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ABSTRACT 

Brushless DC motor (BLDC) exhibits tremendous advantages such 

as elimination of sparking, better speed versus torque characteristics, 

noiseless operation, higher speed ranges, better service life and rugged 

construction. Sensorless techniques for the rotor position detection to 

achieve the cost-effective control of BLDC motors exhibit a widely 

appreciated field of research. The robust control of BLDC motors is a vast 

developing area as it finds its applications in military, aerospace, marine 

electric propulsion, industrial automation, etc. Insensitivity to disturbances, 

uncertainties and modeling errors is expected from the motors used in these 

applications. The aim of controller design is to minimize the effects of 

disturbance and at the same time track the speed and current commands with 

specified damping and response time. H infinity control, which is one of the 

robust control methods, has been widely used to guarantee performance and 

stability requirements. For shaping the frequency response of the system, 

weight functions have to be introduced for an H infinity controller.  For 

problems concerning requirements on both closed loop sensitivity and 

complementary sensitivity functions, it is not possible to arbitrarily choose 

weights since the two are coupled.  

A novel control technique with the implementation of H infinity 

controller with its coefficients of weights optimized by PSO for the speed 

control of BLDC motor is proposed in this research work. Particle swarm 

optimization technique has been chosen for the optimization of coefficients 

of weights as this provides a faster convergence. Simulation studies in 

MATLAB / SIMULINK environment as well as experimental studies are 

conducted. The results are compared with a PI speed controller with its 

gains optimized by PSO. Adaptation of one of the sensorless techniques in 

this research work makes the motor independent of a mechanical sensor and 

reduced maintenance.  
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The increasing concern of environmental issues such as CO2 

emission and fuel consumption in marine applications pilots the scientific 

community to come up with new inventions in electric propulsion. The 

abrupt variation in load due to waves and weather is a continuous 

disturbance in the electrical system of marine vehicles. This necessitates the 

need for robust control in marine applications. Two case studies have been 

conducted by incorporating the proposed controller strategy in BLDC 

motors used as electric propulsion motor in submarines and as thruster 

motors coupled with propellers in AUVs. In the case of AUVs four quadrant 

operation of the motor drive has been studied with both controllers. 

An improvement in peak time, percentage overshoot, settling time 

and steady-state error has been observed during the sudden application and 

removal of the load. The current ripples during braking modes with the 

proposed controller strategy are found to be less which implies the reduction 

of torque ripples. 
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Brushless Direct Current (BLDC) motors are Permanent Magnet 

Synchronous machines having a trapezoidal induced electromotive force 

(EMF). These motors are preferred extensively because of their tremendous 

advantages such as the elimination of sparking, better speed versus torque 

characteristics, noiseless operation, better service life and rugged 

construction. They find a vast range of applications in industrial automation, 

computers, aerospace, marine electric propulsion, military etc. They also 

find some of the open loop applications such as fans and blowers as well as 

closed loop speed control applications such as fuel pumps, washing 

machines, dryers and electronic steering in automotive which demand high 

accuracy and better dynamic response. The terms sensorless BLDC motor 

imply the replacement of physical sensors such as hall sensors, optical 

encoders, and resolvers for rotor position sensing with the sensorless 

techniques which attract increasing research interest because of saving of 

cost, space and maintenance. 

1.1 Scope of research 

A high-performance BLDC motor should have the following 

features. It should be able to   
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 Deliver better start-up operation 

 Sustain continuous operation 

 Provide highest possible efficiency as well as fast speed response 

system  

 Recover speed from disturbances 

In order to achieve these features in most effective manner, the 

controllers are used in a BLDC motor drive. But while designing a control 

system, the mathematical model of the plant does not represent the 

completely accurate real physical system how detailed it may be.  The 

analytical and computational models do not exactly represent the real 

system since there can be uncertainties due to modeling errors that can arise 

because of inadequate plant data, unknown dynamics of plants, complexity, 

non-linearity, and lack of skills for modeling. There can be other 

uncertainties due to sudden disturbances and sensor noise. Robust control 

deals with control of plants with unknown dynamics due to unknown 

disturbances [1].  For a control system to be stable, the position of poles is 

very important which should be on the left half of s plane. A small variation 

in the coefficients of s polynomial may move the poles to the right half of s 

plane which may lead to instability. 

The performance specification for the control system from a system’s 

perspective starts with stability followed by sensitivity, disturbance 

rejection, and noise rejection. For a system to be robust, the controller 

should convene stability and performance requirements when the system 

gains and parameters are not exactly known. In order to handle model 

uncertainty, the objectives such as performance and robustness have to be 

balanced. From the existing literature, it has been found that H infinity 

control, which is one of the robust control methods, has been widely used in 
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the speed control of various motors such as Switched Reluctance motor, 

Permanent Magnet synchronous motor, Brushed DC motor which acts 

effectively with uncertainties and modeling inaccuracies. H infinity control 

is a design technique with state space computational technique which 

utilizes frequency dependent weighting functions to tune the controller’s 

performance and robustness characteristic [2].  It is a robust controller 

which is based on H infinity norm which represents the maximal gain of the 

frequency response of the system.  

Usually, reference signals and disturbances occur at low-frequency 

region whereas noises and modeling errors appear at the high-frequency 

region. For good reference tracking, the error should be equal to zero and 

for good disturbance rejection, the disturbance should have a negligible 

effect on output. To accomplish this, sensitivity ‘S’ should be made small. 

Similarly to be insensitive to sensor noise, modeling errors as well as to 

reduce control sensitivity, complementary sensitivity ‘T’ should be made 

small. But due to the existing constraint S+T = I where I is the identity 

matrix, both S and T cannot be made small. The trade-off is to make S small 

in low-frequency region and T small at high-frequency region. Since both S 

and T cannot be minimized over all frequencies due to design constraints, 

weights are introduced to shape the closed loop response characteristics [3]. 

The uncertainty factors due to parameter changes of motor resistance, 

inductance, and load of the system must be translated into weights. These 

weight functions are the lead-lag compensators which shape the frequency 

response of the system in order to obtain a minimum H infinity norm. As per 

state of art, no definite criterions exist for the selection of weights and also 

they are specific to the system. Usually, suitable weights of H infinity control 

are obtained by trial and error method primarily based on engineering 

judgement and intuition [4]. For control problems involving requirements on 
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both closed loop sensitivity and complementary sensitivity functions, it is not 

possible to arbitrarily choose weights since the two are coupled. 

Optimized weight selection can be achieved using well-known 

algorithms. Various random search methods have been employed for 

improving controller’s performance by obtaining the optimal values of the 

gains/weights. Particle swarm optimization (PSO), ant colony optimization 

and Genetic Algorithm (GA) are some of the optimization approaches used 

for obtaining optimal values of PID controller and weights of H infinity 

controller. [5-11]. From the literature, it has been found that PSO has a 

stable convergence feature in a minimum time thereby creating the best 

quality solution [12]. It is one of the search methods inspired by the 

behaviour of the swarm of particles. With the cooperation between the 

particles of swarm through communication and learning, the ultimate 

intelligence could be achieved. 

The increasing concern of the environmental issues pilots the 

scientific community to come up with new inventions including electric 

propulsion in marine propulsion systems. The average loading of engines to 

maintain the safety margins of power generation system increases fuel 

consumption and environmental emissions. With the introduction of 

mandatory measures such as Energy efficiency Design Index (EEDI) for 

new ships and the Ship Energy Efficiency Management Plan (SEEMP) for 

all ships by the 62nd session of the International maritime Organization 

(IMO) Marine Environment Protection Committee (MEPC) [13], it is 

compulsory for the vessel owners to implement various energy efficient 

methods including electric propulsion in their vessels. BLDC motor is 

preferred in electric propulsion due to its low noise, reduced vibration, and 

good manoeuvrability. In these applications, the operating environment is 

harsh due to severe humidity, vibration or high temperature. In the case of 
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underwater vehicles, the use of sensors for rotor position detection increases 

not only the number of external wiring/connections between the motor and 

driver but also the maintenance requirement caused by vibration. Moreover, 

the sensors cannot be used in applications with the rotor in a closed housing 

or in applications where the motor is immersed in liquids. 

Thus the scope of this research work is in following areas.  

 Implementation of H infinity control theory based speed controller 

for achieving robust speed control in terms of better reference 

tracking and disturbance rejection in the presence of external load 

disturbances in sensorless BLDC motor drive. 

 For H infinity synthesis the uncertainty factors of the system must be 

translated into weights. The more truthful are the weights, the better 

will be the H infinity control. Hence the weight selection can be 

treated as an optimization problem in order to obtain an optimal 

controller. 

 The abrupt variation in load due to waves and weather is a 

continuous disturbance in the electrical system of marine vehicles 

such as submarines and AUVs. This necessitates the need for robust 

control in these applications. 

1.2 Motivation 

As the BLDC motor exhibits tremendous advantages as well as 

applications in every segment of market, this motor has been chosen. But 

the stability issues arise when disturbances and uncertainties occur in the 

system.  The optimization of stability issues lead to the incorporation of 

robust control in BLDC motors. Among various existing robust control 

techniques, H infinity control synthesizes a robust controller which achieves 

stability with guaranteed performance under the influence of uncertainties in 
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the model of the system to be controlled or when there are external 

disturbances influencing the behaviour of the system.  It has been found to 

be used in some applications such as to compensate the current disturbance, 

the disturbance effect due to load change, to control the speed in Permanent 

Magnet Synchronous Motor Servo System, to control current in active 

magnetic bearing system and to control speed in Switched Reluctance 

Motor. This control is found to be robust against load disturbances and 

uncertainties in measurements due to sensor noises. Though the H infinity 

control theory has been adopted in the form of a de-convolution filter which 

is being characterized by computational complexity, and a hybrid control 

with a combination of PI control, the implementation of H infinity controller 

in the speed control of BLDC motor is not found in the Literature. This led 

to the scope of adopting this controller for the speed control of BLDC motor 

in the presence of disturbances. For shaping the frequency response of the 

system, weight functions have to be introduced for an H infinity controller.  

The weight selection depends on engineering intuition and experience and 

there are no definite criteria for selection of these weights. The choice of 

these weights can be viewed as an optimization problem since the nature of 

the relationship between weights and H infinity performance is complex. 

PSO has been adopted for weight selection, as this optimization technique 

provides an even convergence at a faster rate.  

Compared to induction machines, high- speed BLDC motors are 

preferred for off-shore and shipboard applications such as submarines, 

Autonomous Underwater Vehicles (AUV) etc., due to the better power to 

weight ratio, smaller size, higher efficiency, and low electromagnetic 

interference. Moreover, the use of sensorless technique for rotor position 

sensing in the BLDC motor reduces maintenance, expenses, external wiring, 

and space occupied. The necessity of robust control  in these applications 

arise due to the requirement of less noise signature and vibration for 
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escaping from enemy detection as well as for achieving  quick 

maneuverability and high reliability. This motivates the study of 

performance characteristics by simulating the proposed control strategy in 

BLDC motors used in submarines and AUVs. 

This research work focuses on design and implementation of a robust 

controller based on H infinity norm as speed controller for sensorless 

BLDC motor drive. PSO optimization has been adopted for optimizing 

coefficients of weights of H infinity controller. Performance comparison of 

proposed controller strategy with PI speed controller with its gains 

optimized by PSO has been done. Validation of the controller has been done 

through hardware implementation. Case studies in submarines and 

Autonomous underwater vehicles (AUV) have been conducted through 

simulation, for the performance comparison of both controllers. 

1.3 Problem statement 

The main problem is the implementation of robust control of 

sensorless BLDC motor drive and its performance study in the presence of 

load disturbances as well as change in reference speed. 

The sub problems include  

 Implementation of H infinity controller as its speed controller  

 Implementation of PSO for optimization of coefficients of weights 

of this controller in order to obtain an optimal controller. 

 Experimental validation  

 Simulation of case studies in underwater vehicles with electric 

propulsion. 
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1.4 Objectives 

 To model a BLDC motor with the adaptation of existing sensorless 

algorithm for rotor position detection.  

 To propose an H infinity control strategy for the robust speed control 

of sensorless BLDC motor drive. 

 To apply PSO for weights selection of H infinity controller for the 

shaping of closed-loop transfer function as well as the gain selection 

of PI controller. 

 To conduct a simulation study in order to compare the performance 

parameters of BLDC motor with both PI and proposed controllers. 

 To implement the above control in hardware in order to validate the 

simulation results. 

 To incorporate proposed controller in BLDC motors used for marine 

applications such as submarines with a standard operational profile 

as well as AUVs as case studies and to conduct a performance 

analysis through simulation.  

1.5 Thesis structure 

The thesis has been organized as follows. 

Chapter 1: Introduction 

This chapter introduces the BLDC motor with its advantages and 

applications. It also deals with the necessity of H infinity theory in its robust 

control and requirement of optimal tuning of coefficients of its weights. The 

scope and motivation of this research work are discussed. 

 

 



Introduction 

Optimal Tuning of H Infinity Speed Controller for Sensorless BLDC Motor using PSO and its Simulation Study in Underwater Applications          9 

Chapter 2:  Theoretical Background 

This chapter discusses the theory of BLDC motor speed control, H 

infinity control and PSO. 

Chapter 3: Literature review 

This chapter explores the related works done in the fields of 

sensorless techniques for rotor position detection in BLDC motor, 

application of H infinity norm in the control loop and its possible 

implementation in the speed control, weights optimization using search 

methods, existing methods of implementation in hardware and application 

of BLDC motors in marine applications. 

Chapter 4: Design and tuning of H infinity speed controller 

This chapter deals with the transfer function modeling of BLDC 

motor, adaptation of existing sensorless technology, implementation of H 

infinity speed controller and optimization of coefficients of weights using 

PSO. 

Chapter 5: Simulation study of PSO optimized PI and H infinity speed 

controllers 

This chapter compares the simulation results of the model by 

incorporating both PI and H infinity controllers as speed controllers with 

their gains and weights being optimized by PSO respectively. 

Chapter 6: Hardware Realization of the proposed controller strategy  

This chapter explains in detail about the implementation of proposed 

controller in hardware using a microcontroller, driver board, and BLDC 

motor by importing the simulation code through USB interface which 

provides a UART serial connection between PC and microcontroller. It also 
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discusses about the experimental results during a change in reference speed 

and under load variations thereby validating the simulation studies. 

Chapter 7: Case studies 

This chapter explores through simulation, the implementation of the 

proposed speed controller strategy in the propulsion motors of submarines 

with a standard operational profile and analyses the four quadrant operation 

of AUVs. 

Chapter 8: Conclusion 

This chapter summarizes the research work carried out and concludes 

the significant research findings. 

 
***** 
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In order to comprehend the speed control of BLDC motor the 

theoretical understanding of its working, uniform torque generation, the 

necessity of speed controller, need for its robust control and optimization is 

essential and it has been discussed briefly in the following sections. 

