.2 compares AVF and AVG. According to Jennings [32], the National Kidney 

Foundation, the Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines, and 

the National Vascular Access Improvement Initiative FistulaFirst, radiocephalic 

arteriovenous fistula should be the first-choice vascular access procedure for patients 

commencing dialysis.  

 

Table 1.2.  The arteriovenous fistula comparison with the arteriovenous graft. [33]. 

 Arteriovenous fistula Arteriovenous graft 

Cost More cost effective Cost 5-fold higher than 

AVF 

“Primary” Failure Higher Lower 

Patency or morbidity or 

“secondary” failure 

Higher patency rate, 

lower associated 

morbidity and mortality 

3.8 times more likely to 

require thrombectomy 

Infection rate  Average of ~5% over 

period of use 

Average of ~10% period 

of use 

Treatment of infection Likely to respond to 

antibiotics 

May require surgical 

excision and removal 

Peripheral ischaemia Brachiocephalic or 

basilica fistula and grafts, 

5%-15% 

Brachiocephalic or 

basilica fistula and grafts, 

5%-15% 

 

1.8 ARTERIOVENOUS  FISTULA  MATURATION 

Although AVF provides longer patency and attractive pricing, it suffers from a high 

rate of non-maturation. It has been estimated that 25-60% of AVFs fail either at the 

early stage or during maturation [34]. There are different attributes such as location of 

AVF, sex, age (greater than 65), diabetes, history of peripheral vascular disease and 

coronary artery disease as well as anatomical and surgical conditions [4] . A major 

complication is formation of stenosis along the circuit of the AVF is due to the complex 

AVF geometry and high-pressure pulsatile arterial flow, resulting in a non-laminar 

flow and oscillating WSS, as well as periodic extension of the inner layers of the vein 

(intima and media) due to radial forces [35].  
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Successful AVF maturation enables the vein to function as a passage for blood flow 

which can be used repeatedly for haemodialysis. As a result of AVF maturation, the 

vein undergoes vascular re-modelling with the blood vessel diameter being 

progressively dilated [34] to accommodate blood flow of at least 300 mL per minute 

[36].   

Different methods that help to improve flow pattern can be classified into surgical, 

clinical, and device-based techniques. The surgical procedures include arm vein 

preservation, arm vein duplex mapping, branch ligation, staged 

transposition/superficialisation, and comprehensive follow-up and intervention 

programs. Other clinical techniques to increase AVF suitability and reduce AVF 

maturation failure rates include antiplatelet therapy, balloon angioplasty, basilic vein 

transposition, exercise, and heat and compression therapy [37]. Apart from the 

aforementioned surgical and clinical 

techniques, application of external 

support devices to reduce the non-

laminar flow in the region (about 2-

3 cm) above the AVF site is a 

device-based approach to optimise 

the haemodynamic flow. The VasQ  

is a blood vessel external support 

implant developed by Laminate Medical Technologies to improve the functionality of 

the AVF. It is an external scaffold placed over the fistula to create an optimal geometric 

configuration with the artery (Fig. 1.12) to avoid flow disturbances. It consists of a 

brace that wraps the artery at the JAR (juxta-anastomotic region, about 2-3 cm above 

the AVF site) to adjust its angulation at 40 to 50 degrees and a 1 mm curvature radius, 

and an external mesh braid to control vascular diameter and gradient in the earliest 25 

mm of the juxta-anastomotic vein.  The purpose of the VasQ device is to ensure 

stabilised haemodynamic conditions at the JAR region through assuring a laminar 

blood flow and a uniform WSS, which would result in an appropriate blood flow 

during dialysis and a reduced vein blockages created by thickening of the vein wall 

[38]. VasQ addresses the maturation failure problem through directing the two main 

issues that contribute to the failure: turbulent flow around the location of anastomosis, 

increased venous wall tension that results from the arterial flow circulation conditions 

in the JAR region [39]. 

Figure 1.12.  The VasQ device.  
 

Redacted due to copyright.

https://vascularnews.com/laminate-receives-ide-approval-fda-initiate-study-vasq-device/
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Figure 1.13 (reproduced from [3] ) shows a mature AVF, a situation where the vessel 

wall has thickened and has experienced outward remodelling. However, there are 

instances when either no wall thickening or no outward remodelling occur, or when 

the vessel undergoes inward remodelling, referred to as hyperplasia. As discussed 

above, the pulsatility  of the blood used for vein dilation in the AVF and uncontrolled 

wall shear stress (WSS) on the vein’s walls are the two factors responsible for the 

failure of AVFs to mature. To reduce the incidence of these two types of failure, it 

seems advisable to strengthen the veins before the fistula is created to allow the safe 

transport of blood with high flow rates. In this current research, a device known as 

Amplifi TM Vein Dilation System is studied which is used prior to AVF to enhance the 

AVF’s eligibility  by dilating the vein. 

 

 

Figure 1.13.  AVF maturation success and failure: the left picture shows a normal vein, a 

matured vein (marked with a tick on it), and two incidents of unmatured vein dilation (marked with 

crosses on them); the right picture shows the two contributors to unsuccessful AVF maturation.  

 
 

1.9 VASCULAR WALL  STRESS AND VASODILATION 

Stress is the resistance of an object against the force applied to it and is defined as F/A, 

where F is the magnitude of the force and A is the area being stressed. If  the applied 

force is parallel to a surface, then the stress is referred to as shear stress and the area it 

applies to would be the parallel surface over which it acts. In the presence of shear 

stress, parallel planes remain parallel but are shifted and deformed in a parallel 

direction (akin to moving the top card of a deck whilst the bottom card remains 

stationary on a table). The deformation is known as shear strain and is defined as �¨�;���K 

where �¨�; is the change of dimension in the direction parallel to force F and h is the 
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original (height) dimension. Shear stress has the following relationship with shear 

strain: 
�(
�#

= s ×
�¿X
�D

          
 Equation1.1. 

In the equation above, s is the shear modulus of the material in pascals, F is force in 

newtons, A is the area in square metres, �¿X and h are length in metres. Shear modulus 

is a constant defined by Hooke’s law and is specific to each material: 

�O=
�O�P�N�A�O�O
�O�P�N�=�E�J

          
 Equation 1.2. 

The forces on a vessel wall resulting from blood flow include the parallel force of shear 

stress, the axial force, and the circumferential force. While the parallel frictional shear 

stress that results from the viscous drag of blood flow along the vessel wall is well 

studied and is known for activating the endothelial nitric oxide synthase (eNOS). 

However, less is known about the other two forces [40]. The parallel component (shear 

stress) is caused by the change in flow rate, blood viscosity, and vessel diameter. The 

change in shear stress results in biochemical signals (eNOS) that release nitric oxide. 

The axial (tensile) stress is related to the longitudinal force, radius, and wall thickness 

and controls the longitudinal adjustment. The circumferential force is the 

perpendicular force resulting from the difference between the pressure inside the 

vessel and that outside the vessel and causes mechanical deformation of smooth 

muscle cells through elevated superoxide levels and release of Ang II from the 

endothelium [41]. The circumferential stress therefore is altered by the change in blood 

pressure, vessel diameter, and wall thickness. As such, the change in the blood flow 

rate only alters shear stress and results in (flow mediated) vasodilation. 

In a blood vessel, there are two stresses present near the vessel wall [5]: circumferential 

stress and shear stress. The first is due to the pressure variation across the vessel wall 

(due to the difference between the pressure inside the vessel and that outside the vessel) 

while the latter is due to the viscous drag of blood flow along the vessel wall [5] . The 

direction of shear stress in a blood vessel is determined by the direction of the velocity 

vector of the blood flow close to the blood vessel wall [5]. The shear stress in a blood 

vessel is applied mainly to the inner layer of the vessel (vascular endothelium) which 

is in contact with the blood. Figure 1.14 (a) shows the three different forms of stress 

[40] and Fig. 1.14 (b) defines velocity, shear rate, and shear stress distribution for a 

laminar Newtonian fluid [42]. 
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The velocity gradient of the movement of parallel layers of fluid is called shear rate 

and is defined as the differential velocity divided by the inner radius of the vessel: 

�Ó�6=
�@�8
�@𝑑𝑑

          
 Equation1.3. 

 
 

 

                         (a) 

 

 

 

(b) 

Figure 1.14.  Velocity, shear rate, and shear stress distribution for a laminar Newtonian fluid 

flowing between two parallel layers. . 

 

In vascular blood flow, the shear rate at the vessel wall is generally significant because 

it triggers biological processes which preserve homeostasis. Wall shear stress is the 

product of viscosity and wall shear rate which is defined as the near wall velocity 

divided by the distance from the wall (Fig. 1.15). 
 

Figure 1.15.  Definition of wall shear rate [43]. 

Blood viscosity is the constant of proportionality between shear rate and shear stress 

and represents the resistance of blood to deformation. If the relationship between shear 
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stress and shear rate remains constant at a specific temperature, then the fluid is known 

as a Newtonian fluid. For a non-Newtonian fluid, the ratio of shear stress to shear rate 

does not remain constant. For such fluids, shear stress does not change at the same rate 

and in the same direction as shear rate, so the viscosity of such fluids will vary with 

the alteration of shear rate (and, as with Newtonian fluids, also with pressure and 

temperature). 

In a uniform tube with a steady and laminar flow, the formula below describes the 

velocity 𝑉𝑉�å as a function of radius 𝑟𝑟 [6]: 

𝑉𝑉�å =
�¿�2× ( 𝑟𝑟�Ü

�6 
F 𝑟𝑟�6)
4 × �ä× �H

          
      Equation 1.4. 

In Eq. 1.4, �¿�2 is the pressure drop over the tube length of �H, 𝑟𝑟�Ü is the inner radius and 

µ is the viscosity of the blood. 

According to the Hagen-Poiseuille law, blood flow, Q, is the mean velocity multiplied 

by the cross-section area of the vessel. On the vessel axis, i.e. at  𝑟𝑟= 0 , the velocity 

maximum is twice the average flow rate in laminar flow and therefore the mean 

velocity would be: 

𝑉𝑉�à�Ø�Ô�á=
𝑉𝑉�à�Ô�ë

2
=

�¿�2× 𝑟𝑟�Ü 
�6

8 × µ × �H
         

 Equation 1.5, 

so:  

�3 =
�¿�2× �è× 𝑟𝑟�Ü

�8

8 × µ × �H
          

 Equation 1.6. 

The above equation (Hagen-Poiseuille law) is valid with the following restrictions: the 

tube is stiff, straight, and uniform; the fluid is Newtonian with a constant viscosity; 

and the flow is laminar and steady, not pulsatile, with zero velocity at the wall (no 

slippage at the wall). 

From the shear rate equation, velocity equation, and Hagen-Poiseuille law, shear rate 

(�Ó�6) and the wall shear stress (WSS) can be calculated: 

�9�5�5=
�4
𝑟𝑟

× �ì�5�6         
 

 

 

Equation 1.7, 

�Ó�6=
�¿�2×  𝑟𝑟

2 × �ä× �H
         

 Equation 1.8, 

�ì�5�6=
�¿�2× 𝑟𝑟
2 × �H

= 4 × �3×
�ä

�è× 𝑟𝑟�Ü
�7               

 
Equation 1.9, 
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where �ì�5�6  is shear stress between any two points in the vessel, Q is the flow rate (m3 

/s), µ is the viscosity of the blood (Pas), and  𝑟𝑟�Ü is the inner radius of the vessel (m), 

and �H is the length of the vessel.    

In a blood vessel, shear stress should be maintained within a specified range so that 

atherogenesis, thrombosis, adhesion of Leukocytes, smooth muscle proliferation, and 

endothelial apoptosis are all prevented [6]. Blood viscosity, and therefore shear stress, 

alter with the change in the lumen diameter of the vessels. Figure 1.16 shows different 

shear stresses in a vascular tree (from [44] with modification) [44]  .  
 

Figure 1.16.   Shear stress in the vascular tree. [44] . 

 

In kidney failure patients, whole blood viscosity and mean wall shear stress are lower 

than in healthy patients [45]. The reasons for the lower viscosity are volume overload 

(or Hypervolemia, a condition in which there is too much liquid in the blood) and 

anaemia (a decrease in the total amount of red blood cells (RBCs)) [45]. According to 

Samijo et al. [45], measurements of whole blood viscosity (WBV) and mean wall shear 

stress (mean WSS) in kidney failure patients, prior to haemodialysis, and in normal 

control subjects resulted in Table 1.3. 

 

Table 1.3. Whole blood viscosity and mean wall shear stress in kidney failure patients, prior to 

haemodialysis, and in normal control subjects, sex-matched control subjects (n=13).
 

 Whole blood viscosity Mean wall shear stress 

Kidney failure patients 2.80 +/- 0.52 mPa.s 0.67 +/- 0.23 Pa 

Normal control subjects 3.20 +/- 0.29 mPa.s 1.24 +/- 0.20 Pa 

 

https://search-proquest-com.libraryproxy.griffith.edu.au/indexinglinkhandler/sng/au/Samijo,+S+K/$N?accountid=14543
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The WBV and mean WSS show decreases of approximately 12.5% and 46% 

respectively in kidney failure patients. 

When shear stress changes in magnitude, a vascular remodelling process known as 

vasodilation is activated which changes the diameter and wall thickness of the vessel 

to maintain normal wall shear stress values. Wall shear stress resulting from the 

frictional force of blood flow is known to be the main trigger of endothelial nitric oxide 

synthase (eNOS) [46] which results in vasodilation.  Blood flow in a vessel results in 

perpendicular and tangential forces exerted on the vessel wall. While the perpendicular 

component associated with blood pressure causes mechanical deformation, the 

tangential components (sheer stress) result in biochemical signals that release nitric 

oxide. Wall sheer stress is the sheer stress normalised by the area.  

It has been proposed that the endothelial release of nitric oxide is the primary cause 

for dilation. Flow-mediated dilation (FMD), first introduced in 1992 by Celermajer 

[47], refers to dilation of an artery as a result of increased flow rate. Flow-mediated 

dilation is a measure of endothelial activity and is performed by occlusion, using a cuff 

around the arm, to cause a transient ischemia, and then gradually reducing its air 

pressure to increase blood flow rate while measuring the artery diameter by ultrasound. 

The occlusion causes hyperaemia in the blocked blood vessels which increases shear 

stress, resultingin increased G-protein expression of phosphokinase A. This increases 

the endothelial cells’ nitric oxide (NO) synthase activity to catalyse NO creation from 

L-arginine. The NO that reaches the tunica media activates soluble guanylate cyclase 

which induces relaxation of smooth muscles, causing vasodilation [48]. Flow mediated 

dilation is the ratio between the vessel diameter after vasodilation to its baseline 

expressed as a percentage. 

 
To achieve an acceptable diameter in the vein through dilation, wall shear stress should 

exceed 2.5 Pa, which is the shear stress in a normal cephalic vein. However, wall shear 

stress above 7 Pa causes neointimal hypoplasia [5]. The desired WSS for vessel 

dilation is 4 Pa [31]. When shear stress is increased at the vein wall, it stimulates the 

natural regulatory systems of the body through the effect of Nitric Oxide to control 

WSS through dilation of the vein. In order to maintain mean WSS at 4 Pa, the flow 

rate should be regulated in accordance with Hagen-Poiseuille’s law, with consideration 

of its limitations, as discussed above. This thesis shows that this can be done by use of 
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the AmplifiTM System in conjunction with a novel prototype controller, which are both 

introduced and discussed in the following sections. 

 

1.10 THE AMPLIFI TM VEIN DILATION SYSTEM  

Figure 1.17 illustrates the mechanism of the Amplifi TM System (Artio Medical, Prairie 

Village, Kansas, USA), previously known as the AFE System. Use of the device 

involves inserting the tip of one catheter (the inflow conduit) into the superior vena 

cava or right atrium while the tip of the other catheter is connected to a peripheral vein 

(the outflow conduit) [37]. These conduits are then connected to a pump via locking 

fittings [37]. Non-pulsatile blood from the right atrium is then pumped to the peripheral 

vein at an adjustable rate to reach a target mean wall shear stress of 4 Pa [37]. 

 

       (a) (b)                   (c)               (d) 

Figure 1.17.  Vasodilation by the AmplifiTM system; (a) shows an ineligible vein for AVF, the 

Amplifi TM system is connected to the patient’s cephalic vein in (b), the vein gets dilated after 10 days 

(c), the AmplifiTM system is removed, and the vein is dilated ready for the AVF surgery (d)  [37]. 

 
The use of the Amplifi is helpful because, after creation, an AVF employs pulsatile 

arterial blood, but this causes cyclic stretching of the vein walls which may result in 

vein stenosis, reduced blood flow, and AVF failure [37] . Utilizing low pulsatility flow 

to prepare the vein before the creation of the AVF is the first distinction of vein dilation 

with Amplifi.  

As explained previously, the other distinction of this technique is the slow ramping of 

WSS by controlling the volume of blood flow, which helps to prepare the vein for 

AVF. Figures 1.18 and 1.19 show details of the two discussed contributing factors to 

successful AVF maturation: pulseless blood, and controlled WSS respectively. Figure 

1.18 (reproduced from  [37]) compares the AVF and Amplifi in vitro in a mock loop 

consisting of the Amplifi system, PVC tubing, and a 35% water-glycerol solution 

blood substitute  [37]. It shows that, unlike after an AVF, the pressure curve is 
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pulseless with the Amplifi  [37].  Figure 1.19 (reproduced from  [37]) shows that mean 

WSS is maintained at 4 Pa with the Amplifi during vein dilation at different speeds 

but varies after the AVF.  

 
Figure 1.18.  Pulseless flow in Amplifi TM versus AVF. 
 
 

 
 (a) (b) 

Figure 1.19.   AVF and Amplifi TM compared by Loree et al. for WSS: WSS varies in the AVF (a) 

but is constant with AmplifiTM (b). Normal WSS as well as target zone and optimal level is marked in 

(a). 

 

Amplifi is a small, temporary, wearable blood pump system. The centrifugal pump 

consists of a radial-flow and a backward-curved blade impeller (Fig. 1.20) of 30 mm 

diameter with built-in poles that provide magnetic coupling. This works as the rotor of 

an integrated brushless permanent magnet synchronous motor (PMSM). In a 

backward-curved blade impeller, the outlet blade angle is less than 90 degrees, and 

thus, the pressure head decreases with the increase in flow rate. The PMSM motor is 

a 15 V, three-phase, axial, trapezoidal pancake motor with two pairs of poles driven 

by a sensorless driver. An appropriate driving structure for the Amplifi System motor 
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will be further studied in detail in this research since it is a significant part of the 

implementation of the automatic control system. 

 

 
Figure 1.20.   The Amplifi TM System pump with integrated PMSM motor, courtesy of Artio 

Medical.  

 

1.11  EXTERNAL  CONTROL   

The external control loop sets the rotational speed of the motor/pump to adjust the flow 

rates and pressures generated. Speed is proportional to the input voltage to the motor. 

For automatic external control, a mathematical model is required to generate the 

control value (i.e. the desired voltage). In Amplifi, this model should relate the motor 

voltage/current to the mean wall shear stress in the vessel through pressure and flow 

of the pump. Therefore, the external control is divided into two models:  

1) a model of Amplifi consisting of a relation between its electrical parameters 

(current and/or voltage) and mechanical parameters (pump differential 

pressure and flow rate), and   

2) a model of the vascular system in the arm that relates the flow rate and pressure 

drop along the vessel to Amplifi’s  mechanical parameters.  

Amplifi’s  external control algorithm and modelling of its motor-pump have not 

previously been researched. However, there are several pieces of research on control 

algorithms for blood pumps used in circulatory support devices like those used in heart 

failure treatments. These control algorithms are analogous to the Amplifi control 

algorithm in non-invasive estimation of the flow rate and pressure head of the pump 

and system modelling. The next section reviews external control based on existing 

studies of heart failure treatments in ventricular assist devices (VADs).  

The methodologies proposed in the current literature for mathematical modelling of 

flow and pressure in a circulatory system with a blood pump involve customising a 
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mock loop to mimic the circulatory loop. Figure 1.21 [49] illustrates an example of a 

general mock loop utilised for heart assist devices consisting of a ventricular assist 

device (VAD), PVC tubing with different diameters to replicate dilation, and a 

reservoir.  

 

 
Figure 1.21.   The schematic of a mock loop used with ventricular assist devices (VADs); SVR: 

systematic vascular resistance, PVR: pulmonary vascular resistance, PA: pulmonary artery, RA: right 

atrium, RV: right ventricular, LA: left atrium, LV: left ventricular, SQ: systematic flow rate, RQ: 

pulmonary flow rate, PAC: pulmonary artery compliance, AoC: aortic compliance, systematic 

vascular compliance, PVC: pulmonary vascular compliance. 

 

An example of this type of modelling done on specific pumps is Tsukiya et al. [50, 

51]. This study reviewed VADs, and custom tuned their model to each individual VAD 

pump by including the diameter of the pump impeller and its vein height. They also 

adjusted their model to the type of motor-pump used. In one report, they proposed a 

flow-pressure estimation model for a magnetically suspended centrifugal pump, and 

in another report [50], they developed flow estimates for a pump with mechanically 

contacting bearings.  

 

Importantly, to establish the relationship between flow and pressure, the model can be 

considered either statically or dynamically. Several papers have been published on 

pump flow and pressure estimation under steady state conditions [52-54]. These 

estimation approaches are all based on deriving characteristics of the pump in a mock 

loop followed by mathematical modelling. 

In contrast, in dynamic modelling, there is an additional factor to consider: pulsatility. 

In vitro, this can be caused by the action of the heart itself, but also by the blood pump, 
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and by the viscosity of the blood. Because Amplifi is designed as a non-pulsatile pump 

taking blood from the right atrium, it minimises pulsatility caused by the heart and the 

pump, but the viscosity of the blood remains to be considered. In [55] [50, 51], when 

the effect of viscosity change was studied, either an aqueous-glycerol solution was 

adopted, or human or animal blood was used. These studies showed that changes in 

viscosity did affect the coefficients of the model.  

 

There are several papers on dynamic and pulsatile flow and pressure head estimation 

[51, 55-57]. Some studies such as [57, 58], discuss the effects of the pulsatility of blood 

in their mathematical modelling. However, the effects of pulsatility can be disregarded 

for Amplifi because the blood drawn from the right atrium is non-pulsatile [59].  

Change in viscosity is the main contributor to the dynamic nature of the modelling in 

the Amplifi TM System.  

