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Abstract 

Precise torque and speed control of electric motors is a key issue in industries for 

variable speed drives (VSD). Over the years the induction motors have been widely 

utilized in industries for VSD applications. However, induction motor has some 

significant drawbacks like low efficiency, lagging power factor, asynchronous speed, low 

torque density etc. Nowadays the interior permanent magnet synchronous motor 

(IPMSM) is becoming popular for high performance variable speed drive (HPVSD) due 

to its high torque-current ratio, large power-weight ratio, high efficiency, high power 

factor, low noise and robustness as compared to conventional induction and other ac 

motors. Smooth torque response, fast and precise speed response, quick recovery of 

torque and speed from any disturbance and parameter insensitivity, robustness in variable 

speed domain and maintenance free operations are the main concerns for HPVSD.  

This work proposes a closed loop vector control of an IPMSM drive incorporating 

two separate fuzzy logic controllers (FLCs). Among them one FLC is designed to 

minimize the developed torque ripple by varying online the hysteresis band of the PWM 

current controller. Another Sugeno type FLC is used to tune the gains of a proportional-

integral (PI) controller where the PI controller actually serves as the primary speed 

controller. Thus, the limitations of traditional PI controllers will be avoided and the 

performance of the drive system can be improved.  A flux controller is also incorporated 

in such a way that both torque and flux of the motor can be controlled while maintaining 

current and voltage constraints. The flux controller is designed based on maximum-

torque-per-ampere (MTPA) operation below the rated speed and flux weakening 
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operation above the rated speed. Thus, the proposed drive extends the operating speed 

limits for the motor and enables the effective use of the reluctance torque.  

In order to verify the performance of the proposed IPMSM drive, first a 

simulation model is developed using Matlab/Simulink. Then the complete IPMSM drive 

has been implemented in real-time using digital signal processor (DSP) controller board 

DS1104 for a laboratory 5 HP motor. The effectiveness of the proposed drive is verified 

both in simulation and experiment at different operating conditions. In this regard, a 

performance comparison of the proposed FLC based tuned PI and adapted hysteresis 

controllers based drive with the conventional PI and fixed bandwidth hysteresis 

controllers based drive is provided. These comparison results demonstrate the better 

dynamic response in torque and speed for the proposed IPMSM drive over a wide speed 

range.  
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Chapter 1 

Introduction 

1.1 Electric Motors 

The invention and consequent improvements of different electric motors is one of 

the most significant success points of modern science history. Apparently the modern 

civilization would not have flourished in the 20th century in the same conquering way as 

we observe today but for the growth and use of electric motors in every aspect of science 

and technology. Most common people might say that they do not see an electric motor 

everyday like they do a light bulb or telephone just because of the fact that electric 

motors are seamlessly integrated in many household appliances, as well as industries, 

such that they are sometimes difficult to recognize. Very common examples of household 

appliances incorporating electric motors are microwave oven, washing machine, dryer, 

refrigerator, air conditioner etc. Electric motors act as the workhorses for almost every 

industry like paper mills, cement factories, petroleum industry, plastic industry, 

automotive industry, mining and drilling companies, robotics, automation etc. Basically 

an electric motor uses electrical energy to produce mechanical energy, typically through 

the interaction of magnetic fields and current-carrying conductors as explained by 

Lorentz force law. They may be powered up by direct current or alternating current 

depending on their structure and today they consume more than half of all electrical 

energy produced. 
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1.1.1 Brief History 

Michael Faraday demonstrated the conversion of electrical energy into 

mechanical energy by electromagnetic means for the first time in 1821. In his 

experiment, he showed that a free-hanging wire, dipped into a pool of mercury, rotated 

around a permanent magnet when a current was passed through the wire [1]. In 1828 

Hungarian inventor Anyos Jedlik demonstrated the first electromagnetic rotating device 

which contained the three main components of practical direct current motors: stator, 

rotor and commutator. There were some other refinements too around that time but they 

were demonstration devices only and unsuitable for practical applications due to their 

primitive construction. 

The first commutator-type DC motor capable of taking significant loads was 

invented by British scientist William Sturgeon in 1832 which was then followed by DC 

motor built and patented by American inventor couple Emily and Thomas Davenport in 

1837 [1]. But these motors had the critical drawback of high cost of zinc electrodes 

required in the primary battery, and therefore they were commercially unsuccessful. 

The modern DC motor was invented by accident in 1873 when Belgian electrical 

engineer Zenobe Gramme connected his invented dynamo to another similar unit, driving 

it as a motor. The Gramme machine was also the first industrially successful electric 

motor. In 1886 “Father of Electric Traction” Frank J. Sprague invented the first practical 

non-sparking DC motor suitable for variable speed and load conditions, which he 

subsequently used to develop the first electric trolley and electric elevator systems. The 

first practicable AC motor (initial brushless induction motor) was invented by Nikola 

Tesla in 1887, and he continued his works on it in the following years in George 
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Westinghouse’s company [2]. This invention of induction motor is a breakthrough in 

electric motor history as AC motors are more robust, efficient and effective than 

previously introduced DC motors. Introduction of Tesla's motor from 1887 onwards also 

initiated what is sometimes referred to as the “Second Industrial Revolution”, making 

possible both the efficient generation and long distance distribution of electrical energy 

using Tesla’s another invention, the polyphase alternating current transmission system 

[2]. 

 

1.2 Classification of Electric Motor 

Electric motors are mainly classified as DC and AC types. The detailed 

classification is shown in Fig. 1.1. The relevant and significant types will be discussed in 

the following sub-sections.  

 

1.2.1 DC Motor 

A brushed DC motor uses internal commutation to create an oscillating AC 

current from DC source. The stator or field is either a wound or permanent magnet type. 

The rotor or armature consists of one or more coils of wire wound around a shaft and the 

DC source is connected to the rotor coil through the commutator and the brushes, causing 

the current to flow in the armature and thereby producing electromagnetism effect. The 

commutator actually causes the current direction in the coils to be reversed as the rotor 

turns in order to keep the magnetic poles of the rotor from ever fully aligning with the 

magnetic poles of the stator, such that the rotor keeps rotating indefinitely as long as 

electric power is applied and is sufficient enough to sustain load torque, friction and other  
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losses. Separately excited DC motor has the advantage of easy control method but has 

high initial cost and high maintenance (commutator) cost [3, 4]. 

 

1.2.2 Induction Motor 

An induction motor is an asynchronous AC motor where power is supplied 

directly to the stator and then the power is transferred to the rotating part by means of 

electromagnetic induction. The rotor can be a wound one or squirrel-cage type where 

conductive bars are set into grooves and connected together at both ends by shorting rings 

 
 

Figure 1.1: General classification of electric motors. 
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forming a cage-like shape. From the analogy of their working principles, an induction can 

be also referred as a rotating transformer because the stator is essentially the primary side 

of the transformer and the rotor is the moving secondary side. Induction motors are 

robust, durable and least expensive, and that’s why they are widely used in industrial 

drives [3-5]. 

 

1.2.3 Synchronous Motor 

A conventional synchronous motor works with similar induction principle except 

that the rotor is excited by an external DC field so as to ensure that it has zero slip under 

normal operating conditions. Slip rings and brushes are required to conduct current to the 

rotor. Once the rotor starts running at near synchronous speed then the rotor field is 

excited externally, and thereby allowing the rotor poles to be aligned with the magnetic 

stator poles and move at the same speed with rotating magnetic field. Hence the name is 

synchronous motor [3-5]. 

 

1.2.4 Permanent Magnet Synchronous Motor 

A permanent magnet synchronous motor (PMSM) is a variation of synchronous 

motor where the field excitation is provided by permanent magnets contained in the rotor. 

Thus, in contrast with conventional synchronous motor, external power supply with field 

winding, slip ring and brushes are not required. This also eliminates the power loss due to 

excitation winding. Recent improvement and popularity of PMSMs is directly related to 

the success achieved in high-energy permanent magnet materials. Rare earth magnetic 

materials and their alloys such as neodymium-boron-iron (Nd-B-Fe), samarium-cobalt 
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(Sm-Co), aluminium-nickel-cobalt (Al-Ni-Co) etc. have a high residual and coercive 

force than the ferrite materials. But they are also very expensive and so they are usually 

used for high performance variable speed drives (HPVSD) where high torque to inertia 

ratio is a demanding feature [6-8].  

Based on the permanent magnets’ positions within the rotor, PMSM can be of 

several types which are discussed below [7, 8]. 

(a) Surface mounted type (SPMSM): 

 In this type, the permanent magnets are mounted on the surface of the rotor and 

are typically glued to the rotor with a non-conducting material. It is a non-salient type 

motor (Lq = Ld), and therefore it can only utilize the developed torque and not the 

reluctance torque. It has a large air gap which weakens the armature reaction effect. So its 

operation is restricted to low speed and constant torque region. Its cross-sectional view is 

shown in Fig. 1.2(a). 

 (b) Inset type PMSM: 

 In this type, the permanent magnets are fully or partially inset into the rotor core 

and are typically glued directly or banded with a non-conducting material inside the rotor. 

Its cross-sectional view is shown in Fig. 1.2(b). It has smaller and relatively smoother air 

gap than SPMSM. This type is also not suitable for high speed applications. 

(c) Interior type permanent magnet synchronous motor (IPMSM): 

 As shown in Fig. 1.2(c), the permanent magnets are embedded in the interior of 

rotor core of IPMSM. This is the most recent method of attaching the permanent magnet 

and this structure type overcomes the inherent drawbacks of the other two types because 

of its narrower and smoother air gap. This is a salient type motor (Lq > Ld), which gives 
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Figure 1.2: Cross-sectional views of different type of permanent magnet synchronous 

motors, (a) Surface mounted type (SPMSM), (b) Inset type, (c) Interior type 

(IPMSM). 
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provision of many advantageous features. This motor type is chosen as the working 

model of this research work and this choice is discussed and justified in the next section. 

 

1.3 Choice of Motor 

Among the commercially used electric motors, DC motor, particularly separately 

excited DC motor, requires the simplest control strategy because of the decoupled nature 

of its field and armature quantities. So the flux and torque of the DC motor can be 

controlled separately and hence the control task is very easy. That’s why it was widely 

used in variable speed drive (VSD) applications for a long time. But DC motor has 

critical disadvantages such as low torque density, low power-weight ratio, limited speed 

range of operation, power loss in field circuit, lack of robustness, frequent maintenance 

requirement, high cost due to brushes and commutators. On the contrary, fast and precise 

speed response, quick recovery of speed from any disturbances and parameter 

insensitivity, robustness in variable speed domain and maintenance free operations are 

the main concerns for HPVSD applications. So, induction motors and synchronous 

motors were introduced by researchers in HPVSD applications in order to overcome the 

aforementioned drawbacks of DC motor. Induction motor (IM) is very popular and 

widely used in various industry applications because of certain advantages over DC 

motor like low cost, robustness in structure and power supply connection, low 

maintenance requirement etc. But IM has some inherent limitations that researchers 

cannot ignore when performance rather than cost is the top priority. IM always has to 

operate at a lagging power factor as the rotor current is induced from the stator side. 

Besides it always runs at lower than synchronous speed and that is why rotor quantities’ 



 9 

calculations depend on slip speed. Moreover, real-time implementation of IM drive 

requires sophisticated modeling and estimation of machine parameters. 

The disadvantages of DC motor and IM encouraged further extensive research on 

synchronous motor (SM) in HPVSD applications. An SM’s control algorithm is less 

complex because it rotates at synchronous speed and thereby eliminates slip power loss. 

But again conventional SM has some disadvantages like additional external DC power 

supply requirement, presence of slip rings and brushes at the rotor side. PMSMs provide 

a very good solution in this case by eliminating extra power supply, slip rings, brushes 

and power loss due to excitation. It is already proved that PMSM provides more torque 

density and operates at higher efficiency than IM, and the inverter size is also greatly 

reduced within speed range below and above rated speed [9]. 

The IPMSM is lighter and more robust than the other PMSM types because of its 

compact rotor structure. There is no copper wear on the rotor and so it does not have the 

problem of excessive shaft heating. Because of its smooth rotor surface and narrower air 

gap, the noise level of IPMSM is much lower than that of IM and other PMSMs. IPMSM 

is a salient type motor which means its q-axis inductance (Lq) is larger than the d-axis 

inductance (Ld). This saliency gives the provision of utilizing reluctance torque, and 

applying flux weakening operation and thereby enabling the motor operation above rated 

speed in constant power region. By applying closed loop vector control for IPMSM drive 

and using Park’s transformation method [10], it is possible to decouple the flux and 

torque controlling components of IPMSM quantities. Thus the motor behaves like a 

separately excited DC motor while maintaining general advantages of AC motor over DC 

motor. The detail of the vector control method is discussed in chapter 2.  
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In summary, IPMSM, which has been selected as the working model of this 

research work, is better suited to HPVSD applications in a wide speed range than its 

counterparts, and thereby proving its selection as a wise option as per knowledge and 

concern of the author. 