2.1 Permanent magnet BLDC motor drive 

In a BLDC motor, only two phases conduct current at a time, and the 

third phase is non-conducting. Since the two phases are in series with the 

full wave inverter, the current through these two phases is equal in 

magnitude but opposite in direction. The stator currents in the three phases 

are electronically commutated according to the rotor orientation in order to 

obtain a unidirectional torque. The rotor aligns with the stator flux which is 

being generated by the stator currents. Maximum torque is produced when 

the angle between stator flux and rotor flux produced by permanent magnets 

is 90. Therefore it is important to know the position of the rotor in order to 

ensure alignment of stator flux close to 90 degrees [14].  

The main attraction of this motor over other motors is its simplicity 

of control, as the sequence of commutation of currents in the three phases 

can be determined from the rotor magnet position which can be obtained 

from start and end of the constant portion of trapezoidal back-EMF [15]. 

This requires the tracking of only six discrete points in each electrical cycle 
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that is at every 60 degrees in a three-phase machine which is clear from the 

waveforms of back-EMFs and phase currents shown in Fig. 2.1. Generally, 

three hall sensors which are displaced from each other by 120 degrees, 

mounted on the shaft provide the information about rotor position. But the 

use of hall sensors leads to external wiring, increase in initial cost, increase 

in maintenance and chance of disruption in case of failure of sensors. 

Moreover, their use is not adaptable for submersible motors.  

EMF_A

EMF_B

EMF_C

i_A

i_B

i_C

Commutation point

Zero Crossing Point

30° 90° 150° 210° 270° 330°

 

Fig. 2.1 Waveforms showing zero crossing points of back EMFs and 

commutation points of phase currents 
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Obtaining rotor position information from electrical measurements 

without any position sensor is the technique used in a sensorless permanent 

magnet BLDC motor drive. The zero crossing of trapezoidal back-EMF 

induced in stator winding by the movement of a permanent magnet rotor is 

used to detect the rotor position. When one of the back-EMF signals crosses 

zero, the controller should change the supply to the phases by appropriate 

switching whereby the process of commutation is achieved.  

2.2 Speed controller for BLDC motor 

There are three control loops which are to be considered in a BLDC 

motor control, out of which the innermost loop is to obtain rotor position. 

Once the rotor position is known, the magnitude of stator flux has to be 

controlled by controlling input current in the current loop and the outermost 

is the speed regulation loop. Since the rotor follows the magnetic flux 

vector, the speed at which the rotor is forced to the next position is 

determined by the strength of magnetic field which is in turn controlled by 

applied voltage [16]. The control of applied voltage can be achieved by 

switching on and off of inverter switches through high-frequency Pulse 

Width Modulated (PWM) pulses. The schematic diagram of the control 

circuit for sensorless BLDC motor drive [17] is shown in Fig. 2.2. The 

reference speed is compared with the speed that is being estimated using 

phase voltage feedback and the error is passed onto the speed controller.  
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Fig. 2.2 Schematic diagram of the control for sensorless BLDC motor drive  
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The aim of speed controller design is to minimize the effects of 

disturbance and at the same time, track the speed commands with specified 

damping and response time. Robust control is concerned with the problem 

of designing control systems when there is uncertainty about the model of 

the system to be controlled or when there are external disturbances 

influencing the behaviour of the system. Models describing dynamics of 

systems typically contain some inaccuracies when compared with the real 

device. This is mostly caused by simplifications of the model, neglecting 

some factors influencing the dynamics or general modeling inaccuracy [18]. 

The modern approach to design controllers which are robust against model 

uncertainties is provided by adaptive control, fuzzy control, Lyapanov 

method, parameter estimation techniques as well as H2 and H infinity 

control theory [19]. The details have been discussed in chapter 3. 

2.3 H infinity controller 

H infinity controller provides maximum amplification of sinusoidal 

signal of frequency ω as it passes through the plant. H infinity is the Hardy 

space with the infinite norm. The infinity norm of the system G(s) exists if 

and only if G(s) is proper with no poles on the imaginary axis. Let P be a 

Linear Time Invariant (LTI) system which comprises subsystems that are 

involved in the interconnection. Let K, u and y represent controller, control 

input and measured output respectively. w can be exogenous inputs like 

reference commands, load disturbances, and sensor noise whereas the robust 

output variable z can be tracking errors, performance variables, and actuator 

signals [20]. From the H infinity control problem which is the closed loop 

interconnection as shown in Fig. 2.3, the primary aim of the controller 

design is to achieve a robust output z, that is independent of w.  
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Fig. 2.3 Block diagram showing H infinity control problem 

If P is partitioned as  

    [
      

      
] (2.1) 

From Fig. 2.3, it can be written as 

[
 
 ]   [

      

      
] [

 
 
] (2.2) 

and 

     (2.3) 

Then,  

            (2.4) 

            (2.5) 

Substituting for   in equation (2.5), we get 

                   (2.6) 

From equations (2.3), (2.4) and (2.6), we get 

   [                     ] (2.7) 

           (2.8) 
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Where    represent lower linear fractional transformation.  From equation 

(2.8) it is clear that to minimize error z due to w, the function         has to 

be minimized. 

Therefore the objective of H infinity control design is to obtain a 

controller K such that H infinity norm of          is minimized over the 

space of all realizable controllers K(s) that stabilize the closed-loop system. 

This norm is minimized when the input signal is normalized to unity, which 

implies the maximum energy gain between disturbances and performance 

outputs are minimized [21] which can be mathematically expressed as  

    ‖       ‖              ̅(           ) (2.9) 

This can be achieved by solving Ricatti equations which is being 

done by tools supplied by MATLAB robust control toolbox [22]. MATLAB 

script ‘hinfsyn’ provides exact frequency domain loop shaping with 

appropriate weighting functions. The limitations of using ‘hinfsyn’ are that 

the plant must be  

(a) stabilizable from the control inputs u and  

(b) detectable from the measurement output y.  

This MATLAB function ‘hinfsyn’ employs   iteration technique 

which is a bisection algorithm starting from high and low values of H 

infinity cost   in order to achieve an optimal H infinity controller. At each 

iteration, the algorithm checks there exists a solution for a given γ. The 

following conditions are checked while finding a solution with Riccatti 

equation ‘ric’ method [23], [24]. 

 H and J Hamiltonian matrices (which are formed from the state-

space data of P and the γ level) must have no imaginary-axis 

eigenvalues. 
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 The stabilizing Riccati solutions    and    associated with the 

Hamiltonian matrices must exist and be positive, semi-definite. 

 Spectral radius of (     ) must be less than or equal to γ. 

This algorithm stops when the relative error tolerance for γ is less than 

TOLGAM (default=0.01). But the function ‘hinfsyn’ does not claim a fully 

well-posed optimization setup. This is because H infinity norm has a uniform 

bound over all the frequencies on the transfer function. Due to bandwidth 

limitations of actuators and sensors, it is required to track signal of 

frequencies to a certain bandwidth [2]. Under these situations, the 

straightaway implementation of H infinity control may lead to a non-optimal 

solution. This necessitates the inclusion of weighting functions which are 

typically first order filters. As per state of art, no definite criterions exist for 

the selection of weights and also they are specific to the system.  

2.4 Particle Swarm Optimization 

For the tuning of coefficients of weights, PSO has been employed in 

this work in order to obtain an optimal controller. A group known as the 

swarm of random individuals referred to as particles is initialized in PSO. 

Each particle is a possible candidate solution for the optimization problem.  

The mathematical model is based on the following information. 

 Current Position   ⃗⃗  ⃗    

 Current velocity   ⃗⃗⃗     .  

 Personal Best   ⃗⃗⃗      

 Global Best      
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xi(t)

pi(t)

g(t)

xi(t+1)

vi(t+1)

pi(t)-xi(t)

g(t)-xi(t)

vi(t)

Fig. 2.4 Mathematical model depicting PSO 

The mathematical model of PSO is shown in Fig. 2.4. A particle i has 

a current position   ⃗⃗  ⃗    and it is moving with a current velocity   ⃗⃗⃗     . In 

addition to position and velocity, each particle has a memory about its 

personal best which is denoted by   ⃗⃗⃗     . This is the best experience that the 

particle had undergone. Apart from this, there is another memory about the 

best experience undergone by the members of the whole swarm which is 

represented by     . On every iteration of PSO, the position and velocity of 

each particle have been updated based on this information. From Figure 2.4, 

the following vectors can be obtained. 

 The vector from the current position to personal best =   ⃗⃗⃗         ⃗⃗  ⃗    

 The vector from the current position to global best =        ⃗⃗  ⃗     

 The current velocity   ⃗⃗⃗      

Each particle moves towards a new position parallel to these three 

components. The new velocity   ⃗⃗⃗        can be obtained by adding these 

three vectors from initial position   ⃗⃗  ⃗    to newly updated position   ⃗⃗  ⃗     . 
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The new velocity can thus be obtained as 

   ⃗⃗ ⃗⃗             ⃗⃗ ⃗⃗                ⃗⃗⃗⃗  ⃗        ⃗⃗⃗⃗  ⃗   ) +         ⃗⃗⃗⃗         ⃗⃗⃗⃗  ⃗   ) (2.10) 

                    
   (a)                         (b)                                   (c) 

Hence the equation for updating the position of the particle is given by 

(2.11) 

   ⃗⃗ ⃗⃗        =    ⃗⃗ ⃗⃗          ⃗⃗ ⃗⃗         (2.11) 

The subscript ij represents i
th

 particle with j
th

 component,   represents 

inertia coefficient,    and    are uniformly distributed random numbers in 

the range 0 to 1,    and    are acceleration coefficients. The term (a) in 

equation (2.10) represents inertia term, (b) represent the cognitive 

component and (c) represent the social component [25] - [27]. The result is 

that each particle fly towards a minimum thereby searches for the best 

solution. The closeness of a particle to the global optimum is measured 

using a predefined fitness function.  

Chapter Summary 

The theoretical background of BLDC motor, its commutation points, 

role of speed controller, H infinity controller, necessity of weight selection, 

and the mathematical model of PSO for optimization of weights have been 

discussed in detail. 

***** 
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In this study, the state of art of research in the field was investigated 

topic wise starting from rotor position sensing of BLDC motors using 

sensors and sensorless techniques, robust control of BLDC motor, 

applications of H infinity control theory, selection of weights and 

optimizations of gains of PID controller. Various techniques adopted in the 

implementation of controller in hardware, and adaptations of BLDC motors 

in electric propulsion that have been found in literature are also studied in 

order to understand the chronological development in the field.  

BLDC motors are constructed just like AC synchronous motors 

having permanent magnets on the rotor and 3 phase coils wound on a 

cylindrical shaped magnetic core forming armature windings on the stator. 

They have a typical trapezoidal back-EMF. Commutators and brushes are 

responsible for mechanical commutation in a Brushed DC motor whereas a 

three phase inverter and a rotor position sensor are responsible for the 

electronic commutation of BLDC motors. In order to produce constant 

unidirectional torque, stator excitation of BLDC motor has to be 
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synchronized with rotor speed and position. There are two ways of rotor 

position sensing in a Brushless DC Motor, which are by use of sensors and 

by sensorless methods. 

Normally a BLDC motor drive uses one or more sensors giving 

positional information for proper commutation. Such implementation of 

sensors in a motor is expensive and also results in increase in size of the 

motor. Moreover the sensors cannot be used in applications with rotor in a 

closed housing or in submersible motors. Therefore position sensorless 

control technology currently becomes one of the most promising trends of 

BLDC motor control system.  

3.1Rotor position detection using sensors 

The position information obtained from rotor position sensors is used 

to generate precise firing commands for the power converter, ensuring drive 

stability and fast dynamic response and maximum torque. 

Pragasen Pillay et al [28] presented the modeling, simulation and 

analysis of BLDC motor using hall sensors for detecting the rotor position. A 

novel three branches vertical Hall sensor for brushless motor control which 

gives three position signals phase shifted by 120 degrees, corresponding to 

the motor driving signals has been presented [29].  Devendra. P et al [30] 

introduced an algorithm which used the hall sensor signals to control BLDC 

motors with additional features like auto restart and auto power down while 

maintaining constant speed. A Fuzzy logic PID (Proportional Integral 

Derivative) controlled Brushless DC Motor drive has been developed based 

on state space model where the rotor position is determined by three hall 

sensors [31], [32]. Mohd Tariq et al [33] presented the complete analysis of 

six modes of operation of six switch inverter with position of rotor signals 

obtained from hall sensors. Some of the  rotor position detection techniques 
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other than hall sensors include a hybrid sliding mode observer with hall 

sensor, and a wireless sensing node integrated with a MEMS (Micro Electro-

Mechanical System) sensor which uses induction power generated by the 

motor’s shaft rotation have also been reported [34], [35]. 

The merits of the rotor position detection using sensors are fast 

response time, reduction of sensitivity to packaging stresses and less noise. 

The demerits of using sensors are they are expensive, occupy space and 

their sensitivity depends on the distance at which they are mounted and 

cannot operate at high temperature. 

3.2 Rotor position detection using sensorless techniques 

Obtaining rotor position information from electrical measurements 

without any position sensor is the technique used in a permanent magnet 

brushless sensorless drive.  

Various aspects of BLDC motor control which include types of 

PWM techniques used, methods for rotor position detection, initial rotor 

position detection methods, recent advances in the position sensorless 

control of BLDC motors, the expected future research works to provide 

insight in sensorless drive techniques and their benefits have been discussed 

in the literature [36] – [40].  

The research efforts carried out on the three basic types of sensorless 

control schemes that are found in the literature are described below. 

3.2.1  Position estimation using inductance measurements and 

flux measurements 

The inductance of a phase which includes both self and mutual 

inductances and hence the flux linkage, varies with the rotor position. The 

flux linkage is calculated using measured voltages and currents. From the 

initial position, machine parameters, and the flux linkages’ relationship to 
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rotor position, the rotor position can be estimated. Since flux linkage is 

independent of speed, it is used to detect the rotor position at low speeds.  

Tae-Hyung Kim et al defined a flux linkage function which is speed 

independent to control BLDC motors at low speed operations [41]. Extraction 

of commutation signals directly from the specific average line to line voltages 

with simple RC circuits and comparators has been proposed. This method is 

insensitive to common mode noise since the neutral voltage is not required 

[42]. Wang H. B et al proposed detection of zero-cross point of back-EMF 

from the rotor position where the rotor reaches the equal self-inductance 

position. This method does not depend on the back-EMF and it can be 

operated at very low speeds but torque ripple is bigger than that in the 

conventional method [43]. The position-sensorless direct torque and indirect 

flux control of BLDC motor by estimating the electrical rotor position using 

winding inductance and stationary reference frame stator flux linkages and 

currents has been investigated [44]. Though this method is speed independent 

it has a drawback of significant estimation error at low speed. 

3.2.2 Research efforts on back EMF detection 

The zero crossing of trapezoidal back-EMF induced in stator winding 

by the movement of a permanent magnet rotor is used to detect the rotor 

position. When one of the back-EMF signals crosses zero, the controller 

should change the supply to the phases by appropriate switching whereby 

the process of commutation is achieved. The back-EMF detection methods 

can be classified into direct and indirect back-EMF detection. 

