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CHAPTER 1: INTRODUCTION 

1.1 Preliminary discussion 

Electric machines play a crucial role in the industrial development. Electric motors 

consume up to 53% of global energy based on the report of International Energy 

Agency (IEA). Efficient and reliable motion control of electric drives remains the key 

challenge for researchers. Compared to constant speed drive, variables speed drive is 

favored due various reasons such as energy saving and speed and position control for 

excellent dynamic response.  

Permanent magnet synchronous machine (PMSM) is widely popular and utilized 

because of its numerous benefits such as high torque density, fast transient response, 

high reliability, less maintenance cost, compact structure, high airgap flux density, high 

acceleration and deceleration rates, high efficiency, high power factor and simplicity 

and ruggedness [1]-[5]. The stator structure of PMSM remains the same as other AC 

machine, the rotor structure of PMSM is different than the traditional AC machine. In 

Fig. 1.1, rotor structures of PMSM are shown. Surface-mounted permanent magnet 

synchronous motors (SPMSM) where permanent magnets are mounted on the surface 

of the rotor and interior permanent magnet synchronous motors (IPMSM) where 

magnets are embedded inside the rotor core, are mainly two types of PMSM motors 

[6], [7]. Compared to SPMSM, IPMSM provide reluctance torque and better field 

weakening control [8], [9].  

(a) (b)

Ld

Lq

Ld

Lq

 

Fig. 1.1 Rotor structure (a) SPMSM (b) IPMSM 
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Permanent magnets are important element in PMSM. Permanent magnets 

contribute to field excitation by eliminating the field winding and additional supply 

which also reduces the corresponding losses. Residual flux density (B), coercive force 

(H), and maximum energy product are the important magnetic parameters of permanent 

magnet [10]. Alnico, Ferrite, Cobalt-Samarium, and Neodymium-Iron-Boron are the 

available magnetic materials [11], [12]. In Appendix - A, B-H curve of different 

magnetic martials is shown. Compared to other magnetic material, Neodymium-Iron-

Boron magnet (NdFeB) provides better maximum remanence and coercive force and 

large energy product.  

PMSM are widely utilized in various application due to their high performance and 

efficiency. To make it more applicable and cost-effective, advanced control techniques 

such as position sensorless control methods are preferred. In the next section, detailed 

review on position sensorless method is provided. 

1.2 Review on Position Sensorless Methods 

To obtain good dynamic and steady state response of the PMSM drive using the 

closed loop control, the information of angular position of the rotor is essential. Position 

sensor such as resolver and encoder can be employed for rotor position measurement 

but due to high cost, maintenance issues and lower reliability, sensorless control 

techniques are preferred which results in downsizing the system size, cost effective and 

increases the system reliability. In addition, it can also be used as additional support in 

sensor-based control system. When sensor struggle to sense the position of rotor, 

sensorless system can ensured proper working operation of IPMSM drive. This 

prevents subsequent failure of other system components caused by the failure of the 

sensors.  

Moreover, estimated speed and estimated position can be used for condition 

monitoring of the IPMSM drive. This reduces the failure, maintenance cost and increase 

the reliability of IPMSM drive systems. Sensorless control of AC machine have been 

examined and studied for a long time and enough quality literature can be found with 

different control methods for different machine. This work is specifically focused on 

sensorless control of polyphase IPMSM drive system. Researchers across the globe has 

contributed a lot in the development of sensorless control of IPMSM [13]-[19]. The 



 

3 

  

various sensorless control methods can be classified into three main categories as 

shown in Fig. 1.2. 

Sensorless control techniques for IPMSM drive can be classified based on zero and 

low speed range and medium and high-speed range (speed above 10% of the rated 

speed) [20], [21], [22]. In recent years, saliency-based approach has been developed 

significantly which made possible to start-up machine in closed-loop using estimated 

initial angular position at zero and low speed. 

• Neural network

• Fuzzy logic

• Neuro-fuzzy

• Machine learning

• Back EMF

• Adaptive observer

Sensorless control techniques for IPMSM

Saliency-based methods Model-based methods
Artificial intelligence 

based methods

• HF signal injection

• Transient Injection

• PWM excitation

 

Fig. 1.2 Classification of sensorless methods for IPMSM 

 The model-based methods struggle at low speed due to significant low amplitude 

of back electro-motive force (EMF). Hence, the signal used for estimation is very weak 

and can be easily contaminated by the measurement noises or nonlinear effect of 

inverter. Moreover, voltage drop due to stator resistance have a very significant impact 

at low speed. In addition, the signal can be lost in heavy load conditions due to magnetic 

saturation; this problem is still open for research [15]. For medium and high-speed 

application, model-based methods are mostly preferred as amplitude of back EMF is 

high and other nonlinearities are negligible during medium and high-speed operation. 

Moreover, sensorless control techniques based on artificial intelligence have also been 

introduced [23], [24]. 

1.2.1 Saliency-based sesnorless control methods 

The machine anisotropic property makes feasible to implement saliency based 

sensorless methods which makes possible to estimate initial angular position at zero 

and low speed in other words, saliency-based methods, machine winding inductances 

are the function of rotor position due to saliency, rotor position can be obtained from 

inductance variation which is essential for sensorless control implementation. 
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Interaction between the rotor saliency and stator teeth varies with magnetic airgap flux 

due to which self-inductance and mutual inductance also changes with respect to the 

rotor position. To obtain estimated angular position, injection of signals with high 

frequency (HF) becomes necessary. Saliency based signal injection technique can be 

broadly classified into 3 main types: continuous carrier (HF) signal injection [25], 

transient voltages pulses injection [26], and inherent pulse width modulation (PWM) 

excitation with no additional injection [27]. 