 

Malagutti et al. [60], identified a three-dimensional steady-state relationship between 

flow, rotational speed, and electric input power using an empirical test. They utilized 

a rotary blood pump in a mock loop filled with human red blood cells suspended in a 

plasma volume expander. The researchers clamped the loop to change the flow and 

after reaching a steady-state condition they recorded the pump speed, power, and flow 

rate. Six haematocrit levels were used. Each time, they set the pump speed to 3000 

rev/min and then decreased it in increments of 100 rev/min to a minimum speed of 

1800 rev/min. At each speed increment, they varied clamping of the flow path to adjust 

the flow from a minimum of 0.0 L/min to a maximum of 9 and 5.5 L/min (depending 

on the pump speed). Each experiment lasted approximately five hours and the 

haematocrit was re-checked at the end of each experiment to verify that it had not 

altered. The following polynomial equation fitted to the experimental data was 

proposed: 

�3 = 𝑎𝑎+ �>(𝑉𝑉�+) + �?(VI) �6+ �@(𝑉𝑉�+) �7+ 𝑒𝑒�ß+ �B�D�6 
Equation 

1.10, 

where Q is the estimated flow rate (L/min), �� is the pump rotational speed (rev/min), 

and 𝑉𝑉�+ is electrical power (W). 
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This equation was then fitted to the flow-HCT data to determine the coefficients of the 

three-dimensional equation as functions of haematocrit. Malagutti et al. [60] identified 

three linear equations for b, c, and d; however, no relation amongst other constants (a, 

e, f) and HCT was found. Their model was a static model under non-pulsatile 

conditions and showed good fit (R2 =0.9785) between training and validation data for 

flow rates over 1.0 L/min. AlOmari et al. [57] proposed a dynamic model for 

instantaneous estimation of pump pulsatile flow rate and head in varying haematocrit 

conditions. The electric power, pump speed, and haematocrit (HCT) were inputs to the 

flow estimation model. Pressure was estimated based on the estimated flow and pump 

speed. The results from their flow model coincided with the outputs of the Malagutti 

et al. [60] model under steady state conditions. AlOmari et al. [54] also used a set of 

six aqueous glycerol solutions with different viscosities to equate to blood viscosities 

from 2.05 to 3.56 mPa (equivalent to haematocrits of 24, 27, 34, 39, 41 and 47.5%). 

The flow model was based on the Malagutti et al. [60] static model and the head 

estimation model on an autoregressive with exogenous inputs ���$�5�;) model. Equation 

1.11 shows the differential model for flow estimation and Eq. 1.12 the head estimation 

model. The flow model showed a highly significant coefficient of correlation of 0.982 

between the measured flow (in a pulsatile mock loop with aqueous-glycerol solution) 

and estimated flow. 

𝑎𝑎�4�3𝑒𝑒�æ�ç(�G+ 1) + (𝑎𝑎�5+ �>�5)�3𝑒𝑒�æ�ç(�G) + (𝑎𝑎�6+ �>�6)�3𝑒𝑒�æ�ç(�G
F1)

+ 𝑎𝑎�7�3𝑒𝑒�æ�ç𝑎𝑎(�G
F2) = �>�5�B(�G) + �>�6�B(�G
F1), 

Equation 

1.11, 

�%(�Ø)�*𝑒𝑒�æ�ç(�G) = �&�5(�Ø)�3𝑒𝑒�æ�ç(�G) + �&�6(�Ø)�ñ(�G) + �ã, 

�S�D𝑒𝑒𝑒𝑒𝑒𝑒 

�%(�Ø) = 1 
F1.735�Ø�?�5+ 0.758�Ø�?�6, 

�&�5(�Ø) = 
F1.157�Ø�?�5+ 1.519�Ø�?�6 
F0.278�Ø�?�7 
F0.475�Ø�?�8, 

�&�6(�Ø) = 0.0683�Ø�?�5 
F0.0742�Ø�?�6 
F0.0298�Ø�?�7
F0.0379�Ø�?�8, 

Equation 

1.12, 

Where �3𝑒𝑒�æ�ç(�G) is the estimated pulsatile flow and �B(�G) is the input signal. The 

parameter coefficients of Eq 1.11 are given in AlOmari et al. [57]. �*𝑒𝑒�æ�ç is the estimated 

instantaneous head, �ñ(�G) is the instantaneous rotational speed, �ã is -0.476, and �Ø is 

the discrete time backward shift operator. 



Controlling a blood-pump 
For dilating a vein 27

They also performed ex vivo experiments and implemented the VentrAssistRTM 

centrifugal heart pump in six pigs. Flow measurement included pump flow and aortic 

flow using ultrasonic probes; pressure was measured at the left ventricular, left arterial, 

aortic and pump inlet pressures using pressure transducers.  

Their flow estimation model showed a great correlation of R2 =0.982 for the estimated 

flow rates and 0.993 for the estimated head, compared to the validation data set. When 

compared to measured flow rates in the animal test, the correlation was 0.849.  

Yoshizawa et al. [55] developed a single steady-state equation for both estimated flow 

and pressure based on the electric power and motor speed. Next, they extended the 

static model to three �$�5�; models: A viscosity independent model, a viscosity 

dependent model, and a model which related the friction-force of the motor pump with 

viscosity. The �$�5�; model uses current and previous values of power and speed as the 

inputs to an �$�5�; model that estimates the steady state gain of the system. Figure 1.22 

illustrates the two auto-�U�H�J�U�H�V�V�L�Y�H�� �H�[�R�J�H�Q�R�X�V�� ���$�5�;���� �P�R�G�H�O�V�� �W�R�� �H�V�W�L�P�D�W�H�� �I�O�R�Z�� �D�Q�G��

pressure head. Model I uses supplied power and rotational speed for estimation while 

models II and III use gain constant K(t) resulting from model III. K(t) reflects the 

change in viscosity or haematocrits. 

 

 
Figure 1.22.   The two auto-regressive exogenous models developed by Yoshizawa et al.to 

estimate flow and pressure head.  [55] 
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Funakubo et al. [61] utilized polynomial approximation to generate a relation between 

generalized pressure and flow rate and used linear approximation to generate a relation 

between generalized current (from motor torque) and flow rate. They adopted 

normalised pressure (pressure coefficient) and flow rate to eliminate dependency on 

the rotational speed. In their experiment, they considered viscosity through using three 

mixtures of glycerol with three different concentrations under steady state conditions; 

and they validated their model using bovine blood in vitro. They were able to estimate 

flow rate with an accuracy of 98% and pressure with 94.2%. 

Tsukiya et al. [51] modelled flow rate of a magnetically suspended centrifugal pump 

as a function of motor current and its pressure as a function of flow: 

 

�ö = 𝑎𝑎�4+ 𝑎𝑎�5𝑖𝑖              Equation 1.13, 

�ð = �>�4+ �>�5�ö+ �>�6�ö�6.           Equation 1.14, 

 

where �ö is the flow coefficient (normalized flow), �ð is the head coefficient 

(normalized pressure), and 𝑖𝑖 is the normalized motor current. These parameters are 

normalized by the motor speed and its impeller radius according to the following 

equations: 

 

normalized flow rate (�ö)

=
�3

2 × �è× 𝑟𝑟�6× �>× �ñ
           

Equation 1.15, 

 

normalized motor current (𝑖𝑖)

=
𝐼𝐼

�é× �ñ�6× 10�:            

Equation 1.16, 

 

normalized pressure (�ð) =
�2�â�è𝑜𝑜
F�2�Ü𝑖𝑖

�é× 𝑟𝑟�6× �ñ�6           Equation 1.17, 

 

where: 

�3 is the pump flow rate (L/min), 

�> is the height of the impeller vanes (20 mm), 

𝑟𝑟 is the impeller radius (30 mm), 

�ñ  is the angular velocity of the motor [
�6× �� × �—

�:�4
, �D: �I�K𝑚𝑚�K𝑚𝑚 �O�L�A�A𝑠𝑠 (𝑟𝑟𝑟𝑟�R/�I𝑚𝑚𝑚𝑚)], 
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𝐼𝐼 is the motor current (A), 

�é is the fluid density (
�Ä�Ú

�à �/), �2�â�è𝑜𝑜 is the pump gauge pressure at the outlet (Pa), and 

�2�Ü𝑖𝑖is the pump gauge pressure at the inlet (Pa). 

The constants (𝑎𝑎�4, 𝑎𝑎�5, �>�4, �>�5, �>�6 ) in the equations 1.11 and 1.12 of normalized flow 

and pressure are viscosity dependent. The Reynolds number (Re) was employed 

instead of viscosity as a non-dimensional parameter [51]: 

 

�4𝑅𝑅=
�é𝜌𝜌𝑟𝑟�6

µ
 .   Equation1.18. 

 

To measure viscosity, the relation between motor current and Reynolds number at zero 

flow rate was investigated while changing the fluid concentrations. Kinematic 

viscosity is derived from the following equation: 

 

�í =
µ
�é

         Equation 1.19. 

 

This model can be used for flow and pressure estimation in a non-invasive control 

algorithm for the Amplifi TM System because it is custom tuned to the type of the pump 

and is dynamic considering the viscosity changes.  

In their research, Tsukiya et al. [50] modelled a pump with mechanically contacting 

point bearings. For such a pump, they modelled viscosity in a different way to 

eliminate the need for calibration. They measured the input power to the motor at 

clamp off, subtracted it from the measured power, and related the coefficients to 

viscosity. Non-dimensional variables were adopted in their model to generate a 

relationship between consumed electric power and pump flow rate independent of the 

rotational speed. They concluded that after subtracting the input power at zero flow 

rate from the measured input power, the coefficients of the specific curve would be 

functions of viscosity. They used three different concentrations of aqueous glycerol 

solutions (0, 20 and 40% in weight) to investigate the effects of viscosity. Also, two 

different linear equations were generated between input electric power and non-

dimensional flow, for flow coefficients less than 0.01 and for those greater than 0.01. 

It was found that the gradient of the two linear functions changed with viscosity as a 

polynomial function of viscosity. 
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Pirbodaghi [58] developed a mathematical model representing the hydrodynamics of 

a rotary blood pump in a pulsatile environment based on in vitro measurements. This 

model related pressure, flow, and rotational speed in the time domain based on Euler’s 

law. Their mock loop used a displacement pump to generate pulsatile flow along with 

a rotational blood pump (CentriMag). To obtain the parameters for the mathematical 

model, they applied a sine wave speed input signal with increasing frequency to the 

rotary pump and a steady sine wave with 1 Hz frequency and 125 mL stroke to the 

displacement pump.  They derived model parameters for two different solutions and 

concluded that one model in particular depended significantly on variations in solution 

concentration. They checked the validation of the identified model in vivo against 

different sets of in vivo data and applied different signals to the rotary pump and 

displacement pump, demonstrating a good fit  between output of the model and the 

measured data. The restriction of this model was that the effect of viscosity was not 

fully  considered and modelled.  

Table 1.4 is a summary of some selected studies on empirical modelling of blood 

pumps, some discussed above along with others. The result column summarises the 

suitability/unsuitability of the discussed model for the current study.  

Table 1.4.  Summary of selected studies on empirical modelling of blood pumps.  

Crosses show an unsuitable model and ticks show a suitable model. 
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Method Result 

Malagutt

i et al. 

[60] 

�2 �2 �3 �2 In vitro and 

against clinical 

flow data. 

Mock loop with blood as 

the fluid.  

One polynomial equation 

for flow, speed and 

power with HCT 

ependent coefficients. 

�2 

Off-line HCT 

measurement*. 
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AlOmari 

et al. 

[57] 

�3 �3 �3 �3 In vivo for head. 

In vivo and ex 

vivo for flow. 

Mock loop with varying 

fluid solutions.  

Non-linear dynamic 

model. Two sets of 

equations: first, for flow 

based on Malagutti et al. 

[60] static model. 

Second, head estimation 

from estimated flow and 

�V�S�H�H�G���X�V�L�Q�J���D�Q���$�5�;��

model. 

�2 

 Pulsatility is not 

a factor in the 

Amplifi control 

algorithm. 

Yoshiza

wa et al. 

[55] 

�3 �2 �3 �2 �3 �3 

Tested 

by 

Tanaka 

et al.  

[62], 

and 

Ogawa 

et al. 

[63] in 

vivo. 

Mock loop with 37% 

glycerol-water. 

A general static model 

for estimated flow and 

pressure. Three dynamic 

�$�5�;��models. One 

without viscosity 

changes. The other two 

considering viscosity 

variations through a 

steady state gain. 

�2 

No stability 

check, single 

model for both 

pressure and 

flow. 

Funakub

o et al. 

[61] 

�2 �2 �2 �2 �2 �3 

With 

bovine 

blood. 

Mock loop with fluid 

solutions. Flow and 

pressure estimation based 

on motor speed and 

torque. Derived the same 

mathematical model in 

three different 

viscosities. 

�2 

No 

instantaneous 

estimation. 

Their model was 

not viscosity 

dependent. 

Tsukiya 

et al. 

[50] 

�3�� �2�� �3�� �2�� �3�� �3�� Mock loop with fluid 

solutions. Two linear 

flow rate functions 

developed for two flow 

�3 

Suitable for a 

pump with 
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coefficients. Viscosity 

modelled from 

hydrodynamic losses of 

the pump. 

mechanical 

contact bearings.��
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Tsukiya 

et al. 

[51] 

�3�� �2�� �3�� �2�� �3�� �3�� Mock loop with different 

glycerol and saline 

concentrations. The 

pump flow rate was 

modelled as a function of 

motor current, and 

pressure as a function of 

flow. Viscosity 

calibration was 

performed using a 

clamping procedure. 

�2 

For 

magnetically 

suspended 

centrifugal 

pump.��

Pirbodag

hi [58] 

�3 �3 �2 �2 �3 �3 Mock loop. 

A displacement pump to 

model blood pulsatility 

added to the mock loop. 

40% glycerol solution 

was used. 

�2 

The effect of 

viscosity was 

not fully 

considered. 

Kitamura 

et al. 

[54] 

�2 �2 �3 �2 �3 �3 Mock loop with fluid 

solution. Used 

Windkessel model, 

centrifugal pump model, 

and actuator model for 

viscosity estimation. 

�2 

 Lack of 

robustness in 

viscosity 

estimation. 
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Wakisak

a et al. 

[64, 65] 

�2 �2 �3 �2 �3 �3 In vivo modelling with 

animal blood as fluid. 

Single equation for flow 

estimation based on 

electric power, speed, 

HCT, and temperature. 

Off line measurement of 

HCT. 

�2 

Off-line HCT 

measurement* 

Ayre et 

al. [53] 

�2 �2 �2 �2 �3 

Both 

with 

fluid 

soluti

ons 

and 

red 

blood 

cells. 

× Mock loop with aqueous 

glycerol (four solutions) 

and red blood cells 

suspended in 

Haemaccel®. 

Pressure and flow 

estimation based on input 

power and speed for two 

impellers (2.8 and 1.2). 

�2 

No 

instantaneous 

estimation. 

Valid only over 

a limited 

viscosity range. 

* Off- line HCT measurement refers to non-dynamic measurement of HCT in 

advance outside of the mock loop in contrast to on-line dynamic measurement in which 

HCT is measured (using a procedure such as clamping) during the experiment. 

 

1.12 INTERNAL  CONTROL  

The purpose of commutation algorithms is to maximize motor torque which is directly 

proportional to the stator current. Each stator coil is assumed to have a current space 

vector in the direction of the field produced by its winding and a magnitude 

proportional to the magnitude of the current applied to the coil. The stator current space 

vector is the sum of three current space vectors, one for each of the stator coils (Fig. 

1.23). Maximum torque could be achieved through maximizing the component of the 

stator current orthogonal to the rotor field (known as the quadrature component) and 

minimizing the component of the stator current parallel to the rotor field (known as the 

direct component). Figure 1.23 illustrates the stator current and the quadrature and 

direct directions.  
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Figure 1.23.   Top view of rotor and stator fields showing the direct and the quadrature 

components: 𝑖𝑖𝑢𝑢 ,𝑖𝑖�é, 𝑖𝑖�ê are the stator coil currents in the u, v, and w coils; 𝑖𝑖𝑠𝑠 is the stator current. 

 

Motor commutation is the procedure of switching currents in the motor phases to 

develop motion and torque. In brushed DC motors, brushes perform commutation 

mechanically while, in brushless motors, commutation is executed electronically. 

Figure 1.24 represents the general internal control diagram of a brushless direct current 

(BLDC) motor. 

 

 

Brushless Motors 

The brushless characteristic can be applicable to all different motor types which do not 

have motor brushes for conducting current between motor stator and rotor. Generally, 

these machines consist of two groups: brushless DC motors (BLDC) and permanent 

magnet synchronous motors (PMSM). The difference between these two motors 

relates to variations in their flux distribution and back electro motive force: BLDC 

motors have a trapezoidal flux and back electromotive force waveform while PMSM 

have a sinusoidal flux and back electromotive force waveform. Both of these motor 

types commonly consist of three-phase armature coils on the stator and permanent 

Motor 

Figure 1.24. The BLDC drive system components. 
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magnets on the rotor. The number of permanent magnets on the rotor depends on the 

application and is a compromise between cost, torque and volume [66].  

According to the arrangement of the stator coils and rotor permanent magnets, 

brushless motors can be classified into three groups: Exterior-rotor type; interior-rotor 

type; and disk type (axial flux) [67]. If the rotor magnets shape the exterior of the 

motor, with the stator being the internal part, it is referred to as an exterior-rotor type 

whereas, in the case of the interior-rotor type, rotor magnets are the interior part of the 

motor (Fig. 1.25).  

 

Figure 1.25.   Radial flux gap motor configurations: Exterior-rotor type (a), interior-rotor 

type (b). [68]. 

In the case of the Amplifi TM, the PMSM motor is an axial flux motor which has the 

rotor magnets facing the stator coils, as illustrated in 1.26. In axial motors, the magnets 

are located away from the centre and have better levering effect and thus greater 

torque. Furthermore, the axial flux motors have better utilisation of their windings 

since they do not have inactive windings used in the radial flux motors to make loops 

between the stator teeth. Thus, axial flux motors have higher power density and better 

cooling compared to radial flow motors and thus generate more torque with the same 

size [69], have better efficiency, and lower cost. On the other hand, the main 

disadvantage of the axial flux motors is their design complexities, mainly the difficulty 

in maintaining a uniform air gap. The Amplifi TM System is a 3-phase 4-pole axial flow 

PMSM motor. 

 

Redacted due to copyright.
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Figure 1.26.  Basic structure of axial flux BLDC motor. Reprinted from [70]. 

 

Power Stage 

In all commutation methods, coils are commutated sequentially in order to produce a 

rotating field that can spin the rotor. In order to achieve sequential commutation, an 

arrangement of three pairs of power MOSFETs is typically used (Fig. 1.27). When all 

the upper or lower switches are on, there is no completed path and thus no current 

passing through any coil. The six valid conditions are (T1, T5), (T1, T6), (T2, T4), 

(T2, T6), (T3, T4), (T3, T6).  

 

Figure 1.27. Six switches arranged in a bridge configuration controlled by PWM to drive a three 

phase BLDC motor  

 

Gate Driver  

When the output voltage needs to be controlled, in addition to commutation, the 

switches are controlled by applying pulse width modulation (PWM) voltage to their 

control terminal. The PWM controls the motor speed through changes of the duty 

cycle. A controller should provide a three-phase PWM signal to the driver based on 

the commutation technique and the rotor position. 
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1.12.1 Trapezoidal and Sinusoidal Commutations 

Trapezoidal commutation is the most common commutation in which trapezoidal 

currents are applied to the coils of a DC motor which has trapezoidal back electro 

motive force (BEMF). In this commutation technique, two of the three phases of the 

stator are energized leaving the third coil floating. Trapezoidal commutation is also 

known as a 6-step control because in each of the six commutation steps, the current 

path is formed between two of the coils resulting in six conditions. In this technique, 

the current applied to each of the two motor terminals is switched every 60 degrees of 

rotation of the motor (Figure 1.28) to keep the stator space vector within the nearest 

30 degrees of the quadrature direction. 

 

Figure 1.28.   Trapezoidal back electro motive force and currents in the three stator coils and the 

total torque in a BLDC motor [71]. 

Three Hall-effect sensors are embedded on the rotor shaft of the motor and are 

commonly used to determine the position of the rotor within a 60-degree sector (each 

Hall effect sensor can divide the electric cycle into two equal segments). There are 6 

intervals, each starting with the rotor and stator fields, 120 degrees apart, and end when 

they are 60 degrees apart. Torque ripple (and therefore noise) is the major disadvantage 
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of this technique (due to the 30-degree inaccuracy in detection of rotor position 

resulting in 15% ripple (1 
Fcos30°), and inductance of stator coils which prevents 

instantaneous changes in current). However, trapezoidal commutation is very popular 

due to its simplicity. It is generally used for a BLDC motor with trapezoidal back 

electro motive force (BEMF) shape. 

In sinusoidal commutation, three smooth sinusoidal currents are applied to the three 

coils phase shifted 120-degrees. The resulting torque in a sinusoidal control is 

smoother than in trapezoidal commutation, which is the main advantage of the 

sinusoidal technique. However, it has poor efficiency at high speeds because of its 

proportional-integral control loop limitations to tracking the command signal 

frequency, and it requires a more complex algorithm. Sinusoidal commutation is 

generally used with brushless motors which have sinusoidal back electro motive shape. 

Trapezoidal and sinusoidal machines differ in their stator winding distributions and 

are compared in Table 1.5. 

Table 1.5. Comparison of trapezoidal and sinusoidal stator winding distribution. [72, 73]. 

Trapezoidal ( ) Sinusoidal ( ) 

Two phase energized phase Three phase energized phase 

Trapezoidal BEMF Sinusoidal BEMF 

Strong torque Weak torque 

Synchronous machine Synchronous machine 

Fed with direct currents Fed with sinusoidal currents 

Torque ripple at commutations No torque ripple at commutations 

Low order current harmonics in the 

audible range 

Fewer harmonics (and less 

heating) due to sinusoidal 

excitation 

Higher core losses due to harmonic 

content 

Lower core loss 

Less switching losses Higher switching losses at the 

same switching frequency 

Control algorithms are relatively 

simple 

Control algorithms are 

mathematically intensive 
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Elevated noise at lower speeds when 

six step commutation is used 

Speed limitation at higher speeds 

with sinusoidal commutation 

 

1.12.2 Field-oriented Control (FOC) 

Similar to the sinusoidal technique, the goal of the commutation algorithm in the FOC 

is to maximize torque by eliminating the direct part of the stator net vector current (𝑖𝑖�×) 

and maximizing its quadrature component (𝑖𝑖�ä). However, unlike sinusoidal 

commutation, the FOC torque control algorithm is performed in a stationary format 

(by transforming the stator field to the rotor field). Therefore, torque control in the FOC 

is executed in a time invariant space which cancels the deficiencies of the sinusoidal 

technique at high speeds. Another advantage of the FOC is reduction of torque ripple 

compared to the trapezoidal technique, due to the sinusoidal shapes of the applied 

currents (similar to sinusoidal commutation).  

Generally, field-oriented control comprises the following steps (Fig. 1.29): calculating 

the current of the third phase (𝑖𝑖�Ö) from the other two (𝑖𝑖𝑎𝑎, 𝑖𝑖�Õ), transformation of the 

three stator current vectors (which are in the direction of their field) to the rotor d-q 

plane (𝑣𝑣�×, 𝑣𝑣�ä) using a mathematical transform technique (Clarke-Park) to make the net 

current vector independent of the rotor rotation (time invariant), comparing the two 

transformed DC currents with the desired values (command signals) for torque control, 

returning to the rotating frame through mathematical inverse transform functions 

(inverse Clarke-Park) in order to generate three sinusoidal voltages for commutation 

of the three stator coils (𝑣𝑣𝑎𝑎,𝑣𝑣�Õ,𝑣𝑣�Ö). 
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In the above algorithm, command signals are zero 𝑖𝑖�× (unless field weakening is 

desired), maximum 𝑖𝑖�ä (which defines the angle of the torque vector), and the torque 

vector’s magnitude command (defined by the user).  In order to calculate the optimal 

angle of the stator current (for quadrature alignment), it is necessary to know the angle 

of the rotor flux which, in the case of the permanent magnet rotors, is the angle of the 

rotor itself. The desired current command signal (which fulfils  optimum stator current 

angle and desired magnitude defined by the user) is then be compared to the actual 

quadrature value of the stator current to generate an error signal which will  then be 

regulated accordingly. The following section describes the forward and reverse 

transforms which are the main building blocks of the field-oriented control.  