Direct back-EMF detection usually uses hardware low pass filter or 

software detecting method to filter out the noise signal. Jianwen Shao et al 

proposed a method to detect the motor back-EMF during PWM “off’ time at 

start-up and low speed, and during PWM “on” time at high speed [45], [46].  

Zicheng Li et al proposed line-to-line back-EMF calculation for BLDC 
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motor drives and demonstrated that the zero-crossing of line-to-line back-

EMF is actual commutation instant [47].  

Ming Lu et al [48] proposed two methods for extracting the true 

back-EMF Zero Cross Point (ZCP) by detecting voltage difference between 

the terminal voltage of the floating phase and the control voltage modulated 

by buck modulator as well as by detecting ZCP of line voltage between two 

floating phases. A new sensorless control based on coordinate 

transformation where the rotor-position signals are constructed by the two-

phase terminal voltages which can be used for commutation and a modified 

six-step square wave pattern with pulse-width modulation to simplify the 

conventional coordinate transformations technique have been developed 

[49], [50]. Obtaining a differential signal by manipulating the three phase 

voltages, the line voltage difference, back-EMF difference and by 

calculating the sum of the terminal voltages of the motor are some of the 

techniques used for detection of back-EMF ZCP [51] - [55].  

Merits of direct back-EMF detection methods are that it is easy to 

detect the ZCP of the phase back-EMF indirectly by utilizing the terminal 

voltage since the neutral point is required in order to extract back-EMF 

directly which is not offered in the manufacturing process of a motor. 

Demerits of this method are that it tends to have a narrow speed range and 

poor start-up characteristics. Moreover, the estimated commutation points 

that are shifted by 30 ° from zero crossing of indirect back-EMF have 

position error in the transient state. 

Indirect back-EMF detection method utilises the signals such as third 

harmonic signal of back-EMF which keeps a constant phase relationship 

with the rotor flux for any speed and load condition or current flowing 

through a freewheeling diode in silent phase when the active phase switches 

are turned off to obtain the ZCP of back-EMF. 
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Detection of position information on the basis of the conducting state 

of the freewheeling diodes connected in antiparallel with power transistors 

has been proposed [56]. Shen J. X. et al [57] proposed the ASIC 

(Application-specific integrated circuit) integrated with a phase locked loop 

(PLL). This setup detects the terminal voltage of the un-energized winding 

which contains the information about the back-EMF to ensure the exact 

commutation sequence of BLDC motor. This method reduces commutation 

retarding and improves the motor performance. A novel sensorless scheme 

using back-EMF mapping with six-step control has been presented where all 

commutation instances, corresponding to 30 electrical degrees, at various 

speeds can precisely be calculated using a single known reference slope and 

a back EMF point considered at the same speed [58]. Ashish P. R et al  

proposed the sensorless operation using the third harmonic back-EMF as the 

zero crossings of the third harmonic component occur at 60 electrical 

degrees, exactly at every desired current commutation instant [59].  

Advantages of indirect back-EMF detection methods are that they are 

free of noises and hence require a small amount of filtering. Third harmonic 

signal can be detected and processed at low speeds and hence starting of 

motor is superior. There is no need to access stator neutral. Disadvantages 

are that when the speed is very low or when load varies; the back-EMF 

voltage is found to be distorted. In both cases the commutation signal are 

not precise to locate. The most serious drawback of freewheeling diode 

conduction method is the requirement of six additional isolated power 

supplies for the comparator circuitry to detect current flowing in each 

freewheeling diode. 

In general, back-EMF sensing method is a sensorless method hence 

cost is reduced and space is saved. But it has some disadvantages such as 

since back-EMF is zero at standstill and proportional to speed, zero crossing 
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of back-EMF is difficult to detect at very low speeds. Moreover there exists 

the rotor position detecting error when low-pass or band-pass filters are 

employed to get zero crossings. 

3.2.3 Research efforts on Estimation and model based observers 

Various strategies of rotor position sensing based on estimators and 

model based observers are discussed below.    

Sliding mode control (SMC), is a nonlinear control method that 

changes the dynamics of a nonlinear system by application of a discontinuous 

control signal thereby forcing the system to "slide" along a cross-section of 

the system's normal behaviour. This control can be used in the design of state 

observers. These non-linear high-gain observers have the ability to bring 

coordinates of the estimator error dynamics to zero in finite time.     

A hybrid rotor position self-sensing approach for full speed range by 

combining stator core saturation method and sliding mode observer (SMO) 

method has been developed [60]. The application of proportional integral 

sliding mode control (PISMC) techniques for controlling the rotor position 

of Permanent Magnet DC motor drive system has been studied [61]. 
Deenadayalan A. et al [62] introduced speed component in the back-EMF 

observer gain thereby modifying the sliding mode observer, which 

eliminates multiple zero at low speeds and phase shift at higher speeds. 

Sliding mode control is characterized with order reduction, 

disturbance depression, insensitivity to parameter alterations, and it requires 

lesser amount of information. Disadvantages of this method are chattering 

problem and exhibition of multiple zero crossing in back-EMF which leads 

to commutation problem at low speed. 

Extended Kalman Filter (EKF) is an optimal recursive estimation 

algorithm for nonlinear systems that are disturbed by random noise. 
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Dhaouadi R et al  [63] designed the extended Kalman filter for the on-line 

estimation of the speed and rotor position by using measurements of the 

motor voltages and currents of a permanent magnet synchronous motor 

(PMSM) without a position sensor. The online estimation of speed and rotor 

position of the BLDC motor based on the application of the EKF has been 

reported in the literature [64] – [66]. 

Its advantages are easy usage, proper working in practical estimation 

problems and computational efficiency. It has demerits such as less 

responsive to systems with considerable non-linearities, measurement model 

and dynamic model functions need to be differentiable, estimation accuracy 

decreased at lower speeds, computationally intensive, has a high degree of 

dependence on the motor’s parameter and requires proper initialization. 

Model Reference Adaptive System (MRAS) estimator creates a closed 

loop controller with parameters, that can be updated based on the error 

between output of the system and reference model to change the response of 

the system. The idea is to converge the parameters to ideal values so that the 

plant response matches the response of the reference model. 

Mohamed Rasheed et al [67] proposed an indirect-rotor-field-

oriented-control scheme for sensorless speed control of a PMSM by 

estimating the rotor-flux position by direct integration of the estimated rotor 

speed. The rotor-flux speed and magnitude are estimated adaptively using 

stable model reference adaptive system estimators. Kojabadi H.M [68] 

presented an active power equation and model reference adaptive system 

approach to estimate the rotor resistance of an induction motor. G. Sunil et 

al [69] proposed a speed estimation algorithm based on MRAC (Model 

Reference Adaptive Control) to correct the speed error estimated using 

back- EMF which has an advantage of being responsive to both low speeds 

and high speeds. 
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The attracting feature of MRAS method is its desired closed loop 

performance. The structural limitation of Model Reference approach is the 

"tuned system" to which MRAS converge under a model matching design 

rule may not have an acceptable level of stability robustness or an 

acceptable sensitivity function. 

Back-EMF observer methods can be used for real-time estimation of 

the rotor position and speed. The trapezoidal back-EMF is modelled as an 

unknown input and the proposed unknown input observer estimates line-to-

line back-EMF as well as phase back-EMFs in real time to detect the rotor 

position [70], [71]. Cassio Luciano Baratieri et al [72] used a new BLDC 

motor dynamic model expressed in a synchronous reference frame with 

back-EMF vectors. Samuel Wang et al [73] proposed a new back-EMF 

difference detection method based on disturbance observer structure which 

can detect the back-EMF as well as back-EMF difference signal.  

Rotor position detection based on estimators and observers has high 

performance at low speed range as the information of rotor position is 

calculated independently of the rotor speed.  

3.3 Initial rotor position detection 

Initial rotor position information is essential for BLDC motor in 

order to ensure its stable operation. An estimator based on the variation of 

the current response caused by the magnetic saturation of the stator core of 

the BLDC motor, a method based on simple detection and comparison of 

phase voltages and dc link current responses thus relating it with stator 

inductances, a start-up method based on improved inductance method and 

EMF integration [74] – [76] are some of the methods proposed in the 

literature for initial rotor position detection. 
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3.4 Robust control of BLDC motor 

Due to the non- linearity that exists in the design of speed and 

position control of BLDC motor, various robust control techniques have 

been proposed and validated in the literature.  

Designing of a robust Fuzzy speed controller of BLDC motor 

described by Takagi-Sugeno (TS) Fuzzy model has been carried out by 

Wudhichai Assawinchaichote et al Sufficient conditions for BLDC motor to 

achieve H infinity performance have been derived using Linear Matrix 

Inequality (LMI) approach in order to overcome the effects of non- linearity 

and disturbance [77]. 

A robust sliding mode controller in which the linear control 

component optimized by LMI has been developed by H M Soliman et al  in 

order to challenge system uncertainty due to changes in load inertia [78]. An 

experimental validation of continuous sliding mode (CSM) and fractional 

order sliding mode (FOSM) controller in the speed control of BLDC motor 

has been carried out in order to prove the better trajectory tracking 

performance of FOSM compared with CSM [79]. 

For achieving robust position tracking system of BLDC motor, in the 

presence of disturbances such as friction and backlash, a robust linear 

quadratic sliding mode controller has been proposed [80]. This control 

algorithm combines a linear quadratic control and non-linear sliding mode 

control. An LQ controller along with a load observer in order to detect load 

disturbance has been presented for robust position control of BLDC motor 

[81]. 

An expression for speed dependent sampling rate system has been 

derived which focuses on the importance of presence of uncertainties 

resulted from variable sampling rate.  The micro controller synthesis has 
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been employed in order to attain a robust controller for BLDC motor [82].  

The effect of system nonlinearities due to reluctance variations and 

magnetic saturation have been accounted for developing a feedback control 

law based on transformational theory of non-linear systems [83]. This law 

has been appended to overall control structure in order to obtain a better 

tracking system in the presence of modelling errors and pay-load 

uncertainties. 

P. Bharat Kumar et al proposed a Quantitative feedback theory 

(QFT) based controller for the robust control of BLDC motor and compared 

it with various control techniques such as Fuzzy controller and Genetic 

Algorithm based controller. The step response characteristics of QFT were 

found to be better than other control techniques [84]. A control law has been 

formulated by Vishnu C S et al [85] in order to minimize the performance 

index thereby,  achieving robust and optimal control. The speed of BLDC 

motor has been controlled using a linear Quadratic Regulator (LQR) and a 

Linear Quadratic Gaussian (LQG) controllers. In order to overcome state 

error caused by parameter variations and forced disturbances, a dual passive 

adaptive control loop has been proposed by Kiyoshi Ohishi et al. [86] 

Thirusakthimurugan P. in his thesis [87] proposed robust control 

scheme of Permanent magnet BLDC motor which included a cascade 

control structure with generalized predictive control (GPC). 

MozaffariNiapour S. A. KH. et al [88] proposed a novel robust stochastic H 

infinity deconvolution filter for sensorless BLDC motor drives with the aim 

of improving the robustness and dynamic performance in a vast speed 

range. In order to optimally tune the PID speed controller parameters, 

Genetic algorithm with H infinity norm as the optimization objective has 

been proposed [89].  
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3.5 Application of H infinity control theory to motors and 

other systems 

H∞ control theory which is one of the robust control techniques has 

been widely used in the speed control of various motors including 

Permanent magnet DC motor, Permanent magnet Synchronous motor, 

Switched Reluctance motor, Brushless DC motor. This theory has also 

found its applications in active magnetic bearing position control, vertical 

aircraft control Electric vehicles etc. 

H infinity control theory has been applied to DC motor speed control 

system to get controller which acts effectively with control object including 

uncertainties and modelling inaccuracy [90] - [92]. Ashu Ahuja et al 

proposed an approach that poses the design problem as a controller for DC 

Motor Speed Control with mixed sensitivity H∞ method. Particle Swarm 

Optimization (PSO) and Genetic Algorithm (GA) are adopted to solve the 

optimization problem for finding the optimal controller [93].  

Liu Bingyou proposed a robust control strategy for Permanent 

Magnet Synchronous Motor Servo System in which the current disturbance 

was compensated by the H infinity tracking controller [94]. A robust H 

infinity controller that  can be adopted to control the speed  of Permanent 

Magnet Linear Synchronous motor has been designed [95], [96]. Huaiquan 

ZANG et al designed a robust H-infinity controller based on genetic 

algorithm optimization for space vector control model of permanent magnet 

synchronous motor to improve the speed of tracking performance [97].  

Rajendran A. et al proposed control technique to identify the position 

of the rotor whose variation is identified from the speed performance of the 

motor and obtained the optimal transfer function matrix weight by genetic 

algorithm (GA) [98], [99].  
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Safanah M. Raafat et al developed a design procedure that considers 

intelligently estimated uncertainty bounds and optimized performance 

weighting function in H infinity robust controllers for single axis servo 

positioning system [100]. Guangzhong Cao et al  developed the robust 

control of current-controlled active magnetic bearing system using H 

infinity controller [101]. 

3.5.1 Selection of weights 

In H infinity control design, the weights are tuned in order to obtain 

satisfactory performance margins such as rise time, percentage overshoot, 

settling time and steady state error. But the adjustment of these weights is 

based on experience and engineering intuition. There is no hard and fast rule 

for weight selection. This leads to control engineer to rely upon his 

engineering judgement. Many researchers addressed this problem by various 

methods, which have been detailed below. 

Jiankun Hu et al proposed a novel method for the selection of 

weighting functions in H infinity  mixed sensitivity design to control the 

percentage overshoot directly by the roll-angle control design of a vertical 

take-off aircraft. It has been observed that a definite relationship between 

weighting function and percentage overshoot holds good only if a pair of 

dominant poles is present in the plant [102]. 

Guang-Ren Duan et al [103] addressed the robust stabilization of 

active magnetic bearings (AMB) by appropriate selection of the free 

parameters in the robust controller. Sarath S Nair et al  proposed an 

algorithm for the synthesis of Robust H infinity controller along with a 

novel automatic weight selection algorithm [104], [105].  

A first order approximation of the controller is a function of small 

weight adjustment done in the initial control design problem itself. This 
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avoids the next step of synthesis involving the adjusted weights [4]. Various 

parameters involved in H infinity controller design such as relative weights 

between input and outputs, frequency dependent weightings, magnitudes 

and structures for the plant uncertainties etc., have been discussed in detail 

[3], [106]. Selection criteria for weight selection depending upon the 

frequency ranges has been elaborated thoroughly. PSO based weight 

selection has been implemented for pneumatic servo system in order to track 

the reference signal, reject disturbances and to provide robust performance 

in the presence of model uncertainties [107]. A design procedure that 

considers intelligently estimated uncertainty bounds and optimized 

performance weighting function in H infinity robust controllers for single 

axis servo positioning system has been reported [108]. GA based weight 

selection for H infinity control technique has been proposed by Anna-Karin 

Christiansson et al. It has been found that reasonable control energy can be 

used with H infinity control with its weights being optimised by GA [109]. 