Signal injection methods have undergone serious development since the early 1990 

[25], [28], [29]. As explained earlier, this method exploits machine anisotropies, 

especially based on magnetic saliency and the saturation phenomenon. The continuous 

injection of HF career signal is continuously superimposed to the fundamental 

excitation. 

The rotating HF carrier injection method was first proposed by Prof. R. D. Lorenz 

for induction motor and then for a PMSM. In the beginning, both rotating current and 

voltage vectors were examined but due to high bandwidth requirement for the current 

regulators even larger than career frequency then voltage-based injection was preferred 

[30]. A constant amplitude voltage vector rotating with high frequency is superimposed 

to the fundamental voltage vector in stationary reference frame. The range of frequency 

can be from 500Hz to 3kHz. By interfering with the spatial saliency, the injected HF 

voltages give rise to position dependent high frequency signal. By using the 

demodulator, HF current is extracted to received rotor position information. While the 

fundamental current component is supplied as feedback to current controller after 

extracting HF current components. Special, demodulation techniques employed to 

decode the value of rotor position such phase locked loop (PLL), phasor transformation 

and observer.  

The pulsating HF signal injection method was proposed in [31] for PMSM drive. as 

compared to rotating vector injection, the pulsating HF signal injection provided faster 

dynamic response, reduced computation time, intrinsic cancellation of filter lags during 

signal processing [32]. Corely and Lorentz applied pulsating HF voltage injection in q-

axis on an IPMSM, but q-axis injection scheme resulted in noise and high torque 

ripples, later HF injection on d-axis was proposed which eliminated the disadvantages 

of q-axis injection method [33]-[36]. This technique was very popular in industrial 



 

5 

  

applications [37]. A specific pulsating HF injection method for stationary coordinate 

was proposed in [38], [39].  

Rotating and pulsating sinusoidal carrier signal injection-based sensorless methods 

have been profoundly used. Both have same physical principle and low implementation 

cost. The only limitation of both techniques was limited dynamic bandwidth of the 

system due to signal demodulation process. The defined drawback was eliminated by 

square wave signal injection technique which also provides higher dynamics and 

eliminates requirements of low pass filters for signal demodulation [40]. Square wave 

injection method is less sensitive to the machine geometry compared to sinusoidal 

injection-based methods. Square wave-based demodulation technique does not allow 

more than two points per period of the injected signal to be stamped [28] . 

Alternative approach to estimate the position by using saliency property is 

implement an impulse voltage vector to the machine and process the transient response 

of the current. Blaschke introduced transient excitation technique to estimate machine 

parameter and initial rotor position [41]. Prof. Schroedl proposed indirect flux detection 

by on-line reactance measurement (INFORM) for various types of AC machine [42]. 

In INFORM method, for a specific period of time fundamental PWM pattern required 

to interrupted. The reason for interruption is to inject test voltages designed manually 

which consist of basic six active vectors and two zero vectors. Ogasawara and Akagi 

rearranged PWM modulator and all six vectors to minimal time during each switching 

period which made possible to measure current at zero and low speed operation [43]. 

The major disadvantages of this method were introduction of disturbances in current 

due to transient voltage vector and it required additional sensor.  

Fundamental PWM-Integrated method (FPWMI) method does not require injection 

of additional transient voltages or HF signal injection, it only relies on the inherent 

fundamental PWM induced effects [42]-[45]. This method gives flexibility to avoid any 

problem arises due to signal injection such as additional current ripple and higher 

switching loss. Compared to INFORM method, FPWMI provided better dynamic 

responses than the INFORM method [46].  

1.2.2 Model-based sensorless control methods 

For medium and high-speed operation, model-based methods are preferred in which 

angular position of the rotor is estimated using the flux linkages or back electromotive 
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force. In model-based techniques, open loop estimators and close loop observers are 

two popular approaches. In the closed loop control, the law has to prepared to force the 

estimation error to zero. Estimation of the EMF and flux have significant impact on 

position rotor position and speed, it can be reviewed by implemented reference frame, 

mathematical model, and error convergence techniques [46]-[48]. The model methods 

can be applied either in stationary coordinates system or rotating coordinates system. 

The general diagram of speed and position estimation using model-based methods is 

presented in Fig. 1.3. 

Flux or EMF 

estimation

Position / Speed 

observer

iabc

uabc

ê

ψ̂

ˆ
r

ˆr

 

Fig. 1.3 General structure of speed and position estimation using model-based methods 

Estimation of speed and position using open loop observer simple and straight 

forward. This method behaves same as real-time dynamic models of the PMSMs as it 

requires the same control inputs and run parallel. Information of angular position, and 

speed can be derived from the rotor flux of the back-EMF. Reference model [51], 

adaptive observer structures [52], extended Kalman filter [53], sliding mode observer 

[22], Luenberger observer are popular methods derived from machine fundamental 

models to estimate angular speed and position [19]. Over of back-EMF techniques and 

observer-based techniques are given below. 

In the case of salient structure of PMSM, the information of angular position exists 

not only in EMF, but also in stator inductances. Hence, traditional model based 

sensorless control structure cannot be implemented directly. To resolve the issue, 

mathematical model based on the extended EMF concept [54], [55] and active flux 

model [54]- [56] have been reported. 