 

Forward and Reverse Projections 

The projection of the three-phase sinusoidal system to the two-co-ordinate time 

invariant system consists of two steps, the Clarke transformation and the Park 

transformation. The Clarke transformation transforms the three-phase time variant 

system (a,b,c) into the two co-ordinate time variant system ���.�������� The vector diagram 

for the Clarke transformation is shown in Fig. 1.30. 

 

. 

 
 
 
 
 
 

Where: 

Figure 1.29.   Field-Oriented Control diagram.  

Figure 1.30.   Clarke transform vector diagram of stator current space vectors. 
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𝑖𝑖𝑠𝑠��= 𝑖𝑖𝑎𝑎           Equation 1.22, 

 
In the above equation, 𝑖𝑖𝑎𝑎  represents the current vector of phase a and 𝑖𝑖𝑠𝑠��  is its 
projection on to the �. axis. 
 

𝑖𝑖𝑠𝑠�	 =
1

�¾3
𝑖𝑖𝑎𝑎+

2

�¾3
𝑖𝑖�Õ           Equation 1.23, 

 

where, 𝑖𝑖�Õ, 𝑖𝑖�Ö represent phase b and c current vectors and 𝑖𝑖𝑠𝑠�	  is the current vector �� 

component when projected into the �.-�� space. 

The Park transformation projects the two-co-ordinate time variant system ���.�� ���� onto 

the two co-ordinate time invariant system (d, q) of the rotating rotor’s reference frame 

(Figure 1.31). The following equations apply to the Park projection: 

 

𝑖𝑖𝑠𝑠𝑠𝑠= 𝑖𝑖𝑠𝑠���?𝑐𝑐𝑐𝑐�E+ 𝑖𝑖𝑠𝑠�	�O�E�J�E           Equation 1.24, 

 

𝑖𝑖𝑠𝑠𝑠𝑠�@�?�Ü�Þ
�𝑠𝑠𝑠𝑠𝑠𝑠�� + 𝑖𝑖𝑠𝑠�	�?𝑐𝑐𝑐𝑐�E           Equation 1.25. 

 

 

    

 

 

 

 

The 𝑖𝑖𝑠𝑠𝑠𝑠 is the flux component, the 𝑖𝑖𝑠𝑠𝑠𝑠 is the torque component, and �� is the rotor 

position [74]. 

For permanent magnet motors where the rotor permanent magnets generate the flux, 

there is no need to generate flux. Therefore, 𝑖𝑖�× is used for field weakening in high-

speed applications, otherwise being set to zero (as in this research). The 𝑖𝑖�ä component 

controls the amount of torque generated by the motor. These two variables can be 

controlled with two proportional-integral (PI) controllers. 

The inverse projection consists of the inverse Park projection, where the following 

equations apply: 

Figure 1.31.   Park transformation of the stator vector into the d, q rotating reference frame. 
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𝑉𝑉𝛼𝛼 = 𝑉𝑉�×�?𝑐𝑐𝑐𝑐�E 
F𝑉𝑉�ä�O�E�J�E           Equation 1.26, 

 

𝑉𝑉𝛽𝛽 = 𝑉𝑉�×�O�E�J�E+ 𝑉𝑉�ä�?𝑐𝑐𝑐𝑐�E           Equation 1.27. 

 

The inverse Park transformation converts the rotating frame back to the stationary 

frame. The output of the inverse Park transformation is known as 𝑉𝑉�å which is the 

reference voltage to be applied to the motor phases. An inverse Clark transformation 

then generates the three current vectors required for a conventional PWM inverter. In 

space vector pulse width modulation (SVPWM) inverters, the reference voltage is 

directly applied to the SVPWM algorithm to determine the switching sequences of the 

power transistors in the inverter to approximate the reference voltage vector (𝑉𝑉�å). The 

output voltages from SVPWM inverters are more precise and have reduced total 

harmonic distortion. 

Field-Oriented Control (FOC) is known to be the best form of commutation for higher 

efficiencies, improved dynamic response, reduced torque ripple, low audible noise, 

and extended speed range [74]. Replacing the current AFE trapezoidal drive with an 

FOC drive is expected to result in smoother motor performance and reduced motor 

torque ripple. Different hardware implementations of sensorless motor commutation 

are discussed in appendix 2. Sensorless drive is about eliminating any sensors which 

provide information about the rotor position and its velocity. Sensorless motor drives 

are the preferred technique due to lower cost, higher reliability and smaller size.  

 

1.12.3 Space Vector Pulse Width  Modulation (SVPWM) 

In FOC, the upper transistors of the three-phase inverter (Fig. 1.32) are in a 

complementary position to the lower transistors. As a result, three of the switches must 
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`always be on and three off with the upper transistors driven by a complementary 

pulsed  signal.  

Figure 1.32. The three-phase voltage source inverter. 

Thus, forming three single pole double throw switches which generate eight conditions 

or voltage vectors. These eight conditions could be presented as six vectors in a space 

(Fig. 1.33), excluding two conditions when all the SPDTs are either on or off (i.e. no 

voltage is applied to the stator coils). These On/Off states in the power stage switches 

generate three-digit codes with 0 meaning the upper switch is off and 1 meaning the 

upper switch is on. The bottom switch condition is complementary to the upper switch 

condition.  
 

Figure 1.33. Eight possible switching vectors for a three-leg inverter using space vector pulse 

width modulation. 

In the three-phase inverter diagram shown in Fig. 1.31, the variables a, b, and c are the 

switching variable controls. The following equations illustrate the relationships 

between [𝑎𝑎 �> �?]�?�5 and the phase voltages [𝑉𝑉𝑎𝑎 𝑉𝑉�Õ 𝑉𝑉�Ö]�?�5 and line-to-line phase 

voltages [𝑉𝑉𝑎𝑎𝑎𝑎 𝑉𝑉�Õ𝑏𝑏 𝑉𝑉�Ö𝑐𝑐]�?�5: 

 


e
𝑉𝑉𝑎𝑎
𝑉𝑉�Õ
𝑉𝑉�Ö


i =
1
3

𝑉𝑉�Õ𝑏𝑏𝑏𝑏
e
2 
F1 
F1


F1 2 
F1

F1 
F1 2


i �H
𝑎𝑎
�>
�?
�I          

 Equation 1.28, 

a 
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e
𝑉𝑉𝑎𝑎𝑎𝑎
𝑉𝑉�Õ𝑏𝑏
𝑉𝑉�Ö𝑐𝑐


i = 𝑉𝑉�Õ𝑏𝑏𝑏𝑏
e
1 
F1 0
0 1 
F1


F1 0 1

i         

 Equation 1.29. 

 

The eight possible combinations of on/off states for the three upper power transistors 

and the output line-to-line and phase voltages in terms of DC supply voltage Vbus, are 

shown in Table 1.6. 

 

Table 1.6. Switching control variables and their relation to the three-phase output voltage of 

the voltage source inverter. [75]. 

A B C Va Vb Vc Vab Vbc Vca 

0 0 0 0 0 0 0 0 0 

1 0 0 
2
3
 
F

1
3

 
F
1
3

 1 0 -1 

1 1 0 
1
3
 

1
3
 
F

2
3

 0 1 -1 

0 1 0 
F
1
3

 
2
3
 
F

1
3

 -1 1 0 

0 1 1 
F
2
3

 
1
3
 

1
3
 -1 0 1 

0 0 1 
F
1
3

 
F
1
3

 
2
3
 0 -1 1 

1 0 1 
1
3
 
F

2
3

 
1
3
 1 -1 0 

1 1 1 0 0 0 0 0 0 

 

The stator reference voltage (generated from the FOC algorithm, Vr) can be modulated 

in the space vector generated by the six switch conditions. This modulation technique, 

known as space vector pulse width modulation (SVPWM), offers the following 

advantages over the former standard sinusoidal PWM method: better bus utilization, 

lower current ripple, and less commutation loss [76]. In SVPWM, based on the 

physical position of the reference voltage vector (Vr) in the hexagonal space vector 

diagram (Figure 1.34 (a)), two relevant adjacent vectors are determined (Figure 1.34 

(b)).  

 



Controlling a blood-pump 
For dilating a vein 45

 

 

Figure 1.34.  The reference voltage vector (𝑉𝑉�å) in the sixth sector of space vector diagram (a) two 

adjacent vectors in red circles (b), time spent in each vector, �6�Î�4 is the time when switch a is on and 

�6�Î �7�4�4 is the time when switches a and c are on (c). 

 

The SVPWM period is determined as a combination of three time periods to produce 

the right stator voltage vector (angle and magnitude). Two of the three time periods 

correspond to the ‘on’ states relevant to the switches on the two side space vectors. 

These determine the angle of the net voltage vector. The third time duration is the time 

period in which either the three upper switches are on or off (known as null vectors) 

which determines the magnitude of the stator voltage vector. Assuming that the 

reference voltage falls between U0 and U60 sector (Fig. 1.35), the following situation 

applies: 

 

 

 

 

 

 

 

�6= �6�Î �4+ �6�Î �:�4 + �6�4    Equation 1.30, 

 

𝑉𝑉�å =
�6�Î�4
�6

�7�4+
�6�Î �:�4

�6
�7�:�4        

 Equation 1.31, 

 

where, �6�Î�4 /T, is the times that �7�4 is applied (switch “a” on, and switches “b”,” c” off) 

and �6�Î �:�4 /T, is the time that U60 is applied (switch a, b close and switch c open). The 

�6�Î�4 /T and �6�Î �:�4 /T are known as PWM duty cycles, and T is the space vector switching 

Figure 1.35. Reference voltage vector projected between two adjacent vectors. 

 

 

 
 

 

 

(a) (b) (c) 

TU0 

TU300 

T000 
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time. Time �6�4 is the time when the null vector is applied (either 000 or 111). The two 

zero null vectors (000 and 111) are used to add dead time to the switching pattern to 

reduce voltage magnitudes when the reference voltage (𝑉𝑉�å ) is less than 100% in 

magnitude.   

Generally, the SVPWM consists of three steps [77]: Identification of which sector the 

desired stator space voltage from the �.-�� system should be in; decomposition of the 

desired space voltage vector into the directions of the defined sector, and the PWM 

duty cycle calculation. In polar notation, the following equations apply for calculation 

of the duty cycles (�6𝑥𝑥 and �6𝑥𝑥�>�:�4), when the reference voltage falls between 𝑉𝑉𝑥𝑥 and 

𝑉𝑉𝑥𝑥�>�:�4 in any of the six sectors (𝑉𝑉𝑥𝑥, is the closer vector to 𝑉𝑉�å): 

 

�6𝑥𝑥 = �6𝑇𝑇 sin(60° 
F�Ù)           Equation 1.32, 

 

�6𝑥𝑥�>�:�4 = �6𝑇𝑇 sin(�Ù)         Equation 1.33, 

 

�6�4 = �6
F�6�5 
F �6�6 ,          Equation 1.34, 

 

where �I  is the magnitude of the reference output voltage, �. is the angle between the 

output reference voltage and �6𝑥𝑥, and  �6 are the space vector switching periods, which 

is half the PWM period (�6�ã). 

In the field-oriented algorithm, the sector and angle of the output voltage obtained 

from the Park transform and regulated with a proportional integral (PI) is not known. 

The following algorithm can be used to determine the sector and angle of the reference 

voltage utilising a mapping procedure discussed below:  

 

𝑉𝑉�å�5 = 𝑉𝑉�ä           Equation 1.35, 

 

𝑉𝑉�å�6 = sin 60° 𝑉𝑉�× 
F�O�E�J30°𝑉𝑉�ä           Equation 1.36, 

 

𝑉𝑉�å�7 = 
F�O�E�J60°𝑉𝑉�× 
Fsin30°𝑉𝑉�ä           Equation 1.37. 

 

To find the sector where 𝑉𝑉�å belongs, a mapping procedure is used after calculating the 

constant N (Table 1.7): 
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�0 = �O�E�C�J(𝑉𝑉�å�5) + 2�O�E�C�J(𝑉𝑉�å�6) + 4�O�E�C�J(𝑉𝑉�å�7) Equation1.38. 

 

Table 1.7.  Sector mapping for a vector reference voltage in the d-q axis. [75]. 

 

 

 

 

Once the vector sector is identified, the next step is again to identify the 𝑉𝑉𝑥𝑥 and 𝑉𝑉𝑥𝑥�>�:�4 

[78]: 

 

|𝑉𝑉𝑥𝑥| =
2

�¾3
|𝑉𝑉�å| sin(60° 
F �Ù)          

 
Equation 1.39, 

 

|𝑉𝑉𝑥𝑥�>�:�4| =
2

�¾3
|𝑉𝑉�å| sin(�Ù)       

 Equation 1.40. 

 

 

The angle of 𝑉𝑉�å, �Ù, is obtained from the following equation [78]: 

 

�Ù= 𝑎𝑎𝑎𝑎𝑎𝑎tan
𝑉𝑉�å𝑟𝑟
𝑉𝑉�å𝑟𝑟

+ �à�×𝑑𝑑         
 Equation 1.41. 

 

In the above equation, �à�×𝑑𝑑 is the current angle of the d-q coordinate system. Once the 

moduli of the two boundary vectors (𝑉𝑉𝑥𝑥 , 𝑉𝑉𝑥𝑥�>�:�4) are known, the duty cycles can be 

calculated [78]: 

 

�6𝑥𝑥 = �6×
|𝑉𝑉𝑥𝑥|

|𝑉𝑉�å|�à�Ô�ë
= �6�5          

 Equation 1.42, 

 

�6𝑥𝑥�>�:�4 = �6×
|𝑉𝑉𝑥𝑥�>�:�4|
|𝑉𝑉�å|�à�Ô�ë

= �6�6         
 

Equation 1.43. 

 

The choice of which two zero vectors (000 or 111) to be used affects the resulting 

space vector modulation waveform and switching performance. This characteristic can 

be used towards better switching efficiency. There are five scenarios in choosing the 

null vectors (000 and 111), illustrated in Table 1.8.  

 

N 1 2 3 4 5 6 

Sector 1 5 0 3 2 4 
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Table 1.8.  Switching time patterns in five different space vector modulation techniques based 

on null vector choice. [76]. 

 Null 000 

 

Null 111 Null 111 in 

0,2,4 

Null 111 in 

3,5,7 

Null 000 in 

0,2,4 

Null 111 in 

3,5,7 

Alternating 

Reversing 

Sequencing 

Sector 

1 

U=T1+T2 U=100% U=100% U= T1+T2 U=T1+T2+.5T0 

V=T2 V=T0+T2 V= T0+T2 V= T2 V=T2+.5T0 

W=0 W= T0 W= T0 W=0 W=.5T0 

Sector 

2 

U=T1 U=T0+T1 U= T1 U =T0+T1 U=T1+.5T0 

V=T1+T2 V=100% V= T1+T2 V=100% V=T1+T2+.5T0 

W=0 W= T0 W=0 W= T0 W=.5T0 

Sector 

3 

U=0 U= T0 U= T0 U=0 U=.5T0 

V=T1+T2 V=100% V=100% V= T1+T2 V=T1+T2+.5T0 

W=T2 W=T0+T2 W= T0+T2 W =T2 W=T2+.5T0 

Sector 

4 

U=0 U= T0 U=0 U= T0 U=.5T0 

V=T1 V=T0+T1 V=T1 V= T0+T1 V=T1+.5T0 

W=T1+T2 W=100% W=T1+T2 W=100% W=T1+T2+.5T0 

Sector 

5 

U=T2 U= T0+T2 U= T0+T2 U= T2 U=T2+.5T0 

V=0 V= T0 V= T0 V=0 V=.5T0 

W=T1+T2 W=100% W=100% W= T1+T2 W=T1+T2+.5T0 

Sector 

6 

U= T1+T2 U=100% U= T1+T2 U=100% U=T1+T2+.5T0 

V=0 V= T0 V=0 V =T0 V=.5T0 

W= T1 W=T0+T1 W= T1 W= T0+T1 W=T1+.5T0 

 

The most popular technique for making this choice is alternating-reversing 

sequencing. In this method, the sequence is repeated backwards in every repetition of 

the space vector period (reversing) and also alternates between using null 0 (000) and 

null 7 (111) (alternating). Figure 1.36 shows null switching time patterns in all 

different sectors. The switching pattern in this figure has a reversing algorithm (e.g. 

110, 100, 000 null vector 000, 100, 110, the second set of three vectors being the 

reverse of the first set) to reduce the switching losses. Figure 1.37 illustrates a sample 

alternating-reversing sequencing switching time pattern in sector one [74]. 
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Figure 1.36.  Switching time in the six commutation sectors [75]. 

Redacted due to copyright.
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Figure 1.37. The alternating reversing switching pattern in sector 1 [74]. 

 

Another factor that contributes to reduction in switching losses is leaving one of the 

switching legs bottom transistors in the “on” state at all times. In this condition, only 

two of the three phases are switching which leads to 33% higher switching efficiency. 

The main advantage of space vector pulse width modulation over sinusoidal 

modulation is that the inverter output voltage can be 15% higher in SVPWM. This is 

done by introducing a third harmonic common mode voltage to all the three phases. 

Figure 1.38 illustrates the reference voltage, common mode voltage, and the modified 

reference voltage after the common mode voltage injection [73]. According to this 

figure, the reference voltage seen by the motor is increased by 15%. 

 

 (a) (b) 

Figure 1.38.  Reference voltage and common mode voltage (blue) (a). Modified reference voltage 

after common mode voltage injection (b).[79] . 

 

Redacted due to copyright.
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The Original Controller of the  Amplifi TM  System 

The AmplifiTM is a 3-phase 4-pole axial flow PMSM motor. The original controller of 

the Amplifi was a sensorless trapezoidal controller which is discussed in this section. 

The original controller is depicted in Fig. 1.39. 

 

 

 

 

 

 

 

 

The four terminals of the Amplifi motor in Fig. 1.39 represent the three phases (u, v, 

w) and the CTAP which is the centre tap accessible in the Amplifi TM motor-pump. The 

controller consists of a main controller board and a motor driver. The motor driver is 

an Allegro 44941 [80] three-phase sensorless trapezoidal motor driver. This driver has 

five output pins: OUTA, OUTB, OUTC, CTAP, FG. The OUTA, OUTB, OUTC pins 

carry the voltage signals for the motor and are connected to the three stator coils (u, v, 

w). The CTAP pin is connected to the centre tap of the motor.  The FG pin stands for 

frequency generator and is the speed output of the controller. This pin is connected to 

the clock of a dual D-type flip-flop to divide the output frequency by two (because the 

Amplifi TM motor has four poles) and then in connected to a tachometer display. 

The input pin to the a4941 driver is a pulse wave modulated (PWM) input which 

controls the motor speed and is provided by the main controller. In the a4941, 

commutation is controlled by a proprietary back electro motive force (BEMF) sensing 

Figure 1.39.  The Flow forward manual control structure. 

Amplifi TM Motor 

The Main Board 
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technique [58]. There is a BEMF module within the a4941 driver. This module 

compares the voltage on the tri-stated outputs with the voltage of the centre tap to 

determine the point where any of the three output voltages crosses the centre tap 

voltage (zero crossing point). The output of this module is the FCOM signal which is 

high at every zero-crossing point and low at the beginning of the next commutation 

(Figure 1.40 (a) and (b)). 

 

(a) 
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(b) 

Figure 1.40.  Functional diagram of the a4941 controller (a); Motor terminal output states and 

commutation signals (b)  (these images were used with permission of Allegro MicroSystems) [80]. 

The commutation sequence commences with the CDCOM pulse triggered by the 

FCOM pulse, and the correct polarity zero crossing voltage is then latched until the 

next state [80]. Based on the CDCOM signal information and its trigger points, a blank 

timer is activated, which prevents the back electro motive detection for a period of 

time to cancel the effect of transients [80]. Because BEMF exists only after motor 

start-up, a start-up scheme is always required for BEMF zero crossing point detection. 

In the a4941, an on-board oscillator is used from start-up until 96 pulses of FCOM 

have been generated [80] . During this time, a 100% duty cycle PWM is applied to the 

motor coils to overcome the high start-up torque [80] . Speed control is achieved in the 

a4941 through a change of the duty cycle of the PWM input signal. There is a minimum 

of 6 µs for the duty cycle set by default, which affects the minimum possible speed. 

The PWM frequency should be in the range of 15 to 30 KHz. 

The PWM signal in the Amplifi controller is generated in the main controller board. A 

555 chip that is set in an astable configuration with a 50 k�
  potentiometer is used to 

change the duty cycle (Fig. 1.41). Based on the configuration of the circuit, the 

frequency and duty cycle are calculated according to the following formulae: 
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�(𝐹𝐹𝐹𝐹�M�Q𝐹𝐹𝐹𝐹𝐹𝐹�U: �B(�G𝑘𝑘�V)

=
1

0.693 × 
k1000 + �4�ã𝑝𝑝𝑝𝑝
o× 0.001 × 0.001
       

 

Equation 1.181, 

�*𝐻𝐻𝐻𝐻�D 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡: �6�5 (µ�O)

= 0.693 × (1000 + �4�5�É𝑃𝑃𝑃𝑃) × 0.001 × 0.001 

 

Equation 1.19, 

�.𝐿𝐿𝐿𝐿 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡: �6�6 (µ�O) = 0.693 × �4�6�É𝑃𝑃𝑃𝑃× 0.001 × 0.001         Equation 1.20, 

  

�&𝐷𝐷𝐷𝐷𝐷𝐷 �?𝑐𝑐�?𝑐𝑐𝑐𝑐=
1000 + �4�5�É𝑃𝑃𝑃𝑃

1000 + �4�É𝑃𝑃𝑃𝑃
           Equation 11.21, 

where �4�5�É𝑃𝑃𝑃𝑃 is the resistance between one end of the potentiometer and its wiper and 

�4�6�É𝑃𝑃𝑃𝑃 is the resistance between the other end of the potentiometer and its wiper. Since 

the frequency is only dependent on the total potentiometer resistance, it is fixed at 25 

kHz and only the duty cycle of the PWM signal varies.  

 

Figure 1.41.  The Amplifi TM manual PWM generator designed by Artio Medical (previously Flow 

Forward). 

The “FG” pin of the a4941 is a speed output signal and has an open drain structure 

which requires a pull up resistor (15 k�
  here). The FG output of the driver is 

connected to the clock of a dual D-type flip -flop and the output of the flip flop is 

connected to an Omron H7ER tachometer through a BJT 2N3904 transistor. This 

transistor is an NPN type and acts as a switch (Fig. 1.42). A CD40106B CMOS hex 
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Schmitt-trigger inverter is used to avoid oscillation or multiple clocking due to noise 

or slow edges. 

 

 
Figure 1.42.  Speed reading of the AmplifiTM main controller designed by Artio Medical 

(previously Flow Forward). 
 

 

All of the topics presented in this introductory chapter find application in the remainder 

of the thesis. The Introduction chapter overviewed the background on kidney failure 

and challenges with the AVF vascular access required for haemodialysis. Amplifi was 

then introduced as a device-based technology to improve the outcomes of AVF. This 

was followed by discussions on requirement from a desired controller for the Amplifi. 