 

1.4 Literature Review 

 Dynamics and control of ac motor drives are complicated and their complexity 

increases with high quality performance requirements in variable speed and load 

conditions. So researchers were encouraged to implement their HPVSD using advanced 

power electronics technology. The demand for control of electric power for electric 

motor drive systems and industrial controls existed for many years, and evolutionary 

advancements have been achieved in power semiconductor and microprocessor 

technologies on the design of electric motor drives over the last few decades. Scalar 

control like open loop volts/Hz control has been used popularly in low performance 

drives because of its simplicity but it is not a good choice for high performance drives 

because of its poor transient response, limitation in torque control and sensitivity to 

disturbances. So closed loop vector control is chosen in this work which is the 

sophisticated method for HPVSD. 

 The controllers used in motor drives research works can be broadly categorized 

into three types such as: (a) fixed gain types, (b) adaptive types, (c) artificial intelligent 

types. Over the years, many research works have been reported incorporating these 

controllers in motor area and other research areas. Relevant research works have been 

briefly discussed below in subsections 1.4.1, 1.4.2 and 1.4.3. Combination of these 
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controllers in hybrid or tuned approach is discussed in subsection 1.4.4. Another 

important aspect of this research work is the hysteresis band adaptation of PWM current 

controllers which is also employed in some research areas other than motor drives. These 

research works are also discussed in subsection 1.4.5. 

 

1.4.1 Fixed Gain Controllers 

 Microprocessor based control and implementation of inverter fed PMSM drives 

are presented by T. H. Liu et al. [12], and B.K. Bose, P.M. Szczesny [13]. In [12], a 

method was proposed to improve the hysteresis current controller performance at low 

speed by utilizing freewheeling period. But overall performance is degraded as the 

average torque is reduced in this work. In [13], the operational region is divided into a 

constant-torque region and a high-speed field-weakening constant-power region. For 

controlling purpose in constant-torque region, the vector or field-oriented control 

technique is used with the direct axis aligned to the stator flux. PI controller is used to 

generate command d-q axes currents to control the speed of the motor. But this controller 

is sensitive to parameter variations and load disturbance and also the microcontroller 

based computer aided control system used here is relatively costly for simple PI 

controller implementation. Besides, it cannot deliver good performance in a wide range 

of speed. The same author [14] implemented a high performance inverter fed IPMSM 

drive using closed loop torque control method and feedback torque estimation. Though 

the proposed drive incorporated both constant torque and constant power regions, 

dynamic speed performance was not justified as only fixed speed performance was 

investigated. Some works have been reported on modelling, simulation and analysis of 
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controllers for vector controlled PMSM drive using state space model by Pillay and 

Krishnan [15-18]. In these works, transient and steady state performance were 

investigated as well as the performance of hysteresis and ramp comparator controllers. 

The authors have used linear PMSM model, i.e. forcing id equal to zero, to design PID 

type speed controller. But reluctance torque cannot be utilized and flux cannot be 

properly controlled without id. Besides, the drive performance is sensitive to parameter 

variation and dynamic conditions because of PID controller. So the performances of 

those drives have been limited to certain range of speed. 

However, Jahns [19] proposed a flux weakening operation of IPMSM to examine 

drive performance over an extended speed range. In this method, d-axis rotor current is 

calculated from available phase currents and d-axis reference current. Jahns and 

Macminn [20] described another control technique to improve the performance of current 

regulators operating in the stationary reference frame. Speed-dependent back EMF and 

inductive voltage drops are compensated such that steady-state current errors are 

cancelled at all speeds until current regulator saturation limits are reached. But this 

technique is not applicable for a very wide range speed and the overall performance is not 

very satisfactory. Jahns et al. [21] proposed an adjustable IPMSM speed drive based on 

controlling the torque component of stator current. In this work, the author considered the 

effect of rotor configuration and current regulator saturation. But the method cannot 

provide a smooth transition from the constant torque mode to the constant power mode 

while the motor is in operation. Morimoto et al [22] proposed a work to control the speed 

of IPMSM over a wide range of speed. Current and voltage constraints for different 

operating regions were analyzed, and field weakening controller for high speed was 
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developed. Compensation was also made for magnetic saturation and demagnetization 

effect of permanent magnet to achieve high torque and high efficiency operation within 

maximum voltage and current limit of the inverter and the motor. To cancel the effect of 

saturation, the command id is generated by calculating the d-q axes inductances. But the 

speed controller is a fixed gain PI controller which is not suitable for HPVSD. Some 

other investigations of PMSM drive performance have also been reported while the flux 

weakening method is employed [23-25]. 

Radwan et al. [26] have proposed a hybrid current controller for IPMSM drive 

where they have employed ramp current controller for low speed operation and hysteresis 

current controller for high speed operation. The controller operates very well with 

stability but again it is sensitive to parameter variations, load variations etc. due to PI 

controller as speed controller. A similar work has been reported by M. Kadjoudj et al. 

[27]. Mademlis and Agelidis [28] proposed an IPMSM drive while dividing the operating 

region into three divisions: constant torque region with maximum torque to current ratio, 

voltage and current limited region and voltage limited region. The command id was 

determined based on the operating region and the command iq was determined via a PI 

controller and a current limiter. The controller performance is sensitive to parameter 

changes and load disturbance. Moreover, the ripple in iq affects the id too, which further 

increases the developed torque ripple. Chang et. al. [29] proposed a Hall-effect current 

sensor based IPMSM drive with a sensor-less approach to eliminate the cost of encoder. 

Flux control was not considered and transient performance is also not very good in this 

work.  
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1.4.2 Adaptive Controllers 

Various linear and nonlinear adaptive controllers have been reported for IPMSM 

drive. In [30], Choy et al. developed a model reference adaptive controller (MRAC) for 

position control of servo PMSM drive. In this method, the drive forces the response to 

follow the output of the reference model regardless of the drive parameter changes. The 

output of the system is then compared to a desired response from a reference model, and 

the control parameters are updated based on this error. In this case, MRAC is used in the 

outer loop and a PI controller is used in the inner loop. Steady state error of the PI 

controller is used to compensate the chattering problem due to discontinuous control 

inputs. However this still does not completely solve the chattering problem. Sozer and 

Torrey [31] proposed an adaptive flux weakening control of PMSM drive where the d-

axis current is adjusted using direct MRAC. However, the performance of the controller 

was tested in limited condition. Namudri and Sen [32] proposed a sliding mode controller 

(SMC) for a self-controlled synchronous motor. The drive system employs a phase 

controlled chopper and GTO inverter to provide torque-producing current component. 

Due to frequency limitation of GTO, this method is not suitable for HPVSD. In [33], 

Consoli and Antonio proposed a DSP based vector control of IPMSM drive using another 

SMC for torque control, and also tested the performance above the rated speed using flux 

weakening technique. The effect of constant acceleration, constant speed and constant 

deceleration were considered for designing SMC and variable bandwidth was used to 

reduce the chattering problem. But the drive was not proved in real-time. 

Sepe and Lang [34] have proposed a discrete time observer based adaptive control 

for PMSM without the use of speed sensors. But this method is sensitive to inertial 
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mismatch and estimation of motor speed requires high gains in the presence of this 

inertial mismatch. This also results in noise amplification in the system which leads to 

poor performance. In [35], an adaptive uncertainty observer is employed with a 

conventional PI controller for position control of a PMSM. This method is robust but it 

has not been applied for speed control. Brock et al. [36] combined SMC with fuzzy logic 

rules to reduce chattering problem and steady state error, whereas Zhang and Li [37] 

combined SMC with MRAC. 

 

1.4.3 Artificial Intelligent Controllers 

Due to many advantageous features, recently the intelligent controllers like fuzzy 

logic controller (FLC), artificial neural network (ANN) and neuro-fuzzy controllers 

(NFC) have achieved particular attention of researchers for designing high performance 

IPMSM drive systems.  Among these, FLC is the simplest and most convenient for 

IPMSM speed control. Particularly, FLC is good in handling nonlinear complex systems 

that can be controlled by a human operator without much knowledge of the system 

structure. Tang and Xu [38] designed a direct FLC and an adaptive FLC which is based 

on MRAC. The direct FLC normalizing gains are designed for limited range and 

conditions only. This paper also did not show any experimental result. Uddin and 

Rahman [39] have proposed an FLC based IPMSM drive to achieve highest torque 

sensitivity. The speed error and the rate of change of speed error were input variables and 

the torque producing current component iq was the output variable of that FLC. But this 

controller suffers significant torque ripple. Butt et al. [40] worked on FLC based MTPA 

speed controller where command torque was derived to calculate command d-q axes 
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currents. But the command torque had ripples which exerted high ripple in speed output. 

So it was not suitable for real time implementation. Uddin et. al [41] have developed a 

genetic algorithm (GA) based FLC for the IPMSM drive. They minimized the number of 

membership functions for low computational burden of FLC. A performance index, J was 

tuned for the parameter of their proposed GA based FLC such that it resulted in small 

settling time, negligible steady state error and overshoots. The tuning parameters were 

adjusted offline. Due to high computational burden of GA, it is very difficult to apply GA 

in real time. Moreover, the control requirements of IPMSM drive under significant 

uncertainty and disturbance cannot be satisfied for all operating points. In [42], authors 

proposed an FLC for switched reluctance motor which has only one input obtained from 

speed error, while the FLC output is integrated to produce the torque reference. This 

controller is not robust as it deals only with error and it gives high ripple too. 

Some researchers used ANN in motor drive systems to achieve the characteristics 

of adaptive controllers by utilizing its inherent nonlinear input-output mapping feature. In 

[43], the authors proposed an ANN based adaptive controller for IPMSM drive where an 

ANN model was derived as the inverse dynamic model of IPMSM. But it is difficult to 

get the training data required for adapting ANN parameters to get the desired 

performance at different conditions. In [44], Rahman and Hoque proposed another ANN 

controller for PMSM drive. In that work, they used offline and online training to tune 

weights and biases of the ANN but this controller did not ensure the stability in all 

operating regions. Besides, this controller needs a lot of computation. The authors 

proposed a high efficiency ANN controller for IPMSM drive in [45]. But the torque 

component current is controlled by a PI controller and so it suffers from the drawbacks of 
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PI controllers. Only the flux is controlled by an ANN controller but it is difficult to 

calculate the desired flux component current as it depends on parameters and operating 

conditions. This needs a lot of computation in real-time. In [46], Mobarakeh et al. 

proposed a self-organizing ANN controller for speed and torque control of PMSM. Both 

rotor position sensor and sensor-less approach were considered but torque ripple analysis 

was ignored. 

Researchers also tried advanced intelligent controller NFC in motor drives, which 

is the combination of FLC and ANN controllers. The NFC utilizes the transparent, 

linguistic representation of FLC with the learning ability of ANN. In [47], a fuzzy basis 

function network (FBFN) based NFC is proposed to tune the parameters of a PI 

controller. In the optimization process, a performance index is developed to reflect the 

minimum speed deviation, settling time and zero steady-state error. But the weights and 

centres were trained offline in order to avoid computational burden and so the controller 

cannot adjust with dynamic changes. C. T. Lin [48] proposed a new structure and 

parameter learning scheme for ac NFC based system but the drawbacks of this scheme 

are that it is suitable only for offline operation and a large amount of data is required in 

advance of the implementation. F. Lin et.al [49] proposed a self-constructing NFC for 

PMSM drive but it is not suitable for real time implementation because of high 

computational burden.  

 

1.4.4 Hybrid and Tuned Controllers 

There are also some interesting works reported regarding hybrid and tuned speed 

controllers which also have motivated the author to work in this area. In these works, 
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researchers either use different type of controllers in a hybrid controller model or tune PI 

controller parameters to make the most use of different type controllers’ advantageous 

features. Chiaberge et al. [50] provided elaborated discussion on features and advantages 

of different paradigms like PI, FLC, GA, NFC etc. for different systems and proposed, 

with the theory of finite state automation, integration of these methods in a manner 

depending on required performance and characteristics of the system. Vlachos et al. [51] 

proposed GA based auto-tuning approach of multiloop PI controllers for multivariable 

processes which can handle arbitrary performance objectives in time domain for different 

system outputs. But in its presented form, it can only be used for offline tuning due to 

large number of closed loop tests involved. Radial base function network (RBFN) is 

applied for nonlinear PI parameters adjustment in [52] and the scheme is verified by a 

numerical example. 

Hybrid or tuned controllers are employed by researchers in other research areas to 

achieve specific objectives which are particularly interesting. X. Zhou et al. [53] 

employed relay controller to automate tuning procedure for contact-mode atomic force 

microscope PI controller during different scanning speed operations. They achieved the 

objective to sustain a constant cantilever deflection, but sample and set point factors were 

not discussed. PI controllers tuning with fuzzy systems for fuel flow rate and water feed 

rate control of a benchmark drum-boiler model is proposed in [54]. Drum pressure and 

drum water level were the controlled output in this case. Routray et al. [55] designed 

fuzzy logic based tuning method of PI controller for the rectifier side current regulator 

and the inverter side gamma controller in a high voltage direct current (HVDC) system. 