In the past decade, back-EMF technique is widely used, in this approach, back-EMF 

is extracted from the machine fundamental model equation. Irrespective of the saliency 

ration in machine, back-EMF contains the information of rotor angular position [59], 

[60], [61], [62]. The main drawback of the back-EMF method is directly proportional 

to the speed, hence at low speed operation the value of back-EMF is extremely small 
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due to which detection capability is reduces as speed range is less than 10% of rated 

speed. 

 In addition, voltage drop due to stator resistance and nonlinearity of the inverter 

becomes dominant compared to back-EMF impacts at low speed which results in 

position information gets too small to detect [13], [15], [19]. Moreover, any uncertainty 

of the machine parameters directly affects in the back-EMF calculation which can lead 

to inaccurate estimation of speed and position. Back EMF can be obtained to extract 

the information of angular position of the rotor either using open loop and closed loop 

observers [63]. Cross coupling between d-axis and q-axis also affects the estimation 

performance [59]. 

Due to advancement in electronics, processors, and FPGAs (Field-Programmable 

Gate Array), it has become possible to implement the state space-based observer 

structure [64].  Moreover, the observer structure gives an edge to estimate and measure 

the variables which cannot be possible to measured directly.  

Taylor linearization based high gain observer were very popular around 1980s [62]- 

[64], but due the poor performance at wide region of state space, observer based on 

nonlinear techniques such as sliding mode observer (SMO) and nonlinear Luenberger 

observer became popular during 1900s [68], [69]. Luenberger observer and extended 

Luenberger observer was proposed in [70], [71]. In this observer structure, prediction 

term follows the dynamics of EMF and a correction term with a nonlinear gain 

coefficient is added. The primary benefit of this type observer is that it ensures 

convergence at wide region of the state space.  

Sliding mode observer prepared using the variable structure design. In SMO, sign 

function based discontinuous gain is added in correction term. SMO is widely used to 

reconstruct the rotor position and rotor speed in PMSM drive [71]- [75]. The 

disadvantage of SMO is that due to discontinuous function, it causes undesirable 

chattering. To eliminate the chattering effect, different modifications were proposed in 

[72]. Extended sliding mode-disturbance observer was proposed in [75], where lumped 

uncertainties were estimated directly and major disturbances were compensated. In this 

proposition, only rotor speed was estimated, angular position was measured using the 

sensor. 
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Kalman filter for linear system and the extended Kalman filter (EKF) for nonlinear 

system comes under the second approach which is stochastic observer [53], [77]. In this 

method, objective to minimize the covariance of the error between the real state space 

vector and estimated one by considering measurement noises and modelling errors. 

EKF provides better estimation accuracy and less affected by measurement noise. The 

limitation in EKF is computation task is very complex which makes difficult to 

implement in practice. Adaptive control and Model reference adaptive systems 

(MRAS) is also another alternative for adaptive observer structure [52], [77]-[79]. 

Compared to EKF, implementation of MRAS is less complex which is the one of main 

reasons of its popularity in sensorless control of drives [81], [82]. 

1.2.3 Artificial intelligence-based sensorless control methods 

Since 1990, artificial intelligence (AI) based algorithm are being develop for the 

application of sensorless control [83], [84], [85], [86], [87], [88]. As compared to 

previous mentioned techniques, AI based eliminate the requirement of a physical model 

of the machine. They can approximate any function, irrespective of its linearity. This 

technique can be more beneficial if datasets are available for learning. AI based 

algorithms were firstly implemented in with vector-controlled motor drives [85], [89]. 

It was concluded that this method reduces tuning efforts required by controller and 

provide better results. In [23], [90], PI controller was replaced by AI based MRAS to 

solve the problem of discretization instability in field weakening region. AI based 

algorithms are also used for estimation of angular position [24], [84], [86], [91], [92]. 

This type of estimators allows the estimation of position without using the fundamental 

machine model, which cannot be possible in model-based conventional scheme. 

Among the different AI techniques, the fuzzy logic is complicated and simple to apply 

[93]. Torque ripple reduction using fuzzy logic base algorithm reported in [94]. 

In the next section, detailed discussion on multiphase machine is provided 

considering the benefits, evolution, research gap in the existing research trends.  

1.3 Multiphase Machine 

Multiphase machines are receiving significant attention owing to their benefits over 

three-phase machines such as reduced power per phase rating, improved reliability, 

increment in torque density, higher fault tolerance capability, and lower torque ripple. 

Multiphase machine drives provide higher power range by employing low-power 
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switching devices [95], [96], [97]. Compared to three phase drives, the fault tolerance 

capability is one of the most desired properties of multiphase machine drives in 

industrial applications [98]. A five-phase IPMSM provides various advantages such as: 

higher torque density, fast dynamic response, good power factor and high reliability 

[99]. Multiphase machines are used in electromobility, electric aircraft, ship propulsion, 

and electric vehicle (EV) [100], [101].  

In multiphase machine, it is possible to inject harmonics current to increase the 

output electromagnetic torque. Compared to three-phase machine, output torque can be 

increased up to 15% in five-phase machine [102], [105]-107]. Generally, harmonic 

order lower than the number of phases are mostly used to increase the output torque, if 

harmonics order higher than number of phases are injected then losses are increased 

and torque ripple is also increased. In seven-phase machine, 3rd and 5th harmonics can 

be injected, in nine-phase machine, 3rd, 5th and 7th harmonics can be injected to improve 

torque density. In multiphase machine, independent vector planes exist for five-phase 

machine 2-planes, for seven-phase machine 3-planes, for fifteen phase machine 7-

planes [103].  