The required control algorithm for Amplifi was divided into the external and internal 

control and each was discussed in detail. The next section highlights the Aims and 

Objectives of this thesis and presents Chapter Overview each being a publication. The 

external control strategy section of the Introduction is studied in Chapters 2 and 3 and 

the internal control Chapters 4 and 5. 
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1.13 AIMS AND OBJECTIVES  

 

The key aims of this project were to: 

1. estimate WSS during vein dilation with an extracorporeal blood-pump, 

2. optimise the blood-pump controller for smooth operation and longer battery 

run-time, 

3. achieve higher speed ranges, 

4. ramp pump speeds slowly over time, 

5. investigate the effect of power quality as a contributor to mechanical motor 

vibration. 

 

To achieve the aims of this project, these objectives needed to be met: 

 

i. the internal control: 

1. implementation of field-oriented control to achieve a matching stator current 

to the back-electro motive force on the stator coils, for better power quality, 

and higher speeds, 

2. precise rotor position estimation for least torque ripple, 

3. software adjustments of the FOC algorithm to achieve low speed ramping 

(this objective is in line with the low-speed ramp required for the internal 

control), 

4. vibration and power efficiency comparison of the new FOC prototype with 

the original trapezoidal controller to validate the optimization and prove the 

effect of power quality on mechanical vibration. 

 

ii.  the external control: 

5. modelling of the blood-pump for flow rate and pressure estimation, 

6. modelling of the venous system from the wrist to the right atrium, 
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7. modelling of the venous system response and its dilation with increased flow 

rates. 

 

 

1.14 THESIS OUTLINE  

 

1.14.1 Chapter 1: Introduction  

 

Chapter 1 provides topics that find application in the remainder of the thesis. 

Background information gives an introduction of the kidneys, kidney failure, 

haemodialysis, arteriovenous fistula, and the application of AmplifiTM in AVF 

maturation. A review of the control strategies for blood pumps used as heart assist 

devices is provided with particular focus on flow rates and pressure head estimation 

for non-invasive WSS estimation, and on the three different internal control 

algorithms, trapezoidal, sinusoidal, and field-oriented control. This is followed by the 

research key aims and objectives. 

 

1.14.2 Chapter 2: Amplifi TM  Model Development 

 

Chapter 2 presents an empirical model of the Amplifi TM System motor-pump. The 

model estimates the pump’s hydraulic parameters from its electrical parameters. A 

hydraulic loop is discussed for data-driven modelling with relevant sensors and a data 

acquisition system. Different relationships were established and presented to estimate 

flow rates and pressure head; these include the normalised (to speed) characteristic 

curves of the pump (as the pressure-flow rate model), pressure-electrical current, and 

flow rate-electrical current models. 

 

1.14.3 Chapter 3: Vascular System Model Development 
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Chapter 3 presents the vascular system model which consists of the venous system in 

the arm in order to estimate the differential pressures and flow rates in the lower arm 

cephalic vein from pump pressure and flow rate. An electrical analogy lumped-

parameter modelling approach is used, employing a 2-element Windkessel model. The 

aspects considered in the model were 1) presence of the collateral veins during dilation, 

2) calculation of vascular resistance and capacitance, 3) modelling of dilation.  In 

combination, chapters 2 and 3 present external models of the pump/motor, whereas 

chapters 4 and 5 present internal motor/pump control. 

 

1.14.4 Chapter 4: Methodology to Implement the Internal Control Based on 
FOC 

 

Chapter 4 presents the new sensorless field-oriented control (FOC) prototype for the 

Amplifi TM and the methodology for implementing FOC in a digital signal processor 

(DSP). Complexities involved in accurate rotor position estimation for low inductance 

and low power rating motors are investigated and the required settings are presented 

to overcome these complexities. 

 

1.14.5 Chapter 5: Comparison between the Original and New Prototype Based 
on Vibration Test 

 

Chapter 5 evaluates the new FOC prototype.  Vibration and power consumption are 

measured for the original trapezoidal motor controller of the Amplifi and compared 

with the new FOC prototype. Power spectral density (PSD) of vibration was used for 

analysis. This chapter also discusses the role of power quality and motor commutation 

as a source of vibration in PMSM motor blood pumps, which affects patient’s comfort, 

battery run-time, and the lifespan of the device.  

 

1.14.6 Chapter 6 (Future Work): Effect of Blood Pump Mechanical Vibration 
due to Power Quality on RBC Haemolysis 
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Chapter 6 presents a new research hypothesis in the field of extracorporeal blood 

pumps and the effect of power quality on haemolysis. This Chapter presents the 

relevant literature review, test methodology, and a limited preliminary result, along 

with a discussion on those limitations. Although not tested in this research, due to time 

and resource limitations, thrombosis is another factor that is hypothesied to have 

potential relationship with power quality. 

 

1.14.7 Chapter 7: Discussion and Conclusion 

 

Chapter 7 presents a summary of the key conclusions from each chapter and provides 

a critical review of how well the overall project’s aims were addressed. 
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Chapter 2: Data-Based Modelling of the 
Amplifi TM System for Wall 
Shear Stress Control   

Overview 

In this Chapter, a model of the Amplifi TM System (previously known as the AFE 

System) is developed for a non-invasive pressure and flow rate estimation. This model 

is part of the internal control algorithm to predict the pump flow rate and head from 

the electrical inputs of the motor. This model will then be used in conjunction with the 

model of the vascular system involved to form a full model for the internal control 

algorithm. The model consisted of 1) a pressure-flow model based on the pump 

characteristic curve, and 2) a hydraulic-electrical model to relate pressure or flow rate 

to electrical current. These models all had a great correlation coefficient of above 0.95. 

In addition, a model based on normalised flow and pressure was developed to eliminate 

the speed dependence. The normalisation method from Tsukiya et al. [14] was adopted 

so the model in this study was also normalised to the impeller radius and the height of 

its impeller (in addition to the pump speed). The coefficient factors of such a model 

are highly dependent on the units of flow, angular velocity, pressure, the height of the 

impeller, and impeller radius. Here, litres per minute were used for flow, radians per 

second for speed (
�6× �� × �—

�:�4
, �D: �I�K�P�K�N �O�L�A�A�@ (rev/min )), pascal for pump gauge 

pressure, millimetres (20 mm) for the height of the impeller, and millimetres (30 mm) 

for the impeller radius.  

With fewer variables, the normalised model benefits from less complexity but 

sacrifices accuracy at speeds lower than 2000 rev/min. However, at 4000 rev/min and 

above, the model has a correlation coefficient of 0.95 to 1. Since the nominal speed 

for Amplifi is 4500 rev/min and the fact that the desired shear stress of 2 pascals occurs 

at higher speeds, this model is effective in its main intended range of application.  

This Chapter has been published by IEEE in ANZCC2019 Conference in reference to 

IEEE copyrighted material, which is used with permission in this thesis, the IEEE does 

not endorse any of Griffith University’s products or services.  
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Data-Based Modelling of the Arteriovenous Fistula Eligibility (AFE)
System for Wall Shear Stress Estimation

Farya Golesorkhie1, Zachary Barnes1, Fuwen Yang1, Howard M. Loree2,
F. Nicholas Franano2, Ljubo Vlacic1, and Geoff Tansley1

Abstract„ The AFE System is a medical device intended to
dilate the cephalic vein by increasing the blood ”ow and wall
shear stress (WSS) in the vein over a period of 10-14 days prior
to creation of an arteriovenous “stula (AVF) for haemodialysis;
the system functions as a means of increasing eligibility for AVF
surgery and reducing rates of AVF failure. During treatment,
maintaining WSS around 4 Pa in the treated vein is desirable
to provide optimal vein wall stimulation while avoiding wall
injury that could lead to venous stenosis. Developing a model of
the AFE System and the related venous circulation could help
design a control system for maintaining WSS in the treated
vein during the period of treatment when the vein is increasing
in diameter. Using a broad application of the Hagen-Poiseuille
law, WSS calculation could be based on differential pressure
and the ”ow rate. The AFE System pump was characterised
in a test rig utilising sensors and a data acquisition system for
measuring mechanical parameters. A data-based model of the
AFE pump which includes pump head estimation based on ”ow
rate or electrical current, and motor speed measurements has
been developed, and is presented in this paper. All data “tted
the developed relationships well, with a correlation coef“cient
of 93% or above.

I. INTRODUCTION

Kidney Health Australia [1] reported that less than half
of the Australian population requiring donor kidneys during
2015 received functional kidney transplants during that year,
with the remainder resorting to dialysis. Haemodialysis is
one of the two types of dialysis utilized for kidney failure
patients who do not receive a functional kidney transplant. In
order to access un“ltered blood for haemodialysis, vascular
access (the means by which a haemodialysis machine is
connected to blood vessels) is required. There are three
predominant types of sites for vascular access: arteriovenous
“stula (AVF), arteriovenous graft (AVG) and catheter. An
AVF is performed by joining an artery and a vein in the
patient•s arm. Among the different types of haemodialysis
(AVF, AVG, catheters), AVF is preferred [2] due to its
longevity and lower risk of complications compared to AVG,
and catheters. To receive an AVF, a patient generally needs
to have an arm vein with suf“cient diameter to make an
AVF with reasonable chance of maturation and use. Of those
patients who are eligible for an AVF, there are high rates of
maturation failure wherein the diameter and rate of blood

1 F. Golesorkhie,1 Z. Barnes,1 F. Yang,1 L. Vlacic, and1 G. Tansley
are with the Grif“th School of Engineering, Grif“th University, Gold
Coast, QLD 4222, Australia. farya.golesorkhie@grif“thuni.edu.au,
zachary.barnes@grif“thuni.edu.au, fuwen.yang@grif“th.edu.au,
l.vlacic@grif“th.edu.au, g.tansley@grif“th.edu.au.2 H. M. Loree and2 F.
N. Franano are with the Flow Forward Medical, Inc., Fairway, KS, USA.
hloree@”owforwardmedical.com, nfranano@”owforwardmedical.com.

Fig. 1. Use of an Arteriovenous Fistula Eligibility device to dilate a
cephalic vein prior to arteriovenous “stula creation.

”ow in the vein does not increase suf“ciently after AVF
creation to support haemodialysis ( [3] and [4] ). Previous
studies have shown that the diameter of the vein used for
AVF creation correlates with AVF eligibility and maturation
success.

The Arteriovenous Fistula Eligibility (AFE) (Flow For-
ward Medical Inc., Fairway, KS, USA) System is intended
to increase eligibility for AVF and reduce AVF maturation
failure [3] by dilating veins prior to AVF creation. The AFE
System pumps non-pulsatile blood from the superior vena
cava (SVC) to the cephalic vein causing WSS to increase for
a period of 10-14 days, leading to vein dilation [3]. Fig. 1
illustrates treatment with the AFE System. The catheter that
draws blood from the SVC (in”ow catheter) and directs it
into the pump is inserted through an internal jugular vein
approach. The tip of the catheter that conveys blood from
pump to the cephalic vein (in”ow catheter) is inserted into
the vein. Non-pulsatile blood from the SVC is pumped into
the cephalic vein at a rate that increases WSS in the vein to
around 4 Pa. After 10…14 days of treatment, the AFE System
is removed and the dilated vein is connected to the adjacent
artery to create an AVF.

In testing carried out on animals, Flow Forward Medical
reports that AVFs created with pre-treated veins (using AFE)
show improvement in blood ”ow after six weeks of AVF
maturation [5], when compared to AVFs using untreated
veins. The cross-sectional area of arteries after 6 weeks of
AVF maturation was twice as large in AVFs made with pre-
treated veins compared with untreated veins (10.6 mm2 to
5.3 mm2). The cross-sectional area of veins after 6 weeks
of AVF maturation was more than twice as large in AVFs
made with pre-treated veins compared with untreated veins
(200 mm2 to 78mm2).

The AFE System is able to rapidly produce large, per-
sistent increases in cephalic vein diameter by maintaining
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WSS in the range of 4 Pa during the treatment period by
increasing rotor speed and blood ”ow as the treated vein
dilates. Delivering non-pulsatile ”ow avoids venous smooth
muscle cell hyperplasia, stenosis formation, and the AVF
failure that is typically seen when pulsatile blood from an
artery is redirected into a vein after AVF creation, thereby
enabling full vein maturation in a non-pulsatile environment
prior to AVF creation [3].

If WSS drops below 2 Pa, endothelial stimulation is
suboptimal, which could result in an incomplete treatment
effect. If WSS increases above 7.5 Pa, the endothelium can
become damaged or denuded, which could also result in
poor dilation or stenosis formation. Therefore, a controller
that is capable of maintaining a WSS within a desired safe
range of 2…7.5 Pa in the treated vein is desired. A model of
the AFE System pump, catheters, and the associated venous
circulatory system could help in designing such a controller.

The purpose of this study is to develop a model for the
AFE System pump only. This model will then be combined
with a model of the AFE System catheters and the associated
venous circulatory system, for future studies focused on
estimation of WSS in the treated cephalic vein. There are
generally three approaches for modelling a system: “rst prin-
ciple modelling, data driven modelling (DDM), and hybrid
modelling (a combination of “rst principle and DDM). First
principle modelling is based on physical equations. In data
driven modelling, only limited knowledge is available on
the system, namely, the mathematics related to the dynamics
of the system, and the relationships between the input and
output variables. In such a modelling technique, a set of
equations is established between inputs and outputs based
on experimental tests. The data driven approach is used in
this study to build a steady state viscosity independent model
of the AFE System pump for WSS estimation, using steady
state measurements. Such a data-based model, andin vitro
tests in a mock loop, will be followed by animal tests before
any clinical usage.

The developed data driven model of the AFE System pump
is the main contribution of this paper.

The rest of this paper is organized as follows. Section II
presents the theoretical aspect of WSS estimation and mod-
elling assumptions with their justi“cations. According to the
Hagen-Poiseuille law, WSS estimation is based on the pump
”ow rate and head estimation. Section III presents a literature
review on ”ow and pressure estimation, and blood pump
data driven modelling. Section IV presents a model for head
estimation based on ”ow rate and motor speed measure-
ments. Section V provides a description of the materials
and methods used. A test rig was set up incorporating the
AFE System pump, sensors, and data acquisition system for
empirical modelling. Section VI presents the results. The
discussion is presented in Section VII along with proposed
future work.

II. WALL SHEAR STRESS ESTIMATION

According to the Hagen-Poiseuille law, for a Newtonian
and incompressible ”uid, WSS is directly related to ”ow

Fig. 2. Wall shear stress estimation model.

rate and indirectly related (through vascular resistance) to
differential pressure along a vessel as

WSS=
4µQ
�r 3

i
(1)

whereµ is the ”uid (blood) viscosity,Q is ”ow rate, andr i

is the inner diameter of the tube (vessel).
The vessel radius is proportional to the ”ow rate and the

pressure drop across the vessel through vascular resistance
(Rv ). Vascular resistance is calculated as

Rv =
�P
Q

=
8µl
�r 3

i
(2)

where�P is the pressure drop across the vessel andl is the
tube (vessel) length.

Before proceeding further, the following assumptions must
be made with limitations.

Assumption 1:Blood is a non-Newtonian ”uid but a New-
tonian liquid (water) has been used in experiments. Whilst
the pump characteristic curves generated will not accurately
re”ect those if blood were pumped, the use of water does not
alter the modelling or curve “tting procedures. Furthermore
the viscosity of blood varies from patient to patient and this
variation will need to be accounted for in later models.

Assumption 2:Blood is an incompressible ”uid (its den-
sity does not vary with pressure) [6].

Assumption 3:Blood viscosity is constant. Blood viscos-
ity differs among individuals, and can also ”uctuate within
the same patient. These changes are mainly due to changes in
haematocrit change or plasma viscosity [7]. An example of
haematocrit change which affects viscosity is cell transfusion
in chronic kidney disease when treating anaemia. Another
parameter which may change viscosity is water removal
during a haemodialysis treatment. In order to achieve an
accurate estimation of the WSS, it is important to compensate
for the effect of blood viscosity in the model. This will not be
discussed in this paper, and a real-time viscosity estimation
will be investigated after clinical data become available.

Therefore, WSS could be estimated from ”ow rate and
differential pressure data as shown in Fig. 2. During the AFE
System treatment, the intention is to measure pump ”ow rate,
and electrical current which is a predictor of thrombus for-
mation. However, the differential pressure across the pump
(referred to as the head of the pump in this paper) is to be
estimated only.

III. R ELEVANT WORK

An AFE System control algorithm based on WSS estima-
tion has not yet been studied in the current available liter-
ature. Conversely, there are several examples of modelling
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and control algorithms for blood pumps used in circulatory
support devices like those used to treat heart failure. These
control algorithms are analogous to the AFE System control
algorithm in areas such as: non-invasive estimation of ”ow
rate and pump head; system modelling; hardware implemen-
tation; and validation processes. As such, modelling of heart
assist devices which use sensor-less algorithms was studied
as an analogy.

A number of papers have been published on pump ”ow
and pressure estimation of heart assist blood pumps under
steady state conditions (e.g., [8]…[11]). These estimation ap-
proaches are all based on deriving characteristics of the pump
in a mock loop, followed by the use of different methods of
mathematically modelling the pump. All of these methods
demonstrated a good “t when compared to the measured
results from the mock loop. Similarly, there are several pa-
pers on pulsatile and dynamic ”ow and head estimation (e.g.,
[12]…[16]). Generally, there were two approaches in literature
to study the blood pumps used for heart assist devices, steady
state or dynamic, and pulsatile or non-pulsatile. In this study,
the AFE System pump was modelled under steady state and
non pulsatile conditions, based on the nature of the AFE
System and a review of existing approaches in the literature.
The physiological system response time is slower, in the
order of seconds, while electrical systems are considerably
faster, in the order of microseconds; when the two systems
are combined, the former dominates the latter, resulting in a
slowed overall system. Therefore, it is a realistic approach to
not consider the dynamics of the AFE System motor but to
model it in a steady state manner. In addition, the effect of
pulsatility can be disregarded in the AFE System, because the
blood ”ow in the AFE system is purposefully non-pulsatile.

IV. H EAD ESTIMATION MATHEMATICAL MODEL OF THE

AFE PUMP

The AFE System motor-pump assembly consists of a
three-phase permanent magnet motor and a centrifugal pump.
The centrifugal pump, which consists of a radial-”ow and a
backward-curved blade impeller (Fig. 3) of28 mm diameter,
with built-in poles that provide magnetic coupling, works as
the rotor of an integrated motor. In a backward-curved blade
impeller, the outlet blade angle is less than 90 degrees, and
so the pump head decreases with the increase in ”ow rate.
The permanent magnet motor is a three-phase, axial, pancake
motor with two pairs of poles.

The process of DDM includes generating a data set by
measuring different mechanical parameters (pressure, ”ow,
and speed) of the physical system (the AFE pump), based
on input (speed and pump ”ow rate) and output (pump head)
variables. After processing the data, the best algorithm with
least errors was nominated as the best performing model.

Based on pump output (”ow rate and pump head) mea-
sured at different motor speeds, a model was established on
the trend line of such an equation. In the study of rotary
blood pumps, it is common to use normalised pump head
(head coef“cient) and normalised ”ow rate (”ow coef“cient)
to eliminate dependency on rotational speed ( [14] and [16]).

Fig. 3. The AFE pump and impeller.

These are expressed as (3), (4):

� =
Q

2�r 2b�
(3)

� =
Pout Š Pin

�r 2� 2 (4)

where� is the pump head coef“cient;� is ”ow coef“cient;
Q is the pump ”ow rate (L/min); b is the height of the
impeller vanes (0.02 m); r is the impeller radius (0.03 m);
� is the angular velocity of the motor; that is,� = 2 �N/ 60
where N is the motor speed (rev/min); I is the motor
current (A);� is the ”uid density (kg/m 3); Pout is the pump
gauge pressure at the outlet (Pa); andPin is the pump gauge
pressure at the inlet (Pa).

Apart from using ”ow rate (and motor speed) for pump
head estimation, another method is to use motor electrical
parameters such as motor current (and motor speed). Pump
head/”ow rate, head coef“cient/”ow coef“cient, and pump
head/electrical current models were investigated in this study
for pump head estimation. These models could be described
as (5),(6),(7):

H = K 1Q2 + K 2Q + K 3Q� + K 4� + K 5 (5)

� = K 6� 2 + K 7� + K 8 (6)

H = K 9I + K 10� + K 11I� + K 12� 2 + K 13 (7)

whereH (mmHg) is the pump head (Pout -Pin ), andK 1

to K 13 are constants which are derived from experimental
tests, described in the next section.

V. EXPERIMENTAL SETUP

A ”ow rate, pump head, and speed data set was created
for the pump through experimental tests on the AFE System
pump in a hydraulic test rig (Figs 4 and 5). The test rig
consisted of the AFE System pump assembly; a compliance
chamber representing the right atrium of the heart and vein
compliance; a selection of elastic silicone tubing (shore 40A,
4 mm diameter for the main branch) representing the elastic
venous system in the arm (cephalic vein, collateral veins, and
subclavian vein); the AFE System sensor-less “eld oriented
motor driver; data acquisition system; power supply; Inline
Flow Sensor (ME4PXN, Transonic Inc., Ithaca, NY, USA);
Flow Meter (TS410, Transonic Inc.); and pressure transduc-
ers (BD DTX Plus TM) at the in”ow and out”ow ends of the
pump and across the test section. The power supply provided
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Fig. 4. The mock loop schematic for the AFE experimental test.

Fig. 5. The mock loop for the AFE experimental test.

power to the motor driver. Due to the advantages of the “eld
oriented motor control (FOC), which are mainly wide speed
range and low torque ripple, an FOC enhanced motor driver
(InstaSPIN-FOC enabled C2000 Piccolo LaunchPad, Texas
Instrument, Dallas, TX, USA) was utilized for internal motor
control. A data acquisition system (NI cDAQ-9172 base, NI
9237 and NI 9201 modules, National Instruments) was used
to obtain and record pressure and ”ow data.

In order to generate ”ow versus head curves, ”ow from
the pump was constricted using a ”ow clamp. After reaching

a steady state condition, pump speed, pump head, and ”ow
rate were all recorded. A decrease in ”ow increased the pump
head at a given speed. A fully clamped loop with zero ”ow
rate produced maximal pump head at any given speed (•shut-
off • pressure). The test was repeated at speeds of 1000, 2000,
3000, 4000, 5000, and 6000rev/min.

Data processing was performed on the pump input and
output pressure readings to improve the signal to noise ratio.
A frequency spectrum analysis was performed in Labview
software (2015 SP1, National Instruments) based on fast
Fourier transform (FFT measurements), which resulted in
choosing a Butterworth low pass “lter order two with low
cut-off frequency of40 Hz to “lter the pressure signals.
An uncertainty analysis was performed for pressure mea-
surements to calculate systematic and random uncertainties.
The total systematic uncertainty in pressure measurement
comprised accuracy of the pressure transducer; scaling uncer-
tainty; measurement error of the data acquisition system; and
linearity and sensitivity of the pressure transducer. Random
uncertainty is equal to mean standard deviation of the mean
pressure measurement. The uncertainty analysis of the pres-
sure measurement resulted in5.81 mmHg total uncertainty.

For the FOC estimator to work, a model of the motor
is required, which further requires information on charac-
teristic parameters of the motor, that is, motor type, pole
number, phase resistance and inductance, and speed and
torque constants. As the speci“cation of the motor was
not available, motor identi“cation was performed by the
FOC driver board and software. The motor identi“cation
procedure on the AFE System motor showed low quadrature
inductance (0.16 mH), low torque constant (13.5 mNm/A),
and high speed constant (434 rev/min/V ). If ”ow rate
values are estimated based on the electrical current and motor
torque, the motor characteristic results would be valuable for
modelling theF motor of the AFE System pump.