Current error, gamma error and their respective derivatives were used as principal signals 
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to adjust the PI controller gains. Some other interesting works were also studied where 

fuzzy tuned PI controllers were used to regulate frequency deviation in a two-area 

electrically interconnected power system [56], for hydro power plant governor control in 

order to track frequency variation as well as provide good response to load disturbance 

[57], to improve temperature control performance in a variable capacity heat pump [58]. 

Hybrid or tuned controllers were also tried by motor drives researchers in 

different works. A self-tuning method for PI speed controller of a PMSM drive system 

was proposed by Tursini et al. [59]. The method is derived from the analysis of the speed 

step response of the drive system and transplants the binary search algorithm to the 

tuning of PI gains. But the computation burden is high in this work. A similar tuning 

method is reported by S. Lee [60] to estimate PMSM model parameters Ra, La and Ke. 

His idea was to tune the PI controller to cancel the pole of motor transfer function with a 

controller zero and estimate motor parameters from tuned PI gains. A composite control 

strategy for PMSM drive is implemented in [61] by automatic switching between PI 

control and fuzzy logic control. But this approach is complicated with too many fuzzy 

rules. Fuzzy logic scheme for online tuning of PI controller parameters for linear PMSM 

is proposed in [62] for better tracking and disturbance rejection performance. In this 

work, the speed error and the rate of change of error were used as inputs to tune the 

controller gains. But due to the linear model used, the range of operation was limited and 

also torque ripple analysis was ignored. Similar tuning approach was tried by researchers 

in case of series connected DC motor drives [63], induction motor [64], DC servomotor 

[65], brushless DC motor [66, 67] and power-split hybrid electric vehicle [68]. 
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1.4.5 Hysteresis Band Adaptation 

Hysteresis band current control with pulse width modulation (PWM) strategy is 

widely used in power electronics research area. Some interesting works have been 

reported where the authors actually controlled and adapted the upper and lower hysteresis 

band limits, rather using their fixed base values, in order to attain certain research goals. 

Adaptive hysteresis band modulation strategy for a three-phase inverter is proposed in 

[69] as a basis of developing a new sampling based PWM strategy, where the constant 

width of hysteresis band was adapted as a function of maximum amplitude of a reference 

function. F. Liu and A. Maswood [70] presented a microprocessor based implementation 

of variable hysteresis band input current control technique for a three-phase three-level 

unity power factor rectifier. In this case, the hysteresis band is controlled with the 

variation of rectifier input voltage and output DC link voltage to achieve constant 

switching frequency at different conditions. Its advantages are its simplicity, good 

response to load variation and nearly sinusoidal current at the input side. An adaptive 

hysteresis current control algorithm is developed in [71] in application with photovoltaic 

grid connected inverter to ensure the synchronization of power grid voltage and injected 

inverter current, thereby ensuring unity power factor. Here hysteresis band is dynamically 

modified based on electrical parameters as switching frequency, grid voltage and slope of 

reference current. A similar algorithm is used by Kale and Ozdemir [72] for an active 

power filter to determine appropriate switching signals so as to eliminate harmonics and 

to compensate reactive power of three-phase rectifier. For active power filter, another 

fuzzy logic based hysteresis band current control method is proposed in [73], in order to 

limit maximum switching frequency within inverter limits and to reduce analog circuitry. 
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In this case, the hysteresis bandwidth was modified with respect to value of error current 

and rate of change of error. Similarly, Cecati et al. [74] proposed a different fuzzy logic 

based adaptive hysteresis current controller to be used with three-phase inverter, where 

the appropriate switching pattern is chosen dynamically on the basis of preset fuzzy rules. 

Hysteresis band adaptation approach also encouraged researchers of motor drives 

but primarily this idea is integrated with direct torque control (DTC) technique. Sahoo et 

al. [75] developed a torque ripple minimization algorithm for switched reluctance motor 

(SRM) by designing an iteratively learning hysteresis current controller which is able to 

track the modulated phase current. But its problem is that the current values corrections 

have to be done exactly at the sampling point and speed has to be kept constant to ensure 

data updating at sampling points. So its dynamic response is poor and it is difficult to 

retain motor stability while the method improves current tracking. Benhadria et al. [76] 

proposed another adaptive hysteresis current controller for torque ripple reduction of 

SRM fed from a half-bridge asymmetrical inverter. But it was usable only at low speeds 

as 1000rpm. Many relevant works have been reported for DTC based IM drives such as 

[77-79]. In [77], the effect of flux and torque hysteresis bands on inverter switching loss, 

harmonic loss and torque ripple were investigated, and then a relevant cost function is 

defined and minimized in order to find the optimum limits of hysteresis bands. In [78], 

the hysteresis band is adapted online with the variation of applied voltage vectors, 

whereas a fuzzy logic based DTC technique is proposed in [79] to replace conventional 

hysteresis controller and look-up table. But in all these works, only torque performance 

was emphasized and dynamic speed performance was completely overlooked. 
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1.5 Research Motivation & Objective 

Although IPMSM possesses many inherent advantageous features, its precise 

speed and torque control has always been a challenge for researchers due to nonlinear 

coupling among its winding currents and the rotor speed as well as the nonlinearity 

present in the electromagnetic developed torque because of magnetic saturation of the 

rotor core [22, 80].  Initially fixed gain PI controllers were employed by researchers as 

speed controller of IPMSM drive system. This is mainly because PI controllers have 

simple control structures. However, since the motor has nonlinear properties and 

uncertainties caused by modeling errors and process fluctuation, it is difficult to 

determine suitable PI controller parameters. Motor model parameters are often required 

in designing controllers for real time system, but these parameters also change 

corresponding to the equilibrium point due to nonlinear properties. Besides, fixed gain 

controllers exhibit poor transient response, and so they are not suitable for HPVSD. In 

spite of this limitation, fixed gain PI controller has the advantage of simplest structure 

and very good steady state response which capture the author’s interest. Adaptive 

controllers were also used by researchers but, as mentioned in the literature review, they 

have the well-known disadvantages of steady-state chattering problem and dependency 

on motor model parameters. 

Intelligent controllers come with many advantages as their designs do not need 

the exact mathematical model of the system and theoretically they are capable of 

handling any nonlinearity of arbitrary complexity. Besides they exhibit excellent dynamic 

response. Among the various intelligent controllers, FLC is the simplest and better in 

terms of response time, insensitivity to parameter and load variations. Researchers have 
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also used other intelligent controllers like ANN, NFC but they were associated with 

undesired developed torque ripple, appropriate training data and high computational 

burden. Thus, one motivation of this work is to combine the advantages of both PI and 

FLC controllers as a hybrid speed controller, where the PI controller gains will be tuned 

online by an FLC. 

The hysteresis band PWM strategy is the most common method to control the 

voltage source inverter (VSI) for IPMSM drive due to easy implementation and fast 

transient response. As discussed in literature review, hysteresis band adaptation technique 

has been successfully used in power electronics research area and in some cases DTC 

based IM drives for torque ripple reduction. But in all these works, dynamic speed 

performance of IM has not been investigated. Besides, the application of hysteresis band 

adaptation in IPMSM drive is still very much unexplored, which is another key 

motivation point of this work. So, in this work, a composite approach has been taken by 

combining hysteresis band adaptation with the hybrid speed controller so as to achieve 

satisfactory speed and torque performance both in dynamic and steady state conditions.  

Another aspect of IPMSM is its ability of flux weakening which makes it possible 

to operate above rated speed at constant voltage and thereby also helps to reduce the 

harmonic losses. So without controlling the flux component, the additional advantages of 

IPMSM over other PM motors can not be attained. But most of the reported works took 

an assumption of id equal to zero in order to linearize the IPMSM model [15-18]. So in 

this work a flux controller is also considered in the proposed drive to generate the 

appropriate d-axis current and to utilize the reluctance torque. 
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1.6 Thesis Organization 

The organization of the remaining chapters of this thesis is as follows. Derivation 

of the mathematical model of IPMSM followed in this work is described in Chapter 2 

with a brief review of closed loop vector control concept. Chapter 3 explains the detailed 

design of the proposed controllers of this work, and then provides elaborated simulation 

results and comparisons to demonstrate the effectiveness of the proposed scheme. In this 

regard, relevant fuzzy logic theory and flux weakening theory were also discussed. 

Chapter 4 describes the real time implementation strategy based on DSP board DS1104 

with prototype laboratory 5 HP IPMSM and also provides relevant experimental results 

to support the proposed scheme. Finally, a summary of this work and suggestions for 

future scope of work are discussed in Chapter 5. After that, all relevant references and 

appendices of the work are listed. 
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Chapter 2 

Mathematical Modeling of IPMSM for 

Vector Control Strategy 

 

2.1 Introduction 

In this chapter, mathematical model of IPMSM is developed and explained. To 

simplify the mathematical model and avoid unnecessary complex calculations, it will be 

expressed in terms of synchronously rotating reference frame where the machine 

equations are not dependent on rotor position. It can be accomplished in two steps using 

Park’s transformation equations [10, 81]. In the first step, the machine equations will be 

transformed from the stationary a-b-c frame into the stationary d-q frame. Then in the 

second step, they will be transformed from the stationary d-q frame into the 

synchronously rotating d
r
-q

r
 frame. Then the model is further discussed in view of the 

closed loop vector control strategy of IPMSM which will be followed in the rest of the 

work. 

 

2.2 Basic Closed Loop Vector Control 

The basic idea of closed loop vector control of inverter fed motor is to control and 

use the motor feedback signals in such a way that the q-axis current provides the desired 

developed torque. The basic block diagram of conventional VSI fed IPMSM drive is  
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shown in Fig. 2.1. The drive comprises of current controller and speed controller in the 

form of a conventional PI controller. The speed controller deals with the error between 

the command speed and the actual speed and then generates the command torque and 

hence the q-axis command current iq
r*

. The actual speed signal may come from an 

encoder mounted on the motor in case of sensor-based approach or from calculations in 

case of sensor-less approach. Conventionally the d-axis command current id
r*

 is set to 

zero to linearize the dynamic IPMSM model. Then the command phase currents ia
*
, ib

*
, 

ic
*
 are generated from iq

r*
, id

r*
 using Park’s transformation equations which will be 

explained in the next section.  

The current controller takes actual motor phase current signals ia, ib, ic and 

compares them with respective command phase current signals ia
*
, ib

*
, ic

*
. The current 

controller’s objective is to force the load current to follow the command current as 

closely as possible and thereby forcing the motor actual speed to closely follow command 

 
 

Figure 2.1: Block Diagram of Conventional PI Controlled IPMSM Vector Control. System. 



 27 

speed. Eventually the current controller generates appropriate switching signals for the 

inverter gates. The current controlled voltage source PWM inverter is usually preferred 

for IPMSM drive because of its precise control and quick response. 

 

2.3 Mathematical Modeling of IPMSM 

The flux linkages in the three phase stator winding due to permanent magnet 

embedded in the rotor can be given as, 
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where �m is the constant flux linkage provided by the permanent magnets, �r is the rotor 

position, and �am, �bm, �cm are the flux linkages in the three phase stator winding due to 

permanent magnet of the rotor. So total air gap flux linkages for three phases can be 

given as, 
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where �a, �b, �c are the air gap flux linkages for the three phases; Laa, Lbb, Lcc are the self 

inductances, and Mab, Mbc, Mca etc. are the mutual inductances. The phase voltage 

equations of the IPMSM can be defined as, 
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dt

d
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dt

d
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d
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where va, vb , vc are the three phase voltages, ia, ib, ic are the three phase currents and ra, 

rb, rc are the three phase stator resistances.  

 But these voltage equations depend on the flux linkage components which are 

function of rotor position �r and so the coefficients of these equations are time varying 

except when the motor is motionless. As discussed in the beginning, all these equations 

have to be transformed to the synchronously rotating rotor reference frame, where the 

machine equations are independent on the rotor position, using Park’s transformation 

equations [10, 81]. The phase variables in terms of d-q-0 variables can be defined in 

matrix form as, 
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The corresponding inverse relation can be given as, 
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The rotor position angle is defined as, 

)0()(
0

r

t

rr d θττωθ += �      (2.8) 
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Both (2.6) and (2.7) are in stationary reference frame, so �r is only the initial rotor 

position �r(0), which is also the angle difference between the q-axis and a-phase. But 0x  

does not exist for balanced three phase system and it is convenient to set initial rotor 

position �r(0)=0 so that the q-axis coincides with a-phase. Considering these conditions, 

(2.6), (2.7) can be written as, 
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The relative position of the stationary d-q axes and the rotating d
r
-q

r
 axes is shown 

in Fig. 2.2. With the help of this figure, the quantities in the stationary d-q frame can be 

converted to synchronously rotating d
r
-q

r
 frame as, 
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and its inverse relation can be defined as, 
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Now the following assumptions are made in order to derive the d
r
-q

r
 model: 

a) The eddy current and hysteresis losses are negligible. 

b) The induced emf is sinusoidal. 
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c) The saturation is negligible. 

d) The three phase stator resistances are balanced. 