Design of windings in Five-phase IPMSM can be done in two ways: distributed 

winding and concentrated winding. In distributed winding, coil is shared with several 

slots which allows to ensure proper flux distribution with less harmonics components, 

while in concentrated winding coil is wounded in one single slot [104],[105], due to 

which flux curve results as quasi-rectangular as it contains harmonic components. 

Spatial displacement between two consecutive stator phases is α = 72° in the five-phase 

IPMSM.  

The winding of investigated five-phase IPMSM is concentrated type as it offers 

enhancement in output torque by injecting third harmonic current[104],[105]. In the 

Appendix – B, single plate of state and rotor of five-phase IPMSM is depicted. The 

five-phase has 3 pole pairs and 30 slots in the stator and slots per pole per phase is 1. 

In Fig. 1.4, properly synchronized rotor flux distribution is presented for five-phase 

IPMSM. As per Fig. 1.4, by injecting 3rd harmonic current with fundamental current, 

resulting flux has quasi-trapezoidal wave shape [106]. It can be observer that the peak 

value of fundamental sine wave (green) is higher than the resulting wave (red), but 
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maximum amplitude duration of quasi-trapezoidal wave (red) is longer which helps to 

utilizes magnetic circuit better. 
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Fig. 1.4 Flux distribution with 3rd harmonic injection in five-phase IPMSM 

In the 1960s, Ward and Harer presented first article on theoretical and experimental 

analysis on five-phase induction machine [107]. It was reported in the article that as 

phase number was increased from three to five, amplitude was decreased and torque 

ripple frequency was increased. In the 1980s, Jahns examined the fault-tolerant 

performance and reliability of multiphase drive system [108]. However, research on 

multiphase machine was not popular in that time as due to technical restriction. In the 

1990s, technological development in the field of power electronics, microcontrollers, 

and adjustable-speed drive led to research implementation on multiphase machines.  

Currently, most of the research on sensorless control is dedicated three phase 

machines drives. In addition, research on multiphase machine is majorly focused on 

improving the fault-tolerant capability [104], [118], [120]-[125]. Moreover, control 

strategies of three phase machine applications have been extended to control multiphase 

machine [96], [100], [101], [116]. The control approach of a multiphase machine 

incorporates simultaneous control of two virtual machine in one physical motor to 

ensure a higher value of torque generation by fundamental current and injected third 

harmonic current [102], [106], [117], [118].   

Advanced control structures such as vector control also known as field-oriented 

control (FOC) where state variables are transformed to rotating reference coordinates 

(dq), direct torque control and model predictive control (MPC) are most commonly 

used in control applications of multiphase machines. Researchers worldwide explained 

these control approaches well in the existing literature for three-phase and five-phase 

machines [109], [119]-[123] [124] [125]. 



 

11 

  

The main drawback of the vector control scheme is that while changing the flux 

linkage, the decoupling between the electromagnetic and electromechanical part is not 

achieved in the presence of nonlinearities defined in [126], [127]. It fails to decouple 

the system entirely in the presence of nonlinearity due to the machine state variable 

transformation to the rotating coordinates and plausible intervention between the two 

controlled subsystems of the multiphase machine. In the direct torque control (DTC) 

structure, hysteresis controllers are required and switching table also needs to be 

prepared which increases complexity of the control system [128]. 

For fast dynamic response and to reduce the number of proportional integral 

controllers, backstepping technique with feedback control for five-phase induction 

machine was proposed in [118]. MPC with disturbance observer was proposed to 

minimize steady-state error and harmonics in current for six-phase PMSM [129]. MPC 

with the Luenberger observer was reported to enhance the robustness and the steady 

state performance for multiphase PMSM [119]. This proposition also reduced the 

mismatch of flux and inductance. For a nine phase IPMSM, high frequency injections 

with Luenberger observer were implemented to estimate angular rotor position without 

generating any high frequency torque ripple [120]. Considering single phase fault, 

estimation of inductance for dual three phase PMSM using extended Kalman filter was 

proposed and up to 2% estimation error, fast convergence and accurate estimation under 

different operating conditions are key contribution [115]. 

Fig. 1.5 shows that from the year 2014 to 2024 overall 579 research articles were 

published on PMSM in the IEEE Xplore. Out of 579 research articles, 502 research 

articles were focused on the research on three-phase PMSM and remaining 77 articles 

were dedicated to multiphase PMSM. Moreover, year wise research publication in 

reputed IEEE journals from 2014 to 2024 is shown in Fig. 1.6. Most of these research 

articles on multiphase machine focused towards the fault tolerant performance. It can 

be observed from Fig. 1.5 and Fig. 1.6 that research on multiphase machine is 

significantly less specially in the direction of control system of multiphase machine due 

to high complexity.  
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Fig. 1.5 Research articles on 3-phase PMSM and multiphase PMSM  

 

Fig. 1.6 Research articles on multiphase PMSM per year  

1.4 Originality of the research and research objectives 

Based on the literature review presented in section 1.3, existing literature lacks 

analysis and discussion on the advanced control systems in which nonlinear state 

variables transformation is considered. The control solution of five-phase IPMSM 

based on nonlinear state variables transformation ensures effective separation between 

electromechanical and electromagnetic subsystems. In the classical FOC structure, 

electromagnetic torque production depends on interaction between flux component ψsd 

in d-axis and torque controlling current isq component in q-axis and reluctance torque 

relies on product between direct isd and quadrature isq axis current, hence accurate 
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decoupling between flux control system and torque control system is not obtained in 

the presence of the nonlinearity [126], [127].  