3.6 Optimization of gains of PID speed controller 

Though PID controller is one of the widely used controllers because 

of its simplicity, the tuning of gains of this controller poses a problem. 

Usually it has been tuned by trial and error method based on the experience 

of the control engineer. Various tuning strategies have been found in the 

literature including Ziegler- Nichols method, PSO, GA optimization 

techniques and generalized KYP (Kalman-Yakubovich–Popov) synthesis  

[12], [110] - [116]. PSO  technique to tune the parameters of PID controller 

is one of the commonly implemented technique  because of its ability to 

avoid premature convergence of GA and to provide high quality solution 

with better computation efficiency [117] - [120].  
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3.7 Hardware implementation 

The hardware realization of the motor with these control techniques 

is inevitable for proper validation of its performance on load. For hardware 

implementation of speed controller, various microcontrollers have been 

found in the literature.  An ARM 2148 microcontroller along with HPCL 

3120 MOSFET driver circuit has been used in a BLDC motor with hall 

sensors for position sensing and with a dynamometer as brake, to study its 

speed torque characteristics with the motor running in either direction [121]. 

Sensorless BLDC motor control has been achieved using TMS320F240 in 

which the zero crossing of back EMF in non-fed phase has been computed 

by subtracting neutral voltage from voltage in non-fed phase. An imbalance 

corrector module has to be incorporated [122], [123]. PIC16F877A 

microcontroller has been used in the hardware implementation of speed 

controller of BLDC motor using PI controller [17]. A spartan-3 FPGA is 

used to generate the firing pulses for the MOSFETs of three phase fully 

controlled bridge which in turn control the speed of BLDC motor [124]. 

TMS320C242 DSP Controller has been used for providing Hall Effect 

sensor output equivalent position information. The six commutation instants 

can be obtained by an algorithm which involves the calculation of neutral 

point voltage and thereby attaining back EMF of the non-fed phase [125].  

Various current sensing techniques for torque / current control in 

order to implement efficient closed loop control have been discussed in the 

literature. In order to achieve linear torque control, it is essential to obtain 

the average phase current feedback to the current regulator.  

A maximum value of current has been generated based on a mean DC 

component from quasi square wave currents which directly controls maximum 

torque [126] - [128]. This has been found to be improving efficiency as well as 

reducing acoustic noise. The three phase current values have been generated 



Chapter 3 

36   Optimal Tuning of H Infinity Speed Controller for Sensorless BLDC Motor using PSO and its Simulation Study in Underwater Applications 

from a single sensor placed on the DC link. This avoids the imbalances in the 

phase currents thereby reduces the pulsating torque [129] - [131]. Since the DC 

link current does not reveal the phase current values during PWM “off time”, 

this has been sampled at the midpoint of PWM “on time”. This method of 

sampling provides average load current since the load current flows through 

DC link only during PWM “on time” [132].  

Implementing the current sensing amplifiers in low-side of the 

inverter in series with the switches, one in each leg, high-side of the inverter 

in-line immediately after the supply voltage  and  in-line with the motor 

terminals have been discussed in detail by Jason Bridgmon et al [133], 

[134]. Various current control regulators have been used in the literature for 

current control in the inner loop such as hysteresis current controller [135], 

[136], constant inverter switching frequency predictive current controller 

[137] - [140], fuzzy logic based current controller [141] - [145], and Neural 

network based current controller [146] - [150]. The parameters of PI 

controller have been tuned using SNR (Signal to Noise Ratio) optimization 

technique in order to obtain optimal performance characteristics [151]. 

3.8 Studies on BLDC motor under loaded conditions 

The variation in speed torque characteristics, current drawn by the 

motor and back EMF have been analysed under no load as well as loaded 

conditions with both aiding and opposing loads by conducting a simulation 

study in SIMULINK/MATLAB. [152]. A self- tuning fuzzy PID controller 

has been compared with model reference adaptive control with PID 

compensator for good reference tracking under load disturbances and 

parameter variations [153]. A PISMC current control scheme has been 

experimentally validated for efficient speed tracking using National 

Instruments Data Acquisition Card 6229 as the interface with MATLAB 

environment [154]. An experimental study of BLDC  motor using ARM 
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controller and HPCL 3120 driver with the motor being rotated in both 

forward and in reverse directions under various load torque conditions and 

the corresponding speed torque characteristics have been studied [155].  

Since the BLDC motor has the disadvantage of jerky behaviour during 

sudden application and removal of load, a comparative study has been 

conducted with conventional PID controller and a Fuzzy PID controller 

under these conditions. It has been found that gradual removal of load 

minimizes jerks with Fuzzy PID controller when compared with sudden 

application of loads [156].  

3.9 Marine electric propulsion 

The importance of environmental concerns such as reduced emission, 

spill and damage to coral reef while anchoring and the requirement of less 

vibration as well as noise signatures to provide on board comfort in cruise 

vessels, yachts, leisure boats, warships and submarines lead to the necessity 

of electric propulsion.  The evolution of electricity in marine vessels in the 

form of light bulbs to the era of purely battery driven all electric ships 

(AES) and the evolution of electric warships including submarines has been 

detailed [157], [158]. In the present scenario, electric propulsion is used in 

cruise vessels, ferries, dynamic positioning drilling vessels, shuttle tankers, 

pipe layers; icebreakers supply vessels and warships [159]. Integrated full 

electric propulsion (IFEP) system uses advanced electric motors such as 

induction motors and permanent magnet propulsion motors [160], [161]. A 

detailed study of all electric ships and hybrid electric ships has been carried 

out in order to analyse the type of energy used to charge batteries and total 

space occupied by the system [162].  

 



Chapter 3 

38   Optimal Tuning of H Infinity Speed Controller for Sensorless BLDC Motor using PSO and its Simulation Study in Underwater Applications 

3.9.1 Submarines 

The impacts of electric propulsion in submarines such as efficiency, 

volume and weight using electric motors with different pole pairs have been 

examined [163]. The potential of energy saving in submarines with the use 

of BLDC motors have been elaborately discussed in literature. In a 

submarine, a drive that works efficiently with very low noise signatures is 

essential for long dives and for achieving challenging boat detection by 

enemies [164], [165]. A configuration of a set of two mechanically coupled 

BLDC motors with ratings equal to one third and two third of a single motor 

rating with a proper design of control algorithm in order to increase 

efficiency of submarine propulsion system has been proposed [166]-[170]. 

In order to study energy and data hybrid transmission technology in 

submarines, a submarine motor control system has been developed 

combining hybrid transmission technology and BLDC motor control 

technology. The high voltage DC power transmission and high speed data 

have been coupled on the same single coaxial cable by capacitance [171]. 

3.9.2 Autonomous Underwater Vehicle (AUV) 

In recent years, a lot of research work is going on in trajectory 

tracking control laws and path following techniques of Autonomous 

Underwater Vehicle (AUV) for precise maneuvering. A  mission control 

system controls various units such as navigation, vehicle guidance and 

control, actuator control, data logging, communication, environmental 

inspection and vehicle support systems [172], [173].   Of these, vehicle 

guidance and control block provides the reference speed to be achieved 

based on the reference trajectory inputs from mission control system and 

navigation system to the actuator control system. This is necessary for the 

proper trajectory tracking in the presence of uncertainties such as variation 

in vehicle parameters and external disturbances like varying sea currents and 
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weather disturbances. An optimal disturbance rejection control has been 

derived from Riccatti and Sylvester equations for achieving optimal control 

in the presence of external wave disturbances [174]. To maintain the 

position of AUV at a perticular depth, the scaling factors of Fuzzy logic 

controller have been tuned with a radial basis function metamodel and a 

comparative study has conducted with offline optimization approach using 

genetic algorithm [175]. 

Thruster motors with dedicated controller play an important role in 

the propulsion of AUV for maintaining the speed. Brushless Direct Current 

motors with hall sensors used as thruster motors have been found in the 

literature for propelling AUV [176]. The electrical and mechanical systems  

of a  hydro quad rotor has been designed and implemented using BLDC 

motors as thruster motors in order to study its static stability at various 

depths [177]. A seven phase BLDC motor for the propulsion of AUV has 

been functionally modelled and simulated in MATLAB/SIMULINK for 

studying its dynamic characteristics [178]. The analysis of electrical 

characteristics using Finite Element Analysis along with a comparative 

analysis of PI and Fuzzy controller has been done for a seven phase BLDC 

motor [179].   The simulation model of a BLDC motor which is 

mechanically designed as a low cost thruster in AUV has been studied for 

its compatibility in a depth of more than 1 meter [180]. A prototype of 

electrical thrusters using permanent magnet BLDC motor has been designed 

and implemented with 2D Finite Element Method  in order to optimize the 

speed and torque ranges, to minimize cogging torque and to maximize 

efficiency [181].  

Chapter Summary 

A detailed study of the research work in the field of robust control of 

BLDC motor with sensorless drive has been carried out in order to have a 
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deep understanding. The merits and demerits of using hall sensors for rotor 

position detection have been discussed. Various sensorless techniques 

available in rotor position detection have been studied and found that the 

back EMF detection using line voltage difference has been favorable since it 

provides the exact commutation points avoiding phase correction circuitry. 

For addressing stability issues during change in reference speed and external 

load disturbances, various robust control techniques have been analyzed. It 

has been found that H infinity controller addresses these issues with good 

performance and stability.  Since the selection of weights of H infinity 

controller is based on engineering intuition, the optimization technique PSO 

has been adapted. Marine electric propulsion is one of the major 

developments in the shipping industry due to environmental concerns. The 

use of BLDC motor in underwater applications for example submarines and 

AUVs is solicited because of its advantages such as low EMI, less vibration, 

low noise, high efficiency and low maintenance.  

 
***** 
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The mathematical model of BLDC motor speed control system with 

the incorporation of H infinity speed controller is discussed in detail. The 

corresponding SIMULINK models developed are also presented. 

Optimization of coefficients of weights of H infinity controller and gains of 

PI controller using PSO is elaborated with corresponding flowcharts. 

4.1BLDC motor speed control system 

Generally the main components in a BLDC motor control system 

include power converter, rotor position sensing, controller and motor as 

shown in Fig. 4.1. Here the power converter is the inverter which converts 

power from DC source to AC source for applying three phase power to three 

phase windings of Permanent Magnet BLDC motor. Only two of the three 

phase windings are energized at a time based on the rotor position and 

corresponding six step commutation has been achieved at every sixty 

degrees as shown in Table 4.1. The inverter MOSFET switches are switched 

on and off according to the commutation signals and thereby the stator 

windings are given the supply sequentially in order to produce uniform 

rotational torque. 
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Fig. 4.1 Functional Block diagram of BLDC motor control 

 

Table 4.1 Six step commutation table 

Angle in degrees Mode Conducting switches Ia Ib Ic 

0-30 Mode 6 S5 & S6 0 -VE +VE 

30-90 Mode 1 S1 & S6 +VE -VE 0 

90-150 Mode 2 S1 & S2 +VE 0 -VE 

150-210 Mode 3 S3 & S2 0 +VE -VE 

210-270 Mode 4 S3 & S4 -VE +VE 0 

270-330 Mode 5 S5 & S4 -VE 0 +VE 

330-360 Mode 6 S5 & S6 0 -VE +VE 

 

Here the applied voltage has been varied by varying the duty cycle of 

PWM signal as the speed of motor is directly proportional to applied 

voltage. The speed controller based on H-infinity norm with its weights 

being optimized by PSO has been implemented for robust control in the 

presence of uncertainties such as modeling errors and unexpected external 

disturbances. The output of speed controller has been passed on to the 

current controller, which is a PI controller in this work and the PWM has 

been generated.  
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The steps involved in the model design and tuning of speed 

controller are 

 Simulation of BLDC motor model with sensorless drive using 

SIMULINK 

 Development of H infinity controller code in MATLAB editor using 

‘ hinfsyn’  

 Development of PSO optimization program for achieving optimal 

tuning of weights. 

4.2 Development of simulation model  

The SIMULINK model of this work has been developed by the 

following steps. 

 Modeling of BLDC motor  

 Generation of switching signals through sensorless algorithm 

 Implementation of control circuit using H infinity speed controller 

with the coefficients of weights being optimized by PSO and PI as 

current controller. 

4.2.1Modelling of BLDC motor 

The equivalent circuit of BLDC motor is shown in Fig. 4.2 in which 

R represents stator resistance per phase in Ω, L represents stator self-

inductance per phase in Henry, whereas Va, Vb, Vc represent the voltages in 

Volts, ia, ib, ic represent phase currents in Amperes, and ea, eb, ec represent 

corresponding back EMFs in Volts in three phases A, B and C respectively. 

The mutual inductance M between the phases for surface mounted BLDC 

motor can be neglected due to the independency of the flux path in the 

machine. Phase voltages are difficult to detect as there are only two phases 

conducting at a time and the third phase is not conducting. Therefore 
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mathematical model based on line voltages is more valid [182]. Based on 

Kirchhoff’s voltage equation the following equations can be derived. 

 

Fig. 4.2 Equivalent circuit of BLDC motor 
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(     )         (4.3) 

For a balanced three phase circuit, at any instant 

              (4.4) 

           (4.5) 

From these equations the model can be further simplified as 

                
 

  
             (4.6) 

                
 

  
             (4.7) 

The phase currents can be generated from equations (4.5), (4.6) and 

(4.7). The induced EMFs are all assumed to be trapezoidal, whose peak 

value is given by 

Ep = (Blv)N = N(Blrω) = NBAω =NФ ω =λω (4.8) 
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where B is the flux density of the field in webers per meter squared, l is the 

rotor length, N is the number of turns per phase, ω is the electrical angular 

speed in rad/sec, Ф represents flux in webers which is equal to Blr, λ 

represents the total flux linkage given as the product of number of 

conductors and flux linkage/conductor. The induced EMFs can be written as 

a function of rotor angle fa(θ), fb(θ), and  fc (θ). 

     ( )   (4.9) 

     ( )   (4.10) 

     ( )   (4.11) 

Suppose at an instant when phase a and phase b are conducting, 

phase c is floating, then ia = - ib = i where i is the phase current at that 

instant. Since only two phases are switched on, electromagnetic torque Te 

can also be written as  

              (4.12) 

Where P represents number of poles, λm represents flux linkages in two 

phases, Kt is the torque constant. In terms of mechanical parameters the 

torque equation is given by  

        
 

  
         (4.13)                     

Where Tl  is the load torque in Nm,  J is the moment of inertia in Kg. m
2
 and 

B is the friction coefficient  in Nms. 

Rotor speed and position are related as 

  

  
  

 

 
   (4.14) 

When only two phases a and b are turned on, ea is exactly equal and 

opposite to eb. From equation (4.1), it can be derived that 
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        (4.15) 

Where    = 2  ,    = 2L,    is back emf constant and    is dc bus voltage.  