With these assumptions in consideration and using (2.3)-(2.5), (2.7), (2.11), the d
r
-q

r
 axes 

model of IPMSM can be derived as follows, 
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where r

dv , r

qv  are d-q axes voltages; r

di , r

qi  are d-q axes currents; r

dψ , r

qψ  are d-q axes 

flux linkages, rs is the stator resistance per phase, and �s is the stator frequency. Now it 

can be written, 
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Figure 2.2: Relative position of stationary d-q axes to the synchronously rotating d
r
-q

r
 axes. 

 



 31 

m

r

dd

r

d iL ψψ +=            (2.16) 

where,                    Lq=Ll + Lmq               (2.17) 

    Ld=Ll + Lmd                                                              (2.18) 

Here Ld, Lq are d-q axes inductances; Lmd, Lmq are d-q axes magnetizing inductances and 

Ll is the leakage inductance per phase. Relation between stator and rotor frequencies is, 
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where P is the number of pole-pairs. Using (2.13)-(2.18), the motor equations can be 

given as,  mr
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According to (2.16)-(2.19), the d-q axes equivalent circuit diagram can be drawn 

as shown in Fig.2.3. Here the permanent magnet flux is represented as a constant current 

source IM. Now, the total average power coming from the source (neglecting stator 

resistance loss) which is also the developed power per phase is given by, 
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The total power developed by the motor is given by, 
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So the developed electromagnetic torque is given by, 
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Finally the motor dynamics can be represented by the equation, 
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where TL is the load torque (N-m), Bm is the friction damping coefficient (N-m/rad/s) and 

J is rotor inertia constant (kg-m 2 ). For dynamic simulation, these model equations can be 

expressed in state-space form as, 
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Figure 2.3: Equivalent d-q axes circuit models of IPMSM, (a) d-axis, (b) q-axis. 
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2.4 Vector Control Strategy for IPMSM Drive 

As discussed previously in Chapter 1, the closed loop vector control technique is a 

very effective way of controlling ac motors in HPVSD. This vector control can be 

applied on IPMSM drive once the machine equations are transformed from the stationary 

a-b-c frame to the synchronously revolving d
r
-q

r
 frame where sinusoidal voltages act like 

a constant dc voltage.  

We know that the developed torque in case of dc motor is, 

    fate IIKT =       (2.29) 

where Kt is a constant, Ia is the armature current and If is the field current. As Ia, If are 

orthogonal and decoupled vectors, the control becomes easier for separately excited dc 

motor. In case of PMSMs, the first term of torque eqn. (2.24) actually represents the 

torque produced by the permanent magnet flux and q-axis current, and the second term 

represents the reluctance torque generated by the interaction of d-q axes inductances and 

the d-q axes currents. In case of SPMSM, dq LL ≈  and so the effect of the second term in 

(2.24) is negligible. Therefore, the torque equation of SPMSM becomes linear and the 

control task is easier. But in case of IPMSM, Lq is considerably larger than Ld. Besides, 

Ld, Lq values undergo significant variations in different steady state and dynamic 

conditions due to the excitation provided by permanent magnets, temperature change etc. 

Thus the nonlinear nature of the torque equation adds to the complexity of IPMSM vector 

control. In order to avoid these complications, most of the researchers set the command 

d-axis current r

di  to zero, so that the torque eqn. (2.24) becomes linear with r

qi  and the 

control task becomes very easy and similar to separately excited dc motor as, 
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where K is a constant. But with the assumption of 0=r

di , the flux cannot be controlled in 

an IPMSM, and without proper flux control, motor cannot be operated above the rated 

speed region while maintaining voltage and current within the rated capacity of the motor 

and inverter. Besides, the inherent reluctance torque will be unutilized with this 

assumption. So in this proposed work, proper flux control has been taken into 

consideration so that the motor can be operated efficiently below and above the rated 

speed. Thus in this way, the IPMSM can be controlled like a separately excited dc motor 

where iq controls torque and id controls flux of the IPMSM.  

Using phasor notation and taking the d
r
-axis as the reference axis, the steady state 

phase voltage Va  can be derived from steady state d
r
-q

r
 axes voltages using (2.20) and 

(2.21) as, 

ms

r

dds

r

qqssa

r

q

r

da jiLjiLrIjvvV ψωωω ++−=+=           (2.31) 

where the phase current, 

r

q

r

da jiiI +=           (2.32) 

In case of IPMSM, the d
r
-axis current is negative and it demagnetizes the main 

flux provided by the permanent magnets. So in order to take the absolute value of r

di , 

(2.31) can be rewritten as, 

ms

r

dds

r

qqssaa jiLjiLrIV ψωωω +−−=    (2.33) 

The basic vector diagram of IPMSM is shown in Fig. 2.4 based on (2.33), where 

the stator current can be controlled by controlling the d
r
-q

r
 axes current components. 
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Figure 2.4: Basic vector diagram of IPMSM. 
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Chapter 3 

Design and Development of FLC Based 

Tuned Hysteresis and PI Controllers with 

a Flux Controller 

 

3.1 Introduction 

Nowadays IPMSM is becoming popular for high performance variable speed 

drive (HPVSD) applications due to its high torque-current ratio, large power-weight ratio, 

high efficiency, high power factor, low noise and robustness [21]. Despite many 

advantageous features of IPMSM, the precise torque and speed control of IPMSM 

becomes a complex issue due to nonlinear coupling among its winding currents and the 

rotor speed as well as the nonlinearity present in the electromagnetic developed torque 

due to magnetic saturation of the rotor core particularly at high speeds [22]. The 

hysteresis band PWM strategy is the most popular and common method to control the 

voltage source inverter (VSI) for IPMSM drive due to easy implementation, fast transient 

response, direct limiting of device peak current and practical insensitivity of dc link 

voltage ripple that permits a lower filter capacitor. But the PWM strategy suffers a few 

drawbacks as the PWM frequency is not constant and varies within fixed upper and lower 

band limits. As a result, non-optimum harmonic ripple is generated in the machine 

current and consequently it generates ripple in developed torque. An adaptive hysteresis 
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band can alleviate this problem [8]. The intelligent algorithms would be a better choice to 

adapt the bandwidth of the hysteresis controllers because of their simplicity, less 

intensive mathematical design requirements, and their adaptability to deal with 

nonlinearities and uncertainties of electric motors. Among the various intelligent 

controllers, fuzzy logic controller (FLC) is the simplest and better in terms of response 

time, insensitivity to parameter and load variation etc. [38-40, 82]. So the objective of the 

first FLC proposed in this chapter is to adapt the upper and lower limits of hysteresis 

band online on the basis of iq response such that the developed torque ripple is 

minimized. 

  Fixed gain controllers for speed control have been used in industry for a long 

time because of simplicity, satisfactory steady state performance and easier real-time 

implementation. However, conventional controllers such as PI, PID are not suitable for 

HPVSD because of their sensitivity to plant parameter variations, load disturbance and 

any other kinds of disturbances like temperature change, command speed change, etc. 

[13-18]. So the controller gains have to be adjusted online such that it gives optimum 

performance with dynamic conditions. Thus, the objective of the FLC based tuned PI 

proposed in this chapter is to combine the advantages of both PI and FLC controllers 

where the PI controller gains are tuned online by an FLC. This second FLC is a Sugeno 

type and it has been chosen in order to reduce the computational burden as much as 

possible. The tuned PI controller acts as a speed controller for the closed loop vector 

control system and generates the command value of the torque component of stator 

current, iq.  

Another advantage of IPMSM is its ability of flux weakening, enabling operation 
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above nominal speed at constant voltage and thereby also helps to reduce the harmonic 

losses in the motor [19, 22-25]. So without controlling the flux component, the main 

advantages of IPMSM over other PM motors cannot be achieved. But most of the 

reported works on controller design of IPMSM drive took an assumption of d-axis stator 

current (id) equal to zero in order to simplify the development of the controller. However, 

with this assumption it is not possible to utilize the reluctance torque of IPMSM and this 

assumption leads to an erroneous result for motor at all operating conditions. So in this 

work a flux controller is also incorporated which generates the appropriate d-axis current 

id above rated speed. The id is controlled to reduce the air gap flux by its demagnetizing 

effect. 

 The basic block diagram of the proposed IPMSM drive system incorporating 

FLC based tuned hysteresis and PI controllers with flux controller is shown in Fig. 3.1. In 

 

 
 

Figure 3.1: Block diagram of the proposed IPMSM Drive system. 
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the next sections, design and development of the proposed controllers are explained [83] 

with overview of relevant fuzzy logic theory and analysis of operating regions including 

flux weakening theory. Then simulation results of dynamic performance of the proposed 

IPMSM drive are presented and compared with those of a conventional PI based IPMSM 

drive.  

 

3.2 Fuzzy Logic Controller: An Overview 

Fuzzy logic controllers are based on fuzzy set and fuzzy logic theory which 

emerged as a consequence of the proposal of fuzzy set theory by Lotfi Zadeh [84]. A 

fuzzy control system is based on fuzzy logic which is a mathematical system that  

analyzes analog input values in terms of logical variables taking on continuous values 

between 0 and 1, in contrast to classical or digital logic which takes discrete values of 

either 0 or 1 (true or false). The fuzzy set (subset) A on the universe (set) X is defined by 

a membership function µA from X to the real interval [0, 1], which associates a number 

µA(x) � [0,1] to each element x of universe X. The membership function µA(x) actually 

represents the grade of the membership function of x to A. For example, the equation 

µA(x) = 0.4 means x has A-ness of about 40%. In fuzzy set theory, the boundaries of the 

fuzzy sets can be vague and ambiguous so as to make it useful for approximating real 

world imprecise systems. Fuzzy sets are represented graphically by means of their 

membership functions like triangular, Gaussian function, trapezoidal, singleton type etc. 

The particular choice of fuzzy logic membership functions depends on the designer's 

preference, experience and design/system requirements. 
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The basic block diagram of an FLC is shown in Fig. 3.2. The complete process of 

mapping from a given input to an output using fuzzy logic is known as fuzzy inference. 

There are two types of fuzzy inference methods namely Mamdani type and Sugeno type. 

The difference between the two methods is only the way their outputs are defined. In 

Mamdani type FLC, output is defined by the centroid of a two-dimensional function. But 

in Sugeno type FLC, the output membership functions are only linear or constant 

singleton spikes. In Sugeno type inference, implication and aggregation methods are 

fixed and cannot be edited. The implication method is simply multiplication and the 

aggregation operator just includes all of the singletons. Regardless of the type, a fuzzy 

inference is based on five steps which are: (a) pre-processing, (b) fuzzification, (c) fuzzy 

inference engine (rule base), (d) defuzzification and (e) post-processing. 

 

3.2.1 Pre-processing 

The inputs are usually crisp values from some measuring equipments rather than 

linguistic. A pre-processor processes or modifies the measurements before they enter the 

  
 

Figure 3.2: Simple block diagram of a fuzzy logic controller. 
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controller. Some examples of pre-processing are scaling, filtering, quantization, 

differentiation, integration etc. 

 

3.2.2 Fuzzification 

The first step of a fuzzy inference system is to take inputs and find out the degree 

to which they belong to each of the appropriate fuzzy sets via membership functions. The 

process of converting a numerical variable, which is a real or crisp value, into a linguistic 

variable (fuzzy value) is called fuzzification. In an FLC, the input is a numerical value 

limited to the universe of input variable and the output is fuzzy degree of membership in 

the qualifying linguistic set which is inclusively between 0 and 1. 

 

3.2.3 Fuzzy Inference Engine (Rule Base) 

 In an FLC, the fuzzy inference engine is composed of a set of control rules which 

are “if-then” like conditional statements, where both antecedent (if…) and consequent 

(then…) parts are in linguistic form. The fuzzy inference engine actually computes the 

output fuzzy value using a composition of two fuzzy inputs through a fuzzy rule base 

matrix. The rule evaluation is accomplished with two processes: (a) application of fuzzy 

operator (AND or OR) in the antecedent, and (b) implication from the antecedent to the 

consequent. A typical fuzzy rule can be set as follows, 

Rule Rk : If �� is Ak and �e is Bk, then i is Ck                                 (3.1) 

where speed error (��) and change of speed error (�e) are the input linguistic variables, 

current (i) is the output linguistic variable; and Ak, Bk, and Ck are the labels of linguistic  
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variables ��, �e and i, respectively. If the antecedent is true to some degree of 

membership, the consequent will also be true to that same degree. The fuzzy operators 

used for fuzzy rules are AND (�), OR (U) and NOT (¯ ) which are defined as follows:  

a) AND means classical intersection:  

m in { ( ), ( )}
A B A B

x xµ µ µ∩ =                    (3.2) 

b) OR means classical union:  

m ax{ ( ), ( )}
A B A B

x xµ µ µ∪ =            (3.3) 

c) NOT means classical complement:  

1 ( )A A xµ µ= −                                                                                     (3.4) 

According to rule Rk, µck(x) = min(µAk(x), µAk(x)). The fuzzy rules can be derived by 

using specific experience, from human operator behaviour or from a learning process. 