The author of this thesis proposes control strategy using nonlinear transformation 

of chosen state variables of IPMSM (three-phase and five-phase) to x - multiscalar form 

presented by Krzeminski in [121]. The multiscalar transformation ensure separate 

control of electromechanical and electromagnetic subsystem. The author of this thesis 

applies multiscalar transformation in combination with predictive and backstepping 

approach. To increase output torque in five-phase IPMSM, the third harmonic current 

is injected with the fundamental current. An adaptive observer structure is employed to 

estimate the state variables to eliminate the noise and gain drift in the measured 

parameters due to mechanical sensors. Initially, the proposed control solutions were 

verified on experimental setup with three-IPMSM drive with fundamental components 

only. 

The three-phase IPMSM available in the laboratory set up contains spatial 

harmonics and non-sinusoidal distribution of EMF as shown in [122]. The problem of 

spatial harmonics and non-sinusoidal distribution of EMF is considered as additional 

disturbances in the sensorless control system. The research work carried out in this 

doctoral thesis is limited to three-phase IPMSM and five-phase IPMSM. 

Based on the above discussion, the principal research objectives of the doctoral 

dissertation can be briefly summarized for three-phase IPMSM and five-phase IPMSM: 

1.4.1 Three-phase IPMSM drive 

• To design different state observer structures based on mathematical structures 

of three-phase IPMSM.  

• To design the appropriate form of the stabilizing functions considering the 

problem machine asymmetry. 

• To conduct the stability analysis of three-phase linearized observer error 

structures close to an equilibrium points in rotating coordinate system. 

• To verify the performance of observer structure in simulation and experimental 

investigation.   

• To perform comparative analysis of different observer structure. 
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The doctoral research aims to conduct original theoretical, simulation and 

experimental research on multiscalar variables based sensorelss control of multiphase 

IPMSM drive. The proposed control structures of five-phase IPMSM are also compared 

with the existing control solution of multiphase IPMSM machines.  

1.4.2 Five-phase IPMSM drive 

• To design an adaptive observer structure based on the mathematical model of 

the five-phase IPMSM. 

• To conduct the stability analysis based on the linearized observer error structure 

near an equilibrium point in (d-q) reference frame. 

• To study and examine existing sensorless control algorithms of five-phase 

IPMSM.  

• To develop various control technique based on multiscalar transformation for 

fundamental plane and second plane to inject 3rd harmonic current to increase 

output torque up to 10% fundamental torque.  

• To conduct closed loop stability analysis of the proposed sensorless control 

system of five-phase IPMSM. 

• To examine the effectiveness of the proposed sensorless control scheme of five-

phase IPMSM by simulation and experimental verification under wide speed 

operation range and loading conditions. 

• To investigate similarities and difference between the existing sensorless 

control scheme and proposed sensorless control solution of five-phase IPMSM 

to perform the comparative analysis. 

1.5 Research Hypothesis 

In this thesis author proposes control system structure using multiscalar 

transformation 1) ψf(i),is(i) vectors (1st strategy) 2) ψs(i),is(i) vectors (2nd strategy). The 

research thesis of the doctoral work is formulated as: 

I. Proposed multiscalar transformation utilized in stationary coordinate system of 

five-phase IPMSM for the defined vectors: ψf(i),is(i) vectors and ψs(i),is(i) vectors, 

allows to determine static state feedback control laws for both control 

strategies. 
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II. In the proposed control system structures the classical proportional-integral 

(PI), predictive and backstepping controllers are considered. In addition, these 

control approaches ensure independent control of the state variables in the 

electromechanical and electromagnetic subsystems even if the 3rd harmonic is 

injected. 

III. In the proposed control system structure using the ψf(i),is(i) vectors and ψs(i),is(i) 

vectors in stationary coordinate of five-phase IPMSM allows the utilization of 

3rd harmonic injection to enhance the output torque value. 
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CHAPTER 2: MATHEMATICAL MODEL OF INTERIOR 

PERMANENT MAGNET SYNCHRONOUS MACHINE 

2.1 Overview 

The selection of accurate and appropriate mathematical model of the machine is an 

important task in the implementation of sensorless control. The mathematical model of 

the machine is needed for various important reasons such as: design of controller, the 

selection of controller parameters, simulation analysis, and implementation of digital 

control. The selection of reference frame also plays a vital part in the modelling of any 

machine, as reference frame are like observer platforms in which each of platforms 

provide a specific view of the system at hand as well as the changes in the system 

equation. Mathematical model of the machine can be prepared in two different 

reference frames: stationary reference frame and rotating reference frame. The 

stationary reference frame is fixed with stator and rotating reference frame is fixed to 

rotor. Before proceeding to design observer structures and control systems, 

mathematical model of interior permanent magnet synchronous motor is presented. 

2.2 Mathematical model of three-phase IPMSM  

The mathematical model of IPMSM is prepared using the space vector theory. Fig. 

2.1 shows that mathematical model of IPMSM can be prepared in different reference 

frame. The stator windings are placed 120° degrees apart from each other, θr is the rotor 

angle, which is the angle between magnetic axis of stator winding ‘a’ and rotor 

magnetic flux (i.e., d-axis). The positive direction is taken in anti-clockwise as shown 

in Fig. 2.1, where angular velocity of rotor ωr is in positive direction. 