VI. RESULTS

The characteristic curve of the pump at six various motor
speeds is illustrated in Fig. 6 . The pump head, ”ow rate,
and speed data were imported to the MATLAB software
(R2017a, MathWorks Inc., Natick, MA, USA) (Fig. 7) which
resulted in the model (8), with a correlation coef“cient of
0.9525 based on least square regression:

H = Š0.0022Q2 Š 0.97Q+ 0 .00021Q� + 0 .051� Š 46.7.
(8)

Fig. 8 illustrates the performance curve of the pump,
which is de“ned as the relationship between normalised ”ow
coef“cient and normalised pressure coef“cient. The trend
of the curve resulted in the model (9) for the pressure
estimation of the AFE System pump based only on ”ow
rate. The estimation was not effective at speeds of 1000 and
2000 rev/min. For 3000 rev/min and above, the correlation
coef“cient of this equation was between 0.95 to 1.0.

� = Š172401� 2 Š 0.000006� + 6 × 10Š 12. (9)

The motor phase current showed an increase with the
pump head (Fig. 9). The data for the pump head, speed,
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Fig. 6. Characteristic curve of the AFE pump.

Fig. 7. Characteristic curve “tting in MATLAB.

Fig. 8. Performance curve of the AFE pump.

and motor electrical current was imported to the MATLAB
software (Fig. 10), which resulted in (10) from curve “tting
with 0.9985 correlation coef“cient as

H = 124I + 0 .018� + 0 .022I� + 3 × eŠ 6� 2 Š 7.59. (10)

Fig. 11 illustrates electrical current versus speed. Based
on the trend of the electrical current-speed curve, model (11)
was suggested:

I = 2 × 10Š 8� 2 Š 7 × 10Š 5� + 0 .1285. (11)

Fig. 9. Pump head versus electrical current.

Fig. 10. Pump head versus electrical current and speed curve “tting in
MATLAB.
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Fig. 11. Motor electrical current versus speed.

The model showed a good “t with a correlation coef“cient
of 0.9695.

VII. C ONCLUDING REMARKS AND FUTURE WORK

In this paper, models for the AFE System blood pump
based on data were introduced to estimate the pump head.
Both the pressure versus ”ow rate model and pressure versus
electrical current model could be effectively used to estimate
pressure. The former utilises the ”ow rate measurement
while the latter uses the motor electrical current to estimate
pressure. Such models are required to study different control
algorithms such as WSS control with different model inputs
(like motor electrical current or pump ”ow rate). It was con-
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cluded that both the pump ”ow rate measurement and motor
electrical current could be used to estimate the pump head
with reliable accuracy (above 93%). The obtained results also
suggest that the electrical current estimation could be based
reliably on the motor speed if required. For future modelling,
different viscosities will be tested to simulate changes in
blood haematocrit and incorporate viscosity as an input to
the model.
Future work also includes modelling the effect of the AFE
System on the related venous circulation, including the
super“cial and deep venous system in the arm, mainly with
an emphasis on the cephalic vein and the collateral pathways
that develop during treatment with the AFE System. A
partnership with the Gold Coast University Hospital is being
established to measure cephalic vein diameter and blood
”ow, as well as collateral pathways, during AFE System
treatment.
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Chapter 3: Lumped Parameter Model of the 
Amplifi TM  Vein Dilation System 

Overview 

The previous Chapter presented a mathematical model for the blood-pump used for vein 

dilation, i.e. the AmplifiTM. This chapter presents a dynamic electrical model of the whole 

system during dilation, including the electrical model of the Amplifi Vein Dilation system 

and the connected vascular system. This whole model will form a complete model for the 

purpose of the external control algorithm for WSS estimation in the lower arm cephalic 

vein during vein dilation. The anatomical representation of the venous system in the arm 
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parameter modelling was used, and vein dilation was modelled electrically. The whole 

model was simulated in the CircuitLab software and results were presented. 
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Lumped Parameter Model and Simulation of Flow Mediated Vein
Dilation with a stress-mediating pump for Haemodialysis

Farya Golesorkhi1, and Geoff Tansley2

Abstract— Although strongly recommended for haemodial-
ysis, vascular access by arteriovenous �stula (AVF) is not
consistently effective because arterial blood entering the �stula
is pulsatile and wall shear stress (WSS) is uncontrolled. The
Ampli�™ Vein Dilation System (Artio Medical, KS, USA),
pumps non-pulsatile blood from the right atrium to dilate the
cephalic vein within a controlled range of WSS (2.5-7.5 Pa)
prior to AVF creation. The differential pressure across the
cephalic vein and the �ow rate passing through it are the main
two contributors to WSS determination. This paper presents a
lumped parameter model of the venous system in the hand by
using an equivalent electrical circuit to dynamically predict the
increasing �ow rate and differential pressure during dilation.
A �uid loop-electric circuit analogy was used for modelling
followed by simulation utilizing CircuitLab, an easy-to-use
online circuit simulator software. The relationship between
dilation and �ow rate is not linear, so a novel, �ow-mediated,
dynamic dilation model was adopted. Dynamic modelling of
�ow-mediated dilation has broad application in vein dilation
prior to arteriovenous �stula vascular creation with a stress-
mediating pump and afterwards with raised shear stresses from
the AVF. The simulated model was able to predict changes in
�ow rate passing through the forearm cephalic vein.

I. INTRODUCTION

The arteriovenous �stula (AVF) is the preferred form of
permanent dialysis access (compared to the arteriovenous
graft, and the catheter) which comprises a surgical connec-
tion of an artery to a vein. It is expected that following the
surgical connection, the vein will be able to develop to an
acceptable diameter and wall thickness, and so accommodate
suf�cient �ow rate for the purposes of haemodialysis. Un-
fortunately, a 25% to 50% failure rate occurs with AVF [1]
either through early failure of the AVF or hyperplasia. It is
proposed that the pulsatility of arterial blood transferred via
the �stula to the out�ow vein and uncontrolled wall shear
stress in the vein are the two major contributors to AVF
failure [2]. Uncontrolled wall shear stress is detrimental to
AVF maturation [3], [4]. Shear stress in a normal cephalic
vein is about 2.2 Pa and to achieve stress-mediated dilation
of a vein wall shear stress must exceed 2.5 Pa. The desired
WSS for vessel dilation is 4 Pa [2]where eNOS production is
maximised [5], however, wall shear stress above 7 Pa causes
neointimal hypoplasia [5]. When shear stress is increased
at the vein wall, this will stimulate the natural regulatory
system of the body to control WSS through dilation of
the vein. Therefore, in order to control the vein dilation,
mean WSS should be estimated and controlled. Hagen-
Poiseuille's law provides a relationship for WSS calculation

1F. Golesorkhi, 2 G. Tansley are with the Grif�th School of
Engineering, Grif�th University, Gold Coast, QLD 4222, Australia.
1Farya.Golesorkhi@grif�thuni.edu.au,2G.Tansley@grif�th.edu.au

and is used in this study. A promising device to combat AVF
failure is the Ampli�™ Vein Dilation System (previously
named Arteriovenous Fistula Eligibility (AFE) device, Artio
Medical, KS, USA). This system is comprised of a rotary
blood pump, controller, and cannulae, and is used prior to
AVF creation. It achieves stabilized vein dilation (typically
of the cephalic vein) through pumping non-pulsatile blood
out of the right atrium of the heart into the vein at the wrist
increasing wall shear stress in the target vein (Fig. 1). The
Ampli� controller sets pump speed, and therefore �ow rate.
For a Newtonian �uid (in which viscosity is invariant with
shear rate) passing through a tube of constant circular cross
section with laminar �ow, wall shear stress is proportional to
the �ow rate (Eq. 1). In turn, the �ow rate delivered by the
pump depends on the differential pressure across the pump
through H-Q curve. Therefore, for the Ampli� system to
maintain mean WSS, the �ow rate must be controlled by
regular readjustment of the speed of its motor. The increase
in �ow rate will trigger the natural regulatory system of the
body to maintain mean WSS resulting in the dilation of the
vessel.

� w =
4�Q
�r 3

i
(1)

where� w is shear stress at the vessel wall (WSS),� is the
�uid (blood) viscosity, Q is �ow rate, and r i is the inner
radius of the tube (vessel).

The Hagen-Poiseuille law is valid within the following
restrictions: the tube is stiff, straight, and uniform; the �uid is
Newtonian with a constant viscosity; the �ow is laminar and
steady, not pulsatile, with zero velocity at the wall (no slip at
the wall); and fully developed. In this application, the tube is
suf�ciently stiff, straight and uniform, �ow develops quickly,
and above 1000/s shear rate blood assumes an asymptotic
viscosity of around 2.5 mPas. Three possible control strate-
gies could be used to control WSS in the Ampli� system:
non-invasive sensor-based, hybrid, and sensor-less. To utilize
any of these control strategies, mathematical models of the
Ampli� motor pump and the circulatory system are required.
Invasive sensor-based control is not a preferred option due
to potential complications, e.g., clotting and drift. In a non-
invasive sensor-based strategy, both pressure and �ow rate
of the pump are measured by sensors. In this case, only one
model is required representing a circulatory system to derive
the differential pressure across the forearm cephalic vein and
its �ow rate based on the measured pump head and �ow rate.
In the hybrid strategy, pump �ow rate is measured through a
(clinical �ow meter) sensor and a model of the pump is used

�3�D�J�H���L�Q���W�K�H��
�7�K�H�V�L�V��������



Fig. 1. The Ampli� system [2]. The arm before Ampli� treatment (A), connection to a thin forearm cephalic vein (B), cephalic vein dilates (C), the
Ampli� system is removed after 7–9 days of treatment, and an AVF is created by connecting the dilated vein to an adjacent artery (D), the vein further
dilates with AVF maturation (E).

to estimate the pressure developed by the pump (e.g. from
the characteristic H-Q curves derived empirically in vitro for
the pump). In the sensor-less case, a motor model is used in
addition to the previous models to estimate the pump �ow
rate through measurement of the motor's electrical current.
A mechanical-to-electrical empirical model of the Ampli�
system using electrical current and voltage to model �ow
rate and pressure has been previously developed for the
sensor-less algorithm [6]. The circulatory system model is
discussed in this paper and a full model of the Ampli�
System and the circulatory system involved is presented.
The relationship between pressure and �ow follows the
governing equations of mass and momentum conservation.
which leads to different types of mathematical models within
the circulatory system model based on the application of
interest and degree of complexity required. These models
range from 3D (degrees of freedom) models [7], [8] to pulse
wave propagation models (1D) [9] and lumped parameter
models (0D) [10]. Although 3D models make it possible
to study local pressure and �ow in vascular systems, they
involve huge computational costs and require information
about boundary conditions which are usually not available.
Pulse wave propagation (1D) models [9] can provide local
information on �ow and pressure distribution assuming axial
symmetry and that the wavelength is much larger than the
vessel radius, which results in constant local pressure in
any cross section of the vessel. For 1D modelling, the
conservation of mass and momentum are expressed as partial
differential equations in time and axial distance. Lumped
parameter models (0D) are described by ordinary differential
equations dependent only on time [10]. They consider the
uniform distribution of the fundamental variables (pressure,
volume, and �ow rate) in every subsystem and moment of
time without dependence on spatial variables. In the electrical
analogy model (Windkessel lumped model [11], [12] ), the
cardiovascular system is divided into different segments. In
each segment, the resistance of the vessel to blood �ow (the
ratio of differential pressure over �ow-rate) is modelled by

Fig. 2. The Windkessel model: three element (a) and two-element (b).

resistance, the compliance of the vessel wall (ratio of the
blood stored in a vessel over the differential pressure) is
modelled by capacitance, the inertia of the blood against
�ow is modelled by inductance, pressure is modelled by
electrical voltage (both are potentials), and �ow is modelled
by electrical current (both are �ows). Equation 2 describes
the Windkessel resistance, capacitance, and inductance terms
related to the �ow characteristics [13].

R =
�P
Q

=
8�l
�r 4

i
; C =

�V
�P

=
3�r 2

i ( h
r i

+ 1)
2
L

E(2 h
r i

+ 1)
; L =

�L
�r 2

i
(2)

where � is is blood density,r i is is vessel internal radius
at mean pressure,�V is the change in vessel volume,�P
is pressure change,E is young's modulus, andh is wall
thickness.

Different combinations of these three elements may be
used to characterize each segment of the circulatory system
with more elements potentially leading to higher accuracy
(but more computational time). Figure 2 illustrates a three
element (RLC) Windkessel model and a two element (RC)
Windkessel model.

There are very few studies about the electrical-analogy
parameters of the venous system compared to the arterial
system. Veins differ from arteries in their wall thickness;
although medium size (diameter of 0.2 mm to 10 mm) and
large size (diameter of more than 10 mm) veins have all
three vascular wall layers (intima, media, and adventitia) like
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Fig. 3. The schematic diagram showing the Ampli� System connected
to the corresponding cardiovascular system: RV: right ventricle, RA: right
atrium, LA: left atrium, LV: ventricle.

arteries, the middle layer, the media, which contains elastin
and collagen �bres, is much thinner in veins. Therefore, in
contrast to the stiffer arteries, which are more elastic vessels
due to their thicker elastin layer in their walls, veins are
more compliant vessels. Because of the low wall–thickness-
to-lumen ratio in veins (h/r<0.1), they act as a variable
reservoir for blood. Huberts et al. [9], [14] have developed a
patient-speci�c computational model for the upper extremity
of the AVF and the geometrical information in their study
was used in this paper. The aim of this study was to develop a
computational model based on electrical analogy and Hagen-
Poiseuille's law to estimate the mean wall shear stress across
the forearm cephalic vein during its dilation in a simple-to-
use simulator platform. Previous models [9], [11], [13] were
restricted to �ow prediction in a steady state condition. They
did not predict WSS, did not consider the dynamic effect of
vein dilation, and did not account for the presence of the
collateral veins and their effect on dilation. Furthermore, they
modelled the arterial portion of the cardiovascular system,
rather than the venous system. The proposed model in this
study also includes a model of the blood pump based on its
normalized characteristic curves, as discussed in [6].

II. M ETHODS

The purpose of the circulatory system model is to derive
the �ow rate and the pressure difference in and across the
test section which requires knowledge of venous vascular
system anatomy. Figure 3 illustrates the schematic of the
Ampli� system and the circulatory system.

The Ampli� system pumps blood out of the right
atrium/superior vena cava of the heart and into the distal end
of the cephalic vein in the wrist. Therefore, the circulatory
system in this study refers to the venous system of the arm.
Figure 4(a) illustrates the anatomy of this circulatory system

Fig. 4. The schematic diagram showing the vascular system in the arm (a),
segments of the Windkessel model (b), simpli�ed in silico block diagram
of the Ampli� system loop (c).

which returns blood to the right atrium from venules in
the wrist, and Fig. 4(b) illustrates the �ve main segments
involved. The cephalic vein extends from the wrist up to
approximately the shoulder. Flow mediated dilation was
modelled in [15] and it was assumed that all the vessels
follow the same dilation pattern under increased cuff-altered
pressure and a shared �ow rate. Figure 4(c) is a simpli�ed
in silico block diagram of the Ampli� system loop. It shows
the Ampli� System pump; the forearm cephalic vein (the
test section (TS))- the AVF will be established distal to this
section after Ampli� system is removed), and its collateral
veins; the venous system proximal to the test section and
up to the superior subclavian vein, referred to as upper arm
veins (UV) in this study; and right atrium. The pump catheter
sat in the right atrium which was used as ground as �ow is
least pulsatile there.

The rest of the cardiovascular system does not have a
considerable in�uence on blood �ow in the Ampli� system
loop depicted in Fig. 4(c) as the cephalic vein is ligated at the
cannulation site stopping blood �ow from the hand entering
the test section.

Furthermore, the right atrium of the heart acts as a
reservoir of blood containing non-pulsatile blood and can be
considered as the end of the loop (a ground in an electrical
analogy). The test section and its collateral veins are shown
separately in Fig. 4(c) to clearly identify the presence of
collateral veins in the Ampli� circuit. These veins were
considered when modelling the test section later.
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Based on the 2-element lumped Windkessel model, each
segment (except the catheters which are relatively very stiff)
was modelled with a resistor and a capacitor; inertance
is irrelevant in steady-�ow systems. Fig. 5 illustrates the
circuit of the electrical analogy of the Ampli� system. The
input pressure by the Ampli� system pump is modelled as
a current-controlled voltage source based on the Ampli�
system's pump characteristic curve (HQ curve) discussed in
[6]. The superior vena cava/right atrium is considered as the
ground of the electrical circuit as �ow is least pulsatile there
(and the circuit originates and terminates there).

The �ow in the collateral veins was replicated by adding
a resistor in parallel to the test section. The number of
collateral veins is patient speci�c. Jodko et al. [16] performed
an extensive study on blood �ows in end-to-end AVFs in
three different patients in which they reported out�ow vein
�ow rates as 77.86, 56.05, and 67.11% with the remaining
�ow passing through different numbers of collaterals. The
average �ow measurement (67% in the test section versus
33% in the collateral veins) is used in this study to deter-
mine the resistance of the collateral branch. This was also
con�rmed in the �rst in-human study of Ampli� [17]. Based
on Kirchhoff's current law (Eq. 3) and Ohm's law (Eq. 4),
the collateral resistance was determined in Eq. 5.

IT = I RT + I Col ; (3)

IRT =
V

RT
; ICol =

V
RCol

; (4)

ICol = 0:33I T =
RT

RT + RCol
; (5)

whereI T is the total current entering the test and collateral
branches according to Kirchhoff's law (analogous with the
�ow rate produced by the pump) ,IRT is the current in the
test section,I Col is the current in the collateral branch,RT is
the resistance of the test section, andRColo is the resistance
of the collateral branch.

The test section was classi�ed as an active block, having
a varying resistance with an exponential trend in accordance
with [12]. While following the same dilation pattern, the base
resistance level of each section was simply scaled from base
resistance of the test section in proportion with diameter. Cir-
cuitlab software (Circuitlab.com) which is an online circuit
simulator was used for simulation. The values for resistance
and compliance in each segment were calculated based on:
radius in each segment, blood density of 1.05×103 kg/m3,
blood viscosity of 3×10-3 Pa.s, Poisson ratio of 0.5, and
Young's modulus of 12×106 Pa for the veins [9]. The radius
of each segment was derived from weighted-average patient-
speci�c data from [9]. When different radius values were
available along a segment, the average radius was considered.
The length of the lower cephalic vein was assumed to be the
same length as the radial artery [9], [18]; both the upper
arm cephalic vein (segment 2 of Fig. 4(b)) and basilic vein
together with the axillary vein (segment 4 of Fig. 4(b)) had
the same length as the brachial artery [18]; the subclavian

vein length was assumed to be the same as the subclavian
artery length; and the median cubital was assumed to be
40 mm long. Translation of haemodynamic values to their
electrical analogues were derived from [13].

Table I shows the calculated values for resistance and
compliance in each segment and the haemodynamic values
translated to their electrical analogues.

The resistance of the in�ow and out�ow catheters was
assumed to be 24 mmHg/mL/s [19] which was translated
to an electrical resistance equivalent based on [13] using 1
mmHg as equal to 1 volt and 1m 3

s equal to0:725� 10� 3
amps.

III. R ESULTS

Figure 6 illustrates the performance curve of the Ampli�
system with a 35% glycerol/water mixture (which has a
viscosity of around 3.5 mPa.s, similar to whole human
blood) based on the procedures previously published in [6].
Therefore, Eq. 6 was derived which shows the pressure-�ow
(P-Q) model of the Ampli� system, wherePn is the averaged
normalized pressure head andQn is the averaged normalized
�ow rate. Equation (7) translates the P-Q mechanical model
to the V-I electrical analogue model.

Pn = �4 � 10�5 Qn + 0:0012; (6)

V = �0:48I + 0:0012: (7)

It was assumed that the �ow rate information is available
to the model, and, therefore, the Ampli� system was mod-
elled as a current-controlled voltage source (Fig. 7). The �ow
rate information can either be derived from the �ow-electrical
current model [6] for a completely sensorless scheme or from
the measured �ow rate for a non-invasive, partially sensorless
(�ow measurement and pressure estimation) scheme.

In Fig. 7, dilation is simulated with an active resistance
which was modelled with the drain-to-source-resistance of
a �eld effect transistor (FET) to model the exponential �ow
rate increase pattern proposed in [15] for �ow-mediated dila-
tion (FMD). Furthermore, the resistances of other segments
depend on the resistance of the test section and would change
accordingly, assuming the same dilation models. DC Sweep
was used in the CircuitLab simulation to study the effect of
the change in �ow rate (Flow) on the resistance, �ow, and
differential pressure across the test section ( Fig. 8). Wall
shear stress was calculated from Eq. 8 with the calibration
factor derived from the simulated voltage and current data
across the test section. The results showed an exponentially
decreasing resistance and an increasing WSS with the in-
creased �ow rate as expected. Furthermore, the simulation
results showed a 4 Pa wall shear stress at the �ow rate of
820mL

m (equivalent to the electrical current of10:0� 103A)
in the test section as expected.

� w = 0:04�V 0:75 I T
0:25 ; (8)

where�V is equal to the voltage drop across the test section
(V(X)-V(Y)), and I T is current in the test section.
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Fig. 5. Electrical circuit analogy of the Ampli� system, 8 segments including collateral veins and 2 pump catheters.

TABLE I

NUMERICAL VALUES FOR EACH SEGMENT OF THEAMPLIFI SYSTEM MODEL: RESISTANCE, COMPLIANCE, AND GEOMETRIC CHARACTERISTICS OF

EACH SECTION.

Segment Resistance Compliance Length Weighted average radius Resistance Capacitance
(kg=m 4 :s) (m 4 :s2=kg) (m) (mm) 
 �F

Forearm cephalic (Test section) 22:1 � 10�12 956 � 10�12 0.235 3 RT = 2 :21 CT = 0 :095
Upper arm cephalic vein 11:6 � 10�12 886 � 10�12 0.18 3.3 RV = 1 :16 CV = 0 :088

Upper arm basilic and auxillary veins 2:8 � 10�12 1798 � 10�12 0.18 4.7 RB = 0 :28 CB = 0 :179
Subclavian 0:05 � 10�12 1059 � 10�12 0.034 8.3 RS = 0 :005 CS = 0 :105
Collaterals 44:8 � 10�12 - - - RCol = 4 :48 -

Median cubital vein 0:49 � 10�12 452 � 10�12 0.04 5 RM = 0 :049 CM = 0 :045
Catheters - - - - RC = 0 :03 -

Fig. 6. Performance curve of the Ampli� system normalized to the
rotational speed.

Fig. 9 shows WSS predictions against �ow rate from
calculated data (blue) and model output (red) after dilation,
at the diameter of 5 mm in cephalic vein. The correlation was
good (R2 = 0.997) and shows the validity and utility of this
simple-to-use model at 5 mm. However, the simulated model
is able to provide real-time WSS at different vein diameters.