Thus, the transfer function of BLDC motor can be obtained as 

 ( )  
  

  
  

  

(       (        )            )
 (4.16) 

4.2.2 Switching signals through sensorless algorithm 

In a BLDC motor, the rotor is positioned forcibly by determining the 

active phases and commutation of proper phase. Thus the knowledge of 

present position of rotor is important in the determination of correct 

commutation sequence. Usually hall sensors are used for detecting rotor 

position for proper commutation of phases. For saving of cost and space 

which is an important constraint, sensorless techniques pose a significant 

research development. By calculating the difference in terminal voltage 

difference which contains the information about exact commutation point 

that is 30 degrees lagging from zero crossing instant of back EMF has been 

adopted in this work [52], [53]. 

The corresponding phase voltages can be represented by equations 

(4.17) - (4.19). 

         
 

  
           (4.17) 

        
 

  
           (4.18) 

        
 

  
           (4.19) 

The line voltages can be derived as (4.20) - (4.22). 
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In a BLDC motor only two phases are connected to the supply at an 

instant and the third one is open, the phase which is connected to positive 

terminal of the supply has a positive current and the phase which is 

connected to the negative terminal of the supply has negative current and the 

open phase has zero current through it. Hence it can be found that when 

phase B is connected to positive and phase C is connected to negative 

terminal phase A is open. This implies not only that        and    is zero 

but also      .  Substituting these conditions in (4.23), we get (4.26)  

           (4.26) 

Similarly from (4.24) and (4.25), it can be written that  

           (4.27) 

           (4.28) 

From equations (4.26) - (4.28), it can be observed that the magnitude 

of difference of terminal voltages equals twice the back EMF with an 

opposite direction. Thus by detecting zero crossing of difference in line 

voltages, the exact commutation points can be detected. The estimated hall 

sensor signals which are the switching signals have been used for attaining 

the commutation of phases.  
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4.2.3 Control circuit 

The design of a speed controller circuit is very important for 

imparting desired transient and steady state performance of the motor. The 

H infinity control strategy with its weights being optimized by PSO has 

been incorporated as speed controller along with simplified PI control as 

current controller. The reference speed is being compared with the estimated 

speed and the error is passed onto the speed controller whose output is the 

torque reference. This is converted into current reference and is compared 

with actual current values. The output of current controller is compared with 

carrier waveform and corresponding PWM signals are generated. Usually 

the inverter switches are controlled using PWM which converts a DC 

voltage into a modulated voltage that easily and efficiently limits the start-

up current as well as controls speed and torque.  

4.3  Proposed H infinity controller strategy for speed control 

of BLDC motor 

The block diagram for the incorporation of proposed H infinity 

controller as speed controller is depicted in Fig. 4.3 where the plant G is the 

sensorless BLDC motor whose speed is to be controlled. The plant has two 

inputs such as w, the inputs due to external causes and u, the control signal 

and two outputs such as estimated speed y and the robust output z. The 

estimated speed y is compared with the reference speed r and the error e is 

passed on to the H infinity controller K to produce a controlled output u, the 

reference torque. 
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Fig. 4.3 Block diagram incorporating H infinity control in a BLDC motor 

The objective is to find K which makes the closed loop system stable 

satisfying the expression (4.29). 

‖   ‖   [
   
   
   

]     (4.29) 

 In this ‖   ‖ is the weighted mixed sensitivity where S is the 

sensitivity function that represents the transfer matrix from w to z, R is the 

input sensitivity function which represents the transfer matrix from w to u 

and T is the complementary sensitivity function. In order to achieve 

disturbance rejection from external signals in the low frequency region, the 

sensitivity given by expression (4.30) has to be made small as ω→0 

   
 

(    )
 (4.30) 

Similarly in order to reduce effect of errors due to modelling which 

occur in the high frequency region, the complementary sensitivity function 

      should be small in high frequency region as ω→∞. [183]. 

Once the H infinity loop has been closed, the unstable poles in the 

specified bandwidth have been replaced with its mirror image. Thus this 

strategy exhibits precise frequency domain loop shaping using suitable 

weight strategies [184]. If the plant is augmented with frequency dependent 
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weights as shown in Fig. 4.12, the MATLAB script ‘hinfsyn’ synthesizes a 

controller which shapes the signals in order to achieve the required 

performance and robustness [22]. Thus by suitable selection of weights, 

frequency domain loop shaping can be achieved. This implies that the 

solution of H infinity control problem is based on the augmented state space 

representation of G with suitable weighting functions W1, W2 and W3 for the 

error signal e, control signal u and output signal y respectively. 

 

 

Fig. 4.4 Functional block diagram of H infinity controller with augmented plant 

From Fig. 4.4, equation (4.31) can be derived as 

[

   
   
   
 

]   [

      
   
    
   

] *
 
 
+  (4.31) 

The mathematical model of augmented plant P is obtained as (4.32) 

   [

      
   
    
   

]  (4.32) 



Design and tuning of H infinity speed controller 

Optimal Tuning of H Infinity Speed Controller for Sensorless BLDC Motor using PSO and its Simulation Study in Underwater Applications          51 

The MATLAB function augw is used to generate the augmented 

plant P as in equation (4.33) 

 P = augw (G, W1, W2, W3)     (4.33) 

The MATLAB function ‘hinfsyn’ synthesizes an H infinity controller 

K for the augmented plant matrix P as given by equation (4.34) and the 

corresponding transfer function KT  is obtained from equation (4.35) 

K = hinfsyn(P)                (4.34)  

KT= tf (K) (4.35)  

The selection of suitable weight filters is an important criteria for 

proper controller design. The selection should satisfy the specification for 

various frequency ranges as mentioned below. 

 In the low frequency range, the main objective is to make the closed 

loop gain from disturbance to tracking error small. 

 In the medium frequency range, acceptable stability margins have to 

be ensured. 

 In the high frequency range, the control signal has to be kept limited. 

The weighting function   of sensitivity function should be so 

chosen such that it reflects the desired time response characteristics [3]. A 

low pass filter is used with the low frequency gain approximately equal to 

the inverse of the desired steady state error and high frequency gain to limit 

overshoot. 

Hence a simple low pass filter represented by equation (4.36) has 

been selected for   . 

    
 

  

     

    
 
  
⁄

 (4.36) 
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Where    
 
    
⁄   

Ms represents the maximum value of sensitivity function, A 

represents the maximum allowed steady state offset and ωb represents the 

system bandwidth [100]. For the choice of other weights, the 

recommendation put forth by Anna-Karin Christiansson et al [109] has been 

taken into consideration, which says that in order to   keep the controller 

order low, the choice of as many weights as possible to be made constant.  

Moreover in order to keep the control signal to a limited value, a constant 

has been assigned for    and   . 

There are a total of six coefficients of parameters a, b, c and d of   , 

g of    and h of    which are to be chosen properly in order to attain 

suitable weights. Some thumb rules have been presented in the literature for 

the tuning of weights [106]. In this work, these coefficients of weights are 

optimized using PSO in order to achieve robust control. 

    
 (   )

    
 (4.37) 

     (4.38) 

     (4.39) 

4.4 Particle Swarm Optimization for weights selection 

For H infinity synthesis the uncertainty factors of the system must be 

translated into the weights. The more truthful are the coefficients of weights; 

the better will be the H infinity control. In this proposed approach, this is 

viewed as an optimization problem since the nature of relation between 

weights and H infinity performance is complex. For solving this problem, 

PSO has been used so that an optimal controller can be synthesized.  
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In PSO, the momentum effect on particle movement allows faster 

convergence thereby creating a best quality solution. A group known as 

swarm of random individuals referred to as particles is initialized in PSO. A 

set of all candidate solution for the optimization problem has been defined as 

the search space. The range of search area is specified with minimum and 

maximum values of coefficients of W1, W2 and W3. The population members 

are initialized and each particle’s random position and velocity are generated. 

The objective function value is memorized using personal best. It is compared 

with the neighbour's personal best and the best value is stored in global best. 

The particle moves towards the new position with a new velocity along with 

the information regarding its current velocity, its own personal best and 

global best [25] – [27]. The optimization problem is the minimization of 

global best cost which is equal to sum of absolute values of error which is 

achieved by finding out the best coefficients for the weighting functions using 

PSO. With this global best cost, W1, W2 and W3 are generated and the transfer 

function of the controller is obtained. This controller has been used as speed 

controller whose output will be the torque reference.  

The objective function of the problem is defined with conventional 

PSO as 

min f(W1, W2, W3) = ∑ (|  ( )   ( )|)
    
    (4.40) 

Where W1, W2 and W3 are the weights 

T is the simulation time  

dT is the step size 

  ( ) – Reference speed at n
th

 sample 

 ( ) – Estimated speed at n
th

 sample 
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Steps involved in PSO algorithm 

Step 1:  Initialize the problem with following parameters 

i. Number of particles 

ii. Number of Evaluations 

iii. C1, C2 - learning factors 

iv. Search space limits 

Step 2:  Initialize random particle positions within the search space. 

Step 3: Perform H infinity synthesis based on the weights formulated 

from the particle positions. 

Step 4:  Simulate the Model with the synthesized H infinity controller and 

find out the fitness value. 

Step 5:  Obtain the local best solution for each particle and global best 

solution for the entire problem. 

Step 6:  Perform the following steps in the main loop 

i. Update the  velocity of the particle using equation (2.10) 

ii. Based on velocity of the particle obtained update the position of 

the particle using equation (2.11) 

Step 7:  Repeat the steps 3 to 6 till maximum iterations are reached. 

Step 8: The global best solution for the entire problem provides the 

optimal weights for the H infinity controller. 

The flowchart for obtaining optimized controller is shown in Fig. 4.5.  
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Fig. 4.5 Flow chart for obtaining optimized weights using PSO 
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4.5 Design of PI speed controller with PSO optimised gains 

PI control is one of the common control techniques used in industry 

as it is easy to implement and does not involve much complex algorithms. 

By using PI control which is based on past and present error values, the 

steady state error can be reduced to zero, and at the same time the transient 

response can be improved. But it is suitable only when the system 

parameters are fully known and modeled. It offers low robust control when 

the system has uncertainties and modeling errors especially when the 

operating environment changes due to weather, temperature and so on. For 

comparison purpose, the speed controller is modeled with PI control as 

shown in Fig. 4.6 with its gains being optimized by PSO [12], [110] – [119] 

and the flow chart of which is shown in Fig. 4.7. The transfer function of PI 

controller can be obtained for an input E(s) as (4.41) 

 ( )  (    
  

 
) ( ) (4.41) 

Where    represents proportional gain and    represents integral gain. 

U(s)E(s)
+

+

Kp

Ki

s

 

Fig. 4.6 Block diagram representation of PI controller 
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Fig. 4.7 Flow chart for PSO optimized gains of PI controller 
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Chapter Summary 

The simulation model of BLDC motor has been designed with a step 

by step procedure. The rotor position sensing has been adapted by using a 

sensorless technique based on difference in line to line voltage difference. H 

infinity controller has been designed with its weights being optimized using 

PSO and has been implemented as speed controller for achieving robust 

speed control of BLDC motor. For the sake of comparison, a PI speed 

controller with its gains being optimized by PSO has been designed and 

implemented. 

***** 
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A detailed description of design of H infinity and PI speed 

controllers with tuning algorithm using PSO has been discussed in Chapter 

4. Based on this, the simulation study is conducted for the performance 

comparison of the two controllers for a BLDC motor. The simulation results 

obtained in every stage such as current generation system, back EMF 

generation system and mechanical system are discussed in detail. The 

generation of commutation instants with sensorless technique which are the 

estimated hall sensor signals are also discussed. PWM pulse generation 

using triangle wave generator is discussed with simulated waveforms. 

Waveform of rotor position is also obtained. The speed, torque and speed 

error waveforms obtained with both speed controllers are compared. 

5.1Simulation Results 

The blocks developed in SIMULINK for robust speed control of 

BLDC motor are simulated in MATLAB 2016a version. The sampling time 

has been set for 2 microseconds. The specifications of BLDC motor 

considered for simulation study are shown in Table 5.1.  
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Table 5.1 Specifications of BLDC motor considered for simulation study 

Specifications Values 

Power 3.8 KW  

Peak Torque  30 Nm 

Rated speed  3000 rpm 

Stator phase resistance 0.2 Ω 

Stator phase inductance 8.5mH 

Voltage constant  Ke 146.6 

Torque constant Kt 1.4 

Flux constant 0.175 V.s 

Moment of Inertia  (J) 0.089 Kg.m
2 

Viscous friction coefficient (B) 0.005 Nms 
 

Three phase current waveforms drawn by BLDC motor as shown in 

Fig. 5.1 clearly indicate the 120 degree conduction mode and it can be 

clearly observed that only two phases are conducting at an instant and third 

phase is not conducting as per the Table 4.1.  

 

Fig. 5.1 Three phase currents of BLDC motor 

The estimated trapezoidal BEMF waveforms of three phases are shown 

in Fig. 5.2. It can be observed that at every 60 degrees one of the BEMFs 

crosses zero which can be detected for estimating the commutation points.  

 

Fig. 5.2 Three phase trapezoidal back EMFs of BLDC motor 
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The inference of rotor position is used to ensure proper commutation 

of phases which is shown in Fig. 5.3. It can be observed that the estimated 

rotor angle changes from +180 to -180 degrees. 

 

Fig. 5.3 Rotor position in terms of angles in degrees 

The exact commutation point of phase current is 30 degrees lagging 

behind the zero cross over point of BEMF. This point has been estimated 

using line to line voltage difference [52] as shown in Fig. 5.4.  

 

Fig. 5.4 Estimation of commutation points as the difference between line to 

line voltages  

The three phase commutation signals have been shown in Fig. 5.5. 

Table 5.2 shows that the estimated pulse code is the same as physical hall 

sensor code for each electrical cycle for the motor to rotate in clockwise 

direction.  
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Fig. 5.5 Estimated commutation signals 

Table 5.2 Physical and Estimated hall sensor code 

Physical hall sensor code Estimated hall sensor code 

001 001 

101 101 

100 100 

110 110 

010 010 

011 011 
 

The simulation of the speed control of BLDC motor has been carried 

out with two speed controllers such as conventional PI controller with its 

gains optimized by PSO and H infinity controller with coefficients of its 

weights being optimized by PSO in order to carry out the comparative 

study.  

The parameters of PSO for both gain and weight selection of PI and 

H infinity controllers respectively are shown in Table. 5.3.  

Table 5.3 Parameters of PSO algorithm for both PI and H Infinity controllers 

Parameters PI H infinity 

C1 0.12 1.5 

C2 1.2 2.5 

Dimension of search space 2 6 

Damp ratio 0.95 0.95 

Inertia 1.1058*10
-9 

4.3723*10
-7 

No. of particles 20 20 

Particle steps 20 12 

Variable Low [0.1 0.00001] [0.05 1 0.1 0.1 0.000001 0.00001] 

Variable High [4 1] [0.9 500 200 50 0.08 0.01] 

Evaluations 421 279 

Global Best Fitness 3.3258*10
4 

4.2969*10
6 
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Based on PSO, the optimised gain values and weights of the 

controllers obtained are shown in Table 5.4. 

Table 5.4 Gains and weights of controllers 

Gains of PI controller Weights of H infinity controller 

Kp Ki W1 W2 W3 

1.22 0.09 
             

         
 0.008 0.01 

 

The convergence plot of PSO for PI controller is shown in Fig. 5.6. 