The graphical representation of firing of a rule using Mamdani implication is 

           if �� is PS (positive small)        then i is NS (negative small)

 
 

 
 

Figure 3.3: Graphical representation of the firing of a rule using Mamdani 

implication method. 
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shown in Fig. 3.3. The rule shown here is: “if �� is PS (positive small), then i is NS 

(negative small).” Here, ��* is the crisp input and the deep solid lines in the output 

membership function µNS(i) indicates the clipped membership function µCNS(i). Thus 

according to Mamdani implication method, 

µCNS(i) = min(µPS(��*), µNS(i))            (3.5) 

The inference engine or rule firing can be of two basic types: (a) composition based and 

(b) rule based inferences. In case of composition based inference, the fuzzy relations 

representing the meaning of each rule are aggregated into one fuzzy relation describing 

the meaning of the overall set of rules. Then, firing with this fuzzy relation is performed 

via the operation composition between the fuzzified crisp input and the fuzzy relation 

representing the meaning of the overall set of rules. But in individual rule based 

inference, first each single rule is fired. This firing can be described as computing the 

degree of match between the crisp input and the fuzzy sets describing the meaning of the 

rule antecedent, and clipping the fuzzy set describing the meaning of the rule consequent 

to which the rule-antecedent has been matched by the crisp input. Finally, the clipped 

values for the control output of each rule are aggregated which gives the value of the 

overall control output. 

In this thesis, the individual rule based inference is used as it is computationally 

efficient and saves a lot of memory. In case of individual rule based inference, the overall 

control output can be mathematically expressed as [85], 

µ I(i) = max(µCLI(1)(i),……..,µCLI(n)(i))     (3.6) 

where µCLI(k)(i) (k=1,2,...,n) is the clipped value of the control output i. In the case of 

individual k-th rule based inference, 
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 µCLI(k)(i) = min(min(µA(k)(��*),µB(k)(�e*)),µC(k)(i))   (3.7) 

where µA(k)(��*) is the degree of membership of the crisp input ��* in fuzzy set µA(k), 

µB(k)(�e*) is the degree of membership of the crisp input �e* in fuzzy set µB(k), and 

µC(k)(i) is the degree of membership of the output i in fuzzy set µC(k). 

 

3.2.4 Defuzzification 

Defuzzification is the final step of fuzzy inference to obtain the control output. 

The input for the defuzzification process is a fuzzy set, which is the combined output of 

each rule, and the output is a single number which is a non-fuzzy crisp value. There are 

several defuzzification methods like center of gravity/area, center of sums, center of 

largest area, first of maxima, middle of maxima etc. The center of gravity/area 

defuzzification method is the most popular among all the methods and it is used in this 

work. In this method, the crisp output value x is the abscissa under the centre of gravity 

of the fuzzy set,  

( )

( )

i ii

ii

x x
u

x

µ

µ
=
�
�

      (3.8) 

where, xi is a operating point in a discrete universe and µ(xi) is its membership value in 

the membership function. This expression can be interpreted as the weighted average of 

the elements in the support set.  

 

3.2.5 Post-processing 

The fuzzy output must be scaled to appropriate unit from a standard universe so 

that it can be meaningfully used with real world systems. An example is the scaling from 
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the standard universe [-1, 1] to the physical units [-15, 15] Amperes. Usually the post 

processing block contains an output gain that can be tuned, and sometimes an integrator. 

 

3.3 FLC Based Online Hysteresis Current 

Controller Band Adaptation 

 

The hysteresis current controller is used to control the current in such a way that 

it can follow the command current within a hysteresis band. It is widely used in power 

electronics and motor drives research area integrated with three-phase inverter and ac 

motors. It is very popular because of its simplicity and excellent dynamic response. A 

typical three-phase bridge inverter is shown in Fig. 3.4 and corresponding fixed 

hysteresis band PWM current controller is shown in Fig. 3.5. Actually three such 

hysteresis controllers will generate the appropriate switching signals for the six inverter 

switches Q1, Q2, Q3, Q4, Q5, Q6 in Fig. 3.4. Let’s consider that N1, N2, N3, N4, N5, N6 

are the logic signals for corresponding switches Q1…Q6 respectively. When the logic 

signal N1 is 1 then the IGBT switch Q1 is ON, and when N1 is 0 then Q1 is OFF. The 

same logic is valid for other five switches. The control logic of the hysteresis controller 

is as follows, 

(i) For ia
*
>0: N4=0 if ia>iup, then N1=0, else if ia<ilo then N1=1. 

(ii) For ia
*
<0: N1=0 if ia>iup, then N4=1, else if ia<ilo then N4=0. 

where ia
*
, ia are command and actual phase-a currents respectively, iup= ia

*
+HB is the 

upper band, ilo= ia
*
-HB is the lower band, and HB is the hysteresis band. The current 

waveforms and corresponding PWM voltage wave are shown in Fig. 3.6. 
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     Figure 3.4: Three-phase bridge inverter used in IPMSM drive [8] 

 
 

Upper switches ON:  (i* - i) > +HB 

Lower switches ON:  (i* - i) < - HB 

 

 

Figure 3.5: Control block diagram for Hysteresis Band PWM [8] 
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The major drawback of this fixed band hysteresis PWM controller is that it generates 

harmonic ripples in machine current and developed torque as the PWM frequency varies 

within band limits. 

The solution method proposed in this thesis is that an FLC is developed to reduce 

the ripple in the developed torque by modifying the upper and lower limits of hysteresis 

band online. The input variable is the difference between the command and actual q-axis 

currents (diq =|iq – iq*|) as the q-axis current has direct linear relationship with developed 

torque (ignoring id). The initial fixed upper and lower hysteresis band limits (Hu and Hl) 

are taken as 0.05 and -0.05. The output of the FLC is a fractional band limit (�h) which 

will be added with or subtracted from those fixed limits as, 

hHH uu ∆+=
~

      (3.9) 

hHH ll ∆−=
~

                                        (3.10) 

 

  
 

Figure 3.6: Principle of hysteresis band current control [8] 
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The proposed hysteresis band adaptation strategy is described in the block 

diagram of Fig. 3.7. The membership functions of the input and output variables are 

shown in Fig. 3.8. The peak-to-peak current ripple and switching frequency are related to 

the width of the hysteresis band. For example, a smaller band will increase inverter 

switching frequency and lower the ripple whereas a wider band will reduce the switching 

 

 

hHH uu ∆+=
~

    and,    hHH ll ∆−=
~

 

 

Figure 3.7: Proposed Hysteresis Band Adaptation strategy 
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Figure 3.8: Membership functions of Hysteresis Band Adaptation FLC 
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frequency but will result in higher ripple. An optimum band that maintains a balance 

between the harmonic ripple and inverter switching loss is desirable [8]. On the basis of 

this observation, the fuzzy rules are developed as, 

1. If diq is LOW, then �h is HIGH. 

2. If diq is MEDIUM, then �h is MEDIUM. 

3. If diq is HIGH, then �h is LOW. 

 

3.4 FLC Based Tuned PI Controller 

The second FLC is developed in such a way that it can tune the Kp, Ki gains of the 

PI controller online in order to accommodate the uncertainties. In this case, a Sugeno type 

FLC is chosen over commonly used Mamdani type FLC in order to reduce the undesired 

computational burden. For the proposed FLC, the input variables are actual speed, speed 

error (e) and change of speed error (�e) and the output variables are constant factors ‘a’ 

and ‘b’, which are multiplying factors for Kp, and Ki, respectively. In this regard, the 

defuzzification process and output of Sugeno type FLC is discussed in next paragraph. 

Sugeno fuzzy inference system is similar to the Mamdani method in many 

respects. In fact the first two parts of the fuzzy inference process, fuzzifying the inputs 

and applying the fuzzy operator, are exactly the same. The main difference between 

Mamdani-type of fuzzy inference and Sugeno-type is that the output membership 

functions are only linear or constant for Sugeno-type fuzzy inference. Zero-order Sugeno 

type FLC has been used in this work. A typical fuzzy rule in a zero-order Sugeno fuzzy 

model has the form, 

                                 if x is A and y is B, then z = k 
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where A and B are fuzzy sets in the antecedent, while k is a crisply defined constant in the 

consequent. When the output of each rule is a constant like this, the similarity with 

Mamdani’s method is striking. The only distinctions are the fact that all output 

membership functions are singleton spikes, and the implication and aggregation methods 

are fixed and can not be edited. The implication method is simply multiplication, and the 

aggregation operator just includes all of the singletons [86]. 

The proposed FLC based PI controller tuning strategy [83] is described in the 

block diagram of Fig. 3.9. The membership functions of the input variables are shown in 

Fig. 3.10. In order to achieve high performance with simplicity and less computations 

minimum number of membership functions is used for input variables. But in this case, 

one additional membership function can be employed for �e variable to make the fuzzy 

inference more flexible. This one is considered as a future extension of work. As it is a 

Sugeno type FLC, the output membership functions are chosen as the congregation of 

three bars on the points 0.5 (LOW), 1 (MEDIUM) and 1.5 (HIGH). The present samples 

of Kp[n] and Ki[n] are updated as follows:  

 Kp[n] = a*KP[n-1]    and    Ki[n] = b*Ki[n-1]                (3.11) 

where ‘a’ and ‘b’ are some constant factors which are the outputs of the FLC, and [n-1] 

indicates the previous sample values. The initial Kp and Ki gains of the PI controller are 

chosen as 5 N-m/rad/s and 10 N-m/rad, respectively. 

The rules are developed on the basis of observation of responses of a tested PI 

controller of the IPMSM. It was observed that for a conventional PI controller, if Ki is 

increased, then overshoot in speed response increases but the settling time decreases. 

Similarly, an increase in Kp results in corresponding decrease in overshoot and settling  
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time. Furthermore, it was observed that the speed response became unstable when both 

gains are reduced simultaneously towards the same value. Based on these observations,  

fuzzy rules decision was made, which are given below, 

1. If e is NE (negative), then ‘b’ is LOW and ‘a’ is HIGH. 

2. If e is PO (positive), ‘b’ is LOW and ‘a’ is HIGH. 

3. If e is ZE (zero) and �e is ZE (zero), then ‘b’ is LOW and ‘a’ is LOW. 

4. If e is PO and �e is PO, then ‘b’ is MEDIUM and ‘a’ is LOW. 

5. If e is NE and �e is PO, then ‘b’ is LOW and ‘a’ is MEDIUM. 

6. If e is NE and �e is NE, then ‘b’ is HIGH. 

7. If e is PO and �e is NE, then ‘b’ is HIGH. 

 

 

    Figure 3.9: Proposed FLC based PI controller tuning strategy 
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Figure 3.10: Membership functions of PI Controller tuning FLC 
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3.5 Flux Controller 

Very often command current id is set to zero in order to simplify the development 

of the controller of IPMSM which consequently leads to erroneous or non-optimal results 

for motor at all operating conditions [15-18]. With id=0, the resultant air gap flux remains 

constant as the direct control of flux is not possible for IPMSM. In order to operate the 

motor above the rated speed within the voltage and current constraints, the flux has to be 

decreased which can be done by controlling id. Previously researchers worked on flux 

weakening operation of IPMSM [19, 22-25]. To enable that operation, in this work a flux 

controller is integrated with the proposed FLC based tuned PI controller so that the 

IPMSM drive can be operated over the whole wide speed range, namely, constant torque 

and constant power (field weakening) regions.  In the following subsection, both regions 

are discussed and relevant mathematical formulae are derived to design the flux 

controller [82]. 

 

3.5.1 Constant Torque Region 

There exists an inverter output voltage limit, output current limit and power 

capacity limit for a practical inverter-fed motor drive. Let’s assume that the maximum 

available phase voltage amplitude and the maximum line current amplitude are Va and Ia, 

respectively. Then the feasible operation range can be explained by these inequalities, 

222
)()( a

r

d

r

q Vvv ≤+        (3.12) 

222 )()( a

r

d

r

q Iii ≤+      (3.13) 
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Maximum torque per ampere (MTPA) control technique is very attractive to 

achieve fast transient response and low loss in constant torque region. The basic principle 

of MTPA technique is that for a given torque demand, the line current amplitude is 

minimized to achieve the maximum torque. It can be achieved by proper controlling of 

flux utilizing the armature reaction effect of r

di . Below the rated speed, with the 

assumption of keeping the absolute value of stator current constant at its maximum value 

(Ia), 
r

di  can be calculated in terms of r

qi  for MTPA control. This can be obtained by 

differentiating torque equation (2.24) with respect to r

qi  and setting it to zero as [82], 

2

2

2

)(4)(2

r

q

dqdq

r

dM i
LLLL

i +
−

−
−

=
ψψ    (3.14) 

where r

dMi  is the value of r

di  corresponding to MTPA. So the corresponding maximum 

available torque is as follows, 

})({
2

3 r

dM

r

qMqd

r

qMeM iiLLi
P

T −+= ψ      (3.15) 

where,              22 )( r

dMa

r

qM iIi −=                        (3.16) 

The trajectory of the MTPA curve, the current limit curve, voltage limit curves 

and constant torque curves are shown in Fig. 3.11.  The constant torque curves are drawn 

for constant amount of torque T1, T2, TeM, where TeM > T2 > T1. So the maximum torque 

available (keeping 0=r

di and maintaining current constraint) is T2, which can be obtained 

with MTPA technique at lower amount of current. The distance between any points of the 

constant torque curve and the origin point ‘O’, indicates the stator current requirement to 

achieve the desired torque. The point at which the constant torque curve intersects with 

the MTPA curve is the lowest distance of that constant torque curve from the origin. Thus  
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the MTPA technique ensures the lowest current requirement to achieve the desired 

torque. Eqn. (3.14) is used to design the flux controller below rated speed. 

