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Abstract 

 

Permanent magnet synchronous motors (PMSMs) are used in various industrial applications and 

many theoretical advances have been achieved in the domain of PMSM control. However, more 

research is needed in the area of self-commissioning drives which can operate with very minimum 

information of motor parameters. This thesis focuses on the universal control design of PMSMs 

and uses two control methods: conventional field-oriented vector control and simplified control. 

In vector control, the classical proportional-integral (PI) controller is used to control the d-q axis 

currents and speed of the PMSM. The main aim is to determine the PI controller gains using an 

empirical study and generalized mathematical expressions. In vector control, these equations use 

power ratings, while in simplified control, the product of number of pole pairs and flux linkage is 

used for automatic gain calculation. Validation of both the proposed control strategies is done in 

MATLAB/Simulink, and satisfactory results are obtained.    
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Chapter 1 

 

Introduction  

Permanent magnet synchronous motors (PMSMs) are used in various industrial applications due 

to their many advantages over induction motors like efficiency, torque-to-current ratio and power 

density. The usage of PMSMs can be seen in a diverse variety of fields such as electric 

transportation systems, industrial servo drives and renewable energy wind turbines. However, 

proper optimum control strategies are required to achieve higher continuous torque over a wide 

range of speeds and better operational efficiency with no magnetizing current. Control techniques 

ranging from field-oriented vector control to adaptive fuzzy logic control are used to attain better 

optimum performance. In spite of that, complex control algorithms, higher executing time in real 

world industrial applications and cost are some of the factors which still need to be addressed. 

     To overcome such problems, two universal control strategies are proposed in the thesis. The 

main objective of both these methods is the appropriate control of PMSM even with uncertain 

system’s dynamics. Typical PI controllers are used to control d-q axis currents and speed of the 

PMSM. These methods use generalized mathematical expressions for automatic gain calculation 

for PMSMs of a wide power-rating range. This chapter gives some background information on the 

importance of PMSM characteristics in different applications and the need for sustainable research 

for simpler control strategies. It also provides an overview on the range of topics discussed in the 

upcoming chapters.  
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1.1  Background and Motivation 

The structure of PMSM can be considered as a fusion between an induction motor and a brushless 

DC motor. Its stator structure with windings resembles that of an induction motor, while its 

permanent magnet rotor is the same as a brushless DC motor. The construction of its stator 

windings produces a sinusoidal flux density in the air gap of the motor. The PMSM is an AC 

synchronous motor whose rotor permanent magnets provide the field excitation and has a 

sinusoidal back EMF waveform. These permanent magnets allow the PMSM to generate torque 

even at zero speed. Higher torque density with a smaller frame size compared to an AC induction 

motor is also one of the advantages of the PMSM. 

     The PMSM can be classified into two types based on the orientation of the permanent magnets 

attached to the rotor: surface mounted PMSM (SPMSM) and interior PMSM (IPMSM). In 

SPMSM, the permanent magnets are mounted on the surface of the rotor, while IPMSM has the 

magnet pieces inside it as shown in Figure 1.1.  

 

(a) 

 

(b) 

Figure 1.1: Types of PMSM: (a) SPMSM, (b) IPMSM 
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     Usually, a digitally controlled inverter is used for the PMSM operations where it can also 

generate torque at zero speed. Several control techniques are used for the smooth rotation of the 

PMSM over an entire speed range giving high performance output. The most common and widely 

used control methods are the vector control techniques which are mainly classified into two 

categories: field-oriented control (FOC) and direct torque control (DTC) [1]. The FOC method is 

used by various types of controllers like PI-Controller, Sliding Mode Controller (SMC), Fuzzy 

Logic Controller (FLC) and Model Predictive Controller (MPC) [2-5]. The main objective is to 

break down the stator current into magnetic field generating component and torque generating 

component and control both these parts separately [6]. Mathematical transformations are used by 

the FOC method to obtain the torque and flux of a PMSM from a three-phase current feedback. 

More detailed description about this control technique is mentioned in Chapter 4. Unlike FOC, the 

DTC method doesn’t require any complex coordinate transformation and current regulator but it 

has some drawbacks such as poor control at low speed and torque ripples [7]. Fuzzy logic and 

neural network are some of the emerging non-linear control techniques which have gained interest 

in recent years in the domain of PMSM control. Most of the conventional control methods have 

the disadvantages of large speed fluctuations at constant load, more computational complexity and 

operational expenditure. However, despite of the many theoretical advances achieved in the 

domain of PMSM control, more research is needed in the field of intelligent learning-based control 

techniques and better experimental validation is also required for the most favorable control 

methods. 
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1.2 Objectives and Contributions 

The goal of this thesis is to overcome the above mentioned drawbacks and system complexities by 

establishing a simpler approach for better PMSM control even with uncertain system’s dynamics. 

Here, two of such control methods are proposed: conventional field-oriented vector control and 

simplified control. These two methods reduce the operational time required for PMSM tuning 

using an automatic gain calculating algorithm with the help of some generalized mathematical 

expressions. Besides, compared to the aforementioned control methods, the techniques formulated 

here can be applied to multi-power range motor types.  

     In vector control, the control gains are determined using only the motor power ratings. Accurate 

tracking of d-q axis currents and speed of the PMSM is observed with the help of a self-tuned PI 

controller. Afterwards, to validate this proposed tuning method, some new PMSMs are simulated 

using these generalized mathematical expressions and the results show accurate tracking of the 

currents and speed. The simplified control scheme makes the use of the influence of PMSM 

modeling equations on the d-q axis currents and speed control tracking. Here, much simpler 

mathematical expressions are obtained compared to the vector control for each of the PI controller 

gains. For the automatic gain calculation, it considers the product of the no. of pole pairs and flux 

linkage. Both these proposed tuning methods don’t use complex control algorithms and are much 

simpler and convenient to apply. This approach also requires very minimal information of the 

motor’s dynamics. All the simulations are carried out in the MATLAB/Simulink environment and 

responding conclusions are made.  
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1.3 Organization of the Thesis  

The rest of the thesis is organized as follows. Chapter 2 briefly presents the various control 

methods available for the PMSM control and tuning. All the conventional techniques in the domain 

of vector control are discussed and some new emerging control methods using fuzzy logic and 

neural network approach are outlined in the end. Following this, the modeling of PMSM involving 

its structure and working is discussed in Chapter 3. Chapter 4 reviews the proposed universal 

control strategy and its formulation in detail. It provides an approach to the two control methods 

of field-oriented vector control and simplified control. Next, Chapter 5 presents all the simulation 

results obtained in the MATLAB/Simulink software and analyses all the errors in d-q axis currents 

and speed. Finally, Chapter 6 provides the concluding remarks and future research opportunities. 
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Chapter 2 

 

Literature Review 

This chapter reviews the various existing and emerging control techniques of PMSMs and their 

classifications in detail. The methods are listed in Figure 2.1 and are classified by their basic 

qualitative characteristics. 