The corresponding optimal transfer function of controller is obtained as 

equation (5.1)  

 

Fig. 5.6 Convergence plot for obtaining optimal PI controller 

 

    
          

 
 (5.1) 

The convergence plot of PSO for obtaining weights of H infinity 

controller is shown in Fig. 5.7 and the optimal transfer function is obtained 

as equation (5.2) and the value of γ is obtained as 2.3285. 

   
                           

                              
          (5.2) 
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Fig. 5.7 Convergence plot with PSO for H infinity controller 

Sensitivity and complementary sensitivity plots of the controller are 

shown in Fig. 5.8 (a) and (b). It can be seen that sensitivity function is small 

for low frequency region and complementary sensitivity function is low for 

high frequency region which is the trade-off  required for good reference 

tracking, disturbance rejection, insensitivity to modelling errors and noise 

[3]. It can be observed that the controller can provide -0.22 dB sensitivity at 

low frequencies. 

 

(a)       (b) 

Fig. 5.8  Robust response curves (a) Sensitivity plot (b) Complementary 

sensitivity plot 
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PWM is a technique in which a control signal has been sampled at fixed 

intervals and the amplitude of each sample has been encoded with a constant 

amplitude pulse with a duration proportional to sample amplitude.  Hence 

the duty cycle which is the ratio of ON time to total time determines the 

percentage of conduction time of the switch. This determines the magnitude 

of output voltage.  Here the triangle wave is compared with the output of 

controller and pulses are generated whenever the control signal is greater 

than triangular waveform as shown in Fig. 5.9.  

 

Fig. 5.9 Generation of PWM pulses 

5.2 Performance study 

A case study has been conducted with PI as well as H infinity speed 

controllers in order to analyse the effects of reference tracking and load 

disturbance and the results obtained with PI controller have been validated 

with the experimental results available in literature [185]. 

Reference speed is set as 1000 rpm and a torque of 12 Nm is applied 

to the motor at 0.7 sec by an external load. The speed waveforms of the 

motor with both PI and H infinity controllers are shown in Fig. 5.10. It can 

be observed that speed with H infinity controller shows an improvement in 

rise time by 0.6% and better stability than PI controller when load is applied 

at 0.7 sec.  
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Fig. 5.10 Speed performance analysis of the controllers under load 

The enlarged version of speed waveform is shown in Fig 5.12 (a) and 

(b). It can be observed from Fig. 5.11 (a) that with PI controller when the 

load is applied at 0.7 sec the speed settles down at 988 rpm whereas with H 

infinity controller, it settles down at 993 rpm.  

 

Fig. 5.11 Performance of speed when the load is applied (a) at 0.7 sec.(b) at 3 sec  

Then the reference speed is reduced to 20 rpm at 1.5 sec. (braking 

mode) and a load torque of 12 Nm is applied in the reversed direction at 3 

sec. After 3 sec. the speed settles down at 32 rpm and 26 rpm with PI and H 

infinity controllers respectively as shown in Fig. 5.11 (b). This shows that H 

infinity controller shows better tracking of speed commands thereby reduces 

steady state error. A comparison of performance parameters of the two 

controllers are summarised in Table 5.5. 
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The electromagnetic torque with PI and H infinity controllers is 

shown in Fig. 5.12. It is observed that at steady state electromagnetic torque 

oscillates between +6 Nm to -4 Nm with PI whereas it oscillates between ± 

1 Nm with H infinity controller thereby there is a considerable reduction in 

torque ripples. 

 

Fig. 5.12 Comparison of Electromagnetic Torque  

A comparison of speed error with both controllers is shown in Fig. 

5.13 and it can be observed that a decrease in speed error of  25 rpm  has 

been observed with H infinity compared to PI controller. 

 

Fig. 5.13 Comparison of Speed errors 
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Table 5.5 Comparison of Performance parameters with both controllers 

Controllers 
Rise time 

(sec) 

Maximum Speed 

error (rpm) 

Steady state 

error % 

PI 0.57 125 1.5 

H infinity 0.54 100 1 

The bode plot of H infinity controller is shown in Fig. 5.15. It can be 

inferred that the gain margin is infinity and phase margin is 104 degrees 

which makes the controller inherently stable. The gain of the system drops 

below -3dB at the cut of frequency of 300 rad/s. 

 

Fig. 5.14 Bode plot of H infinity controller 

Chapter Summary 

The BLDC motor model has been simulated with sensorless 

algorithm with its speed being controlled by an H infinity controller with its 

weights optimized by PSO. A comparative study of its simulation results 

with PI controller with its gains optimized by PSO has been carried out. The 

performance parameters have been compared and tabulated. 

 

***** 
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As the experimental validation of simulation results is very important 

in order to establish the feasibility and significance of the proposed work, a 

prototype has been built in hardware. In this work, the ‘C’ code for the 

hardware realization has been developed in MATLAB/SIMULINK 

environment, using Code Composer Studio (CCS) which is an Integrated 

Development Environment (IDE) as well as Control SUITE which includes 

drivers, examples and other necessary software support. This generated code 

is deployed into hardware through an USB interface. Speed estimation and 

average current generation methods adopted are simulated for verifying the 

authenticity of hardware results and the simulation results are also 

discussed. 

6.1Components used 

The functional block diagram depicting the development of hardware 

setup is shown in Fig. 6.1. The main components used include power 

supply, microcontroller development board, three phase inverter with its 

control circuitry and the motor to be controlled. The detailed description of 

the above said components is discussed in the following sections. 
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Fig. 6.1 Block diagram depicting development of hardware setup 

6.1.1 Power supply 

A single output 120W, 24V, 5A switching power supply with model 

No. S-120-24 has been used and its specifications are shown in Table 6.1. 

Table 6.1 Specifications of power supply 

Model No. S-120-24 

Output power 120 W 

Input voltage 220 V 

Output voltage 24V 

Output frequency 47~63 Hz 

Output current 5A 

Protections Short circuit/ Overload/ Overvolt/Overtemp 

6.1.2 Microcontroller development board 

The microcontroller development board used for hardware 

implementation is C2000™ Delfino™ LaunchPad™ LAUNCHXL-F28377S. 

It is a development board for the Texas Instruments Delfino F2837xS devices 

which is shown in Fig. 6.2. This stands good for motor control applications, 

power conversion applications, signal processing etc. The LAUNCHXL-

F28377S includes a pre-programmed TMS320F28377S device. This kit 
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includes all hardware and software requirements that are essential to develop 

applications based on TMS320F28377S microprocessor. In order to reduce 

software development time, controlSUITE software which is a set of software 

tools has been employed in this work. CCS Version 6 has been downloaded in 

order to write the code, download onto the LAUNCHXL-F28377S board and 

to debug. An USB interface which provides a UART serial communication 

between F28377S device and PC which makes it user friendly has been 

utilized [186]. The pin diagram of LAUNCHXL-F28377S is included in 

Appendix I. The Delfino™ TMS320F2837xS is a powerful 32-bit floating-

point microcontroller unit (MCU) with a signal processing frequency of 200 

MHz designed for advanced closed-loop control applications such as 

industrial drives, servo motor control, solar inverters, converters, 

transportation and power line communications. The functional block diagram 

of the same is included in Appendix II [187].   

 

Fig. 6.2 Snapshot of LAUNCHXL-F28377S 

Four independent 16-bit Analog to Digital Converters (ADC) provide 

precise and efficient management of multiple analog signals, which ultimately 

boosts system output. Other analog peripherals include Digital to Analog 

Converter (DAC), temperature sensor and comparator subsystem (CMPSS). 

The control peripherals include Enhanced PWM channels (ePWM), Enhanced 

Capture (eCAP) Modules, Enhanced Quadrature Encoder Pulse (eQEP) 

Modules and Sigma-Delta Filter Module (SDFM). The ePWM peripheral is a 
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key element in controlling many of the power electronic systems found in 

both commercial and industrial equipment. It is able to generate complex 

pulse width waveforms with minimal CPU overhead.  

6.1.3 Driver 

The motor drive used in this research work is BOOSTXL DRV 8301. 

It is the Booster pack based on DRV 8301 with three phase pre driver and 

CSD 18533Q5A N- channel power MOSFETs. It provides a complete drive 

stage for motor applications. It can be combined with LAUNCHXL kits to 

provide a three phase motor drive control. It has been designed with three 

phase voltage sense outputs and three phase low-side shunt current sense 

outputs. Its inbuilt Instaspin FOC sensorless control solution [188] has not 

been adopted. Instead hall signals have been estimated using three phase 

voltages sensed through three phase voltage sense pins. The pin diagram of 

DRV 8301 is included in Appendix III. The driver circuit BOOSTXL 

DRV8301 has been interfaced with LAUNCHXL F28377S board to achieve 

proper speed control of the BLDC motor. 

6.1.4 BLDC motor 

The BLDC motor used for building the prototype is a 42BL61 

Brushless motor with the specifications given in Table. 6.2.  

Table 6.2 Specifications of BLDC motor used for prototype 

Parameters Specification 

Number of poles 8 

Number of phases 3 

Rated voltage 24V 

Rated speed 4000 RPM 

Rated Torque 0.125 Nm 

Torque constant 0.036 Nm/A 

Line to line resistance 0.72Ω 

Line to line inductance 1.2 mH 

Moment of inertia 0.0048Kg-cm
2
 

Max. Peak current 10.6 A 

Length 61 mm 

Weight 0.45 Kg 
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6.2 Hardware implementation 

The implementation has been carried out through the following steps. 

The block diagram representation of the hardware implementation is shown 

in Fig. 6.3. 

1. Implementation of sensorless algorithm 

2. Generation of PWM 

3. Motor Starting strategy 

4. Speed estimation 

5. Speed controller strategy using H infinity control with PSO 

optimized weight generation 

6. Current controller 

7. Hardware in Loop Verification 
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Fig. 6.3 Block diagram representation of hardware implementation  

6.2.1 Implementation of sensorless algorithm 

Phase voltages which have been sensed through VA-FB, VB-FB and 

VC-FB of BOOSTXL DRV 8301 have been connected to channels ADCIN0, 

ADCIN2 and ADCIN5 of module A respectively in LAUNCHXL F28377S.  

 The ADC triggering and conversion sequencing is accomplished 

through configurable start-of-conversions (SOCs). Each SOC is a 
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configuration set defining the single conversion of a single channel. In that 

set, three parameters that are to be configured are the trigger source that 

starts the conversion, the channel to convert, and the acquisition (sample) 

window duration. Upon receiving the trigger configured for a SOC, the 

wrapper will ensure that the specified channel is captured using the 

specified acquisition window duration [189]. Enhanced PWM feature is 

used to generate PWM pulses with switching frequency 10KHz. Fig. 6.4 

shows the screenshot of ADC block parameters in which ADC has been 

synchronized with ePWM2 and the event trigger setting of ePWM and ADC 

have been synchronized with SOCA. 

 

Fig. 6.4 Block parameters of ADC 

Based on the phase voltage values captured, the sensorless algorithm 

has been incorporated as discussed in section 4.1.2 of chapter 4. For 
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verification purpose, the commutation instants obtained from physical hall 

sensors and emulated hall sensor signals are obtained using logic analyzer as 

shown in Fig. 6.5. The first three channels from 0 – 2 depicts the physical 

hall sensor signals and last three channels from 3 – 5 shows emulated hall 

sensor signals obtained through GPIO digital outputs. It can be observed 

that the sequence is same in both methods. 

 

Fig. 6.5 Screenshot of physical hall sensor and emulated hall sensor signals 

6.2.2 Motor Starting strategy 

As the sensorless algorithm depends on zero crossing of back EMF, 

initially motor requires a starting strategy for the back EMF to build up. 

Once the motor rotates, back EMF builds up and the rotor position can be 

detected, so that appropriate switching signals can be given for further 

rotation and the motor catches up with the sensorless algorithm. For 

achieving this, the initial hall sensor signals which are the replica of 

switching signals emulated by sensorless method are given for 2 seconds. 

Table 6.3 shows the emulated hall sensor signals, their corresponding 

commutation signals.  
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Table 6.3 Commutation signals corresponding to emulated hall sensor signals 

Emulated hall sensor signals 
Corresponding commutation 

signals 

h_a h_b h_c Phase a Phase b Phase c 

0 1 1 -1 0 1 

0 1 0 -1 1 0 

1 1 0 0 1 -1 

1 0 0 1 0 -1 

1 0 1 1 -1 0 

0 0 1 0 -1 1 

 

The code for starting the motor which  represent the  initial hall 

sensor signals Sa1, Sb1, Sc1 shown below  are given for 2 seconds..    

Sa1 : [0 0 1 1 1 0] 

Sb1: [1 1 1 0 0 0] 

Sc1: [1 0 0 0 1 1] 

After 2 seconds, once the motor starts to build up back EMF, the 

emulated hall sensor signals Sa, Sb, Sc from sensorless algorithm picks up 

and the motor continues rotating.  

6.2.3 Generation of PWM 

The two switches in an inverter leg cannot be switched on 

simultaneously at a particular instant as this will lead to a short circuit which 

should be avoided. A logic circuit is designed for the appropriate switching 

of inverter switches. Based on the logic circuit and emulated hall sensor 

signals, the inverter switches are selected. Based on the regulated output 

obtained from current controller, PWM signals are generated using ePWM 

blocks of TMS320F28377S. A and B channels of three PWM modules such 

as ePWM2, ePWM6, and ePWM10 are used for generating six PWM pulses 

for six switches. 
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For the proper synchronization of ADC and ePWM, the event trigger 

has been enabled at ADC start of conversion for module A and a screenshot 

of the block parameters of ePWM showing event trigger is shown in Fig. 6.6. 

 

Fig. 6.6 Block parameters of ePWM showing event trigger 

The PWM pulse output obtained through channels 0 -5 of logic analyzer 

is shown in Fig. 6.7. Among these, channels 0, 2 and 4 represent PWM pulses 

for the upper switches S1, S3 and S5 respectively. Similarly channels 1, 3 and 5 

represent the PWM pulses for the lower switches S2, S4 and S6 respectively.  

 

Fig. 6.7 Screenshot of six PWM pulses 
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6.2.4 Speed estimation 

Usually the eCAP feature in TI C2000 is used to capture the hall 

sensor signal to estimate the time period, frequency and hence the speed of 

rotor. The prototype developed using hardware support package for C2000 

TMS320F28377S in MATLAB 2016a version does not contain eCAP 

feature in its library. Since the hall sensors are replaced with sensorless 

technique, here the ecap feature has been mimicked using a counter at every 

rising edge of one of the emulated hall sensor signal. 

For verification purpose, the emulated hall sensor signal is replaced 

with a pulse generator of time period 10 milliseconds. The waveforms 

shown in Fig. 6. 8 show that the counter is reset at every rising edge of the 

pulse and the sample is held at that time. From this, the time period (T) can 

be obtained. Frequency is given by the reciprocal of time period and with a 

scaling factor speed can be obtained. 