Following assumptions are considered for the modelling of IPMSM. 

▪ Stator winding produces sinusoidal mmf distribution.  

▪ Space harmonics are neglected in air-gaps. 

▪ Air-gap reluctance has a constant component as well as sinusoidally varying 

component.  

▪ Balanced three-phase supply voltage is considered. 
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Fig. 2.1. Different reference frames 

▪ Saturation is neglected, although it can be taken into account by parameter 

changes.  

▪ The back emf is sinusoidal. 

▪ Eddy currents and hysteresis loses are negligible.  

The IPMSM machine has permanent magnet in the rotor hence the need of 

excitation winding is eliminated which simplifies the mathematical model of IPMSM 

in natural coordinate system. The following vector equations represents the machine 

model in natural coordinates [9], [130] . 

 
s

s s s

d

d
= +
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u R i  (2.1) 

 s s s f= +ψ L i ψ  (2.2) 
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
− = +  (2.4) 

  Where us and is are the stator voltage and current vectors, Rs and Ls are the stator 

resistance and inductance matrices, ψs is the stator magnetic flux vector, ψf is 



 

18 

  

permanent magnet flux vector, θr is the rotor angular position, pn is the number of pole 

pairs, J is the moment of inertia, B is viscous friction coefficient. 

2.2.1 Mathematical model of IPMSM in rotating reference frame 

The mathematical model of IPMSM is often determined in the rotating reference 

frame using the Park transfromation [8], [9]. The primary reason of using rotating 

reference frame is that it is possible to control reference frame quantites seprately, 

which is the basic aim of vector control scheme. Using the (d-q) coordinate system, 

dynamical model of the IPMSM based on stator currents in (d-q) reference frame is 

well known in the literature. 

 
1 1sd s
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Where isd and isq are vector components of currents, usd and usq are vector 

components of voltages, Rs is stator resistance, Ld and Lq are inductance in d-axis and 

q-axis, respectively. J is inertia, and TL is load torque. 

2.2.2 Rotor flux vector-based modeling of IPMSM  

The following mathematical model of the IPMSM can be obtained in stationary 

reference frame [122], [123]. 

 1 3( ) ( )s r
s s s s s s

d

di
R i u L R i u L

d L


    





= + − + + − +  (2.9) 

 3 4( ) ( )
s r

s s s s s s
d

di
R i u L R i u L

d L


    





= − + − + + − +  (2.10) 

 
1

( )r
f s f s L

d
i i T

d J
   


 


= − −  (2.11) 

 r
r

d

d





=  (2.12) 



 

19 

  

Where  

 0 2 2(1 )( ),d d
f s

q q

L L
L i L i

L L
    = − − +  (2.13) 

 0 2 2(1 )( ),d d
f s

q q

L L
L i L i

L L
    = + − −  (2.14) 

 

0

2

1 2 1 2
1

1 1
3

1 2 1 2
4

0.5( ),

0.5( ),

cos sin ,

0.5( )sin 2 ,  

sin cos

d q

d q

d r q r

d q r

d r q r

L L L

L L L

L L L

L L L

L L L

 



 

− −

− −

− −

= +

= −

= +

= −

= +

 (2.15) 

 
2

2

cos(2 ) sin(2 )

sin(2 ) cos(2 )

s s r s r

s s r s r

i i i

i i i

  

  

 

 

= +

= − +
 (2.16) 

The dynamical model of IPMSM considering the extended electromotive force 

(EEMF) can be modeled by state space equation in stationary reference frame as is 

presented in (2.17) - (2.20). In the EEMF model eα and eβ are the vector components of 

EMF. It is assumed that the parameters of the machine are considered unchanging in time. 

 1 3

d 1
( ) ( ) ,

d

s
r s s s s s s

q

i
e R i u L R i u L

L


      


= + + − + + − +  (2.17) 

 3 4

d 1
(- ) (- ) ,

d

s
r s s s s s s

q

i
e R i u L R i u L

L


      


= − + + + + +  (2.18) 

 
d d

,
d d

r
f r

e
e

 


 
 

= −  (2.19) 

 
d d

,
d d

r
f r

e
e


 


 

 
= +  (2.20) 

 0 2 2
1 1 1 1

( )( ),s
d q d d

L i L i
L L L L

   = − +  (2.21) 

 0 2 2
1 1 1 1

( )( ),s
d q d d

L i L i
L L L L

   = − −  (2.22) 

Where Rs is stator resistance, Ld and Lq are winding inductances, J is inertia, TL and 

Te are load and electromagnetic torque, respectively. usα,β, isα,β and ψfα,β are the vector 

components of stator voltage current and permanent magnet flux, respectively. ωr and 
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θr rotor angular speed and position of the rotor. λα and λβ are defined as rotor flux vector 

component. Where parameters L0, L2 and functions L1, L3, L4 and the park transformation 

of stator current are defined in (2.15) and (2.16), respectively. 