IV. CONCLUDING REMARKS AND FUTURE WORK

The purpose of this paper was to present an electrical
model for the dynamic �ow estimation during vein dilation.
The �uid-electrical analogy has previously been used in the

literature for modelling the vascular system for a generalized
representation of the whole vascular system (mainly the
arterial system) in which a detailed investigation of the
different sections, in particular of the venous system, has
not been of interest. Furthermore, there have been relatively
fewer studies in modelling the AVF, none being able to
represent vein dilation. In [9], Hubert et al. presented a
static model of �ow distribution after AVF creation but did
not consider the dynamic change in the �ow needed for
online wall shear stress estimation. We previously presented
a model for wall shear stress estimation, from the �ow and
pressure estimated from the blood pump modelling, in [6].
The model needed dynamic �ow information to continuously
predict WSS. This paper incorporates the model in [6] with
a dynamic model of the venous system in the hand during
vein dilation. The data in [16] was used for modelling �ow-
mediated dilation with a FET transistor and the model was
able to follow the trend in [16] with an increase in �ow
generated by the blood pump (the Ampli� in this case). Our
model is applicable to studies about the Ampli� System as
well as the AVF. We used the electrical analogy modelling
from the WSS estimation perspective and included biological
results available in the literature. As such, we modelled the
formation of collateral veins as a biological response to the
increased �ow rate, which is an important factor observed
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Fig. 7. Complete dilation model of the Ampli� system and the venous system involved.

Fig. 8. Simulation results in DC analysis: WSS (a), current in the test
section (b), voltage drop across the test section (c), resistance of the test
section (d). IT presents the current in the test section, RT is the resistance
across the test section, and V(x)-V(y) is the voltage across the test section.

Fig. 9. Simulation results (red) versus validation data at 5 mm diameter
of the cephalic vein (test section).

both in the AVF and the Ampli�. The Ampli� system output
�ow has a non-pulsatile trend which gradually increases

during the treatment period of 7 – 9 days. The resulting
increase in �ow rate was modelled with a ramp (current)
function in a steady state. As such, the Ampli� system was
modelled with a current-controlled voltage source based on
its P-Q normalized curves. The Ampli� system pump can-
nulae were modelled with two �xed resistances. The dilation
in the vessels was assumed to follow an exponential pattern
which was modelled with a gate to source resistance of a
�eld-effect transistor. The relationship between the dynamic
resistances of the other four segments of the model to the test
section was based on the geometric ratios of each vessel's
radius and length to the test section. Although we calculated
the values for both resistances and capacitances of different
sections of the venous system in the hand, the presented
simulation only accounts for the change in resistance. This
is accurate enough for the DC analysis based on the nature of
the Ampli� system dilation procedure. For the AVF studies,
the capacitance values need to be considered given that the
dilating �ow coming from the arterial system is pulsatile.
For simpli�cation, viscosity was considered constant. This
can be addressed by the viscosity model proposed in [16],
where a relationship was found between the pump speed,
power, and �ow rate at different haematocrit levels. The
lumped parameter model was simulated in an easy-to-use,
on-line simulator (CircuitLab). The simulation was able to
predict mean WSS in the forearm cephalic vein, showing 4
Pa at the 580 mL/min �ow rate as expected. Furthermore, the
model should better predict the performance of the Ampli�
system compared to an in-vitro mock circulation loop: due to
the dynamic change of the vascular system resistance during
the Ampli� system procedure, an in-vitro mock circulation
loop has a limitation of not being able to model the dynamic
change. This also holds for the case of AVF which involves
a dynamic change in the vein diameter. Furthermore, the in-
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silico modelling provided in this study would be valuable for
clinical application for patient-speci�c studies. The values of
the electrical analogous circuit were calculated based on the
information available in the literature which was intended for
the venous system. Further studies are recommended about
the venous system geometry and biological factors involved
in WSS control beyond the Hagen-Poiseuille law for stiff
tubes.
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Chapter 4: FOC-based Methodology for the 
Low Inductance and Low Power 
Amplifi TM Blood Pump  

Overview 

The previous two chapters discussed the external control technique for the Amplifi TM 

System (previously named the AFE System) and presented a methodology for non-

invasive wall shear stress (WSS) estimation during vein dilation. This chapter 

discusses the implementation of the new controller prototype based on field-oriented 

control (FOC) and presents the methodology for implementation of the optimal 

internal FOC controller in Texas Instrument C2000 microcontroller. The FOC control 

is a software-based algorithm that involves a great level of coding complexity which 

is significant in the case of low inductance and low-power motors. The aim of this 

study was present the details of FOC implementation for low inductance and low 

power PMSM motors and to achieve the least current/torque ripple induced by poor 

power quality through proper tuning of the variables involved in the FOC algorithm. 

The results showed a current ripple of less than 5% and a sinusoidal current waveform 

on the phases. 
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Chapter 5: Field-Oriented Control-Based 
Reduction of the Vibration and 
Power Consumption of the 
Amplifi TM  

Overview 

The previous Chapter presented a methodology for implementation of field-oriented 

control (FOC) for the low inductance and low power rating Amplifi TM motor. This 

Chapter evaluates the new proposed FOC prototype and compares it with the original 

trapezoidal controller from mechanical vibration and power consumption points of 

view. In a broad application, the effect of power quality on a motor mechanical 

vibration is investigated and a detailed vibration analysis is performed. The results 

showed a significant improvement in mechanical vibration as the result of the 

improved power quality with FOC. This proved the importance of power quality 

resulting from control strategy on mechanical vibration along with other more 

commonly known factors such as the mechanical and hydraulic reasons. Mechanical 

vibration results in poor power efficiency and discomfort of patients and reduces the 

life span of the device. Furthermore, it was hypothesised that in the case of blood 

pumps, mechanical vibration can contribute to the red blood cell rupture (haemolysis) 

plus higher temperature, resulting from the excess vibration, can cause blood 

thrombosis which is a very important factor in the case of blood pumps. This would 

be the topic of the next Chapter. 
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Abstract: Power quality and energy efficiency are of great importance in motor control. The motor 
of any medical device needs to have a smooth torque and minimal vibration in order to maximi se 
its energy efficiency and patient comfort. Furthermore, in rotary blood pumps, excessive energy 
wasted due to vibration is converted into uncontrolled movement of the mechanical parts and thus 
could reduce the life of the motor-pump. Besides mechanical or hydraulic origin, one of the causes 
of vibration in any pump is torque ripple resulting from motor phase commutation. In this paper, 
using relevant equipment, two  extreme scenarios were examined for vibration and electrical 
efficiency comparison due to power quality in a blood pump: one trapezoidal control with a 
trapezoidal phase current output; the other a field oriented control (FOC) with a non- distorted 
sinusoidal phase current. The test motor-pump was the Arteriovenous Fi stula Eligibility (AFE) 
System that is used prior to haemodialysis. The trapezoidal technique was implemented utilising 
the Allegro a4941 fan driver (Allegro Microsystem, 2012), and the FOC technique was implemented 
using the Texas Instrument digital signa l processor (TMS320F28335). The aim was to reduce the 
energy wasted over vibration, and to achieve smooth operation of the AFE System. Vibration was 
measured with a one-axis accelerometer; results showed considerably lower vibration due to less 
current rip ple associated with the FOC control as well as lower power consumption.  

Keywords:  power quality; energy efficiency; field oriented control;  vibration; current ripple; 
trapezoidal commutation; PMSM motor; blood pump; speed control; Arteriovenous Fistula 
Eligibility 

1. Introduction

In medical applications, particularly in wearable medical devices, a motor must function with 
smooth torque and minimal fluctuation over its operational speed range in order to maximise 
efficiency and patient comfort by reducing motor vibration and acoustic noise. Higher vibrations can 
decrease the pump lifetime due to imposing a cyclic-load to the mechanical structure of the pump, 
and can also damage bearings [1]. Vibration of a blood pump may also increase haemolysis 
(destruction of red blood cells) due t o shear stress [2]. 

Vibration that exists in a motor may be due to (i) hydraulic sources (such as operating away 
from the best efficiency point and flow turbulence [3]); (ii) the mechanical sources (such as 
unbalanced impeller, bent shaft, eccentricity, cogging torque, and electro motive force (EMF) 
waveform imperfections [4–6]); or (iii) torque ripple resulting from ineffective motor commutation 
[7, 8]. Motor commutation involves switching currents in the motor phases to develop motion and 
maximise torque. Besides the design and point of operation, the choice of motor commutation is a 
critical factor in the quality of operation of a motor, and could be a source for electromagnetic torque 
ripple (the periodic change of output torque) [9, 10]. 
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Previous studies of vibration of the motors used in pumps have mainly considered vibration for 
diagnostic reasons and as a result of mechanical deficiencies: to detect cavitation [11], in blood pumps 
as a measure to detect formation of thrombosis [12], and to test performance of a heart assist device 
[13]. Y. Li et al. [6] studied the effect of air gap deformation on electromagnetic torque and vibration 
resulting from that.  However, it is important to separate the power- quality based vibration from 
mechanical sources for those diagnostic purposes. No study has previously examined the role of 
motor commutation system as a source of vibration in permanent magnet synchronous motors 
(PMSMs) or blood pumps. Pablo Donolo et al. [14] have presented laboratory test data on vibration 
of a PMSM motor due to voltage unbalance and distortion on an induction motor vibration. In their 
study, they introduced an intentionally distorted voltage to their test motor.  The importance of their 
study was to present laboratory data and addi tionally compare vibration levels to the available 
standards. In [14], a distorted voltage was intentionally supplied to an induction motor (IM) , and it 
was found that the sixth harmonic in vibration’s  power spectrum density (PSD) of the motor was 
related to this voltage distortion. In addition, the same study found that the second harmonic was 
related to unbalance in voltage. The power quality effect from two commutation techniques on a 
PMSM motor and major harmonics present in the vibration spectrum will be examined in the current 
paper. This paper studies the vibration and power consumption improvement of the AFE System 
motor with a field oriented control (FOC) instead of its current trapezoidal controller based on the 
power  quality improvement. There are also some studies about the advantages of the FOC technique 
[15–17] and torque ripple resulting from trapezoidal control [18, 19], however vibration as a measure 
has not been considered nor the two techniques compared for a PMSM motor control . These studies 
have taken the modelling and theoretical approaches, instead of the experimental approach. None of 
the previous studies has considered this comparison of the two different motor commutation 
techniques, in a real scenario, on a PMSM motor, considering motor vibration and power 
consumption. 

Therefore, the contribution of th is current work is its experimental comparison of the two 
controllers from two applied approaches: vibration and power consumption.  

 In this paper, the performance of a prototype sensorless field oriented controller  has been 
compared with the currently used AFE System sensorless trapezoidal controller, from  a vibration 
and a power consumption point of view. P ower spectral density (PSD) was used to show the 
vibration energy at different frequencies, and the overall power spectrum density was used to show 
the overall vibration change with speed. For vibrations expressed in m/s 2 in time domain (�8(�P)), its 
frequency spectrum would be m/s 2/Hz, and therefore its one-sided power spectrum density is 
(m/s2)2/Hz (which is referred to as G2/Hz in this study):  

PSD (f) =
�6�Z�ì �Ï ( �ç)�Ø�7�.
��Ñ�ß�×𝑑𝑑

𝑡𝑡�.
𝑡𝑡�-

�Z
�.

�ç�. �?�ç�-
. (1) 

Brushless motors are commutated electronically with scalar or vector control. Trapezoidal 
commutation is an easy to implement scalar control in which a six stepped commutation pattern 
results in an inherent torque ripple (and also noise and vibration) due to inaccuracy in detection of 
the rotor position [20]. Field oriented control [21,  22] is a high performance vector control with a 
complicated structure and many parameters that require tuning [23]. This technique allows time -
independent control of the stator currents regardless of rotor speed and allows high performance at 
higher speeds. Implementation of FOC control requires deep knowledge of the technique and the 
motor specification, and its theory and implementation are discussed in this paper in S ections 1.2 and 
2, respectively. 

In the FOC control, a sinusoidal stator current space vector (orthogonal to the rotor field) results 
in a smooth torque (less vibration) in a PMSM motor due to the synchroni sation of the phase current 
and the motor’s back electro motive force (BEMF), both being sinusoidal. 

Torque (and thus torque ripple) in a PMSM is directly related to back electro motive force 
(BEMF) in each phase and also to electrical current (Equation (1)) and will be constant if the current 
and BEMF follow the same trends (and harmonics) [7, 24]. Due to the sinusoidal BEMF voltage of a 
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PMSM motor, less torque ripple, and thus less vibration, is achieved when the current space vector 
waveform, determined by the commutation technique, is sinusoidal and rotates synchronously with 
the BEMF waveform on the stator windings [7, 25]. 

�6�Ø= �6�Ø�à=
�Ø�Ü

� 
, (2) 

where �6�Ø is electromagnetic torque (equal to the mutual torque when cogging and reluctance 
torques are zero), �6�Ø�à is the mutual torque, �E is the electrical current, �A is the BEMF voltage, and 
�ñ is rotational speed. 

Thus, it was anticipated that vector control could improve the AFE System motor vibration due 
to its greater compatibility with the sinusoidal induced BEMF, and its implementation would 
ameliorate the inherent torque ripple that results from six -step trapezoidal commutation and give s 
better perform ance at higher speeds. It was expected that the AFE System would also run more 
efficiently with vector control because it avoids the higher harmonics in the current waveform seen 
in trapezoidal commutation. These higher harmonics do not contribute to air g ap flux linkage,  thus 
resulting in less torque, as there are no corresponding equivalents in the BEMF waveform. 

This paper discusses the theoretical aspect of FOC control and sensorless estimation of rotor 
position. Sensorless estimation of rotor position involves not using any physical rotor position 
sensors, which increases system reliability and reduces maintenance costs. Furthermore, the AFE 
System utilises an integrated motor in a pump, which limits the use of any physical position sensor 
due to a limited access to the shaft of the motor. The algorithms and experimental set-ups of the 
sensorless trapezoidal control and FOC control of the AFE System motor is presented using a4941 
sensorless trapezoidal control (Allegro Microsystem, 2012) and InstaSPIN FOC (Texas Instrument, 
Dallas, Texas) field oriented control. Following this , a comparison of the vibration and efficiency of 
the two different control strategies (trapezoidal control and field oriented control) is presented for a 
blood pump that is  incorporated into the Arteriovenous Fistula Eligibilit y (AFE) System (Flow 
Forward Medical Inc., Fairway, KS, USA). The comparison was performed based on data obtained 
from a number of experiments. The aim was to lower the amount of wasted energy from vib ration 
and to improve patient comfort by minimi sing the AFE System motor vibration , as well as to 
maximise device functionality through an extended speed range. 

1.1. The Arteriovenous Fistula Eligibility (AFE) System 

The Arteriovenous Fistula Eligibility ( AFE) System is currently being trialled in a procedure to 
be used prior to haemodialysis which is commonly utilis ed in treating kidney failure patients [26]. 
The AFE System is aimed at increasing a patient’s eligibility for the arteriovenous fistula (AVF) 
procedure by sufficiently dilating veins prior to AVF creation. Figure 1 illustrates the AFE System; 
more details about the device and the dilation procedure are given in [26].  At the time of writing, the 
AFE System has successfully demonstrated rapid dilation of the cephalic in a series of pre-clinical 
studies, with a doubling of vein diameter from the start to the end of treatment, and is moving 
forward with a first -in-human (FIH) feasibility clinical trial.  
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Figure 1. The Arteriovenous Fistula Eligibility ( AFE) System [26]. Figure (a) illustrates the pre-

treatment condition with a non -dilated vein. Vein dilation is achieved through pumping non-pulsatile 

blood from the superior vena cava to the cephalic vein (b), and consequently gradually increasing 
shear stress at the vessel wall (WSS) to approximately 4 Pa in the cephalic (b,c) [26]. Figure (d) 

illustrates a dilated vein after 10-14 days: the AFE System is removed and thereafter an arteriovenous 

fistula (AVF) is created by connecting the dilated vein to the adjacent artery. 

This device utili ses a PMSM integrated with a centrifugal blood pump. The main active element 
of the AFE system is an integrated motor-pump unit wherein the impeller of the motor acts as the 
rotor of the motor and has pin bearings to locate it within the pump housing . The motor of this device 
is the object of this study. 

1.2. Mathematical Model of a PMSM Motor 

The nonlinear dynamic model of a PMSM motor in the �=�>�? frame is expressed as (3) [27]. 

�×

�×𝑑𝑑
�E�Ô�Õ�Ö=  

�Ë

�Å
�E�Ô�Õ�Ö+

�5

�Å
�R�Ô�Õ�Ö
F

�5

�Å

�×

�×𝑑𝑑
�î , (3) 

where �E�Ô�Õ�Ö is the stator current in the �=�>�? frame (stator frame), �R�Ô�Õ�Ö is the stator voltage in �=�>�? 
frame, �. is the inductance, and �î  is the flux amplitude. 

The nonlinear dynamic model of a PMSM motor in the rotor frame is expressed in (4) and (5): 

�×

�×𝑑𝑑
�E�æ𝑠𝑠 =

�5

�Å�,
�R�æ𝑠𝑠 
F

�Ë
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F
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�.�4
, (5) 

where �E�æ𝑠𝑠 and �E�æ�ä are the direct and quadrature currents in the rotor frame, �R�æ𝑠𝑠 and �R�æ�ä are the 
direct and quadrature components of the stator voltage in the rotor frame,  �4 is winding resistance, 
�.�4 is the direct or quadrature inductance (equal in non -salient motors like the AFE System), p is the 
number of pole pairs, and �ñ�å is the rotor angular velocity.  

The following equations represent the linear model of a PMSM motor as discussed in [28, 29] 
where the cross-coupling of the  �@ and �M currents do not exist: 

�×

�×𝑑𝑑
�E�æ𝑠𝑠 =

�5

�Å�,
�R�æ𝑠𝑠 
F
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F
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. (7) 

1.3. The Theory of Sensorless FOC Control 

FOC allows the transformation of the time -varying model of a three phase motor into a DC 
model for independent control of torque (speed) and flux, to simplify the control algorithm. This is 
achieved through two mathematical transformations: Clarke transfor m, Park transform (and inverse 
Park transform). Rotor position information is required in the mathematical transformations, and in 

(d) (c)(b)(a)
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the model considered in this study is estimated through BEMF estimation. The BEMF is estimated by 
an observer which utili ses a mathematical model based on the resistance-inductance model of a 
PMSM motor. Another output of the rotor position observer is an estimated speed which is then 
compared and regulated with a PI speed controller to generate the �E�æ�ä command signal. The other PI 
controller regulates the �E�æ𝑠𝑠 current, related to flux. Based on the �E�æ�ä command signal and inverse of 
the mathematical transformations, a reference voltage is generated for the pulse width modulation  
(PWM) converter. In the model considered in this study, space vector pulse width modulation 
(SVPWM) defines the switching algorithm of the inverter to determine the three phase stator 
voltages. The input voltage of the SVPWM converter is determined by the FOC algorithm based on 
the estimated rotor position and reference quadrature current signal determined by the speed PI 
controller.  

Figure 2 illustrates a standard structure schematic of FOC, which generally contains 
transformations (forward and reverse); torque and current controllers; an inverter; space vector 
modulation (SVM) and PWM generator (together, SVPWM block); phase current sensors; a rotor 
position feedback (sensorless observer). 

Figure 2. Field oriented control algorithm: �à is the rotor position; �E𝑐𝑐 is calculated from �E�Ô and �E𝑏𝑏; 

Clarke and Park transforms are performed; transformed dc currents are compared with the desired 
values (command signals) for torque control; reverse Clarke and Park transforms are performed in 

order to generate three sinusoidal voltages for commutation of the three stator coils (V�_, V�`, V�a). 

The Clarke transform projects the three-phase time variant system (�=, 𝑏𝑏, 𝑐𝑐) into the two-
�Œ�˜�˜�›�•�’�—�Š�•�Ž�1�•�’�–�Ž�1�Ÿ�Š�›�’�Š�—�•�1�œ�¢�œ�•�Ž�–�1�û�…�ð�1�†�ü�1�Š�—�•�1�•�‘�Ž�1���Š�›�”�1�•�›�Š�—�œ�•�˜�›�–�1�™�›�˜�“�Ž�Œ�•�œ�1�•�‘e two-coordinate time variant 
�œ�¢�œ� •�Ž�–�1 �û�…�ð�1 �†�ü�1 � ’�—� •� ˜� 1 � •� ‘� Ž�1 � •�  � ˜-coordinate time invariant system ( �@,�M), or the rotating rotor reference 
frame. This transformation will decouple the quadrature component of the stator current vector from 
its direct component for  control of torque independently of magnetic flux in a linear and time -
invariant space known as �@ 
F �M space. 

The vector diagrams for the Clarke and Park transforms are illustrated in Figure 3, where:  

�E�æ��= �E�Ô, (8) 

�E�æ�	=
1

�¾3
�E�Ô+

2

�¾3
�E𝑏𝑏, (9) 

�E�æ𝑠𝑠 = �E�æ��𝑐𝑐�K�O�E+ �E�æ�	𝑠𝑠𝑠𝑠�J�E, (10) 

�E�æ�ä�@�?𝑖𝑖�Þ
��æ𝑠𝑠�á�� + �E�æ�	𝑐𝑐�K�O�E, (11) 

where �E�æ is the stator current vector; �E�Ô, �E𝑏𝑏, and �E𝑐𝑐 represent phase �=, 𝑏𝑏, and c current vectors; �E�æ�� 
is the projection of �E�æ �•�˜�1�•�‘�Ž�1�…�1�Š�¡�’�œ�ò�1�E�æ�	 �’�œ�1�•�‘�Ž�1�Œ�ž�›�›�Ž�—�•�1�Ÿ�Ž�Œ�•�˜�›�1�†�1�Œ�˜�–�™�˜�—�Ž�—�•�ò �E�æ𝑠𝑠 is the flux component; 
�E�æ�ä is the torque component; �à is the rotor position.  
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(a) (b) 

Figure 3. (a) Clarke transform; (b) Park transform. 

Since magnets generate flux in permanent magnet motors, �E�æ𝑠𝑠 can be used for field weakening 
in high speed applications, or otherwise set to zero (as in this research) [30,31]. The �E�æ�ä component 
controls the amount of torque generated by the motor. These two variables would be controlled via 
two proportional -integral (PI) controllers to generate �8s�@ and �8sq. 

The inverse Park transform converts the rotating frame back to the stationary frame: 

�8�Ù = �8s�@𝑐𝑐�K�O �E��
F���8s�M𝑠𝑠𝑠𝑠�J �E, (12) 

�8�Ú = �8�@𝑠𝑠𝑠𝑠�J �E��
E���8�M𝑐𝑐�K�O �E. (13) 

The output of the inverse Park transform is known as �8�N, which is the reference voltage utili sed 
by the motor inverter. In space vector pulse width modulation (SVPWM) inverters [32, 33], this 
reference voltage is directly applied to the SVPWM algorithm to determine the switching sequences 
of power transistors in the inverter so that the reference voltage vector (�8�N) is approximated. Utili sing 
space vector pulse width modulation (SVPWM) in the last stage of the FOC control (in the inverter), 
causes less harmonics in the output voltage compared to the conventional PWM [32], and together 
with FOC control provides a smoother torque and reduces commutation loss. The SVPWM also 
allows more efficient use of supply voltage, and higher duty cycles.  

1.3.1 Sensorless Rotor Position Estimation  

The most popular sensorless rotor position estimation techniques for non-salient motors are 
based on sensing or estimation of the BEMF voltage. In the trapezoidal control, where one phase of 
the stator is not energised in each commutation cycle, the BEMF is sensed on the un-energised phase, 
and its zero crossing point is determined in comparison to the neutral voltage point of the motor (the 
central tap in this study). Commutation of each phase current happens at a 30° shift from the BEMF 
zero crossing point on that phase. There are six commutation intervals to keep the stator space vector 
within the nearest 30° of the quadrature direction.  