  

Fig. 6.8  Simulation results of speed estimator circuit (a) Pulses (b) Counter 

between two rising edges (c) Time period (d) Frequency 

6.2.5 Speed controller strategy using H infinity control with PSO 

optimized weight generation 

The estimated speed thus obtained is compared with the reference 

value and the error is passed on to the H infinity speed controller whose 
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weights are optimized using PSO algorithm. The convergence plot of PSO 

is shown in Fig. 6.9. The total number of evaluations is 822.       

 

Fig. 6.9 Convergence plot of PSO 

The controller transfer function is given by Eq (6.1).  

    
                        

                             
  (6.1) 

The optimized weight W1 is given by Eq (6.2) and W2 and W3 are 

0.16 and 0.02 respectively. 

    
            

          
  (6.2)  

From the bode plot of the controller which is shown in Fig. 6.10  it 

can be inferred that the gain margin is 32.8dB and the phase margin is 

between -139 to 132. 

 

Fig. 6.10 Bode plot of controller 
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The sensitivity and complementary sensitivity plots of the controller 

are shown in Fig. 6.11(a) & 6.11(b) respectively. It can be observed that the 

controller can provide -80 dB sensitivity at low frequencies. The sensitivity 

and complementary plots follow the trade off in which sensitivity function S 

is low for lower frequencies thereby achieves better reference tracking as well 

as disturbance rejection and complementary sensitivity function T is lower for 

high frequencies which leads to insensitivity to noise and errors in modeling.  

 

(a)                                                             (b) 

Fig. 6. 11 (a). Sensitivity plot    (b). Complementary sensitivity plot 

6.2.6 Current controller 

DRV 8301 BOOSTXL has low side current shunt sense in each leg 

and the currents in each leg of inverter are sensed through channels 1, 3 and 

4 of ADC module A. These current values obtained through ADCs are then 

added to get the average current value.  Fig. 6.12 shows the simulation 

result of three phase currents and their average current. This average current 

value is compared with the current reference value obtained from outer 

speed loop and the error is then passed onto the current controller which is 

PI controller.  Table 6.4 shows the proportional and integral values of PI 

controller. PWM signals are generated from the controller’s output to switch 

on and off the inverter switches. 
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Fig. 6.12  Simulation results showing three phase currents and the average 

current (a) Phase current ia (b) Phase current ib (c) Phase current 

ic (d) Average current 

 

Table 6.4 Constants of PI controller 

Constant Value 

Proportional (Kp ) 0.023 

Integral (Ki ) 0.012 

 

6.2.7 Hardware in Loop Verification 

The code that has been developed in SIMULINK with Embedded 

coder has been deployed to hardware and made to run. In order to obtain 

and verify the speed and current outputs, instead of Digital Storage 

Oscilloscope (DSO), Hardware in Loop verification is used in this work. 

This enables the data to be transmitted through Serial Communication 

Interface (SCI) Transmit and Receive registers. The values and their 

corresponding waveforms are viewed and verified through Hardware in 

Loop (HIL) verification via SCI as shown in Fig. 6.13.  
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Fig. 6.13 Hardware in Loop Verification through SCI 

6.3 Experimental Setup 

Using the components discussed under section 6.1, a prototype has 

been setup for experimental validation under no load as well as under loaded 

conditions. The waveforms of speed and current obtained with both PI as 

well as H infinity controllers are analyzed for reference tracking and 

disturbance rejection under sudden load variations and compared. 

6.3.1 Validation of motor performance under no load 

The hardware setup for experimental validation of the proposed 

controller for motor under no load is shown in Fig. 6. 14. The experiment 

has been conducted in order to study the performance of controllers for 

change in reference speed with the motor under no load. The reference 

speed has been initially set as 2500 rpm and at 30 seconds it has been 

increased to 3000 rpm. The experiment is conducted with PSO optimized PI 

speed controller as well as H infinity speed controller in the speed loop and 

the results are compared. 
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Fig. 6.14 Experimental setup with motor under no load condition 

The rotor speed of the motor with both controllers are shown in Fig. 

6.15 from which it can be inferred that both controllers track the reference 

speed but the PSO optimized H infinity controller with less overshoot.  

 

Fig. 6.15 Reference tracking of PI and H infinity controllers 
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Table 6.5 and Table 6.6 show  the performance  parameters of both 

PI and PSO optimised H infinity controller when the reference speed is 

changed from 3000 rpm to initial set speed of 2500 rpm  and when it is 

again changed from 2500 rpm to 3000 rpm respectively.  

Table 6.5  Comparison of parameters of both controllers when the reference 

speed is changed to initial set speed of 2500 rpm 

Controller 
Rise time 

(s) 

Peak Time 

(s) 

% 

Overshoot 

PI 4.9 6.2 -0.32 

H  infinity  4.5 6.5 -0.12 
 

Table 6.6  Comparison of parameters of both controllers when the reference 

speed is changed to final set speed of 3000  rpm 

Controller 
Rise time 

(s) 

Peak Time 

(s) 

% 

Overshoot 

PI 4.8 7.5 1.26 

H infinity  4.6 6.4 0.1 
 

The current waveforms with both controllers are shown in Fig. 6.16 

for a comparative study. It can be observed that the ripples in the current 

waveform of proposed controller is less than the PI controller which implies 

the reduction of torque ripples. 

 

Fig. 6.16 Current waveforms of PI and H infinity controllers 
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6.3.2 Experimental setup on load 

The performance of BLDC motor has been analyzed by coupling the 

motor with a generator supplying delta connected resistance network. The 

experimental set up with 42BL61 BLDC motor connected to another 42BL61 

BLDC motor which acts as a generator is shown in Fig. 6.17. The generator 

has been electrically loaded using a balanced delta connected resistors of 47 

ohms 10W in each arm. The study has been carried out during starting and 

also by applying the load during the period 30 - 40 seconds and by removing 

the load suddenly during the period 50 - 60 seconds.  

 

Fig. 6.17 Experimental setup for study of motor performance on load 

The speed tracking of BLDC motor on load with PI controller as well 

as proposed strategy is shown in Fig. 6.18 and Fig. 6.19 respectively. It can 

be observed that the proposed strategy exhibits better reference tracking 

compared with PI controller. It has been found that percentage overshoot, 

settling time and steady state error for the proposed strategy is less 

compared to PI controller during starting. 
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Fig. 6.18 Performance of BLDC motor on load with PI controller  

 

Fig. 6.19 Performance of BLDC motor on load with H infinity controller  

 The enlarged view of speed tracking with the application and 

removal of electrical load is shown in Fig. 6.20. It has been observed that 

the performance of H infinity controller displays more robust behavior 

during application and removal load. The results have been tabulated in 

Table. 6.7 and Table. 6.8.  
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Fig. 6.20  Enlarged portion of speed waveforms during load application and 

load removal 

Table 6.7 Performance parameters with PI controller 

Characteristic 

Time 

Interval 

(s) 

Rise 

time 

(s) 

Peak 

Time 

(s) 

% 

Overshoot 

Settling 

Time 

(s) 

Steady 

state error 

Starting 0-20 1.4 4.7 53.8 19.7 0.76% 

Application of load 30-40 - 1.2 -2.8 4.6 0.8% 

Load removal 50-60 - 1.2 3.24 4.6 0.36% 

 
Table 6.8 Performance parameters with PSO optimized H infinity controller 

Characteristic 

Time 

Interval 

(s) 

Rise 

time 

(s) 

Peak 

Time 

(s) 

% 

Overshoot 

Settling 

Time 

(s) 

Steady 

state 

error 

Starting 0-20 8.2 8.3 0.24 8.7 0.6% 

Application of load 30-40 - 1.5 -0.96 4.0 0.12% 

Load removal 50-60 - 0.5 1.12 1.7 0.12% 

When the load is applied during 30-40 seconds, a significant 

reduction of 1.84% of percentage overshoot, 0.6 seconds of settling time 

and 0.68% of steady state error has been observed with proposed strategy 

compared with PI controller. Similarly when the load is removed suddenly 

during 50-60 seconds, a reduction of 2.12% of percentage overshoot, 2.9 

seconds of settling time and 0.24% of steady state error has been observed. 

The reduction in percentage overshoot, settling time and steady state error 

with PSO optimized H infinity controller results in better reference tracking 
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in the presence of load disturbances.  

The enlarged view of current waveforms with the application and 

removal of electrical load is shown in Fig. 6.21. It has been observed that 

the magnitude of maximum current ripples with H infinity controller is 

0.886 whereas it is 1.079 with PI controller when the motor is under loaded 

condition. This implies a reduction of current ripples and hence a reduction 

in torque ripples with the proposed strategy compared with PI controller. 

 

Fig. 6.21  Enlarged portion of current waveforms during load application 

and load removal 

Thus a robust performance of BLDC motor has been achieved with the 

proposed strategy and it has been verified. 

Chapter Summary 

A prototype of H infinity speed controller with weights optimized by 

PSO technique for sensorless BLDC motor has been proposed, designed and 

implemented with TI C2000 Delfino LaunchPad LaunchXL-F28377S and 

BoostXL DRV 8301. Corresponding hardware support package has been 

utilized for the development of code. The sensorless technique has been 

adopted by calculating terminal voltage difference and thereby hall sensor 

signals are emulated. It has been observed that tracking reference with the 
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proposed strategy improves the overall performance of motor with less 

torque ripples and hence less vibration as well as smooth transition than 

conventional PI controller under no load condition. A detailed study of the 

parameters such as percentage overshoot, settling time and steady state error 

of the proposed strategy by the sudden application and removal of an 

electrical load has been done and the results have been compared with that 

of PI controller. It has been observed that there is a substantial reduction of 

these parameters with the proposed strategy when compared with PI 

controller. Moreover the current ripples are found to be reduced with the 

proposed strategy. This implies that the proposed strategy has been more 

robust with faster rejection of disturbances and better reference tracking 

thereby improves its performance on load.  

 
***** 
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Case studies have been conducted by simulation to prove the 

feasibility of proposed H infinity speed controller strategy in BLDC motors 

used as propulsion motors for submarines and AUVs. A submarine with 

standard operational profile and the four quadrant operation of the motor 

drive used in AUV have been studied and simulation results are discussed. 

7.1 Submarines 

A simplified electric propulsion power system [190] consists of a 

power generation unit in which the prime mover can be a diesel engine or a 

gas turbine coupled with a synchronous generator, a step down transformer, 

a power converter consisting of AC - DC rectifier along with an inverter and 

an electric motor coupled with propeller as depicted in Fig. 7.1. For the 

submarine considered for case study, the prime mover is a gas turbine and a 

synchronous generator is used to generate the rated voltage. This voltage is 

being stepped down using a delta-delta transformer. The operational profile 

of a submarine uses medium cruising speed. The remaining power obtained 

can be used for other loads including hotel loads as well as for pumps which 

is an added advantage. The rectifier and inverter decouple the power 

generation system with motor drive. 
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Fig. 7.1 Simplified block diagram of power flow in electric propulsion 

A BLDC motor is adopted as propulsion motor in the submarine considered 

since the literature suggests the implementation of this motor in submarines 

for its advantages such as noise reduction and low electromagnetic 

interference [159], [191]. The motor considered has specifications shown in 

Table 7.1. With these motor specifications, the transfer function of motor 

G(s) can be derived as (7.1). 

 ( )   
      

             
              (7.1) 

Table 7.1 Specifications of BLDC motor used in submarine 

Parameters Specifications 

Phase Resistance 1.95Ω 

Phase Inductance 2.3mH 

Rotor Inertia 0.1340 Kgm
2
 

Voltage constant 0.088V.s/rad 

Torque constant 0.088Nm/A 

 

PSO parameters derived for tuning gains of PI controller and H 

infinity controllers for the speed control of the motor considered are shown 

in Table 7.2. 
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Table 7.2 Parameters of PSO algorithm for both PI and H Infinity controllers  

Parameters PI H infinity 

C1 0.12 1.5 

C2 1.2 2.5 

Dimension 2 6 

Damp ratio 0.95 0.95 

Inertia 1.1058*10
-9 

0.005 

No. of birds 20 20 

Bird steps 20 5 

Variable Low [0.1 0.00001] [0.05 1 0.1 0.1 0.000001 0.00001] 

Variable High [4 1] [1.8 500 20 50 0.16  0.02] 

Evaluations 421 101 

Global Best Fitness 2.0364*10
4 

5.089*10
6 

 

The optimal values of PI controller gains and weights of H infinity 

controller obtained through PSO are shown in Table 7.3. 

Table 7.3 Gains and weights of controllers 

Gains of PI controller Weights of H infinity controller 

Kp Ki W1 W2 W3 

1.24 0.125 
             

          
 0.1162 0.02 

 

The convergence plots of PSO for PI as well as for H infinity 

controller are shown in Fig. 7.2 and Fig. 7.3 respectively. 

 

 

Fig. 7.2 Convergence plot of PSO for PI controller 
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Fig. 7.3 Convergence plot of PSO for H infinity controller       

The optimal transfer function of controller obtained with coefficients 

of its weights being optimized by PSO is given in (7.2) and the value of γ is 

obtained as 1.85. 

   
                              

                         
       (7.2) 

7.1.1 Simulation results 

A model of electric power system incorporating the power generation 

has been simulated in MATLAB/ SIMULINK/ SIMSCAPE platform with a 

gas turbine as the prime mover for a synchronous generator [190]. A delta-

delta transformer is used to step down the voltage to 500V. This ac voltage 

is then rectified with a diode rectifier whose output is fed to the sensorless 

BLDC motor through an inverter. The primary and secondary phase 

voltages of delta-delta transformer are shown in Fig. 7.4. It can be observed 

that rms values of primary and secondary phase voltages are obtained from 

measurements as 8051V and 291V respectively for the corresponding rated 

line voltages of 13.8 kV and 500V.  
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Fig. 7.4 Primary and secondary voltages of transformer 

The corresponding dc output of rectifier is shown in Fig. 7.5. It is 

obtained as 685V which can be verified from (7.3)   

     
 √ 

 
                                           (7.3)       

 

Fig. 7.5 DC voltage output of rectifier 

A simulation study has been conducted with operational profile of 

submarine VII C available in British admiralty report [192] which is shown in 

Table 7.4. A performance comparison study of proposed H infinity controller 

and PI controller has been carried out and results have been discussed. 

Table 7.4 Operational profile of submarine VIIC 

KNOTS 1.5 3 4.1 5.23 6.1 7.4 

Speed in 

RPM 
60 112 160 200 233 280 

 Dead slow Slow Half speed 3/5 speed ¾ speed Full 

The rotor speed is set to follow the standard operational profile 

which is shown in Fig. 7.6. At 0.3 sec, a load torque of 11Nm is applied and 

at 1.5sec a reversed torque of 11Nm is applied. The rotor speed with H 

infinity controller is found to be tracking the reference speed with less speed 

error than with PI controller in the presence of load disturbance. 
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Fig. 7.6 Rotor speed with a standard operational profile 

From the enlarged version of the speed characteristics shown in Fig. 7.7 

(a) and (b) it can be concluded that H infinity controller shows better command 

tracking and reduction in steady state error compared to PI controller. 