2.2.3 Active flux-based modeling of IPMSM 

The active flux concept-based machine model transforms salient AC motor into the 

non-salient one [56], [57]. This transformation reduces the burden of analysis and 

design of the position sensorless control system. The active flux linkage can be 

explained for the IPMSM in (2.24). To understand the active flux concept in details, the 

vector diagram of active flux concept in stationary and rotating coordinate system is 

presented Fig. 2.2. 
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Fig. 2.2 Vector representation of active flux in rotating and stationery coordinate system 

where Te is the electromagnetic torque, pn is number of pole pairs, ψ
f
α

 is the active flux 

linkage. The active flux linkage includes permanent magnet flux linkage and the flux 

linkage generated by rotor saliency. The direction of active flux linkage is towards the 

d-axis. The linear equation of torque appears in (2.25) when ψ
f
α

 is fixed, toque can be 

controlled directly by isq. 
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The voltage equation of IPMSM in the vector form is given in (2.27),  

 ( )a
s s s f q s

d
L

d
= + +u R i ψ i  (2.27) 

 ( ) s s s s d= −ψ u R i  (2.28) 

 ( ) a
f s s s q sd L= − −ψ u R i i  (2.29) 

As per (2.26), simple relationship between stator flux and active flux is visible where 

inductance Lq is the only motor parameters affected. The active flux model of the 

IPMSM allows to omit the inductance Ld, which simplify the overall model of IPMSM 

as described in [56], [57]. 

Based on the idea of active flux concept, the IPMSM model can be described in 

stationary reference frame by the following differential equation (2.30) – (2.33). This 

doctoral thesis aims to prove that based on active flux model of IPMSM in stationary 

reference frame, it is possible to control IPMSM drive with suitable accuracy compared 

to the control system which is based on d-q model where multiscalar the transformation 

was proposed by Krzemiński [123]. 
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1

( )r
f s f s L

d
i i T

d J
   


 


= − −  (2.32) 

 r
r

d

d





=  (2.33) 

 
s f q s

s f q s

L i

L i

  

  

 

 

= +

= +
 (2.34) 

Similarly, by applying state space in stationary reference frame dynamic model of 

IPMSM can be prepared using EEMF as (2.35) - (2.38).   

 
d 1 1 1

,
d

s
s s s

q q q

i
R i e u

L L L


  


= − + +  (2.35) 
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d 1 1 1

,
d

s
s s s

q q q

i
R i e u

L L L


  


= − − +  (2.36) 

 
d d

,
d d

r
f r

e
e

 


 
 

= −  (2.37) 

 
d d

,
d d

r
f r

e
e


 


 

 
= +  (2.38) 

In the mathematical model, stator resistance is defined as Rs; magnetic anisotropy 

can be ignored by considering the rotor pole salient IPMSM into fictitious rotor non-

salient pole IPMSM, which reduces the complexity in the estimation process of speed 

and position. The inductance of the rotor of the IPMSM can be considered as Lq. usα,β, 

isα, β and ψfα,β are the vector components of supplied voltage and current to stator 

terminals, and flux components of a permanent magnet, respectively. J, TL, and Te are 

known as the machine's inertia, load torque, and electromagnetic torque. Angular speed 

is ωr, and angular position is θr. In the extended model, electromotive force (EMF) is 

introduced. eα,β is the vector components of EMF. The EMF e vector contains the 

information of angular position, which will be useful in the EEMF model. 

 The mathematical model described in (2.30) – (2.33) redcues the overall 

complexity and less machine parametrer dependent compared to classical model given 

in [8], [9]. Moreover, the active flux model shows a great similarity and equivalence 

between the IPMSM and SPMSM with the real magnet flux for IPMSM in the (α-β). 

The sensorless control applied to SPMSM can directly applied IPMSM by using the 

active flux model. In addition, the model is independent on motor inductance matrix 

parameter. 

2.3 Mathematical model of five-phase IPMSM  

The modelling concepts of three phase electrical machine also applies to five phase 

machines. In five-phase machine phase displacement between two consecutive winding 

is 72°. Due to injection of current harmonic, machine model can be transformed from 

natural reference frame (five-phase) to two stationary orthogonal planes for 

fundamental components and third harmonic components, respectively [103], [105], 

[131], [132].  

2.3.1 Mathematical of five-phase IPMSM in rotating reference frame 

The mathematical model of five-phase IPMSM [132], [133], [134] in synchronous 

rotating frame is expressed using the following differential equation (2.39) – (2.42). 
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( )

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

1 1sd i s
sd i r i q i sq i sd i

d i d i d i

di R
i L i u

d L L L



= − + +  (2.39) 

 ( )( )
( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

1 1sq i s
sq i r i d i sd i f i sq i

q i q i q i

di R
i L i u

d L L L
 


= − − + +  (2.40) 

 
( )

( ) ( ) ( ) ( ) ( ) ( )
1

1
( )

Nr i
f i sq i d i q i sd i sq i L

i

d
i L L i i T

d J




 =

 
= + − − 

 
 (2.41) 

 
( )

( )
r i

r i

d

d





=  (2.42) 

Where, vector component of voltages usd(i), usq(i) and currents isd(i),isq(i) for each 

planes, Rs is stator resistance, Ld(i)  and Lq(i)  are inductance in d-axis and q-axis, 

respectively. J is inertia, TL is load torque. It is important to mention that, index i defines 

reference plane for N-phase IPMSM.  

For an odd phase number, i = 0.5(N-1) and for even phase, i = 0.5N -1. The variables 

of first coordinate systems which is responsible for fundamental current injection is 

represented using the index (1) and variables of second coordinate system which is 

responsible for third harmonic current injection into system is denoted using the index 

(2). In Fig. 2.3, representation of fundamental variables in the first plane and third 

harmonics variables in the second plane are depicted in using vector plane in rotating 

coordinates system.  