 

 

Figure 2.1: Classification of control techniques for PMSMs 
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2.1 Scalar Control Method  

Scalar V/f (Voltage/frequency) control is one of the simplest methods for PMSM control where 

the relationship between voltage or current and frequency is kept constant according to the motor’s 

speed range.  The motor’s parameters or position are not used here as a feedback, as this technique 

uses open loop control [8]. This results in consuming less computation power for the hardware 

control and the drive system becomes unstable after exceeding a certain applied frequency. For 

this, damper windings are constructed in the rotor of PMSM to achieve synchronization with the 

frequency. In [8], an open-loop V/f stabilization technique is presented for a five-phase PMSM 

which maintains the stability of the drive system over a wide range of speed. Two feedback 

corrections are used in [9] for the V/f control as: (i) use of active power variation for speed 

stabilizing correction to maintain the stator applied frequency for stable operation, and (ii) 

applying PI regulation of q-axis current component for voltage amplitude correction to achieve 

unity power factor. 

 

2.2 Vector Control Methods 

This section discusses the four main control methods using the vector control approach and their 

classifications. 

2.2.1 Field Oriented Control (FOC) 

FOC is much widely accepted as one of the vector control methods. Direct FOC can be described 

as shown in Figure 2.2 with a rotor position sensor. 
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Figure 2.2: Field-Oriented Vector Control Scheme 

     Here, the stator phase currents are measured and transformed to two phase 𝛼𝛽 system using 

Clarke transformation [2]. Afterwards, these currents are converted to rotating d-q reference frame 

via Park transformation [2]. The calculated rotor position using the position sensor is used to 

compare the actual and reference speeds to generate q-axis reference current [10]. The outputs of 

the two PI controllers, 𝑖𝑑(𝑟𝑒𝑓) and 𝑖𝑞(𝑟𝑒𝑓) are obtained from the feedback signals and are used for 

the motor flux and torque control respectively [2]. This is the main principle of FOC. The FOC 

circuit without any position sensor is also known as Indirect FOC method.  

     The d-q axis current control has a vital role to play in a vector controlled PMSM to achieve 

better system’s dynamic performance [11]. Current control is also important as it has a direct effect 

on torque control [12]. The use of Proportional-Integral (PI) controllers is the most common 

approach in the implementation of d-q axis currents and speed control loops due to their simplicity 

[11]. Several tuning methods for obtaining the PI control gains have been proposed in recent years 
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[13]. Trial-and-error and Ziegler-Nichols are some of the most commonly used tuning methods for 

controlling PMSM [13]. But the accuracy of these methods depends on the full knowledge of the 

PMSM model parameters [13]. It is difficult to obtain good performance using linear control 

algorithms, as the PMSM is a nonlinear system with strong coupling that is subject to parameter 

variations [11]. Many nonlinear control methods have come to light due to the recent developments 

in motor control techniques [11]. In [14], a boundary layer integral sliding mode controller is 

designed based on a quasi-linearized and decoupled model considering the effect of parameter 

variations. In [15], the non-linearity of a voltage source inverter (VSI) is considered to propose an 

adaptive super-twisting algorithm based sliding mode observer (STA-SMO) for the surface 

mounted PMSMs. To achieve better accuracy of the PMSM model, the voltage distortion due to 

VSI non-linearity is compensated online [15]. A simple adaptive disturbance observer is used in 

[16] with a robust controller, which uses an adaptive element in the reference-voltage-generation 

stage using the feedforward control. Depending on the various operating conditions of the PMSM, 

the adaptive element is selected as an uncertainty function which changes accordingly [16]. In the 

last few years, better control techniques incorporating predictive current controllers [17-19] are 

receiving attention in PMSM drives' domain. A discrete-time robust predictive current controller 

is proposed in [17], based on the dead-beat structure. But unmodeled dynamics and parametric 

uncertainties act as some of the drawbacks of the dead-beat control [17]. In [18], the current control 

is achieved while satisfying the real-time and physical constraints of PMSM drives by obtaining 

fast transient current response adjusting the stator voltages. A five-phase PMSM is controlled 

using the proposed finite control set model predictive current control (FCS-MPCC) in [19]. At low 

speed, the sensor-less control of PMSM can be accomplished by a signal injection method in [10], 

which ideally requires only one voltage vector for position estimation. In [20], a control Lyapunov 
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function over a discrete set of realizable inputs generates the input switching sequences for the 

PMSM control system. Each input has its own stabilizing effect on the control system [20], upon 

which the switching decisions can be made for the input selection process. In [21], a predictive 

functional control (PFC) technique is proposed for the control design of the speed loop. But the 

PFC method does not give proper results in the case of strong disturbances, due to which an 

extended state observer (ESO) is introduced, which adds a feedforward compensation item based 

on the estimated disturbances [21]. In [22], the control of a PMSM driven by a matrix converter is 

accomplished using a new speed finite control set model predictive control algorithm that uses a 

single control law instead of the cascaded control scheme. 

Unlike various control methods reported in the literature, this thesis presents the concept of auto-

tuning using a classical PI control approach due to its design simplicity and good performance. 

The auto-tuning technique has been applied to various other applications like control of 

quadcopter, temperature control in furnace and reinforcement learning neural networks.  In [23], 

an altitude control algorithm is presented for a quadcopter using the advantage of conventional 

proportional-integral-derivative (PID) control technique by resolving some of its drawbacks. In 

[24], the stability of an autonomous quad-rotor is achieved using the PID control strategy. An 

autonomous quadcopter robust landing algorithm is proposed in [25] to accomplish precision 

landing task. In [26], temperature control of a diffusion furnace is achieved using PID controller 

tuned with the help of a frequency loop-shaping method. PID controller is used for stabilization of 

modern voltage regulator system in [27], which can help the technicians and engineers in better 

understanding of digital controller tuning. Thus, several control methods are available but the PID 

control approach is widely used in a variety of applications across the world [23]. In [28], an 

efficient PID controller gain auto-tuning method is proposed through reinforcement learning 
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neural networks for a complex system like a multicopter. The neural network is trained and gets 

updated every time till it chooses the best action to find the controller gains [28]. Various auto-

tuning techniques are also presented in [29-31] which need little prior system information and are 

robust to noise. Although the aforementioned control methods achieve good performance, but they 

use very complex control algorithms which increases the computational burden. The proposed 

method to find the PI controller gains uses simple mathematical expressions which make it more 

suitable for low-cost real-time implementation. Besides, compared to the aforementioned control 

methods, the proposed technique can be applied to multi-power range motor types. 

 

2.2.2 Voltage Vector Control (VVC) 

In this method, reference frame transformations are used but without the need for the rotor position 

information [2]. The circuit structure and computational algorithms of VVC are less complicated 

compared to the FOC [2]. In this control strategy, only the flux component of stator current is 

taken into account [2]. Higher torque overshoot and ripple problems are some of the disadvantages 

of VVC compared to FOC [2]. In [32], a position estimation method is proposed to overcome the 

above mentioned drawbacks using derivative calculations of current and zero voltage vector 

injection. [10] discusses a control strategy where only one voltage vector is required for position 

estimation to execute sensor-less control of PMSM. 