Likewise, in the a4941 trapezoidal controller utilis ed in the study (Allegro Microsystem, 2012), 
commutation is controlled by a proprietary zero -crossing BEMF sensing technique. The BEMF 
module within the a4941 driver compares the voltage on the tri -stated outputs with the voltage of the 
centre tap to determine the point where any of the three output voltages crosses the centre tap voltage 
(zero crossing point). As BEMF exists only after the motor start-up, a start-up scheme is always 
required for BEMF zero crossing point detection. In the a4941, an on-board oscillator is used at start-
up, during which a 100% duty cycle PWM is applied to the motor coils.  

The main disadvantages of thi s direct BEMF voltage sensing technique and the six commutation 
steps, are narrow speed range and torque ripple, respectively. 

The FOC algorithm requires the precise angular position of the rotor for performing the 
transformations (Clarke, Park, and inverse Park [34]). The most common sensorless technique with 
the FOC control is sliding mode observer [35, 36]. In sliding mode observer, rotor position (and speed 
concurrently ) is estimated from an estimated BEMF. A sliding surface is defined to match an actual 
measured current with the observed current:  
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�5(�: ) = I �‘ ,�’
ê 
FI�‘ ,�’ , (14) 

where �5(�: ) is the sliding surface, I�‘ ,�’
ê  are the estimated alpha-beta current vectors, and I�‘ ,�’  are the 
measured current vectors transferred to alpha-beta space. If the sliding surface becomes zero, then 
the estimated current will converge to the measured, real current, and the estimated BEMF can be 
extracted from the observer function (15). The I�‘ ,�’
ê  is estimated (current observer) utili sing a 
discretised mathematical model of the motor:  

�E�æ(𝑛𝑛+ 1 ) = �@1 
F �6�æ
�Ë

�Å
�A�E�æ(𝑛𝑛) +

�Í�Þ
�Å

(�8�æ(𝑛𝑛) 
F �A�æ(𝑛𝑛)), (15) 

where �8�æ is motor voltage vector, �. is winding inductance, �A�æ is BEMF vector, and �6�æ is control 
period. 

There are four steps associated with the sensorless process of the rotor position estimation, as 
illustrated in Figure 4.  

Figure 4. Sliding mode observer block diagram.  

The first two blocks are the current observer and hysteresis controller, which together are the 
sliding mode controller (SMC). The first block, the current observer, calculates the error between the 
actual measured current and the observed current from the mathematical model of the motor. The 
second block, the hysteresis controller, will reduce the error to zero: 

Z = k 
kI�‘ ,�’
ê 
FI�‘ ,�’ 
o, (16) 

where Z is output correction factor voltage an d k is hysteresis control gain. The output of the SMC 
is the correction factor (Z) which will add to the mathematical model, and this process will repeat 
until the error is zero:  

�E�æ(𝑛𝑛+ 1 ) = 
l1 
F �6�æ
�4
�.


p �E�æ(𝑛𝑛) +
�6�æ
�.

(�8�æ(𝑛𝑛) 
F �A�æ(𝑛𝑛) 
F �<). (17) 

The third block, a low pass filter, will filter the correction factor ( Z), and the estimated BEMF is 
fed back to the motor model to update the BEMF every control cycle: 

�A�æ(𝑛𝑛) =  �A�æ(𝑛𝑛
F1) + 
l
1

�B�É�Ð�Æ

p× 2 �è�B𝑐𝑐
k�<(𝑛𝑛) 
F �A�æ(𝑛𝑛)
o, (18) 

where �A�æ(𝑛𝑛
F1) is last estimated BEMF, �B�É�Ð�Æ is the PWM frequency, and �B𝑐𝑐 is the cut off frequency 
of the filter [37].  

The fourth block’s output, the rotor position, is derived from the arctangent of the BEMF:  

�à
è= arctan (
Fe�‘
æ, e�’
æ) (19) 

where �à
è is the estimated rotor position; and e�‘
æ and e�’
æ �Š�›�Ž�1�•�‘�Ž�1�…�1�Š�—�•�1�†�1�Œ�˜�–�™�˜�—�Ž�—�•�œ�1�˜�•�1�•�‘�Ž�1�Ž�œ�•�’�–�Š�•�Ž�•�1
���������1 �’�—�1 �…-�†�1 �œ�™�Š�Œ�Ž�ï�1 ���‘�Ž�1 �•�›�Ž�š�ž�Ž�—�Œ�¢�1 �˜�•�1 �•�‘�Ž�1 �›�˜�•�˜�›�1 �™�˜�œ�’�•�’�˜�—�1 � �Š�Ÿ�Ž�•�˜�›�–�1 �Œ�˜�›�›�Ž�•�Š�•�Ž�œ�1�•�˜�1 �•�‘�Ž�1 �Š�—�•�ž�•�Š�›�1 �›�˜�•�˜�›�1
speed; motor speed is calculated from differentiation of the estimat ed rotor position. The sliding 
mode observer has been widely used in robust controllers due to being insensitive to the PMSM 
parameter variation and disturbance [36, 38]. The two main challenges with the sliding mode 
observer are complete convergence to make the error zero, and chattering due to high frequency 
switching near the sliding surface [35].  
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The InstaSPIN FOC (Texas Instrument, Dallas, TX, USA) utili ses a proprietary sensorless 
observer algorithm known as FAST (Texas Instrument, Dallas, TX, USA) to estimate the rotor 
position. The inputs to the FAST observer are samples of phase currents, samples of filtered phase 
voltages, and motor identification, and the outputs are flux, rotor position, speed, and torque. A real -
time resistance estimation runs in parallel with the FAST algorithm. This improves system 
performance by updating the stator resistance information and avoiding rotor position estimation 
errors resulting from inaccurate resistance information The main advantages of this proprietary 
system in the AFE System application in comparison with its current trapezoidal controller are 
sinusoidal current agreeing with a PMSM motor BEMF; wide speed range; accurate angle estimation 
and low audible noise and vibration; higher efficiency mainly due to fewer harmonics and lower 
stator core losses; stator resistance re-calibration.  

2. Materials and Methods: Trapezoidal Control and FOC Control Implementation of the AFE
System

The experimental set-up for evaluation of trapezoidal and FOC control is shown in  Figure 5. 
Throughout the testing phase, speed settings were adjusted to different rates. The test bench included 
the AFE System pump (Flow Forward Medical, Olathe, KS, USA); the FOC board (InstaSPIN-FOC 
enabled C2000 Piccolo LaunchPad, Texas Instrument, Dallas, TX, USA); the trapezoidal board (Flow 
Forward Medical, Olathe, KS, USA); the data acquisition system (NI cDAQ-9174, NI 9232 (for 
vibration measurement) and NI 9237 c series (for pressure measurement); National Instrument, 
Austin, TX, USA); a reservoir representing the right atrium; tubing replicating the venous system in 
the hand, including the cephalic vein; a one-axis piezoelectric vibration sensor mounted on the top 
of the pump housing in the axial direction ( CA-YD-119, Sinocera, Jiangsu, China); a current sensor 
(SparkFun Electronics, Niwot, CO, USA); a PWM generator module (BU0579, Hidream); and 
pressure transducers (BD DTX Plus™ disposable medical, Bunzl Healthcare, London, UK). 

Figure 5. Test bench for trapezoidal and field oriented control ( FOC) control evaluation.  
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Figure 6 illustrates the block diagram of the sensorless trapezoidal commutation, and Figure 7 
illustrates the block diagram for the FOC control of the AFE System. 

Figure 6. Diagram of the trapezoidal experimental set-up. The a4941 trapezoidal driver has five 

output pins: OUTA, OUTB, OUTC (connected to the three stator coils), CTAP (connected to the motor 

centre tap), and FG. The AFE System speed is half of the FG output frequency. The only input pin is 

the PWM command for speed. 

Figure 7. Diagram of the FOC control with rotor position estimator. 

As shown in Figure 6, the sensorless trapezoidal commutation mainly consists of an a4941 chip 
(Allegro Microsys tems, Worcester, MA, USA), which is a fully integrated trapezoidal three -phase 
sensor-less (direct BEMF sensing) BLDC motor driver with control, gate drive, power stage, and 
analogue peripherals. A frequency generation pin contains speed information and speed control is 
achieved through variable voltage applied to the stator phases through PWM with varying duty 
cycles. There is a minimum of 6 µs for the duty cycle set by default, which limits the minimum 
possible speed. The PWM generator in Figure 6 is a 555 chip set in an astable multivibrator 
�Œ�˜�—�•�’�•�ž�›�Š�•�’�˜�—�1� �’�•�‘�1�Š�1�[�V�1�”���1�™�˜�•�Ž�—�•�’�˜�–�Ž�•�Ž�›�1�•�˜�1�Œ�‘�Š�—�•�Ž�1�•�‘�Ž�1�•�ž�•�¢�1�Œ�¢�Œ�•�Ž�ï�1���‘�Ž�1�������1�•�›�Ž�š�ž�Ž�—�Œ�¢�1�•�˜�›�1�•�‘�Ž�1�Š�Z�_�Z�W�1
should be in the range of 15–30 kHz. 

The “FG” pin of the a4941 is a speed output signal and has an open drain structure which 
�›�Ž�š�ž�’�›�Ž�œ�1�Š�1�™�ž�•�•�1�ž�™�1�›�Ž�œ�’�œ�•�˜�›�1�û�W�[�1�”���1�‘�Ž�›�Ž�ü�ï�1���‘�Ž�1���	�1�˜�ž�•�™�ž�•�1�˜�•�1�•�‘�Ž�1�•�›�’�Ÿ�Ž�›�1� �Š�œ�1�Œ�˜�—�—�Ž�Œ�•�Ž�•�1�•�˜�1�•�‘�Ž�1�Œ�•�˜�Œ�”�1�˜�•�1�Š�1
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dual D -type flip -flop in order to divide the frequency by two because of the motor four poles, and 
then smoothed and measured on an oscilloscope. 

FOC, as shown in Figure 7, consists of a microcontroller (that holds the FOC program), a power 
stage, and a gate driver. As a software-based technique, the FOC was developed on the Texas 
Instruments TM320F28069M micro controlling unit . A 3-phase brushless dc drive stage (BOOSTXL-
DRV8301, Texas Instrument, Dallas, TX, USA) was used, which consisted of a gate driver logic and 
H-bridge inverter (the DRV8301, Texas Instrument, Dallas, TX, USA), and a power stage
(CSD18533Q5A N-Channel NexFET Power MOSFETs, Texas Instrument, Dallas, TX, USA) to
commutate the AFE System motor.

While in trapezoidal control, the rotor position is derived from the sensed BEMF signal; in FOC, 
this is achieved from a software-based rotor position observer (sliding  mode observer). As discussed 
previously, the rotor position observer requires accurate measurements of stator resistance, stator 
inductance, and flux (Table 1). 

Table 1. The AFE System motor identification results. 

Number of pole pairs  2 
Max current (A)  0.2 

Flux and inductance estimation frequency (Hz)  40 
Resistance—phase to phase (�� ) 5.6 

Direct and quadrature inductance  (H) 0.0012 
Rated flux (V/Hz)  0.0014 

The FOC rotor position observer further requires phase current and voltage feedback signals. 
Table 2 illustrates the required scaling for current and voltage sensing feedbacks on the DRV 8301 
driver based on the AFE System specification. The current sense shunt resistors were scaled to the 
AFE System maximum current (0.2 A). Similarly, the parallel resistors in the voltage sense circuit 
were scaled for the AFE System motor nominal voltage (15.5 V); the series resistors were also changed 
to create a filter pole equivalent to the AFE System motor maximum frequency of 200 Hz. 

Table 2. Scaling for current and voltage sensing feedbacks. 

Current sense shunt resistors �V�ï�X�1���1�û�Y�1���ð�1�X�[�W�X�1�™�Š�Œ�”�Š�•�Ž�ü 
Voltage sense parallel resistors �Y�]�ï�Z�1�”���1�û�V�ï�W�1���ð�1�V�\�V�Y�1�™�Š�Œ�”�Š�•�Ž�ü 
Voltage sense series resistors �W�V�1�”���1�û�V�ï�W�1���ð�1�V�\�V�Y�1�™�Š�Œ�”�Š�•�Ž�ü 

As additional requirements for the sliding mode observer model, Table 3 illustrates the PWM 
and control frequencies identified for estimation of rotor position, as presented in Section 1.2. Given 
that the AFE System has a low inductance motor (with low tim e constant (L/R = 212 × 10-6 s) derivable 
from Table 1), higher PWM frequencies (and thus higher control frequencies) were utilised in order 
to avoid current ripples [39]. Control frequency is half of the PWM frequency and defines the 
frequency for the i �M, id, Park, and SVPWM routines. 

Table 3. PWM and control frequency.  

PWM frequency (KHz)  60 
Control frequency (KHz)  30 

PWM ticks per interrupt service routine (ISR) tick  2 

The implementation of trapezoidal and FOC control allowed the measures of current ripple, 
vibration, and power consumption for both FOC and trapezoidal control to be determined. Vibration 
signals were measured at different motor speeds, and evaluated in MATLAB software (R2017a, 
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MathWorks Inc., Natick, MA, USA) using different techniques mainly power spectrum density to 
evaluate the overall vibration associated with the trapezoidal and FOC control.  

3. Experimental Results

The BEMF voltage and phase current were measured as two contributors to torque (Equation 
(1)) and hence the torque ripple. The AFE System phase BEMF voltage profile was checked at its 
stator when the motor was rotated with a prime mover at speed of 150 Hz while its terminals were 
open (Figure 8). The sinusoidal trend of the BEMF waveform indicate that the AFE System is a PMSM 
motor.  

Figure 8. The AFE System motor shaft connected to a DC prime mover to generate back electro motive 

force (BEMF) on the AFE System motor windings.  

Phase current was measured at 3800 rev/min which showed a quasi-state trend of the trapezoidal 
and sinusoidal with FOC, as expected (Figure 9). 

Figure 9. Phase current waveform for trapezoidal control (top) and FOC (bottom).  

Being a non-sinusoidal wave, the Fourier transform of the current in trapezoidal control was 
acquired in MATLAB software (R2017a, MathWorks Inc., Natick, MA, USA) and showed 
considerable harmonics as illustrated in Figure 10; while current in the FOC set-up (Figure 9) was a 
non-distorted sinusoidal waveform (Figure 10).  
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Figure 10. Phase current harmonics (6000 rev/min): trapezoidal commutation (blue), FOC (brown). 

The FOC showed significantly lower vibration compared to the trapezoidal control. Figure 11 
depicts the vibration of the AFE System motor with trapezoidal and FOC control in logarithmic scale 
at the motor nominal speed of 4800 rev/min (vibration was sampled at the rate of 1.5 KHz using 200 
samples). 

Figure 11. Comparison between FOC and trapezoidal power spectrum density at 4800 rev/min in 

logarithmic scale. 

Figure 12 illustrates a significant increase in the vibration amplitude with an increase of speed 
from 3800 to 4800 rev/min in trapezoidal control, but a decreasing trend with the FOC.  

(a) (b) 

Figure 12. Vibration amplitude comparison at 3800 rev/min and 4800 rev/min: (a) Trapezoidal; (b ) 
FOC: significant increase in the vibration amplitude with an increase of speed in trapezoidal control, 

but a decreasing trend with the FOC. Higher frequencies are present in the trapezoidal control.  
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Table 4 illustrates overall vibration (overall power spectrum density amplitude —overall GRMS) 
at different speeds. The FOC showed the least vibration at 4800 rev/min which is the nominal speed 
of the motor. The trapezoidal control had increasing vibration at higher speeds . 

Table 4. Overall power spectrum density amplitude (overall GRMS) at 3800 and 4800 rev/min.  

Speed Overall G RMS (Trapezoidal)  Overall G RMS (FOC) 
1800 rev/min 0.15274 × 10�º6 11.537 × 10�º9 
3800 rev/min 62.488 × 10�º6 19.537 × 10�º9 
4800 rev/min 416.15 × 10�º6 8.030 × 10�º9 

A further observation in the power spectrum density analysis of Figure 12 was the presence of 
higher frequency components associated with the trapezoidal control. Tables 5 and 6 illustrate the 
change in the two main harmonic components that were present in both techniques: the third 
harmonics showed an increasing trend in both techniques with an increase in the motor speed. The 
seventh harmonic had an increasing trend with trapezoidal control while showing a minimum 
amplitude at the nominal speed with FOC control.  

Table 5. Power spectrum density  (PSD) amplitude of the third harmonic in trapezoidal and FOC 

control.  

Speed GRMS (Trapezoidal)  GRMS (FOC) 
1800 rev/min  1 × 10�º8 <10�º11 
3800 rev/min <10�º6 1 × 10�º10 
4800 rev/min 1 × 10�º5 8 × 10�º10 

Table 6. PSD amplitude of the seventh harmonic in trapezoidal and FOC control.  

Speed GRMS (Trapezoidal)  GRMS (FOC) 
1800 rev/min 1 × 10�º8 5 × 10�º11 
3800 rev/min 1 × 10�º6 2 × 10�º9 
4800 rev/min 2 × 10�º5 <10�º10 

Figure 13 shows the power consumption of the AFE System with the rising trend of the 
trapezoidal control which becomes significantly higher than that of the field oriented controller at 
higher speeds. This is due to vibration which increases with the trapezoidal control, while it decreases 
with the FOC. This reduction in vibration can cancel out the higher electrical energy required at 
higher speeds. The high power consumption of the trapezoidal controller limited the maximum 
achievable speed to 4800 rev/min due to the current rating of the motor windings.  

Figure 13. Power consumption of trapezoidal and FOC controllers with bus voltage of 15.5 V; 

increasing the input power beyond 6 watt did not change the pump speed beyond 4800 rev/min with 

the trapezoidal  controller.  
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4. Discussion

FOC control required more complicated software settings and accurate identification of the 
motor (Tables 1). Current and voltage scaling values were given for the high resolution of current 
and voltage feedback signals critical for the FOC rotor position observer (Table 2). The AFE System 
motor was recognised as a low inductance motor with very low time constant. The R/L value also 
suggests an optimum operating speed of approximately 4700 rev/min, which was confirmed in the 
vibrat ion test having the least vibration at this speed. The rated flux of 0.0014 V/Hz suggested a 
potential maximum speed of approximately 11, 000 rev/min (15.5/0.0014; given a 100% duty cycle and 
a bus voltage of 15.5 V). With trapezoidal control, a duty cycle of 50% was achieved; however, with 
SVPWM as part of FOC, the desired full duty cycle of 100% was reached. 

Through analysis of current ripple, vibration and power consumption, the performance of 
trapezoidal and FOC controllers were thus compared. As expected, the AFE System motor current 
was a quasi-square waveform with trapezoidal control containing mainly the third harmonic, and 
also a significant quantity of ripples due to PWM switching and phase commutation; while the phase 
current in the FOC showed a similar sinusoidal trend to the motor BEMF waveform. The current 
harmonics present in the phase current (in the trapezoidal control) along with the identified 
sinusoidal BEMF would suggest higher vibrations due to the torque ripple as implied by the torque 
equation (Equation (1)). The AFE motor vibration was thus tested with both trapezoidal and FOC 
control.  

In the vibration tests, the overall power spectrum density amplitude was significantly higher for 
the trapezoidal controller with the difference becoming  bigger as speed increased. The increasing 
trend in overall vibration with speed in the trapezoidal control was due to both the third and the 
seventh harmonics. On the other hand, the trend was almost decreasing in the FOC control. Although 
the third harmonic increased in the FOC with increase in the speed, the decrease in the other 
harmonic cancelled that increase at higher speeds. The FOC control is known for its good 
performance at higher speeds which agrees with the findings of this paper. In parti cular, the FOC 
set-up showed its best performance at the nominal speed because of the accuracy of the rotor position 
estimation at the nominal speed due to the dependency of the rotor position observer to the defined 
motor parameters. On the other hand, the deficiencies resulting from mechanical unbalance, evident 
in the third harmonic, became more dominant at the higher speeds. 

The current work studied the distortion in phase current as a result of combination of both the 
commutation technique (FOC versus trapezoidal)  combined with the rotor position estimation 
technique (zero-crossing versus the FAST observer), and the modulation technique (SVPWM versus 
PWM). The FOC controller with SVPWM and the FAST observer effectively reduced motor vibration 
at all speeds, especially higher speeds. A further observation was that the higher order harmonics 
were less significant with the FOC controller which suggested that the amplitude of the higher 
vibrational harmonics could be a measure of the performance of the whole commutation and drive 
system. The seventh harmonic was the primary measure for the performance of the commutation and 
drive system together, as the difference between the seventh-order vibration harmonic in the FOC 
set-up and the trapezoidal set-up increased as speed increased. In addition, the third harmonic was 
related to mechanical structural deficiencies, such as looseness of the rotor bearings, as it increased 
with the increase in speed in both trapezoidal and FOC. 

A limitation of the vibration experiment was the loading effect of the vibration sensor mass in 
relation to the small pump mass, distorting the measured vibration. The choice of the vibration sensor 
was based on a trade-off between the size of the sensor and its noise level. Since smaller sensors have 
lower loading effect but, at  the same time, have less built in crystal which degrades signal to noise 
ratio. This issue could be addressed in further research using laser displacement sensors to achieve 
more precise measurements. Power consumption was evaluated at the power supply which included 
mechanical power, electrical power used by each driver, and energy wasted in vibration and noise. 
It was observed that the system power consumption was greater with the trapezoidal control at 
speeds above 1800 rev/min compared with the FOC. Higher power consumption with trapezoidal 
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control was due to higher current ripples, and thus harmonics, while  the power consumption 
increased only slightly with the FOC. The increase in speed, with no corresponding increase in 
electrical power consumption, was due to less energy wasted which was caused by vibration in FOC. 

5. Conclusions

Motor vibration is a particularly important factor in medical devices, as it is associated with 
power consumption (affecting the battery lifetime), durability of mechanical parts, patient comfort, 
and haemolysis in blood pumps. Vibration and high power consumption result in higher 
temperatures and the waste of energy in the form of heat, which can also contribute to blood 
thrombosis in blood -contacting devices. Prompted by a previously established lack of research into 
drive system effects on motor vibration in medical devices, the primary aim of the research presented 
in this paper was to reduce the vibration and power consumption of the AFE System blood pump 
through improvements in its drive system and torque ripple reduction, by substituting its trapezoid al 
controller with FOC controller.  To prove the effect of power-quality in terms of distortion and 
harmonics in motor phase current, we compared two extreme scenarios of trapezoidal control of a 
PMSM motor with zero -crossing rotor position estimation, and PWM modulation (all three are 
known to increase torque ripple), with a field oriented control with a high performance rotor position 
observer and SVPWM modulation. The trapezoidal technique generated non-sinusoidal phase 
currents, incorporated zero-crossing BEMF rotor position estimation technique, which inherently 
generates a 30° error in rotor position estimation, and PWM modulation. On the other hand, the FOC 
technique generated sinusoidal phase currents in agreement with the PMSM BEMF voltage 
waveform. It incorporated a precise proprietary rotor position observer with real -time stator 
resistance calibration, and SVPWM modulation, both known for less phase current distortion. Further 
vibration comparison is suggested as a future study to find the separate contribution of the 
commutation technique and the rotor position estimation technique versus the modulation 
technique, on the seventh harmonic amplitude and thus the overall power consumption.  