 

3.5.2 Constant Power Region 

Above rated speed, the traditional control strategy is to reduce the magnetic flux 

intensity by applying negative d-axis current resulting in field weakening control. But the 

flux component of current id still can be controlled by MTPA technique if the torque 

requirement is low enough to satisfy voltage constraint. Constant power region or field 

weakening (FW) region can be sub-divided into partial FW region and full FW region.  

             
   

Figure 3.11: MTPA trajectory, current limit curve, voltage limit curves and constant 

torque curves of IPMSM in d-q axes plane neglecting stator resistance. 
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(a) Partial Field Weakening Region: 

It can be observed from Fig. 3.11 that MTPA can be even applied above rated 

speed, but the generated torque decreases to maintain the current and voltage constraint 

because of insufficient demagnetization. But as long as the generated torque is sufficient, 

it is a good choice to use MTPA. Otherwise field weakening control can be applied. 

Substituting (2.20) and (2.21) in (3.12), the voltage constraint can be redefined as, 

222 )()( ar

r

q

q

r

ddr

r

qs

r

d
d

r

qdr

r

ds VP
dt

di
LiLPir

dt

di
LiLPir ≤+++++− ψωωω        (3.17) 

At steady state condition, 

222 )()( ar

r

ddr

r

qs

r

qdr

r

ds VPiLPiriLPir ≤+++− ψωωω     (3.18) 

Here the rotor angular frequency is less than the critical frequency �rc which can be 

obtained from (3.18) by setting both id and iq to zero as,  

ψω PVarc =             (3.19) 

From (3.18), neglecting armature resistance,  

222 )()( ar

r

ddr

r

qdr VPiLPiLP ≤++ ψωωω                 (3.20) 

However, depending on the load requirement, (3.20) may not be satisfied even if 

the speed is below �rc. When the motor follows MTPA trajectory it takes minimum 

amount of stator current, and consequently copper loss is reduced and the drive efficiency 

is increased. If the current controller is saturated due to voltage constraint, a flux 

weakening technique will be used as shown by the arrow sign in Fig. 3.12. The flux 

weakening technique is explained in the next subsection. 
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(b) Full Field Weakening Region: 

When the speed is above critical speed �rc, it is called full field weakening region. 

To control the motor above �rc considering current and voltage constraints, the operating 

region is limited by the d-axis current line, current limit curve and voltage limit curve. It 

can be easily understood from Fig. 3.13 that the intersecting point of voltage limit curve 

with constant torque curve gives the minimum current point to generate the required 

torque. So it is the best choice for low copper loss. The relation between d and q axes 

command currents for field weakening  while maintaining current and voltage constraints 

can be obtained as [82], 

22

22

2)(1
qq

r

a

dd

r

d iL
P

V

LL
i −

′
+−=

ω

ψ
                (3.21) 

where aV ′  is the maximum stator phase voltage neglecting the stator resistance voltage  

  
 

Figure 3.12: Control in partial field weakening region 
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           Figure 3.13: Control in full field weakening region 

 
 

 

Figure 3.14: Maximum torque limit curve at different operating regions. 
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drop. Eqn. (3.21) is also used to design the flux controller above rated speed. From 

(3.21), one can calculate the maximum speed, called the extreme angular frequency �rE 

that a motor can achieve, as, 

  
)(

)( 22

ψ
ω

+

−
=

ad

asa

rE
ILP

IrV
              (3.22) 

The maximum torque limit curve for different operating regions discussed above 

is presented in Fig. 3.14. 

 

3.6 Simulation Results and Discussion 

The performance of the proposed FLC based tuned PI with hysteresis band 

adaptation based drive has been investigated extensively at different dynamic operating 

conditions. A comparison of the proposed drive with a conventional PI based IPMSM 

drive is also provided. Simulations are performed on the basis of parameters of the 

laboratory 5 HP IPMSM which is also used later for real-time experimentation. This 

motor’s parameters are provided in Appendix-A. Simulation model for the complete 

IPMSM drive is developed using Matlab/Simulink which is shown in Fig. 3.15. The 

internal subsystem blocks are provided in Appendix-B. 

Simulation results are presented below from Fig. 3.16 to Fig. 3.27, which 

demonstrate the comparison of performances of the proposed IPMSM drive with 

conventional PI based drive. The proportional and integral gains of the conventional 

fixed gain PI controller are taken as 0.5 N-m/rad/s and 4 N-m/rad, respectively which 

exhibit good performance in steady state for the lab IPMSM. A better PI controller can be 

found by changing the gains with trial-and-error. But it has not been done here as it is a 



 59 

random and time consuming process. Rather the PI gains have been tuned by the 

proposed FLC. Fig. 3.16 shows the initial speed responses of the IPMSM drives at rated 

speed (183 rad/s) with 50% rated load (9.55 N-m). Here it is easily observed in Fig. 

3.16(a) that the proposed FLC based tuned IPMSM drive enables the motor to reach 

command speed with minimum settling time and without any overshoot, whereas the 

conventional PI based drive reaches the command speed with higher settling time and 

large overshoot as shown in Fig. 3.16(b). Figs. 3.17(a), 3.17(b) show the starting torque 

responses at rated speed and 50% rated load, which clearly demonstrates the minimized 

ripple in developed torque of the proposed drive. Fig. 3.17(b) also emphasizes the 

effectiveness of the hysteresis band adaptation FLC as it shows that the adaptation of 

hysteresis band limits further reduces the developed torque ripple from the instant t=0.5s 

when that FLC was actually activated. The corresponding online variations of hysteresis 

band limit values are shown in Fig. 3.17(c). Fig. 3.18 shows the corresponding phase 

current responses of the drives at rated speed and 50% rated load condition, which clearly 

shows that the conventional PI based drive draws noisier and higher current than the 

proposed drive. This noise content in the current also results in higher harmonic loss for 

the conventional PI based drive. Corresponding d-q axes current responses at rated speed 

and 50% rated load condition are presented in Fig. 3.19 which demonstrates that PI based 

drive suffers higher ripple than the proposed drive. 

The performance of the proposed drive is also tested in very high and very low 

speeds and the results are presented in Figs. 3.20 and 3.21. The high speed response of 

the proposed drive at 300 rad/s command speed with corresponding d-q axes currents at 

50% rated load condition are plotted in Fig. 3.20. It shows that the proposed drive 
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smoothly follows the high speed command by applying flux weakening operation with a 

more negative d-axis current. Here it is worth mentioning that the d-q axes currents are 

scaled five times in this figure for the better visibility of the reader. Fig. 3.21 shows the 

low speed response of the proposed drive at 25 rad/s command speed with corresponding 

torque response at 50% rated load condition. Again the proposed drive successfully 

follows the low speed command. 

Next, the drive performance is tested in dynamic speed condition. Fig. 3.22 shows 

superior dynamic performance of the proposed drive for a step change of command speed 

from 150 rad/s to 220 rad/s with 50% rated load at t=0.5s, where the proposed drive does 

not suffer any overshoot and reaches the command speed with minimum settling time as 

it does in rated speed condition. But the PI based drive takes higher settling time and 

suffers speed overshoot twice. Fig. 3.23 shows the corresponding q-axis and d-axis 

current responses during this speed change. The negative d-axis current of the proposed 

drive in Fig. 3.23(a) points out that the flux weakening operation is triggered at t=0.5s as 

the command speed is changed to above rated speed and thus ensures the desired 

utilization of reluctance torque. 

Good performance in dynamic load condition, as well as dynamic speed response, 

is also desired, and it has been considered in this work too. Fig. 3.24 shows the speed 

responses of the drives with corresponding torque responses when the load torque is 

abruptly increased from 50% (9.55 N-m) to 75% (14.325 N-m) rated load at t=1s. Fig. 

3.24(a) demonstrates that the proposed drive is almost insensitive to load disturbance, 

whereas the conventional drive suffers speed undershoot during load transition as shown 

in Fig. 3.24(b). Fig. 3.25 presents the corresponding phase current responses during this  
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Figure 3.15: Complete Simulink schematic of the proposed IPMSM drive system. 
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Figure 3.16: Initial rated speed (183 rad/s) responses of IPMSM drives at 50% rated load 

(9.55 N-m), a) FLC based tuned PI with hysteresis band adaptation, b) conventional PI. 
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Figure 3.17: Developed torque responses of IPMSM drives at rated speed (183 rad/s) and 

50% rated load (9.55 N-m), a) proposed FLC based tuned PI (with and without hysteresis 

band adaptation), b) conventional PI, c) corresponding online variations of hysteresis 

band limits of the proposed drive. 
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Figure 3.18: Phase current responses of IPMSM drives at rated speed (183 rad/s) and 

50% rated load (9.55 N-m), a) FLC based tuned PI with hysteresis band adaptation, b) 

conventional PI. 
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Figure 3.19: d-q axes current responses of IPMSM drives at rated speed (183 rad/s) and 

50% rated load (9.55 N-m), a) FLC based tuned PI with hysteresis band adaptation, b) 

conventional PI. 
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Figure 3.20: Initial high speed (300 rad/s) response and corresponding d-q axes current 

responses of the proposed IPMSM drive at 50% rated load (9.55 N-m). 
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Figure 3.21: Initial low speed (25 rad/s) response and corresponding torque response of 

the proposed IPMSM drive at 50% rated load (9.55 N-m). 

command speed 

actual speed 

q-axis current×5 

d-axis current×5 

command speed 

actual speed 

torque response 

time (s) � 

time (s) � 

sp
ee

d
 (

ra
d

/s
) 

, 
to

rq
u

e 
(N

-m
) 
�

 
sp

ee
d

 (
ra

d
/s

) 
, 
cu

rr
en

t 
(A

) 
�

 



 67 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

50

100

150

200

250

 
(a) 

 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

50

100

150

200

250

 
(b) 

 

 

Figure 3.22: Speed responses of IPMSM drives at 50% rated load (9.55 N-m) with abrupt 

speed change from 150 rad/s to 220 rad/s at t=0.5s, a) FLC based tuned PI with hysteresis 

band adaptation, b) conventional PI. 
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Figure 3.23: d-q axes current responses of IPMSM drives at 50% rated load (9.55 N-m) 

with abrupt speed change from 150 rad/s to 220 rad/s at t=0.5s, a) FLC based tuned PI 

with hysteresis band adaptation, b) conventional PI. 
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Figure 3.24: Speed and torque (5 times scaled) responses of IPMSM drives at rated speed 

(183 rad/s) with abrupt load change from 50% (9.55 N-m) to 75% (14.325 N-m) rated 

load at t=1s, a) FLC based tuned PI with hysteresis band adaptation, b) conventional PI. 

speed response 

torque response 

speed response 

torque response 

time (s) � 

time (s) � 

sp
ee

d
 (

ra
d

/s
) 

, 
to

rq
u

e 
(N

-m
) 
�

 
sp

ee
d

 (
ra

d
/s

) 
, 
to

rq
u

e 
(N

-m
) 
�

 



 70 

0.85 0.9 0.95 1 1.05 1.1

-15

-10

-5

0

5

10

15

 
 

(a) 

0.85 0.9 0.95 1 1.05 1.1

-15

-10

-5

0

5

10

15

 
       

(b) 

 

Figure 3.25: Phase current responses of IPMSM drives at rated speed (183 rad/s) with 

abrupt load change from 50% (9.55 N-m) to 75% (14.325 N-m) rated load at t=1s, a) 

FLC based tuned PI with hysteresis band adaptation, b) conventional PI. 
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Figure 3.26: Speed responses of IPMSM drives at rated speed (183 rad/s) and 50% rated 

load (9.55 N-m) with abrupt change of Ld and Lq (5 times increase) at t=1s, a) FLC based 

tuned PI with hysteresis band adaptation, b) conventional PI. 
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Figure 3.27: Speed responses of IPMSM drives at rated speed (183 rad/s) and 50% rated 

load (9.55 N-m) with abrupt change of Bm and rs (5 times increase) at t=1s, a) FLC based 

tuned PI with hysteresis band adaptation, b) conventional PI. 
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load change. It shows that the proposed drive takes lower amplitude and less noisy 

current than PI based drive, and it also smoothly shifts the amplitude level during load 

transition. 

The adaptability of the drives to parameter variations is also tested and the 

investigation results are presented in Figs. 3.26 and 3.27. Speed responses of the drives 

with abrupt five-fold increase of both d-q axes inductances at t=1s are shown in Fig. 3.26. 