 

2.2.3 Direct Torque Control (DTC) 

In 1988, M. Depenbrock suggested an alternative method to FOC called as Direct Torque Control 

(DTC) approach [33]. This control strategy does not require speed sensor and an inverter with 

PWM which makes its circuit less complex compared to the FOC. PMSM drives using this control 
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method have robust nature against any changes in the motor parameters and also respond quickly 

to any load variations [2]. M. Depenbrock developed the DTC technique with hexagonal flux 

trajectory, whereas I. Takahashi and T. Noguchi suggested the control approach with circular flux 

trajectory [2]. To overcome the drawbacks of conventional DTC, a modified approach using DTC 

with Space Vector Modulation (SVM) is used. This method improves the efficiency of PMSM 

drive and also reduces flux and torque ripples [2]. It uses the pulse width modulation (PWM) 

technique to generate the voltage in control system. In Linear DTC method, the non-linear system 

is represented as a linear one using Feedback Linearization approach [2]. Sliding Mode DTC (SM 

DTC) uses sliding mode controllers, while Linear DTC uses PI controllers to maintain torque and 

flux [2]. In [34], the reduction of torque ripple and stator flux ripple is achieved using the proposed 

duty ratio modulated direct torque control technique. In [35], the torque and flux ripple reduction 

can be observed while improving the dynamic response of the classical DTC technique with the 

help of a new predictive DTC strategy. In [36], the internal model principle and variable structure 

control (VSC) approach is combined to obtain a new hybrid control model, and a direct 

instantaneous torque control scheme is proposed for a direct drive (DD) PMSM.  

 

2.3 Emerging Methods 

In recent years, artificial intelligence techniques such as fuzzy logic and artificial neural networks 

are gaining more attention in the field of PMSM control thanks to their many advantages over the 

conventional methods. 
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2.3.1 Fuzzy Logic Based Control 

The concept of fuzzy logic was first introduced in the 1960s by Dr. Lotfi Zadeh of the University 

of California at Berkeley. Modern computer systems are based on the Boolean logic values of 1 

and 0, while the fuzzy logic also considers various truth states which can’t be represented as 

completely true or false. Fuzzy logic can also handle non-linearity with vague inputs without the 

need of any precise mathematical model. Fuzzy Logic Control (FLC) methods disintegrate the 

complex systems into smaller subsystems according to human knowledge about that system [37]. 

Considering the human control strategy, many local and straightforward control laws are 

established [37]. Combining all these local control actions, a global control law is built through 

fuzzy membership functions [37]. Instead of using a complicated mathematical model, FLC uses 

‘IF-THEN’ conditional statements according to human mind’s consideration of linguistic variables 

with smaller and simpler techniques [37]. 

      Fuzzy Logic Controller (FLC) mainly includes three stages: fuzzification, inference and 

defuzzification [37]. In the first phase called fuzzification, triangular membership functions are 

used to convert crisp variables into fuzzy variables [38]. Considering the fuzzy rules in the rule 

base, the output membership functions are processed [39]. Each universe of discourse is divided 

into seven fuzzy sets: NL (Negative Large), NM (Negative Medium), NS (Negative Small), Z 

(Nearly Zero), PS (Positive Small), PM (Positive Medium), PL (Positive Large) [38]. Each fuzzy 

variable is a member of the subsets with a degree of membership which changes between 0 (non-

member) and 1 (full-member) [39]. In the second stage called inference, a fuzzy relation matrix is 

created which gives a relationship between fuzzy set characterizing controller inputs and fuzzy set 

characterizing controller outputs [38]. An inference engine performs a set of control rules 

contained in a 7 × 7 rule base which processes the fuzzy variables [38]. The behavior knowledge 
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of PMSM is used to establish the control rules [38].  In the third phase called defuzzification, the 

inference output variable is converted into crisp value using one of the many available 

defuzzification algorithms [38].  

     A fuzzy PI-type current controller is used in [40], which stabilizes the decoupled dynamics and 

ensures the stability of the PMSM. But this approach has some problems dealing with the time-

varying uncertainties [40]. In [41], a speed control integrated circuit (IC) is proposed under a 

system-on-a-programmable-chip (SoPC) environment for the PMSM drive. Here, the external load 

effect and dynamic uncertainty in the speed loop of a PMSM is considered for the operation of an 

adaptive fuzzy controller [41]. A decentralized adaptive fuzzy controller for the PMSM drive is 

used in [42], based on the type-2 fuzzy logic systems and adaptive control theory.   

 

2.3.2 Artificial Neural Network Based Control 

A neuron is the basic structural unit of Artificial Neural Network (ANN), which is derived from 

the concept of a biological neuron [43]. A biological neuron comprises of many branches classified 

as dendrites and axon [43]. The dendrites receive the impulse signals and when a certain threshold 

limit is reached, an appropriate response signal is generated as on output [43]. This response signal 

is transferred to other neurons through a complex branching system with the help of axon [43]. 

The incoming signals (inputs) are weighted and summed after reaching the neuron body, and then 

converted into outgoing signals after passing through the transfer function [43]. ANN is made up 

of three layers: input layer, hidden layer/s and output layer [44]. The input layer receives data from 

the network and passes it to the hidden layer/s in the form of raw information [44]. The hidden 

layer/s processes this data and transfers it to the output layer [44]. There can be two types of neural 

networks depending on the interconnection of different nodes between layers namely feedforward 
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neural network and recurrent neural network [44]. Information moves from inputs to outputs in 

only one direction in the feedforward ANN, while in the recurrent ANN, some of the information 

moves in the opposite direction [44]. 

     Neural Network Controller can be used in place of the conventional PI based current controller 

to solve the issue of decoupling inaccuracy. The d-q axis current control has a vital role to play in 

a vector controlled PMSM to achieve better system’s dynamic performance [11]. Current control 

is also important as it has a direct effect on torque control [12]. The various design stages of the 

NN controller correspond to the design levels of the conventional controller and needs to be 

specified [12]. Similar to the tuning of the conventional controller, the NN controller requires to 

be trained [12]. The development time of a system consisting of NN controller reduces as the 

Artificial Intelligence (AI) based system requires less effort than a conventional PI controller [45]. 

The number of nodes in the hidden layer of the NN structure is obtained through trial-and-error 

approach. The signals are fed to the nodes of hidden layer from the input layer and after getting 

processed through hyperbolic tangent activation functions, the output layer generates the output. 

During the NN training, its weights are adjusted to achieve suitable optimal control of the PMSM 

[12]. The weights represent the strength of the connection between two nodes [45]. Usually, NN 

network is trained using the Levenberg-Marquardt (LM) optimization method as it is the most used 

method to train feedforward networks with less computing time [12].  