 

Fig. 7.7 (a). Rotor speed at 0.3 sec  (b) Rotor speed at 1.5 sec 
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The waveforms of electromagnetic torque obtained using both 

controllers when a load torque of 11Nm is applied at 0.3 seconds are shown 

in Fig. 7.8. It can be inferred that the torque ripples with H infinity control 

has been found to be less resulting in reduced vibration and noise signature 

which are the prerequisites in submarines. 

 

Fig. 7.8 Electromagnetic torque 

7.2 Autonomous Underwater Vehicles 

Autonomous Underwater Vehicle as the name indicates is a self-

controlled robot for performing a predefined task under sea or ocean. It is an 

independent swimming robot which has its power pack, guidance, control, 

navigation, sensors and thrusters intact on board. AUV finds its applications 

in various fields such as conservation of marine biodiversity, provision of 

exact information regarding coral reefs, concentration of fish population, 

quality of water like its oxygen concentration, pH concentration and so on. 

These tasks are performed with high reliability and precision with the help of 

advanced sensors than the older methods with human intervention. Also it is 

used in military applications such as detection of underwater mining, torpedo 

propulsion and so on where precision and accuracy is of primary concern.  

A computer based mission control system has been designed and 

implemented in MARIUS AUV for the simple communication with the end 
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user. Fig. 7.9 shows the general block diagram with main blocks for vehicle 

control system [172]. In this, vehicle guidance and control block provides 

the reference speed to be achieved based on the reference trajectory inputs 

from mission control system and navigation system to the actuator control 

system. This is necessary for the proper trajectory tracking in the presence 

of uncertainties such as variation in vehicle parameters and also due to 

external disturbances such as varying sea currents due to weather 

disturbances. As the name of AUV indicates it should be autonomous in 

every aspect. There are two controllers involved in proper propulsion of 

AUVs. The first one is motor controller and the second one is vehicle 

controller.  In this context, the work presented here mainly focuses on the 

motor controller significant in controlling the speed of thrusters which are 

coupled with propellers. Thus this work is of utmost important for 

maintaining the required velocity of the vehicle. 

 

Fig. 7.9 Vehicle control system 

The component diagram is shown in Fig. 7.10. The major 

components of electric thrusters include electric motors, motor controllers, 

gear box, shaft, propeller, and electric connector.          
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Fig. 7.10 Component diagram of thruster motor 

7.2.1 Four quadrant operation 

An electric motor can be operated in two modes – motoring and 

braking or regenerating. In motoring mode, it converts electrical energy to 

mechanical energy that supports its motion. In braking mode it acts as a 

generator and converts mechanical energy to electrical energy that opposes 

its motion. It has four quadrants of operation as shown in Fig. 7.11. In the 

first quadrant, both speed and torque are positive thereby forward motoring 

takes place. In the second quadrant, speed is positive but torque is negative 

indicates the forward braking region. Similarly in the third quadrant, both 

speed and torque are negative which indicates the reverse motoring region 

and in the fourth quadrant, speed is negative but torque is positive which 

indicates the reverse braking region.  As a case study, reference speed of 

BLDC motor is set at 1000 rpm. The four quadrant operation of the motor 

has been analyzed with both PI and H infinity controllers and the simulation 

results have been studied. 
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Fig. 7.11 Four quadrant operation of an electric drive 

The specifications of BLDC motor based on which the simulations 

have been carried out are shown in Table 7.5. 

Table 7.5 Specifications of BLDC motor used in AUV 

Rated Voltage 48 V DC 

Rated Current 17.95 A 

Rated Power 660W 

Rated Torque 2.1 Nm 

Rated Speed 3000 rpm 

Line to line Resistance 0.07Ω 

Line to line inductance 0.1mH 

Rotor inertia 0.00024Kgm
2 

Torque constant 0.117Nm/A 

The transfer function of the motor has been derived as (7.4). Table 7.6 

shows parameters involved in generation of optimal controllers using PSO. 
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  ( )   
     

                            
                  (7.4)         

Table 7.6 Parameters of PSO algorithm for both PI and H Infinity controllers  

Parameters PI H infinity 

C1 0.12 1.5 

C2 1.2 2.5 

Dimension 2 6 

Damp ratio 0.95 0.95 

Inertia 1.1058*10
-9 

3.3267*10
-10 

No. of birds 20 20 

Bird steps 20 20 

Variable Low [0.1 0.00001] [0.05 1 0.1 0.1 0.001 0.0001] 

Variable High [1 1] [1.8 500 200  50 0.16  0.02] 

Evaluations 421 422 

Global Best Fitness 4.0852*10
5 

3.8215*10
7 

 

The PSO optimized gains of PI controller and weights of H infinity 

controller are shown in Table 7.7. 

Table 7.7 Gains and weights of controllers 

Gains of PI controller Weights of H infinity controller 

Kp Ki W1 W2 W3 

0.9977 0.8561 
           

            
 0.14 0.015 

Fig. 7.12 and Fig. 7.13 represent the convergence plots of PSO for 

both PI and H infinity controllers. 
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Fig. 7.12 Convergence plot of PSO for PI controller 

 

Fig. 7.13 Convergence plot of PSO with H infinity controller 

 

The transfer function of the controller is obtained as (7.5) 

    
                      

                             
 (7.5) 

7.2.2 Simulation results 

A simple trapezoidal trajectory is enough to increase the velocity of 

the vehicle from zero to desired value and then to reduce it back to zero. It 

should be kept in mind that while generating trajectory, the acceleration and 

velocity should be limited based on vehicle’s capabilities [193]. As part of 
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analysis in the four quadrants the reference speed and load torque are set 

[194] as shown in Table. 7.8. As a detailed study the performance of motor 

is analysed in each quadrant.  

Table 7.8 Reference speed and load torque values  

Quadrant Mode 
Time in 

seconds 

Speed 

(ω) 

Torque 

in Nm 
Power 

I Forward Motoring 0.5 1000 1 Positive 

IV Reverse Braking 0.7 -1000 1 Negative 

III Reverse Motoring 1.0 -1000 -1 Positive 

II Forward Braking 1.2 1000 -1 Negative 

Accordingly the simulation has been carried out with both speed 

controllers in order to compare their performance with the motor drive 

under four quadrant operation. The speed waveforms of the motor in the 

first and fourth quadrants as well as in the third and second quadrants with 

both controllers are shown in Fig. 7.14 and Fig. 7.15 respectively.  

 

Fig. 7.14 Speed waveform of the motor operating in first and fourth quadrants  
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Fig. 7.15 Speed waveform of the motor operating in third and second quadrants 

It can be inferred that in the forward and reverse motoring region (I & 

III quadrants), the proposed strategy tracks the reference speed with an 

overshoot of 2% less than PI controller. Similarly when there is a change in 

reference speed at 0.7 seconds during reverse braking region (IV quadrant)  and 

at 1.2 seconds during forward braking region (II quadrant), the tendency of 

proposed strategy to track the reference speed is more significant than PI 

controller. These features make the proposed strategy more robust than PI 

controller in the presence of disturbances such as load reversals and reference 

speed change. 

Moreover Fig. 7.16 depicts the electromagnetic torque ripples in first 

(I), second (II), third (III) and fourth (IV) quadrant operations. It can be 

inferred that during regenerating modes as shown in second and fourth 

quadrants, the torque ripples are higher with PI controller compared with 

proposed H infinity control strategy. It is observed that in the forward 

braking region (II quadrant), the torque oscillates between 5.464 Nm to -

6.217 Nm with PI controller whereas the oscillations are between 1.692 Nm 

and -1.28 Nm with H infinity controller. Similarly, in the reverse braking 

region (IV quadrant), the torque oscillates between 5.356 Nm and -5.298 

Nm with PI controller whereas it oscillates between 2.014 Nm and -1.474 

Nm with the proposed strategy. 
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Fig. 7.16  Comparison of Electromagnetic torque of both controllers with 

the motor in four quadrant operation 

Chapter Summary 

A case study through simulation has been conducted using PSO 

optimized H infinity controller as speed controller of BLDC motors used as 

propulsion motors in submarines. A comparative study of the proposed strategy 

has been supplemented with PSO optimized PI controller and the  simulation 

results show that the proposed strategy improves the steady state error, reduces 

noise and vibration as well as exhibits better speed command tracking. This 

leads to improved maneuverability, reduced noise signatures which are the 

requisites for submarines. Similarly this strategy has been simulated for 

electrical thrusters in AUV and a four quadrant operation has been studied with 

both controllers. The simulation results confirm the good reference tracking and 

rejection of load disturbances with the proposed strategy when compared with 

PI controller. During braking operation of the motor drive, the proposed 

controller strategy exhibits reduced torque ripples compared to PI controller. 

This helps in achieving a smooth operation of AUV. 

***** 
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The robust control of BLDC motors is a vast developing area as it 

finds its applications in military, aerospace, marine electric propulsion and 

so on. Insensitivity to disturbances, uncertainties and modeling errors is 

expected from the motors used in these applications. A detailed research 

review has been conducted in order to identify the research gap that exists in 

this field and the implementation of H infinity speed controller with its 

coefficients of weights optimized by PSO to make the BLDC motor 

performance robust against load disturbances and reference changes is 

proposed.   

The sensorless technique using line to line voltage difference has 

been adapted for the rotor position detection of BLDC motor control since 

this saves cost, space, external wiring and phase correction circuitry. The 

speed control of BLDC motor has been designed with a H infinity controller 

with its coefficients of weights optimized by PSO for achieving robust 

performance. For comparison purpose a PI speed controller has been 

designed with its gains optimized by PSO. 

The speed control of BLDC motor with the adapted sensorless 

technique has been modeled in MATLAB / SIMULINK environment and a 

case study in simulation has been conducted. It has been observed that the 

controller can provide -0.22 dB sensitivity at low frequencies. The 

simulation results were compared with that of a PI controller. An 

improvement of 0.6% of rise time, 0.5% reduction in steady state error has 

been observed.  
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The simulation studies conducted have been validated with the 

implementation of the model in hardware using C2000™ Delfino™ 

LaunchPad™ LAUNCHXL-F28377S as the development board and Booster 

pack based on DRV 8301 as the motor driver. The code has been generated in 

MATLAB environment using CCS Version 6 and control SUITE.  

Experimental study has been conducted with the motor on no load 

and loaded conditions and a comparative study has been carried out with 

both controllers. The speed and current / torque variations were observed for 

change in reference speed and sudden load variations. It has been observed 

that the controller can provide -80 dB sensitivity at low frequencies. It has 

also been observed that there is an improvement of 0.2 seconds in rise time, 

1.1 seconds in peak time as well as 1.25% in overshoot during reference 

tracking. The current ripples with the proposed controller strategy are found 

to be less which implies the reduction of torque ripples. Similarly there is an 

improvement of 0.3 seconds in peak time, 1.84% in overshoot, 0.6 seconds 

in settling time and 0.68% in steady state error has been observed during the 

sudden application of load. During the sudden removal of load, the proposed 

H infinity controller shows an improvement of 0.6 seconds in peak time, 

1.12% in overshoot, 2.9 seconds in settling time and 0.24% in steady state 

error.  

BLDC motor has been used in marine electric propulsion system as 

propulsion motor and as thruster motor coupled with propellers in AUVs 

due to their high torque, high efficiency, low EMI, and less noise. Case 

studies were conducted with the proposed controller strategy in BLDC 

motors used in submarines with a standard operational profile and the four 

quadrant operation of the motor in AUVs. 

A comparative study of the proposed controller and PI controller has 

been conducted through simulation with operational profile of submarine 
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VIIC available in British admiralty report. It has been observed that 

whenever there is change in reference speed and during the load 

disturbances, the proposed control strategy exhibits a robust behavior with 

reduction in rise time and steady state error. The reduction of torque ripples 

reduces noise and vibration which is the prerequisite for escape from enemy 

detection in submarines. 

The four quadrant operation of the BLDC motor used as thruster 

motor coupled with propellers has been studied due to their applications in 

sea surface area exploration, sea border surveillance and their role in 

underwater study. A comparative study of both controllers has been done 

and the results have been discussed. During forward braking region, the 

torque ripples with the proposed controller strategy are found to be reduced 

by 8.709 Nm. Similarly in the reverse braking region, a reduction of 7.161 

Nm in torque ripples has been observed with the proposed controller 

strategy compared with PI controller. This demonstrates the robust 

behaviour of the proposed H infinity speed controller with its coefficients of 

weights optimized by PSO compared with PI speed controller with its gains 

optimized by PSO. 

Significant contribution 

 Implementation of H infinity speed controller for the robust control 

of sensorless BLDC motor drive.  

 Adaptation of PSO technique for optimal tuning of coefficients of 

weights in an H infinity controller. 

 Hardware realization using Texas Instruments C2000 Delfino 

Launchpad LAUNCHXL F28377S microcontrollers with its 

hardware development package along with motor drive booster pack 

BOOSTXL DRV8301 for achieving BLDC motor control with 

sensorless technique for validation of simulation results. 
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 Simulation of case studies for submarines with realistic operational 

profile has been conducted. A four quadrant operation of the motor 

used in AUV with proposed controller has been done in order to 

study its performance in the motoring and regenerating modes. 

 Improvement in speed tracking, reduction of torque ripples and 

response time as well as improvement in stability of the motor under 

disturbances have been achieved by implementing H infinity 

controller as speed controller  

Limitations 

The synthesized H infinity controller is unique for each system. This 

led to the optimization procedure to be repeated for each motor 

specification. Moreover it does not respond well to non-linear constraints 

such as saturation. The success of this control lies in the proper choice of 

weighting function.  

PSO has been incorporated as an offline optimization. The values of 

system parameters are defined before the actual implementation. This results 

in the negligence of variation in parameters that may happen in real case. 

Moreover PSO also has the disadvantage of premature convergence. 

The basic conventional PSO algorithm has been implemented in this 

work without any constraints and there is only one objective of 

minimization of the error.  

Future scope 

PI controller has been used in the inner current loop in this work. H 

infinity controller can be incorporated as current controller also and the 

complete system can be controlled with H infinity theory.  



Conclusion 

Optimal Tuning of H Infinity Speed Controller for Sensorless BLDC Motor using PSO and its Simulation Study in Underwater Applications         111 

Online optimization strictly depends upon optimization time since data 

collection, sampling and processing of real time data consumes time. Since 

the parameters required in the case of PSO is less, its optimization time is 

also less and hence it can be used for online optimization. The constraints 

pertaining to error can also be applied.  

A comparative study can also be conducted with the weighting functions 

optimized by other optimization techniques such as Genetic Algorithm, ant 

colony algorithm or hybrid optimization techniques such as Particle swarm 

Optimization Cuckoo search (PSO-CS), PSO-GA and Genetic Ant Colony 

Optimization (GACO). 

Hardware realization of an AUV with its propulsion motor control using 

the proposed strategy can be accomplished. The four quadrant operation of 

the motor can be studied in hardware for achieving the realistic 

improvement in its performance. 

***** 
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