This figure implies that the PI based drive responds with a significant speed overshoot 

during inductance change but the proposed drive remains insensitive to the same change. 

In case of Fig. 3.27, the stator resistance Rs and friction damping constant Bm are 

increased five times abruptly at t=1s. Again in this case, the proposed drive absorbed the 

change comfortably whereas the PI based drive suffers a dip in speed. 

 

3.7 Concluding Remarks 

In this chapter, a novel IPMSM drive scheme incorporating an FLC based tuned 

PI speed controller and another FLC based adaptive hysteresis current controller, and a 

flux controller has been proposed. The proposed system design and development has 

been explained step by step with discussion of relevant fuzzy logic theory and flux 

weakening theory. Simulation model of the proposed drive has been developed using 

Matlab/Simulink. Finally, simulation results have been presented to investigate and 

compare the performance of the proposed drive with conventional PI controller based 

drive. Simulation results demonstrate that the proposed drive yields better performance 

than the conventional PI controller based drive at different dynamic conditions like 

speed, load and parameter variations. 
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Chapter 4 

Real-time Implementation 

 

4.1 Introduction 

In this chapter, the experimental implementation procedure for the proposed 

interior permanent magnet synchronous motor (IPMSM) drive incorporating FLC based 

tuned PI with hysteresis band adaptation is provided. The proposed drive is implemented 

in real-time using DSP controller board DS1104 for a laboratory 5 HP IPMSM. First the 

experimental setup and both hardware and software implementation of the drive are 

described in detail. Then the obtained experimental results are presented and discussed to 

verify the effectiveness of the proposed scheme in real-time. 

 

4.2 Experimental Setup 

 The block diagram of hardware schematic for experimental setup of the drive is 

shown in Fig. 4.1. It shows the closed loop connection of the IPMSM with DSP 

controller board DS1104 inside a computer, three-phase rectifier-inverter and other 

peripheral devices. The IPMSM is fed by the inverter driven by the six PWM gating 

signals generated by the DS1104 board via an interface base drive circuit. The DSP board 

also takes speed signal and current inputs from an encoder mounted on the rotor and from 

Hall-effect currents sensors respectively which are also shown in Fig. 4.1. The board also  
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Figure 4.1: Block diagram of the experimental setup. 

 

gives the provision to display waveforms in oscilloscope from its D/A ports. The DSP 

board, encoder and current sensors will be further discussed in the next section. 

The snapshots of the experimental setup are presented in Figs. 4.2 and 4.3 with 

symbols for the different parts and devices associated. In Fig. 4.2, the test IPMSM is 

labelled as ‘M’. The optical incremental encoder ‘E’ is directly connected to the rotor 

shaft of the IPMSM to measure the rotor position. The motor is coupled with a DC 

generator (L) which works as a loading machine to the motor. The actual motor currents 

are measured by the two Hall-effect current transducers (CS). These current sensors have 

a linear response over a wide range of frequencies up to 250 kHz. The DSP controller 

board DS1104 is actually installed inside the desktop computer (PC) and the oscilloscope 

(OSC) is placed beside it. The power circuit consists of a three-phase variable ac  
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Figure 4.2: Snapshot of the experimental setup of the proposed IPMSM drive. 

 

autotransformer (AX), power supply (PS) and a three-phase IGBT rectifier-inverter 

(INV). The variable three-phase input ac power of the rectifier is supplied by the 

autotransformer (AX) through a single pole single throw (SPST) switch (SW). The DC 

bus voltage of the voltage source inverter (VSI) is obtained by rectifying three-phase ac 

voltage and then it is filtered by a large capacitor of approximately 1000�F. This inverter  
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Figure 4.3: Snapshot of the experimental setup (close-up view). 

 

has active security features against short circuit, under voltage of power supply as well as 

built-in thermal protection which prohibits destructive heat sink temperatures within the 

device. The interface drive circuits, the voltage sources and the connector panel are 

visible in Fig. 4.3. The current interface circuit (I-C) is placed in a breadboard between 

the Hall-effect current sensors (CS) and the A/D channel of the DSP board. The gate 

drive circuit is built-in with the inverter. The inverter gate drive interface circuit (I-D) on 

another breadboard is used to increase the voltage and power level of the firing pulses so 

that they are sufficient enough to drive the IGBT switches of the inverter. The voltage 
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source S1 is used to power up the encoder and voltage sources S2, S3, S4 are used to bias 

the interface circuit’s chips. The connector panel CP1104 of the DSP board is labelled as 

‘CP’ in Fig. 4.3 which will be further discussed in the next section.  

 

4.3 DSP Based Hardware Implementation 

The DSP controller board DS1104 board is specifically designed for the 

development of high-speed multivariable digital controllers and real-time simulations in 

various fields. The board is plugged into a PCI slot inside an Intel desktop computer with 

uninterrupted communication capability through dual port memory. The block diagram of 

the hardware schematic of the DS1104 board is shown in Fig. 4.4. The DS1104 board is 

mainly based on a 64-bit PowerPC type PPC603e processor. This processor operates at 

the clock frequency of 250 MHz with 32 kB cache memory. This board has a 32 MB of 

SDRAM global memory and 8 MB of flash memory. The DSP is also supplemented by a 

set of on-board peripherals used in digital control systems including analog to digital 

(A/D) converter, digital to analog (D/A) converter and digital incremental encoder 

interfaces. This board is also equipped with a Texas Instruments TMS320F240 16-bit 

DSP microcontroller that acts as a slave processor and provides necessary digital I/O 

ports configuration, and powerful timer functions such as input capture, output capture 

and PWM signal generation [87]. In this work, the slave processor is used only for digital 

I/O subsystem configuration. The PC-based controller generates and sends the numerical 

switching signals to the DSP board, whereas the outputs of the DSP board are sent to the 

interface gate drive circuit (I-D) to drive the VSI inverter (INV) IGBT switches.  
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Figure 4.4: Block diagram of the hardware schematic of DS1104 board. 

 

A connector panel (CP) is used to ensure high-density connection between the 

DS1104 board and the external devices, and easy access to all the input and output 

signals. The connector panel is connected with the DS1104 board via an adapter cable. It 

actually provides easy-to-use connections between the DS1104 controller board and the 

devices to be connected to it. Devices can be individually connected, disconnected or 

interchanged without soldering via BNC connectors and Sub-D connectors. This  
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Figure 4.5: Snapshot of the connector panel CP1104. 

 

simplifies system construction, testing and troubleshooting [87]. The snapshot of the 

connector panel is shown in Fig. 4.5. 

The rotor position is measured by an optical incremental encoder mounted at the 

rotor shaft of IPMSM and is fed back to the DS1104 board via the connector panel (CP). 

The optical encoder used in this experiment generates 1024 pulses per revolution. In 

order to get a better resolution, the output of the encoder is increased to 4×1024 pulses 

per revolution by using a built-in 4-fold pulse multiplication. Thus the effective 

resolution of the encoder is 0.087890625° or 5.2734375�. These pulses are fed to the one 

of two digital incremental encoder interface channels on the connector panel. A 24-bit 

position counter is used to count the encoder pulses and is read by a calling function in 
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the software program. The counter is reset in each revolution by the index pulse 

generated from the encoder.  

The actual motor currents are sensed by the Hall-effect sensors (model CS100A-

P), which have current range of 0 ~ ±200A and a frequency range of 0-250 kHz. Its 

nominal current is ±100A and turns ratio is 2000/1. So the nominal output current is 

50mA. The output current signal of these sensors is converted to a voltage signal across 

the resistor connected between the output terminal of the sensor and ground. The output 

voltage can be scaled by selecting the value of the resistors which can be within the range 

of 0-100Ω. As the output voltages from these current sensors are very low, a current 

interface circuit (I-C) is required to amplify the output of the sensor and also to reduce 

the noise. The interface circuit consists of two non-inverting amplifiers for phase-a and 

phase-b forming by operational amplifier LM741CN. Then these amplified signals are 

fed back to DSP board through A/D channels. As the motor neutral is not grounded, only 

phase-a and phase-b currents are measured in this experiment and phase-c current is 

calculated using Kirchhoff’s Current Law in the developed Simulink model. The resistors 

used (R1, R2, R3) for both current sensors and operational amplifiers have been 

mentioned in Appendix-C and respective gains have been calculated there. 

The command phase currents are generated from the proposed controller in the 

Simulink model and compared with the actual sensed currents. This generates the six 

logic signals which act as the gating pulses for the six IGBT switches of the three-phase 

inverter. These six logic signals are the output of the DS1104 Board. But these outputs of 

the digital I/O subsystem have magnitudes of only +5V which are not sufficient enough 

to drive the IGBTs requiring +15V voltage levels. Therefore, these voltage signals are 
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first fed to the base drive circuit (I-D) to shift the voltage level from +5V to +15V. Then 

the drive circuit provides the appropriate +15V gating signals for the IGBT switches. In 

this work, DM7407N is used as the driver chip. Both current interface circuit (I-C) and 

gate drive interface circuit (I-D) are provided in Appendix-C. 

 

4.4 Real-time Software Development 

In order to implement the proposed IPMSM drive, a real-time Simulink model is 

developed as shown in Appendix-D. Now the DS1104 board is a self-reliant system and 

not an embedded system. So the host PC does not perform any processing for a system 

implemented on this board. Therefore, the DS1104 board requires that real-time model to 

be created and downloaded to it for the system to function. The real-time model is built 

and downloaded to the DS1104 board using the dSPACE ControlDesk software [87]. The 

ControlDesk software is also used to start and stop the function of the board as well as 

create a layout for interfacing with global variables in dSPACE programs. The sampling 

frequency used in this experiment is found to be 5kHz. If higher sampling frequency is 

chosen, the ‘overrun error’ occurs, which indicates too much computational burden for 

the DS1104 processor. So the values of the currents and rotor position angle are read at 

every 200�s. 

  The motor currents obtained in the dSPACE program through analog to digital 

converter (ADC) channels l and 2 do not match the actual currents in terms of amplitude. 

So, before comparing with corresponding command currents, they must be multiplied by 

appropriate gains in order to obtain the actual current values in software. These gain 

values depend on the Hall-effect sensors’ specifications, the resistors used at the output 
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node of these sensors and the resistors used in the interface circuit. Another problem is 

that those current waves are also vertically shifted downwards. So vertical balance offsets 

or compensation values have to be calculated and applied to ensure that the current waves 

oscillate around time axis and have zero average value. To calculate appropriate gains 

and offsets, a separate open loop test was performed. In this test, single-phase ac supply 

is applied across a 45� load. The current across the load was measured by an ammeter 

(rms value) and that same current signal passing through current sensor was observed in 

ControlDesk software. The rms value obtained in the ControlDesk program was 

compared with the ammeter value to calculate the required gain. Also the positive and 

negative peaks of the sinusoidal current waveform were noted down and required offset 

balance was obtained by simple calculation. This test is performed with seven 

observations each for both the current sensors. The test data for phase-a and phase-b 

current sensors are provided in Table 4.1 and Table 4.2. Finally the gains for phase-a and 

phase-b were found to be nearly 47 and 55.3 respectively, whereas the balance offsets 

were calculated to be 0.0035 and 0.003 respectively. The load current using phase-a 

current sensor and with appropriate gain and offset is shown in Fig. 4.6 which implies 

that the waveform has zero average value. 

 The rotor position angle is sensed by the optical incremental encoder. As 

discussed in the last section, the index pulse is generated by the encoder to reset the 

counter to zero after each revolution completed which means that the maximum rotor 

angle equals to 2�. So the rotor position angle can be calculated in radian by the formula 

2�/1024. Then the rotor speed is calculated from the measured rotor position angles using 

numerical backward differentiation. The speed error between actual and command speed  
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Table 4.1: Required Offset and Gain calculation for Phase-A Current Sensor 

Obs. 
Irms 

(ammeter) 
Irms (dSpace) 

Gain 

Required 

Positive 

peak 

(dSpace) 

Negative 

peak 

(dSpace) 

Vertical 

Offset 

balance 

1 0.5A 0.011136932A 44.89566865 0.0125A -0.019A 0.00325 

2 0.7A 0.014495689A 48.2902192 0.017A -0.024A 0.0035 

3 1A 0.021213203A 47.14045208 0.026A -0.034A 0.004 

4 1.2A 0.025279067A 47.47010559 0.0325A -0.039A 0.00325 

5 1.5A 0.031819805A 47.14045208 0.042A -0.048A 0.003 

6 1.7A 0.036062446A 47.14045208 0.048A -0.054A 0.003 

7 2A 0.04277996A 46.75086157 0.056A -0.065A 0.0045 

Average: 46.97545875  0.0035 

  

 

 

Table 4.2: Required Offset and Gain calculation for Phase-B Current Sensor 

Obs. 
Irms 

(ammeter) 

Irms 

(dSpace) 

Gain 

Required 

Positive 

peak 

(dSpace) 

Negative 

peak 

(dSpace) 

Vertical 

Offset 

balance 

1 0.5A 0.01A 50 0.011A -0.017A 0.003 

2 0.7A 0.01A 70 0.017A -0.023A 0.003 

3 1A 0.02A 50 0.024A -0.03A 0.003 

4 1.2A 0.02A 60 0.029A -0.035A 0.003 

5 1.5A 0.03A 50 0.037A -0.043A 0.003 

6 1.7A 0.03A 56.67 0.042A -0.048A 0.003 

7 2A 0.04A 50 0.051A -0.056A 0.0025 

Average: 55.24  0.002928571 
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Figure 4.6: Load current waveform at dSPACE ControlDesk software after using 

calculated gain and vertical offset balance from Table 4.1 (using phase-a current sensor). 