     An artificial neural network (ANN) based real-time adaptive controller is proposed in [46], 

which initially generates estimated coefficients using an offline training method. Then, to update 

the ANN, an online training is executed using the dynamic back-propagation with the Levenburg-

Marquardt algorithm [46]. In [47], the unknown and nonlinear functions of the PMSM are 

approximated using neural-networks (NNs) and an adaptive dynamic surface control (DSC) is 
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proposed. A speed control strategy for a six-phase PMSM is proposed in [48] using a robust 

adaptive backstepping sliding mode control (ABSMC) with recurrent wavelet fuzzy neural 

network (RWFNN) considering the load disturbances and parameter variations. In [49, 50], a 

recurrent fuzzy neural cerebellar model articulation network (RFNCMAN) is considered for a six-

phase PMSM position servo drive system, which is also equipped with a fault tolerant control 

scheme. 
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Chapter 3 

 

Modeling of PMSM 

PMSM has become widely known for its different control applications compared to other motor 

types. For instance, it is used greatly in the industrial sector, actuators, robotics and vehicle 

propulsion systems. Numerous advantages like high power density, high efficiency and low torque 

ripple make the PMSM favorable for several commercial and residential applications. PMSM is 

called a synchronous machine as the stator electrical frequency is directly proportional to the rotor 

speed in steady state.  

     The PMSM can be described in the form of the following nonlinear mathematical equations in 

the d-q reference frame [47]: 

 
𝑑𝜃

𝑑𝑡
 =  𝜔 (3.1) 

 

J
dω

dt
 = 

3

2
np[(Ld  −  Lq)idiq + ψiq]  −  Bω −  TL (3.2) 

 

Ld

did

dt
 = −  Rsid + npωLqiq + vd (3.3) 

 

Lq

diq

dt
 = −  Rsiq −  npωLdid −  npωψ + vq (3.4) 

 

where 𝜃 is the rotor position,  𝜔 is the rotor angular velocity, 𝑖𝑑 and 𝑖𝑞 denote the d-q axis currents, 

𝑣𝑑 and 𝑣𝑞 stand for the d-q axis voltages, 𝐿𝑑 and 𝐿𝑞 are the d-q axis stator inductances, 𝑅𝑠 denotes 
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the stator resistance, 𝐽 stands for the rotor moment of inertia, 𝐵 denotes the viscous friction 

coefficient, 𝑇𝐿 is the load torque, 𝑛𝑝 is the number of pole pairs, 𝜓 represents the magnetic flux 

linkage. Here, 𝐿𝑑  ≠  𝐿𝑞 for interior permanent magnet synchronous motor and 𝐿𝑑  =  𝐿𝑞 for 

surface-mounted permanent magnet synchronous motor. 

 

3.1 Inverter block 

Voltage Source Inverters (VSIs) are used in a wide variety of applications like frequency 

converters, variable speed drives (VSDs) and active filters using various PWM techniques. VSI 

provides an output of AC voltage and frequency from a constant DC voltage source. Figure 3.1 

mentions a simple two-level inverter circuit consisting of six power semiconductor switches with 

antiparallel diodes. S1-S6 are six semiconductor switches which can be controlled by giving 

appropriate gate signals and the circuit produces a variable-voltage-variable-frequency (VVVF) 

output [51].  Switches S1-S4, S3-S6 and S5-S2 are switched in a complementary manner.  

 

Figure 3.1: Three phase VSI bridge circuit 
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     Space Vector Modulation (SVM) is one of the most used PWM techniques due to its wide linear 

modulation range and simple digital implementation [51]. Space Vector Pulse Width Modulation 

(SVPWM) can be executed by identifying sector using coordinate transformation and determining 

switching vectors in best switching sequence [51]. There are total eight possible switching vectors 

in which six produce a non-zero voltage and the remaining two produce a zero-voltage output [51].  

     The eight different combinations of switching states are: 000, 100, 110, 010, 011, 001, 101 and 

111. As shown in Figure 3.2, the space vector plane is divided into six equal sectors of 60° with 

equal magnitude by the six active vectors, while the two zero space vectors are found at the origin 

[51]. The six active voltage space vectors have an equal magnitude of (2 3⁄ )𝑉𝑑𝑐 for a given DC 

link voltage [52]. All the possible switching vectors and their respective line to line/line to neutral 

voltages are mentioned in Table 3.1. A voltage reference vector is generated in terms of a revolving 

space vector to get a sinusoidal waveform from the VSI [51].  

 

Figure 3.2: Output voltage space of the VSI in d-q coordinates 
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Table 3.1: Switching vectors, phase voltage and output line-to-line voltage 

 

Figure 3.3: Reference vector in sector 1 

 

 

Voltage 

vectors  
Switching vectors 

 
Pole voltage 

 
Line voltage 

  a b c  𝑉𝑎0 𝑉𝑏0 𝑉𝑐0  𝑉𝑎𝑏 𝑉𝑏𝑐 𝑉𝑐𝑎 

𝑉0  0 0 0  0 0 0  0 0 0 

𝑉1  1 0 0  2/3 -1/3 -1/3  1 0 -1 

𝑉2  1 1 0  1/3 1/3 -2/3  1 0 -1 

𝑉3  0 1 0  -1/3 2/3 -1/3  -1 1 0 

𝑉4  0 1 1  -2/3 1/3 1/3  -1 0 1 

𝑉5  0 0 1  -1/3 -1/3 2/3  0 -1 1 

𝑉6  1 0 1  1/3 -2/3 1/3  1 -1 0 

𝑉7  1 1 1  0 0 0  0 0 0 

 



21 

 

For every sub-cycle, the reference vector is sampled once [51]. The SVM method has four 

switching rules: (a) only one switching by state transition, (b) in one sampling period, there should 

be no more than three switching, (c) 𝑉𝑟𝑒𝑓 should be in a circular trajectory, (d) the initial state of 

next sample must be the final state of previous sample [51]. These rules help in the switching loss 

decrement and also lower Total Harmonic Distortion (THD) by maintaining symmetry in 

switching waveforms [51].  

     As shown in Figure 3.3, the switching states 0, 1, 2 and 7 can be used in Sector 1. Reference 

voltage �̅�𝑟𝑒𝑓 can be expressed as follows while using SVPWM [51]: 

�̅�𝑟𝑒𝑓 = (
𝑇1

𝑇𝑆
× �̅�1) + (

𝑇2

𝑇𝑆
× �̅�2) + (

𝑇0
7

𝑇𝑆
× �̅�0

7
) (3.5) 

 where 𝑇𝑆 is the sampling interval.  

The inverter remains in active state 1 for time interval 𝑇1, in active state 2 for period 𝑇2 and there 

is no voltage in inactive states 0 or 7. The time intervals 𝑇1 and 𝑇2 can be calculated as follows 

[51]: 

𝑇1 = �̅�𝑟𝑒𝑓 sin(60° − 𝛼) (3.6) 

𝑇2 =
�̅�𝑟𝑒𝑓 sin(𝛼)

sin(60°)
  (3.7) 

𝑇𝑍 = 𝑇𝑆 − 𝑇1 − 𝑇2  (3.8) 

where 𝛼 is the angle of rotating vector �̅�𝑟𝑒𝑓. 

Time interval 𝑇𝑍 is divided between two zero state vector components �̅�0 and �̅�7. 