Upon implementation, we examined trapezoidal control and FOC s et-ups for vibration as well 
as power consumption. The FOC set-up showed a considerably reduced vibration at all speeds, 
particularly at the AFE System nominal speed. The high vibration of the trapezoidal control contained 
high frequency components which i ncreased significantly with speed. The seventh-order vibration 
harmonic was found to be directly related to phase current distortion, and the third to the unbalance. 
Power consumption of the AFE System with the FOC showed a constant value at different speeds 
approximately equal to its nominal power rating. However, power consumption was significantly 
increased with the increase of speed in the case of trapezoidal control. Furthermore, the low power 
consumption (and thus lower winding currents) in the FOC te chnique made it possible to reach 
higher speeds of more than twice the nominal speed, significantly exceeding speeds attained in 
trapezoidal control. The research established that the AFE System motor will perform significantly 
better with an FOC controller, compared to a trapezoidal controller, considering vibration and power 
efficiency. The higher efficiency will increase run time between battery exchanges of the AFE System 
pump. As a software based solution, the FOC has the potential of providing maximum  flexibility and 
provide an effective hardware solution for automatic control of the AFE System motor beyond the 
speed control making possible the integration of an outer motor control with the speed control in a 
single microcontroller unit which is the focus of further stud y. 
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Chapter 6: Effect of Blood Pump Mechanical 
Vibration due to Power Quality 
on RBC Haemolysis (Future 
Work)  

6.1 OVERVIEW  

Centrifugal blood pumps are used in heart assist devices, in intraoperative 

extracorporeal circulation, and for extracorporeal membrane oxygenation. These blood 

pumps can induce excessive shear stress and, therefore, impose mechanical damage onto 

red blood cells, known as haemolysis. Thrombosis formation, another topic of long-term 

research, is a further issue with these pumps. Fatullagev [1] listed device-related factors 

that contribute to thrombosis, such as inflow conduit, outflow graft, pump rotor and 

chassis. Nir Uriel et al. [2] described thrombosis in continuous flow left ventricular heart 

assist devices as a multifactorial phenomenon having mechanical and non-mechanical 

sources. Goldstein et al. [3] developed guidelines for diagnosis and management of pump 

thrombosis and described the intrinsic heat generated inside the pump due to its rotation 

as a pump-related factor. 

Hideo et al. [4] demonstrated that the effect of increased impulse vibration amplitude 

and exposure time led to an increase in RBC damage (haemolysis). Ghazalian et al. [5] 

studied whole-body vibration training at different amplitudes and frequencies on 

fibrinolytic/coagulative factors. Murashige and Wataru [6]  studied the effect of applied 

vibrational excitation of a blood pump’s impeller on reducing thrombosis, showing that 

the applied vibration will not contribute to haemolysis. Nakazawa et al. [7] studied the 

correlation between thrombosis formation and the vibration of a centrifugal blood pump 

in order to detect thrombosis formation through monitoring the vibration signals. 

In our previous study [8], we showed the effect of motor control strategies (field-

oriented control and trapezoidal control) on a centrifugal, continuous-flow blood pump 

with a permanent magnet synchronous motor (the Amplifi motor-pump),  showing that 

field-oriented control results in much smoother operation of the pump, less power 

consumption, and therefore less heat generation. Here, we speculated that power quality 

related mechanical vibration, and the higher heat generated from that, could be a 
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contributor to thrombosis formation and haemolysis. Therefore, in this study, we planned 

to investigate the effect of higher vibrational amplitudes resulting from power quality of 

the Amplifi blood pump on blood thrombosis formation and haemolysis. Unfortunately, 

this research was subject to several constraints and resource limitations, which firstly, 

narrowed our scope to haemolysis (excluding thrombosis) and secondly, restricted our 

haemolysis sample size. Thus, this chapter is mainly an extended future work chapter that 

proposes a hypothesis, presents a methodology to test the power quality-haemolysis 

dependence, and reveals some limited initial haemolysis results in support with the 

hypothesis. It therefore provides a foundation for a potentially valuable and productive 

research project. The limitations and their impact on the study are examined in the 

Discussion Section, along with proposals for future studies. 

 

This study was performed under provisional approval granted by Griffith University 

for ethical clearance (GU Ref No: 2020/625). 

 

6.2 MATERIALS AND METHODS  

 

Figure 6.1 shows the test loop  for haemolysis testing. The test loop comprised of 4 

mm ID PVC tubing, an inline flow sensor (ME4PXN, Transonic Systems, Ithaca, NY) 

and its flow meter (75410, Transonic Systems), water bath at 37°C,  the Amplifi blood 

pump (Artio Medical, Olathe, KS, USA), field oriented motor controller (InstaSPIN-FOC 

enabled C2000 Piccolo LaunchPad, Texas Instrument, Dallas, TX, USA), trapezoidal 

motor controller (Artio Medical, Olathe, KS, USA), data acquisition system in the 

trapezoidal controller (Artio Medical, Olathe, KS, USA), a reservoir, and pressure 

transducers (BD DTX Plus. disposable medical, Bunzl Healthcare, London, UK).    The 

trapezoidal controller construction was previously studied in [8] and in the Introduction 

chapter. 
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Prior to testing, the loop was filled and circulated with saline for 15 minutes to wet 

all blood contacting surfaces. The loop was then filled with 50 mL of fresh human blood 

haematocrit adjusted to 35%, eliminating air bubbles. The loop temperature was 

maintained at 37°C using the water bath at the input and output canula. The pump speed 

was set at its nominal speed of 4000 rev/min, first controlled by the trapezoidal controller 

and second by field-oriented control. Blood flow rate was matched to ensure the same 

flow conditions with both controllers. The same pump was used to eliminate the effect of 

pump assembly, in particular the geometric parameters such as rotor-housing gap. 

Samples were taken from the reservoir at T0 (prior to the start of the pump), and then 

every 10 minutes for 60 minutes or until saturation was reached. Each sample of 1 mL 

blood in 1.5 mL tube was then centrifuged at 4000 rev/min for 10 minutes (MEGAFUGE 

8, Thermo Scientific) to separate plasma. After each study, the pump and the loop were 

flushed with saline. 

The last step in the protocol would have involved diluting centrifuged plasma 

samples to make an 11-fold sample solution by adding 1 mL of Na2CO3 to 100 µl plasma 

in disposable cuvettes to prevent clotting.  The samples would have then been placed in 

a spectrometer together with a cuvette containing only the Na2CO3 to blank the 

(1) 

(5) 

1. Water Bath
2. Reservoir
3. Samples
4. The Amplifi
5. FOC Controller
6. FOC Software
7. Trapezoidal Controller

(3) 

(4) 

(6) 

(7) 

(2) 

Figure 6.1.  The setup for haemolysis test. The blood was preserved with CPDA-1 
(citrate phosphate dextrose adenine) anticoagulant and was used fresh. 
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spectrometer, and the absorbances are measured in spectrometer (FLU0star Omega, BMG 

LABTECG, Victoria, Australia) at 380, 415, and 450 nm wavelengths. Harboe assay [9]  

was to be used to assess haemolysis and calculate plasma free haemoglobin (�(�N�A�A �*�>) 

against plasma samples. Haemolysis results were to be reported in milligram normalised 

index of haemolysis (mg N.I.H), based on ASTM F-1841. However, as discussed 

previously, this step in the protocol could not be followed due to loss of samples.  

 

6.3 PLASMA FREE HAEMOGLOGIN CONCENTRATION- HARBOE ASSAY 

Plasma free Haemoglobin concentration is measured and calculated according to 

Harboe assay. In order to stop the blood clotting, the 1 mL samples are diluted with 

sodium citrate solution in a 1:10 ratio (100 µl of plasma in 1 mL of �0�=�6�%�1�7), and the 

solution is stored a in fridge for later analysis. A spectrophotometer is used to measure 

absorbance at 380, 415, and 450 nm wavelengths. Plasma free Haemoglobin is then 

calculated from Eq 6.1. 

�B𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓= 0.836(2�#�8�5�9
F(�#�7�<�4+ �#�8�9�4),  Equation 6.1 

 

where, �B𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is plasma free haemoglobin concentration (g/L) and �# is absorbance 

reading at 415, 380, and 450 wavelengths. 

 

6.4 NORMALISED I NDEX OF HAEMOLYSIS (NIH)  

 

Milligram normalised index of haemolysis is calculated using Eq 6.2. 

�I�C �0�+𝑁𝑁= �¿�B𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒× �8×
(100 
F�*�P)

100
×

100
(�3× �6)

 ,  Equation 6.2 

  

where �I�C �0�+𝑁𝑁  is milligram of haemoglobin liberated into plasma per 100 L of blood 

pumped,  �¿�B𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the increase in plasma free haemoglobin concentration over the 

sampling interval (mg/L), �8 is volume of blood (L), �*�P is haematocrit, �3 is volume flow 

rate (litre per minute), and �6 is sampling interval (minute). 
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6.5 RESULTS 

Figure 6.2 shows qualitative data for this chapter, where the first row shows the 

results from the FOC controller, and the second row shows results from the trapezoidal 

controller. The pump was operating at its nominal speed at 4000 rev/min and the 

trapezoidal controller was tested first. The first sample from the left in each row was at 

time zero before starting the pump. This value is later used in analysis as a control sample 

to confirm that the initial state for the two controllers is the same. In the case of the 

trapezoidal controller, the samples were fully saturated after 50 minutes and the test was 

stopped. The samples were then centrifuged at 4000 rev/min for 10 minutes, and plasma 

was separated in cuvettes and stored in a fridge for analysis in a spectrometer. However, 

the samples were mistakenly discarded before being analysed.  It is clear from the picture 

that there was a noticeable difference between the two controllers in terms of plasma free 

haemoglobin, with the FOC loop having noticeably less free haemoglobin in the plasma. 
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6.6 DISCUSSION 

Blood haemolysis and thrombosis are two topics that have been broadly researched 

in the field of heart assist devices. However, the effect of power quality, and the 

mechanical vibration resulting from that on haemolysis and thrombosis has not been 

investigated. This chapter initiates this hypothesis but only provides some foundation for 

haemolysis to be researched in future.  

The hypothesis discussed in this chapter was not initially considered among the main 

objectives of the PhD  research and was an outcome objective, which therefore was 

subject to time constraints and resource limitations and could not be fully explored within 

this work. Those limitations are discussed next in more detail. 

There was a lack of previous literature, making the planning and verification process 

unexpectedly time consuming. Furthermore, the multi-disciplinary nature of this research, 

which required commitment, training, and assistance from biology researchers, was time 

consuming. The resource constraint included access to suitable blood donors and a 

qualified person to draw blood. We were able to run the assay four times from May 2022 

Figure 6.2.  Qualitative results associated with the FOC controller (Row 1), and the 
trapezoidal controller  (Row 2). From left to right, T 0 to T6. 

(Row 1- FOC) 

(Row 2-Trapezoidal) 
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to July 2022. The first three attempts had complications and the results were not reliable, 

with the main issue being leakage from the pump due to wear and tear over the 4 years of 

the project. When we opened the pump to start the thrombosis assay  development to 

ensure the possibility of reassembling for the thrombosis test, the pump started leaking, 

which was fixed by molding a biocompatible silicone rubber O-ring (PLATSIL 71-11 

A/B, Barnes, Sydney, Australia) for the pump. We also attempted higher speeds at 7000 

rev/min in one of the runs, but we later realized that the pump should be adjusted to its 

nominal speed where both controllers had their optimized vibration, since the two 

controllers had different vibrational trends. The FOC controller had improved 

performance and less mechanical vibration at higher speeds, but the trapezoidal controller 

had less mechanical vibration at lower speeds. Unfortunately, the samples of the last run 

were accidentally discarded from the laboratory fridge before being analysed in 

spectrometer. Therefore, the result of the research was limited to a single qualitative result 

due to time limitations.  Although we were only able to have a single preliminary result, 

we established some foundation for  future research post PhD.   
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Chapter 7: Conclusion and Discussion 

In this chapter, the fulfilment of the aims of this research and outcomes are 

summarised. The thesis comprises three published and one unpublished paper, plus a 

detailed future work. All chapters researched control strategies for blood pumps from 

optimisation, simulation, and performance analysis. Two of the chapters were on 

mathematical modelling, one was on methodology of FOC implementation, one was on 

performance comparison from power quality and mechanical vibration perspective, and 

another was on future work.   

 

1. The first outcome of this research was to model WSS during vein dilation with 

an extracorporeal blood-pump. This was achieved in two steps. First, a model 

of the Amplifi (previously known as the AFE System) was developed based on 

data driven modelling. The goal was to estimate pressure head to avoid using 

an invasive pressure sensor.  Two models were developed: the first model 

related to the flow rate to pressure head and the second related to the pressure 

head and electrical current.  

Second, a model of the venous system involved was presented for WSS 

estimation in the forearm cephalic vein (based on the flow and pressure 

information derived in the previous model). The model incorporated the 

dynamic flow rate concept that is present during vein dilation and modelled 

this with electrical representations, together with a lumped parameter model 

for the veins involved. 

2. The second outcome of this study was to prototype a new controller for Amplifi 

based on its own structure and electrical characteristics. The new field-oriented 

control was proposed as a replacement for its previous trapezoidal controller, 

and it was finely tuned to match the electrical characteristics of Amplifi for 

optimal operation. The details of the FOC implementation were discussed in 

Chapter 4 and its results showed the effect of FOC controller on reduction of 

the motor electrical ripple, resulting in less torque ripple. In addition, it was 

possible to achieve very low acceleration required for the Amplifi system, as 

well as a higher speed range, which was originally a limitation with the original 

trapezoidal controller. 
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3. The third outcome of this research was to study the effect of power quality on 

the operation of extracorporeal blood pumps, such as Amplifi. Field oriented 

control is very new to the field of extracorporeal blood pumps such as heart 

assist devices. Chapter 5 discussed a comparison between the two controllers 

and compared them from a mechanical vibration perspective, as well as battery 

run-time. These two factors are of high importance with respect to wearable 

medical devices, such as the Amplifi System, as well as heart assist devices. 

 

The last chapter is an opening to a new important study on the effect of power 

quality on thrombosis and haemolysis. This occurs through the mechanical 

vibration that results from the power quality, as well as the heat dissipated due to 

poor power quality. This opens up a new field of research on the importance of 

power quality on these two main issues with blood pumps, which have been an 

important area of research up to now but have been mainly studied from material 

and pump mechanical design perspectives. This final chapter provides an overview 

and some preliminary studies, but further studies are required. 
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Appendix A: Inclusion of Papers within  the 
Thesis Guidelines and Policy 

Overview  

HDR candidates may include one or more papers within the body 

of their thesis where such papers have been produced under 

supervision and during the period of candidature; and where the 

quality of such papers is appropriate to Doctoral or Masters 

(Research) level research. A thesis prepared in this way is a 

different thesis format, it is not a different degree. There are several 

advantages to organising a thesis in this way: 

•  Preparing papers for publication saves time when preparing 
the thesis for examination as papers may make up one, or 
several, chapters within the thesis. 

•  It is to your advantage to publish work from your thesis as a 
means of disseminating your research and developing your 
writing skills. 

•  It may improve the quality of your thesis as part of your 
thesis has already been subjected to peer review. 

•  Examiners may have more confidence in your thesis if  they 

can see that you have already published your research. In 

addition, you will have already met one of the criteria of 

examination, with the thesis suitable for publication. 

 

As a candidature requirement, all doctoral candidates are 

expected to have at least one peer reviewed output accepted for 

publication during candidature. Whilst not compulsory, 

candidates are encouraged to include this publication in the body 

of the thesis due to the advantages as outlined above. 

 

Requirements of inclusion of papers within the thesis 

Higher degree by research is a program of independent supervised 

study that produces significant and original research outcomes, 

culminating in a thesis, exegesis or equivalent. Inclusion of papers 
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within a thesis is not a suitable thesis format for all research 

projects, for example: collaborative projects where there may be 

several co-authors for each paper which may make it difficult  for 

the examiner to establish the independence of the candidates 

work; where primary data is not collected, or results obtained, 

until late in the candidature; or where the research will not produce 

a logical sequence of papers that are able to be presented as an 

integrated whole. Candidates should also take into account 

whether this thesis format is an accepted practice within their 

discipline and likely to be received well by the thesis examiners. 

Candidates are required to consult with their supervisor(s) early in 

their candidature to determine if  this thesis format is appropriate.  

It is expected that candidates will identify as part of the 

confirmation     of candidature milestone if  their thesis is to be 

prepared in this format. Candidates should consult their Group 

specific guidelines in addition to the requirements detailed below. 

Candidates are also encouraged to attend the workshop: 

“Inclusion of papers within a thesis” offered by the Griffith  

Graduate Research School. 

Status of papers: A thesis may include papers that have been 

submitted, accepted for publication, or published. Some 

disciplines may specify a variation to the status of papers 

requirement, refer to your Group specific guidelines. 

Type of papers: For the purpose of this requirement, papers 

are defined as a journal article, conference publication, book or 

book chapter. Papers which have been rejected by a publisher must 

not be included unless they have been substantially rewrit- ten to 

address the reviewers’ comments or have since been accepted for 

publication. Some disciplines may specify a variation to the type 

of papers requirement, refer to your Group specific guidelines. 

Number of papers: A thesis may be entirely or partly 

comprised of papers. A paper maybe included as a single 

chapter if  the paper contributes to the argument of the thesis, or 

several papers may form the core chapters of the theses where 

they present a cohesive argument. Where a thesis is entirely 

comprised of papers, there is no minimum requirement for the 

number of papers that must be included (except as noted below) 

and is a matter of professional judgment for the supervisor and 

the candidate. Overall, the material presented for examination 
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needs to reflect the research thesis standard required for the 

award of the degree. For example, PhD candidates, on the basis 

of a program of independent supervised study, must produce a 

thesis that makes a significant and original contribution to 

knowledge and understanding in the relevant field of study. This 

remains a matter of professional judgment for the supervisor 

and the candidate. 

Where a thesis is entirely comprised of papers, some 

disciplines may specify a minimum number of papers to be 

included, refer to your Group specific guidelines. 

Authorship: The candidate should normally be principal 

author (that is, responsible for the intellectual content and the 

majority of writing of the text) of any work included in the body 

of the thesis. Where a paper has been co-authored, the candidate is 

required to have made a substantial contribution to the intellectual 

content and writing of the text, co-authored work in which the 

candidate was a minor author can only be used and referenced in 

the way common to any other research publication cited in the 

thesis. A signature from the corresponding author is required in 

order to include co-authored material in the body of the thesis. 

For co-authored papers, the attribution of authorship must be 

in accordance with the Griffith University Code for the 

Responsible Conduct of Research, which specifies that authorship 

must be based on substantial contributions in one or more of: 

•  conception and design of the research project 

•  analysis and interpretation of research data 

•  drafting or making significant parts of the creative or 
scholarly work or critically revising it so as to contribute 
significantly to the final output. 

Some disciplines may specify a variation to the authorship 

requirement, refer to your Group specific guidelines. 

Quality of papers: Candidates should endeavour to publish 

their research in high quality peer reviewed publications. Papers 

to be included in the body of the thesis should be published (or 

submitted for publication) in reputable outlets that are held in 

higher regard in the relevant field of research. Candidates should 

consult their supervisor(s) for advice on suitable publications 

specific to their research discipline. Some disciplines may specify 
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quality standards that must be met for papers to be included, refer 

to your Group specific guidelines. 

Copyright : As copyright in an article is normally assigned to 

a publisher, the publisher must give permission to reproduce the 

work in the thesis and put a digital copy on the institutional 

repository. Information on how to seek permission is available at: 

Copyright and Articles in thesis. If permission cannot be obtained, 

students may still include the publication in the body of the thesis, 

however following examination the relevant chapter(s) will be 

redacted from the digital copy to be held by the Griffith University 

Library so that the copyright material is not made publicly 

available in the institutional repository. 

Format of thesis 

 

General: Consult the thesis preparation and formatting guidelines 

for general in- formation about the requirements for formatting the 

thesis. Some disciplines may specify a variation to the thesis format 

requirements below, refer to your Group specific guidelines. 

Structure of Thesis and linking  Chapters: The structure of the 

thesis will  vary depending on whether the thesis is partly or entirely 

comprised of papers. Whatever the format, the thesis must  present 

as a coherent and integrated body of work in  which the research 

objectives, relationship to other scholarly work, methodology and 

strategies employed, and the results obtained are identified, 

analysed and evaluated. 

In general, every thesis should include a general introduction 

and general discussion to frame the internal chapters. The 

introduction should outline the scope of the research covered by 

the thesis and include an explanation of the organisation and 

structure of the thesis. The general discussion should draw 

together the main findings of the thesis and establish the 

significance of the work as a whole, and should not just restate the 

discussion points of each paper. 

It is important that candidates explicitly argue the 

coherence of the work and establish links between the various 

papers/chapters throughout the thesis. Linking text should be 

added to introduce each new paper or chapter, with a foreword 
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which introduces the research and establishes its links to 

previous papers/chapters. 

Format of papers:  The papers may be rewritten for the thesis 

according to the general formatting guidelines; or they can be 

inserted in their published format, subject to copyright approval as 

detailed above. Pagination Candidates may repaginate the papers 

to be consistent with the thesis. However, this is at the discretion 

of the candidate. 

Declarations: All  theses that include papers must include 

declarations which specify the publication status of the 

paper(s), your contribution to the paper(s), and the copyright 

status of the paper(s). The declarations must be signed by the 

corresponding author (where applicable). If you are the sole 

author, this still needs to be specified. The declaration will  need 

to be inserted at the beginning of the thesis, and for any co-

authored papers, additional declarations will  need to be inserted 

at the beginning of each relevant chapter. You may wish to 

consult the declaration requirements for inclusion of papers 

diagram to ensure that you insert the correct declaration(s) 

within the thesis. Please note that completion of the 

declaration(s) 
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Appendix B –The IEEE Policy for  
Thesis/Dissertation Reuse of Published 
Material  

The IEEE does not require individuals working on a thesis to obtain a formal reuse 

license, however, the following statement can be used as a permission grant: 

Requirements to be followed when using any portion (e.g., figure, graph, table, or 

textual material) of an IEEE copyrighted paper in a thesis: 

 

In the case of textual material (e.g., using short quotes or referring to the work 

within these papers) users must give full  credit to the original source (author, paper, 

publication) followed by the IEEE copyright line © 2011 IEEE. 

In the case of illustrations or tabular material, we require that the copyright line 

© [Year of original publication] IEEE appear prominently with each reprinted 

figure and/or table. 

If a substantial portion of the original paper is to be used, and if you are not the 

senior author, also obtain the senior author’s approval. 

 

Requirements to be followed when using an entire IEEE copyrighted paper in a 

thesis: 

 

The following IEEE copyright/ credit notice should be placed prominently in the 

references: © [year of original publication] IEEE. Reprinted, with permission, from 

[author names, paper title, IEEE publication title, and month/year of publication] 

Only the accepted version of an IEEE copyrighted paper can be used when posting 

the paper or your thesis on-line. 

In placing the thesis on the author’s university website, please display the following 

message in a prominent place on the website: In reference to IEEE copyrighted material 

which is used with permission in this thesis, the IEEE does not endorse any of 

[university/educational entity’s name goes here]’s products or services. Internal or 



Controlling a Blood Pump  125  
for Dilating a Vein 

personal use of this material is permitted. If interested in reprinting/republishing IEEE 

copyrighted material for advertising or promotional purposes or for creating new 

collective works for resale or redistribution, please go to 

http://www.ieee.org/publications_standards/publications/rights/rights_ link.html to learn 

how to obtain a License from RightsLink. 

If applicable, University Microfilms and/or ProQuest Library, or the Archives of 

Canada may supply single copies of the dissertation. 
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