 

is then calculated. Using the speed error the reference d-q axes currents are calculated 

according to the proposed controllers explained in Chapter 3. Then the reference phase 

currents are obtained using Park’s transformation equations. Finally those reference 

phase currents are compared with sensed and modified actual currents (as explained in 

the previous paragraph) to generate the PWM gating signals for the inverter. All off-to-on 

transitions of the PWM pulses are delayed by the dead time of 0.5ms in order to prevent 

the shorting of the dc bus voltage to ground. These pulses are sent to the inverter gates 

through digital I/O subsystem of the board and the base drive circuit. 

 

4.5 Experimental Results and Discussion 

Several experimental tests have been performed to verify the feasibility and 

effectiveness of the proposed FLC based tuned PI with hysteresis band adaptation based 
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IPMSM drive. Its performance is also compared with a conventional fixed gain PI 

controller based drive. The proportional and integral gains of the conventional PI 

controller are taken as 0.5 and 4 respectively as it was in the case of simulation tests in 

Chapter 3.  

Experimental results are shown in Figs. 4.7 to 4.14. The initial real-time speed 

response of the proposed drive for a step change of command speed from zero to 120 rad/s 

at no load is compared with that of the conventional PI controller based drive, which is 

shown in Fig. 4.7. Here the PI based drive actually takes almost thrice the settling time of 

the proposed drive to reach the steady-state speed, 120 rad/s. Fig. 4.8 shows the speed 

responses for an online change of command speed abruptly from 100 rad/s to 140 rad/s for 

both the drives. In this case, it is clearly observed that the PI based drive takes nearly 

twice the settling time of the proposed drive to adjust to the new speed level. Dynamic 

phase current response of the proposed drive for a step change of command speed from 50 

rad/s to 150 rad/s is shown in Fig. 4.9. This figure implies that the phase current smoothly 

adjusts to a higher frequency with the step change to higher speed without going through 

any distortion.  

The flux weakening capability of the proposed drive is tested by running the motor 

above rated speed. Fig. 4.10 shows the starting speed response of the proposed drive for a 

step input of command speed of 220 rad/s. It is seen from this figure that the motor can 

follow the high command speed smoothly without any steady-state error.  

The effect of hysteresis band adaptation on developed torque response of the 

proposed drive is demonstrated in Fig. 4.11 where it is observed that the developed torque 

ripple reduces considerably when the hysteresis band adaptation FLC was activated. 
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Figure 4.7: Initial speed responses with abrupt change of speed from zero to 120 rad/s at 

no-load condition, a) conventional PI controller based drive, b) proposed IPMSM drive. 
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Figure 4.8: Dynamic speed responses with abrupt online change of speed from 100 

rad/s to 140 rad/s at no-load condition, a) conventional PI controller based drive, b) 

proposed IPMSM drive. 
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Figure 4.9: Dynamic speed response with corresponding phase-a current response of the 

proposed IPMSM drive with abrupt online change of speed from 50 rad/s to 150 rad/s at 

no-load condition. 

X scale: 500ms/div. 

Y scale: 70rad.s
-1

/div., 1.5A/div. 
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Figure 4.10: Initial high speed response of the proposed IPMSM drive with abrupt 

change of speed from zero to 220 rad/s at no-load condition.  
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Figure 4.11: Steady state torque response of the proposed IPMSM drive at 140 rad/s 

speed before and after hysteresis band adaptation. 
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Figure 4.12: Steady state d and q-axis current responses of the proposed IPMSM drive 

at 140 rad/s speed at no-load condition. 

X scale: 1�s/div. 

Y scale: 1A/div., 100mA/div. 
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Figure 4.14: Steady state actual phase-a and phase-b current waveforms of the proposed 

IPMSM drive at 100 rad/s speed and no-load condition. 

 

 

Figure 4.13: Steady state reference and actual phase-a current waveforms of the 

proposed IPMSM drive at 100 rad/s speed and no-load condition. 

X scale: 10ms/div. 

Y scale: 1A/div. 
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X scale: 10ms/div. 

Y scale: 1A/div. 
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Steady state d-q axes current responses of the proposed drive at 140 rad/s speed and no 

load are shown in Fig. 4.12. Here the d-axis current is nonzero which indicates that the 

motor is developing some reluctance torque. Fig. 4.13 shows the steady state reference 

and actual phase-current waveforms of the proposed IPMSM drive at 100 rad/s speed and 

no load condition.  It is seen from this figure that the actual phase current very closely 

follows the command current. Steady state actual phase-a and phase-b current waveforms 

at the same speed and load condition are shown in Fig. 4.14 where phase-a current leads 

phase-b current by 120°.  
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Chapter 5 

Conclusion 

The interior permanent magnet synchronous motor (IPMSM) is arguably the best 

choice for high performance variable speed drives (HPVSD). But its precise speed and 

torque control appear to be a complex task for researchers due to nonlinear coupling 

among its winding currents and the rotor speed, as well as the nonlinearity present in the 

electromagnetic developed torque because of magnetic saturation of the rotor core. The 

most tangible option for researchers is to employ simple fixed gain PI, PID controllers 

which provide good steady state performance but suffer from poor dynamic performance, 

sensitivity to parameter variations and occasional instability. Meanwhile, the 

conventional adaptive controllers require complex circuitry for real-time implementation. 

Artificial intelligent controllers like fuzzy, neural network, neuro-fuzzy controllers are 

good options in this case because they are capable of handling nonlinear systems without 

much knowledge of the system model and also they yield better transient speed response. 

But most often, researchers overlook the possibility of simultaneous torque ripple control 

while achieving better dynamic speed response. So in this thesis, a new IPMSM drive has 

been proposed with a combined approach of optimizing torque ripple and achieving 

better dynamic speed performance over a wide speed range. 

The review of different types of electric motors with various control techniques 

has been provided in the first chapter. Relevant previous works have been studied and 

discussed thoroughly to identify the drawbacks of the existing methods. Then the 
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research motivation is described and the choice of the research topic is explained. In the 

second chapter, the mathematical model of IPMSM is developed using Park’s 

transformation equations which has been followed in the rest of the work. Then based on 

the motor model, the closed loop vector control strategy of IPMSM is also discussed. 

The detailed step by step design and development of the proposed closed loop 

vector control scheme has been provided in the third chapter. Two fuzzy logic controllers 

have been employed in the proposed scheme. At the beginning of the chapter, a brief 

review on fuzzy logic theory has also been provided. Then the conventional fixed band 

hysteresis PWM current controller working principle has been described. In order to 

improve the performance of the conventional hysteresis controller, an FLC based 

hysteresis band adaptation scheme has been developed and explained. Then a new fuzzy 

tuned PI controller has been developed for achieving better dynamic speed performance. 

A flux controller has also been incorporated in this scheme for wide speed range 

operation and its mathematical formulae have been explained with discussion of different 

IPMSM operating regions including flux weakening operation. Finally a simulation 

model for the proposed drive has been developed using Matlab/Simulink. The 

performance of the proposed drive has been thoroughly investigated at different dynamic 

speed, load and parameter change conditions. The simulation results have also been 

compared with those of a fixed gain PI controller based drive. The comparison results 

prove the superiority of the proposed drive over conventional PI based drive. 

The fourth chapter provides the details of real-time implementation of the 

proposed drive described in the third chapter. The proposed drive has been implemented 

in real-time using DSP controller board DS1104 for a laboratory 5 HP IPMSM. The lab 
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experimental setup has been described and both hardware implementation and software 

development have been discussed. Then the real-time Simulink model of the proposed 

drive has been developed and real-time experiments have been performed. Experimental 

results for the proposed drive have been provided and compared with conventional fixed 

gain PI based drive in order to verify the feasibility and effectiveness of the proposed 

drive. 

 

5.1 Major Contributions of this Thesis 

The major contributions of this thesis can be discussed as follows: 

� A Mamdani type fuzzy logic controller (FLC) has been designed to minimize 

developed torque ripple of the IPMSM by varying online the hysteresis band 

limits of the PWM current controller on the basis of q-axis current error. 

� A Sugeno type FLC has been developed to tune the parameters of a PI 

controller online which consequently serves as the speed controller. Thus an 

attempt has been made to combine the advantages of both fixed gain and 

artificial intelligent controllers. The proposed hybrid speed controller 

exhibits very good dynamic and steady state speed performance. 

� The two proposed controllers mentioned above have been combined in the 

same IPMSM drive to achieve better torque and speed responses 

simultaneously. 

� A flux controller has also been incorporated successfully in the proposed 

scheme to widen the drive’s operating speed range.  
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5.2 Future Work 

In this work, the PI speed controller parameters have been tuned by a 

Sugeno type FLC. In future instead of tuning by FLC, an improved neuro-fuzzy 

controller (NFC) can be employed as the speed controller to achieve even better 

dynamic speed performance. Attempt can be also made to implement and operate 

that NFC based drive with sampling frequency higher than 5kHz which is the 

frequency used in this work. Moreover, some speed ripple has been visible in 

real-time results though it has not been encountered in simulation results. To 

eliminate that speed ripple by hardware control or by using any improved 

algorithm can be a significant extension of this work. 

In case of the first hysteresis band adaptation FLC, change of current error 

(�diq) can be employed as an additional input variable to make the FLC more 

effective and meaningful. 

Minimum number of membership functions has been used for input 

variables of the PI tuning FLC in order to avoid computational burden. But may 

be it is advisable to add one more membership function for �e variable to make 

the fuzzy inference more flexible.  

Though both torque and speed performances are considered in this work, 

loss minimization or efficiency optimization of the IPMSM drive is not discussed 

here. This work may also be extended to verify its loss minimization capability or 

additional algorithm or controller may be added in the scheme to improve the 

drive’s efficiency as well as retaining better torque and speed performance.  
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Appendix A 

 
# Lab IPMSM Parameters:  
(for both simulation and real-time experiment) 

 
Number of phases = 3 

Number of poles = 6 

Rated Frequency = 87.5 Hz 

Rated power = 5 HP 

Rated Speed = 1750 rpm (183 rad/s) 

Rated input line-to-line voltage = 183 V 

Rated current = 14.2 A 

Rated Torque = 19.1 N-m 

q-axis inductance, Lq = 6.42 mH 

d-axis inductance, Ld = 5.06 mH 

Stator resistance per phase, rs = 0.242 � 

*Rotor inertia constant, J = 0.0133 kg-m
2
 

*Friction damping constant, Bm = 0.001 N-m/rad/s 

Permanent magnet flux linkage, �m = 0.24 Wb  

 

(*Rotor inertia constant and Friction damping constant values mentioned here are only 

for the IPMSM. They do not include the effect of DC generator load coupled with 

IPMSM.) 
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Appendix B 
 

# Simulink internal subsystem blocks for the proposed IPMSM drive model 
 

 
 

 

Figure B.1: Speed Controller subsystem (Fuzzy-tuned PI Controller). 
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Figure B.2: Flux Controller subsystem. 
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Figure B.3: Vector Rotator subsystem. 
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Figure B.4: Hysteresis Current Controller subsystem. 
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Figure B.5: FLC O/P based Relay subsystem. 
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Figure B.6: Inverter subsystem. 
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Figure B.7: Coordinate Transformation subsystem. 
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Figure B.8: Current Transformation subsystem. 
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Figure B.9: Motor Output subsystem. 

th
e2w
r1

ps
i-

m

0
.2

4

P

3

Lq

0
.0

06
42

Ld

0
.0

05
06

In
te

gr
at

or
1

1 s

In
te

gr
at

or

1 s

B
m0

.0
01

3
P

/2

4
.5

1
/J

1
/0

.0
13

3

TL3Id
r2

Iq
r1



 119 

Appendix C 

 
# Interface circuits for inverter gate driver and current sensors: 

 
 

Pull-up resistors, R1= R2 = R3 = R4 = R5 = R6 = 1.5 k� 

 

 

 

Figure C.1: Interface circuit for inverter gate driver. 
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# Resistors used in the current sensors’ interface circuit: 

Resistor Current sensor for phase-a Current sensor for phase-b 

R1 98.6 � 98.9 � 

R2 1.8 k� 1.98 k� 

R3 5.4 k� 5 k� 

 phase-a gain = 4 phase-b gain = 3.53 

(Op-Amp 741CN Gain = 1+R3/R2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.2: Interface circuit for the two current sensors with external gains calculation. 
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Appendix D 
Real-Time Simulink Model 

 

 

 

Figure D.1: Real-time Simulink model of the proposed IPMSM drive system. 
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