     For a particular modulation cycle, the active and zero state time intervals are computed which 

generate switching signals PWM1, PWM2 and PWM3 as mentioned in Figure 3.4 where m 

represents the sector number [52]. 
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 3.2 Control block 

Currents producing the flux and torque components in DC motors are orthogonal and can be 

controlled independently. The armature current can control the torque if the flux is kept constant 

due to which the DC machines are said to have independent flux and torque control. But in AC 

machines, the stator and rotor fields are not perpendicular to each other. Stator phase currents from 

stationary reference frame are transformed to torque and flux producing currents in rotating 

reference frame to achieve decoupled control using Field Oriented Control (FOC). 

     The FOC method uses three reference frames and requires transformations from one frame to 

another mentioned as follows [53]: 

1. Stator reference frame where a, b, c are co-planar and at 120° to each other. 

 

Figure 3.4: VSI switching signals for SVM in sector 1 
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2. An orthogonal reference frame (𝛼𝛽) in which the angle between two axes is 90° instead of 

120° but in the same stator reference frame. 

3. Rotor reference frame (dq) in which d-axis is aligned with the flux vector or North and South 

poles of rotor, while q-axis is at 90° with the d-axis.  

These transformations used for decoupling the stator currents into flux (𝑖𝑑) and torque (𝑖𝑞) 

generating components are given in Figure 3.5. All these quantities are combined and represented 

in the following Figure 3.6. 

     To control the flux and torque producing components independently, the stator currents in three 

phase stator reference frame are transformed to two axis rotating dq rotor reference frame in two 

steps as mentioned in Figure 3.7 [53]. 

 

 

Figure 3.5: Two-step coordinate transformation 
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Figure 3.7: Conversion of three phase stationary frame to two phase rotating frame 

 

Clarke Transformation:  

The motor currents are measured and transformed from three phase reference frame to two axis 

orthogonal reference frame using the following equations [54].  

 

Figure 3.6: Combined representation of the coordinate transformations 
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[
𝑖𝛼
𝑖𝛽

] =
2

3
[
 
 
 1 −

1

2
−

1

2

0
√3

2
−

√3

2 ]
 
 
 

[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] (3.9) 

 

Park Transformation: 

Here, the two axis stationary reference frame is converted to time invariant rotating reference 

frame as follows [54]:  

[
𝑖𝑑
𝑖𝑞

] = [
𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

] [
𝑖𝛼
𝑖𝛽

] (3.10) 

 

Inverse Park Transformation: 

The PI controllers give outputs of voltage components in rotating reference frame, so an inverse 

of the previous procedure is used to obtain the reference voltages in the stationary reference frame 

using the following equations [54]: 

[
𝑣𝛼

𝑣𝛽
] = [

𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃

] [
𝑣𝑑

𝑣𝑞
] (3.11) 

 

Inverse Clarke Transformation: 

The two axis orthogonal reference frame is transformed to three phase stator reference frame with 

the help of following equations [54]: 

[

𝑣𝑎

𝑣𝑏

𝑣𝑐

] =

[
 
 
 
 
    1   0

−
1

2

√3

2

−
1

2
−

√3

2 ]
 
 
 
 

[
𝑣𝛼

𝑣𝛽
] (3.12) 
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3.3 Machine block 

A PMSM consists of wound stator, permanent magnet rotor construction and some internal or 

external instruments to detect rotor position. Frequency and amplitude of stator voltage reference 

can be controlled using the position feedback from sensing devices. The stator windings are 

energized by three phase stator currents which create a rotating electromagnetic field. A constant 

rotor flux is produced with the help of permanent magnets rigidly fixed to the rotating axis [55]. 

A torque is generated as a result of the interaction between stator and rotor fluxes, which rotates 

the rotor, giving useful mechanical output as shown in Figure 3.8 [56]. Maximum torque can be 

achieved by controlling the angle between the stator field and rotor magnetic field [55]. A fine 

tuning is required in the speed loop to produce minimum current under the same speed and torque 

conditions [56]. The rotor magnetic field and stator field must rotate at the same frequency for 

synchronous operation or the rotor will experience alternating positive and negative torque [55]. 

Due to this, problems such as mechanical vibration, noise and less than optimal torque production 

 

Figure 3.8: Interaction between stator flux and rotor flux in PMSM 
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are encountered [55]. Highest mutual torque can be generated if the stator and rotor fields are kept 

orthogonal to each other. For this, correct information about the rotor position is required to 

produce the right stator field [55]. The resultant stator flux can be controlled if different stator 

phases are combined to give the required direction and magnitude to the stator field [55]. 
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Chapter 4 

 

Proposed Universal Control Strategies 

4.1 Vector Control 

4.1.1 Overview 

The conventional field-oriented vector control strategy uses the Park transformation, as shown in 

Figure 2.2. The stator voltage equations in the d-q reference frame are obtained from dynamic 

equations (3.3) and (3.4). A feedback signal of rotor speed is compared with the reference speed, 

which determines the q-axis current reference using the outer loop PI controller driven by the speed 

error [10]. The current loop control technique is developed using equations (3.3) and (3.4). The 

current references 𝑖𝑞(𝑟𝑒𝑓) (torque reference) and 𝑖𝑑(𝑟𝑒𝑓) (flux reference) are compared with the 𝑖𝑑 

and 𝑖𝑞 components. The two PI controllers for d-q axis current control give the voltage signals in 

the d-q reference frame [10]. The controller gains of all the three standard PI controllers used here 

can be represented as given in Equations 4.1-4.3. The second proposed strategy called the 

simplified control is explained in section 4 which uses only two PI controllers driven by the speed 

the d-axis current error. Both these proposed control techniques aim to determine the PI controller 

gains in a simple way using some motor parameters. 

     The rotor position information is required to convert the d-q voltage commands into 𝑣𝛼 and 𝑣𝛽 

components, which are the inputs of the SVPWM [10]. The 3-phase inverter is driven by the 

outputs of the SVPWM block. Two motor phase currents are measured and are fed to the Clarke 
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transformation module, giving the outputs 𝑖𝛼 and 𝑖𝛽. These two components of the current act as 

the inputs to the Park transformation block which gives the currents in the d-q rotating reference 

frame. 

                                               𝑖𝑞(𝑟𝑒𝑓) (𝑡)  =  𝐾𝑝𝜔𝑒𝜔(𝑡)  +  𝐾𝑖𝜔 ∫ 𝑒𝜔(𝑡)𝑑𝑡
𝑡

0

                                     (4.1)  

                                                    𝑣𝑑(𝑡)  =  𝐾𝑝𝑑𝑒𝑑(𝑡)  +  𝐾𝑖𝑑 ∫ 𝑒𝑑(𝑡)𝑑𝑡
𝑡

0

                                          (4.2)  

                                                    𝑣𝑞(𝑡)  =  𝐾𝑝𝑞𝑒𝑞(𝑡)  +  𝐾𝑖𝑞 ∫ 𝑒𝑞(𝑡)𝑑𝑡
𝑡

0

                                           (4.3)  

where, 

𝑖𝑞(𝑟𝑒𝑓) = output of speed PI controller, 𝐾𝑝𝜔 and 𝐾𝑖𝜔 represents the respective PI gains 

                 𝑣𝑑  =  output of 𝑖𝑑 PI controller, 𝐾𝑝𝑑 and 𝐾𝑖𝑑  represents the respective PI  gains 

                 𝑣𝑞  =  output of 𝑖𝑞  PI controller, 𝐾𝑝𝑞 and 𝐾𝑖𝑞 represents the respective PI  gains  

                           and 𝑒𝜔 , 𝑒𝑑  and 𝑒𝑞 are the speed and d-q axis current errors respectively 

 

4.1.2 Proposed Universal Control Strategy 

A total of eight motors are used for the determination and validation of this proposed control 

scheme. These eight motors are arranged in the increasing order of their power ratings and they 

are represented as M1, M2, M3, …, M8 . In this paper, PMSMs up to 7.5 kW power ratings are used, 

consisting of both the interior and surface mounted types of PMSMs. Motors M1, M4, M6 and M8 

are used for the generalization of this control technique, while the remaining four motors are used 

for verification purpose. The main aim of this control strategy is to obtain some mathematical 

equations to determine controller gains by interpolating generalized curves against motors’ power 

ratings. For this interpolation, the first and last motors M1 and M8 are considered, while two 
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motors, M4 and M6 are taken from in between the range, such that the generalized curves can also 

be applied to the other four validation motors. 

     In the vector control, the outer loop PI controller operates using the speed error, and the two 

current loop PI controllers are driven to maintain the d-q axis reference currents. Considering the 

given topology, each motor needs to be tuned for six control gains for the three PI controllers. The 

three proportional gains for the speed and d-q axis current control are denoted by 𝐾𝑝𝜔, 𝐾𝑝𝑑 and  

 

Table 4.1: Parameters of all PMSMs 

Parameters Symbol M1 M2 M3 M4 M5 M6 M7 M8 

Rated 

power/(kW) 
𝑝 0.15 0.25 0.4 0.5 1.49 2 3.8 7.5 

Rated 

speed/(rpm) 
𝜔 2400 4000 3000 3000 1125 1000 3000 1500 

Number of 

pole pairs 
𝑛𝑝 2 5 4 4 6 4 6 4 

Stator 

resistance/ 

(Ω) 

𝑅𝑠 
2.62× 

10-3 
0.18 1.73 1.38 2.9 2.73 0.94 0.44 

d-axis stator 

inductance/ 

(mH) 

𝐿𝑑 0.23 0.25 3.46 3.7 5.43 14.5 7 8.39 

q-axis stator 

inductance/ 

(mH) 

𝐿𝑞 0.23 0.25 3.46 3.7 8.58 31.18 8.3 8.39 

Permanent 

magnet 

flux/ 

(Wb) 

𝜓 
12.4×

10-3 

15.9×

10-3 
0.03 

4.5× 

10-2 
0.043 0.55 0.25 0.168 

Moment of 

inertia/ 

(kg.m2) 

𝐽 9×10-5 
2.91× 

10-4 

3× 

10-4 

5.5× 

10-4 

4.5× 

10-4 
0.011 

2× 

10-3 

1.5×

10-3 

Viscous 

friction 

coefficient/ 

(N.m.s/rad) 

𝐵 
1.3× 

10-5 

3.63×

10-4 

5.8×

10-4 

7.2× 

10-4 

1.2× 

10-4 
0.02 

3.8×

10-2 

4× 

10-5 
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𝐾𝑝𝑞 respectively, while the integral gains are represented as 𝐾𝑖𝜔, 𝐾𝑖𝑑 and 𝐾𝑖𝑞 for the same. Motors 

M1, M4, M6 and M8 are tuned, and the lower and upper limits of each of the gains are found using 

an empirical study. The final values of the lower and upper limit gains for the speed and d-q axis 

currents are determined only if their relative percentage errors are almost zero at steady states and 

less than 1% during the transients. Perfect tracking of the reference value by the actual value with 

very little overshoots is also considered while calculating the final gain values. These same criteria 

are also considered in section 4.2 for the simplified control method to determine all its control 

gains. These same criteria are also considered in section 4.2 for the simplified control method to 

determine all its control gains. To show the tracking accuracy relative to other generalization 

motors, rotor speed percentage error (%) is presented in Figure 4.1. Here, it can be seen that 

tracking error increases with the size of the motor. Although motor M8 has the highest error among 

all the four PMSMs, its tracking error remains in an acceptable range. To analyze further its 

tracking performance, Figure 4.2 shows the speed and d-q axis currents. The desired speed signal 

is taken as a step response of a critically damped second-order system. At 5s, the speed increases 

to 500 rpm with no load. Once at a steady state, full load is applied and the speed is increased again 

to the motor’s rated speed of 1500 rpm. Then, the speed goes back to 500 rpm before the load is 

suddenly released and the motor is brought to the full stop. Figure 4.2 reveals a high tracking 

accuracy and a fast response when overcoming the applied load. The overshoot under such 

condition is negligible, i.e., 0.013%. It is worthwhile mentioning that less overshoot is observed 

for the other three PMSMs. 

Here, the main aim of this control strategy is to generate some mathematical equations which 

can calculate every controller gain just by using its motor power rating. The power rating is the 
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most easily available information on any motor’s nameplate, and thus, it is chosen as a variable to 

calculate every control gain. First, for every motor, the lowest and highest possible values for each 

of the given control gains are plotted against its power rating. Then, in the next step, a generalized 

curve is to be formulated in the region enclosed between these values. For every control gain, a set 

of linear and nonlinear curves are plotted in the bottom, center, and upper parts of the available  

 

Figure 4.1: Relative rotor speed percentage errors (%) 

 

(a) 
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(b) 

Figure 4.2: Motor M8 tracking performance. (a) Speed; (b) d-q axis currents 

region, and their corresponding mathematical expressions are formed. Using the power ratings of 

the four motors; M1, M4, M6, and M8, all these formulated equations are used to determine their 

respective control gains. These calculated gains are used for their respective motors and the control 

performance of their speed and d-q axis current tracking are observed. The main goal to draw these 

generalized curves in the lower, center, and higher regions is to determine which region gives the 

best performing control gains. In all the given linear and nonlinear equations, the power rating is 

the only variable while the rest are some constant values. These constant values are altered after 

every trial by an empirical study until the gains calculated from these equations give the best 

control performance of all those PMSMs. It is found that the gains calculated using the nonlinear 

curves give better accuracy compared to the linear ones. One of the nonlinear curves from the three 

regions is finalized, whose calculated gains give the best accuracy in the speed and d-q axis current 

tracking. 
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     It can be seen that the generalized curves of the proportional gains are in the bottom region 

while those of the integral gains can be found in the upper part. Moreover, for every gain, such 

curves can be approximated to some square root or quadratic mathematical functions. These 

equations can be applied to both the interior and surface mounted types of PMSMs. This same 

procedure is also followed in section 4.2 for the simplified control scheme to determine the most 

optimal generalized curve for every controller gain. Figure 4.3 shows the plots of all the six control 

gains w.r.t motor power ratings and their respective generalized curves. 

 

  

(a) (b) 
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(e) 
 

 

 
 

(f) 

 

Figure 4.3: PI control gains versus motor power ratings. (a) 𝐾𝑝𝜔; (b) 𝐾𝑖𝜔; (c) 𝐾𝑖𝑑; (d) 𝐾𝑖𝑞; 

(e) 𝐾𝑝𝑑; (f) 𝐾𝑝𝑞 . 
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     The nonlinear generalized curve allows better precision in the tracking of the speed and d-q 

axis currents which is also justified by the non-linear nature of the PMSM’s dynamics. Moreover, 

for every gain, such curves can be approximated to some square root or quadratic mathematical 

functions as follows:  

𝐾𝑝𝜔  =  √0.01𝑝  +  0.1 (4.4)  

 

𝐾𝑖𝜔 = √100𝑝  + 80 (4.5)  

 
𝐾𝑝𝑑  =  − 0.67𝑝2  +  10.62𝑝 −  1.35  (4.6)  

 

𝐾𝑖𝑑 = √4𝑝 × 105 (4.7)  

 
𝐾𝑝𝑞  =  − 0.67𝑝2  +  10.62𝑝 −  1.35   (4.8)  

 

𝐾𝑖𝑞 = √8𝑝 × 105 (4.9)  

 

where 𝑝 is the power rating in kW. It can be seen from Figure 4.3 (e) and (f) that both these curves 

are almost identical. Thus, the same mathematical expression can be applied to both 𝐾𝑝𝑑 and 𝐾𝑝𝑞 

gains as depicted in Equations (4.6) and (4.8). To verify the working of these mathematical 

expressions for PI control tuning, motors M2, M3, M5 and M7 are used for experimentation. The 

simulation results of these four motors in MATLAB/Simulink are discussed in Chapter 5. 

 

4.2 Simplified Control 

4.2.1 Overview 

The modeling equations of PMSM play a vital role in its control strategy and one such equation 

is used for the working of the simplified control method. The simplified control is an attempt to 
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Figure 4.4: Simplified Control Scheme 

make the vector control scheme less complicated by eliminating the need for cascaded PI 

controllers. The only difference between the vector control and simplified control is the way of 

calculating the voltage component 𝑣𝑞. Considering Equation (3.4), it can be seen that the value of 

𝑣𝑞 mainly depends on the product of 𝑛𝑝 and 𝜓, as the rest of the terms hold insignificant values 

due to low 𝑅𝑠, 𝐿𝑑  and 𝐿𝑞. As shown in Figure 4.4, the outer loop PI controller uses the speed error 

to generate the output of q-axis voltage component 𝑣𝑞 . This strategy nullifies the need for the 

second PI controller driven by the 𝑖𝑞 current error to calculate 𝑣𝑞. Thus, in this method only two 

PI controllers are used which are driven by the speed the d-axis current error. The outputs of these 

two PI controllers can be represented by Equations (4.10) and (4.11) to achieve optimal control. 

                                                    𝑣𝑞(𝑡)  =  𝐾𝑝𝜔𝑒𝜔(𝑡)  +  𝐾𝑖𝜔 ∫ 𝑒𝜔(𝑡)𝑑𝑡
𝑡

0

                                     (4.10)  
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                                                     𝑣𝑑(𝑡)  =  𝐾𝑝𝑑𝑒𝑑(𝑡)  + 𝐾𝑖𝑑 ∫ 𝑒𝑑(𝑡)𝑑𝑡
𝑡

0

                                      (4.11)  

where, 

            𝑣𝑞 =  output of speed PI controller, 𝐾𝑝𝜔 and 𝐾𝑖𝜔 represents the respective PI  gains 

             𝑣𝑑 = output of 𝑖𝑑 PI controller, 𝐾𝑝𝑑 and 𝐾𝑖𝑑  represents the respective PI  gains 

                     and 𝑒𝜔 , 𝑒𝑑  are the speed and d-axis current errors respectively 

 

4.2.2 Proposed Universal Control Strategy 

To establish a relationship between the 𝑛𝑝𝜓 product and control gains, all the PMSMs are arranged 

in the increasing order of 𝑛𝑝𝜓 product values. Thus, the motors are arranged in the order of M1, 

M2, M3, M4, M5, M8, M7 and M6 for the testing and validation of this control scheme. Voltage 

component 𝑣𝑞 is obtained as an output of the speed error PI controller instead of the inner loop PI 

controller, which uses the 𝑖𝑞 current error. As a result, the PI controller driven by the 𝑖𝑞 the current 

error gets eliminated. This makes the overall control structure less complex by getting rid of the 

cascaded controllers which are difficult to tune. Thus, four control gains are required to be tuned 

for the speed and 𝑖𝑑 current error PI controllers. Motors M1, M4, M8 and M6 are tuned using an 

empirical study, and their lowest and highest control gain points are plotted w.r.t the 𝑛𝑝𝜓 product 

values. To show the accuracy of those four generalization motors while finalizing their gain values, 

a plot of their relative rotor speed percentage errors (%) is mentioned in Figure 4.5. The speed and 

current tracking performance of motor M8 is shown in Figure 4.6 to verify its control precision. 

Although motor M8 yields the highest overshoot, i.e., 0.28%, it is still in a low range. The average 

values of the lower and higher limit gain points of the respective motors are used to get appropriate 

results.     
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Figure 4.5: Relative rotor speed percentage errors (%) 

 

(a) 

 

(b) 

Figure 4.6: Motor M8 tracking performance. (a) Speed; (b) d-q axis currents 
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     Unlike the vector control, a generalized nonlinear curve cannot be formulated due to the 

irregular nature of the highest gain points. Thus, a linear curve is formed for every distinctive gain 

and further analyzed for its accuracy. The validation motors are used for determining the reliability 

of this control strategy which is discussed in section 5. Figure 4.7 represents all the graphs of the 

control gains plotted against the 𝑛𝑝𝜓 product values in detail.  
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(d) 

Figure 4.7: Plots of PI control gains versus 𝑛𝑝𝜓 product values. (a) 𝐾𝑝𝜔; (b) 𝐾𝑖𝜔; (c) 𝐾𝑝𝑑;  

(d) 𝐾𝑖𝑑. 

     The generalized curves given in Figure 4.7 can be represented in the form of simple straight 

line equations as follows: 

𝐾𝑝𝜔  =  0.067(𝑛𝑝𝜓)  − (6.6 ×  10−4)   (4.12) 

𝐾𝑖𝜔  =  3.09(𝑛𝑝𝜓)  −  0.076   (4.13) 

𝐾𝑝𝑑  =  34.73(𝑛𝑝𝜓) −  0.76 (4.14) 

𝐾𝑖𝑑  =  760(𝑛𝑝𝜓)  −  3.66 (4.15) 

To verify the functioning of these mathematical expressions for obtaining PI control gains, motors 

M2, M3, M5 and M7 are used and simulated in the MATLAB/Simulink software. 
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Chapter 5 

 

Machines Controller Tuning Evaluation  

This chapter investigates the effectiveness of the two proposed gain tuning approaches using the 

vector and simplified control. The process of determining the gains is done offline and does not 

add to the complexity of the control system. Motors M2, M3, M5 and M7 are evaluated using the 

gains determined by both the proposed offline tuning methods consisting of some simple linear 

and nonlinear mathematical equations. Table 4.1 tabulates the parameters of all the eight PMSMs 

used in this paper, of which five are surface mounted and three are interior mounted PMSMs. 

Motors M2, M3, M5 and M7 are evaluated using the gains determined by both the proposed control 

strategies discussed in Chapter 4. These four motors are examined under different load conditions, 

and the variations in the d-q axis currents and the rotor speed are monitored. The actual values of 

𝜔, 𝑖𝑑  and 𝑖𝑞 are compared with their reference values, and the respective errors are plotted to 

discuss the feasibility of the given control strategies. Figure 5.1 depicts the above mentioned errors 

for the vector control approach for all the four PMSMs considered for validation. 

     For the vector control approach, the maximum rotor speed error w.r.t the rated speed is noted 

as 0.0027% for motor M5. Also, the errors in d-q axis currents are very minimal, which proves the 

high accuracy of this tuning method. For the simplified control approach, only the rotor speed error 

and the d-axis current error is mentioned in Figure 5.2 as the q-axis current is not taken into 

account. It can be seen that the maximum percentage error in the rotor speed is 0.85%, which  
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(a) 

 
(b) 

 
(c) 

Figure 5.1: Errors measured in the vector control method. (a) Rotor speed error; (b) d-

axis current error; (c) q-axis current error 
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(a) 

 

(b) 

Figure 5.2: Errors measured in simplified control method. (a) Rotor speed error;  

(b) d-axis current error 

 

occurs for motor M5 and the d-axis current error is also not significant. To compare the accuracy 

of both the control techniques, the rotor speed errors in percentage (%) are represented in Figure 

5.3. From Table 5.1, it can be seen that the vector control strategy has better overall performance 

and accuracy compared to the simplified control. 
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(a) 

 

(b) 

Figure 5.3: Rotor speed errors in percentage (%). (a) Vector control; (b) Simplified control 

 

Table 5.1: Comparison of Average Rotor Speed Error (%) 

Validation Motors Vector control Simplified control 

M2 1.65 × 10-5 1.5 × 10-3 

M3 1.86 × 10-5 9.4 × 10-3 

M5 2.91 × 10-5 0.01 

M7 6.3 × 10-5 8 × 10-4 
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     Although, both the proposed methods give good results with minimum errors, it is required to 

validate these techniques under the effect of motor parameter variations. When a motor is used in 

any application, its parameters’ values change due to the increment of temperature. This also 

affects the performance of the motor which needs to be taken into consideration during its 

operation. It is found that the stator resistance increases with the increase in temperature, which 

degrades the motor output [43], while the magnetic flux decreases with the increase in magnet 

temperature [44]. When the temperature increases up to 80° C, the stator resistance can vary by 

nearly 20% [43], while there is a decrement of magnetic flux by 10% under almost the same 

operating conditions [44]. These factors are considered and the Integral Absolute Errors (IAE) for 

the speed tracking of all the validation motors are calculated in Table 5.2 under the influence of 

parameter variations. Integral Absolute Error can be defined as:  

                                                                       𝐼𝐴𝐸 =  ∫ |𝑒𝜔(𝑡)|𝑑𝑡
𝑡

0

                                                          (5.1) 

where eω(t) represents the speed error. 

 

Table 5.2: IAE comparison under varying motor parameters 

Validation 

motors 

IAE (Nominal)  IAE (120% Rs) 
 IAE (90% ψ) 

Vector 

control 

Simplified 

control 

 Vector 

control 

Simplified 

control 

 Vector 

control 

Simplified 

control 

M2 198.38 17908.32  198.38 21455.19  220.59 19910.53 

M3 167.11 84645.15  167.1 101574.14  185.72 94050.17 

M5 98.28 35542.29  98.28 42573.7  108.42 39429.06 

M7 566.69 7625.47  566.69 9565.21  629.52 8318.39 
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     All these results show that the vector control strategy has better precision and accuracy 

compared to the simplified control method, along with a little disadvantage of using some complex 

mathematical expressions for the determination of the control gains.  
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Chapter 6 

 

Conclusions and Future Work 

6.1 Conclusions 

This thesis proposed two gain tuning methods for the control of the PMSMs with minimum 

information of its prior system dynamics. Both these strategies make use of generalized 

mathematical expressions to determine the values of all the required control gains. First, the vector 

control approach is used to obtain some mathematical equations consisting of the respective 

control gain and the motor power rating as the two variables. The accuracy of this method is 

verified when some new PMSMs are simulated using the calculated control gains from these 

equations. In the second method, the simplified control strategy is used, based on the PMSM 

modeling equations. The generated mathematical expressions from this approach make use of the 

product of the number of pole pairs and flux linkage to find the required control gains. This method 

has the advantage of using only two PI controllers due to the elimination of the typical cascaded 

control structure. Furthermore, this method uses simple linear mathematical equations compared 

to the complex expressions derived from the vector control approach. This method is also verified 

by simulating the new PMSMs and calculating the rotor speed and d-axis current errors. It is found 

that the vector control technique has better accuracy compared to the simplified control method. 

Compared to the existing conventional control gain tuning methods, the proposed strategies are 

easier to implement and less time consuming in the real system. However, only PMSMs up to 
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power ratings of 7.5 kW are considered in this paper, so further investigation is needed for motors 

with higher ratings. 

 

6.2 Future Work 

This research demonstrated that a proposed gain tuning approach using some mathematical 

expressions was successful in meeting the control requirements of PMSMs with uncertain system’s 

dynamics. However, there are several possible opportunities for further research as follows: 

1. In this thesis, the control gains are calculated using interpolation of generalized curves with 

the help of some mathematical equations. However, this research can’t provide an insight on 

how the control gains are related to the PMSM’s dynamic model. Future work may envision 

deriving the control gains analytically from the PMSM’s mathematical model. 

2. The interpolation and formation of the generalized curves take considerable time manually. 

However, future scope may include the use of neural networks to formulate the best 

generalized curves, giving minimum errors. 

3. In this thesis, the motor parameters like power rating, no. of pole pairs and flux linkage are 

used as the variables to determine the control gains. But, these gains can vary drastically 

depending on the load applied to the PMSMs. To overcome this limitation, one more variable 

in the form of motor inertia can be incorporated in those generalized mathematical expressions 

to find more accurate controller gains.  

4. Results showing the machine performance under parametric uncertainties are analyzed but 

additional investigation is required to fully assess the system’s robustness. 



50 

 

5. This thesis has only considered PMSMs up to power ratings of 7.5 kW and has produced very 

good results. But there is still scope to further explore this area by including more PMSMs 

with higher power ratings. PMSMs giving high output power are used in many fields such as 

industrial mills, medium size cargo vessels and HVAC systems. Thus, some research in this 

domain would yield better results in many real-life applications. 

6. Another opportunity to explore this field would be to include other types of electrical motors 

along with the PMSMs. Various types of induction motors, DC motors and stepper motors 

have their own advantages and disadvantages and are used in many specific applications. So, 

a generalized control approach which can be applied to any type of motor would be a major 

breakthrough in the field of electrical engineering. 
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