α(2) 
d(2) θr(2) 

ωr(2) 

q(2) 

β(2) 

isd(2) 

isq(2) 
is(2)

α(1) 

d(1) 

θr(1) 
ωr(1) 

q(1) 
β(1) 

isd(1) 

isq(1) 

is(1)

(a) (b)

 

Fig. 2.3 Rotating coordinates systems (a) First plane system (b) Second plane system 
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2.3.2 Active flux-based modeling of five-phase IPMSM 

The mathematical model defined for three-phase machine using active flux concept 

(2.30) – (2.33) can be extended for the five-phase IPMSM. The differential equations 

of the mathematical model of the N-phase IPMSM in stationary reference frame for 

fundamental plane and third harmonic plane have the following form (2.43) – (2.46). 

 
( )

( ) ( ) ( ) ( )
( ) ( ) ( )

1 1 1s i
s s i r i f i s i

q i q i q i

di
R i u

d L L L


   


= − + +  (2.43) 
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( ) ( ) ( ) ( )
( ) ( ) ( )

1 1 1s i
s s i r i f i s i

q i q i q i

di
R i u

d L L L


   


= − − +  (2.44) 
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( ) ( ) ( ) ( )
1

1
( )

Nr i
f i s i f i s i L

i

d
i i T

d J
   


 

 =

 
= − − 

 
 (2.45) 

 
( )

( )
r i

r i

d

d





=  (2.46) 

 ( ) ( ) ( ) ( )s i q i s i f iL i   = +  (2.47) 

 ( ) ( ) ( ) ( )s i q i s i f iL i   = +  (2.48) 

Where Rs is stator resistance, Lq(i) is q-axis inductance, ωr(i) is rotor speed, TL is load 

torque, J is the rotor moment of inertia, usα(i) and usβ(i) are stator voltage components, 

isα(i) and isβ(i) are the stator current components, ψfα(i) and ψfβ(i) are the permanent magnet 

flux components for first plane and second plane respectively. It is assumed that 

machine parameters for five-phase IPMSM is known and constant.  

The presented mathematical model of the three phase IPMSM defined in 2.2.2 and 

2.2.3 and five-phase IPMSM defined in 2.3.2 are considered to design the observer 

structures as illustrated in the Chapter 3.  
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CHAPTER 3: OBSERVER STRUCTURE OF INTERIOR 

PERMANENT MAGNET SYNCHRONOUS MACHINE 

3.1 Overview 

In the last decade, sensorless control has drawn major attention from researchers 

across academia as well as industries which has helped to develop new sensorless 

control methods for a wide speed range of the IPMSM drive [13], [15], [16]. Sensorless 

control also known as self-sensing unit, is primarily used to lessen the cost and size of 

the system while improving the reliability compared to mechanical sensors. Moreover, 

sensorless speed control techniques are also preferred in explosive, corrosive or 

chemically aggressive environments due to unreliable performance of the encoder. This 

Chapter presents the formulation observer structures based on the mathematical model 

of the three-phase IPMSM and five-phase IPMSM presented in Chapter 2. Before the 

discussion of observer structure of IPMSM, the generalized form of observer structure 

is explained. 

3.2 Full-order observer structure 

The generalized form of a system model can be expressed using (3.1) and (3.2). 

Here, x represents vector of state variables, u is the vector of control inputs, y is the 

output of the system. A, B, C contains the constant parameters of the system model 

[135]. 

 x = Ax + Bu  (3.1) 

 y = Cx  (3.2) 

The full order observer for (3.1) and (3.2) can be computed using the following 

differential equation (3.3) and (3.4). Here, observer tuning gains are defined in matrix 

G. Error between the estimated variables and measured variables is represented using 

the   

 ˆ ˆ ˆ( )x = Ax + Bu+ G y - y  (3.3) 

 ˆ ˆy = Cx  (3.4) 

 ˆx = x - x  (3.5) 
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The dynamics of the observer estimation error can be determined using the (3.6) 

and further simplified as (3.7). 

 ˆx = x - x  (3.6) 

 )(x = A+ GC x  (3.7) 

Assuming that the eigenvalues of the matrix F = A+GC have the negative values 

and as t→∞ the error in state variable estimation x (t)→0 decays to zero and according 

to Lyapunov stability theorem, the observer structure will be asymptotical stable:  

 (t)teF
x = x  (3.8) 

Based on the generalized theory of observer structure, section 3.3 and section 3.4 

covers observer design of three-phase IPMSM and five-phase IPMSM, respectively. 

3.3 Speed and position observer structure of three-phase IPMSM 

Firstly, observer structure based on adaptive mechanism will be discussed then 

extended emf (EEMF) based observer structure using non-adaptive estimation law will 

be discussed. In this thesis, observer structure based on (α-β) reference frame is 

implemented for adaptive observer structure as well as EEMF-based non-adaptive 

structure. In the observer structure, the symbol “^” is used to define the estimated state 

variable and “~” is used to define as the error between estimated and measured state 

variable.  

3.3.1 Rotor flux vector-based adaptive observer structure 

Firstly, adaptive observer structure based on the rotor flux vector [122] will be 

presented, followed by the non-adaptive speed and position observer structure. This 

considered model is based on (α-β) reference frame connected to the stator and 

compares the performance with the EEMF non-adaptive observer structure (2.9) - 

(2.10). The observer model contains L1, L3, and L4 introduced to which are the rotor 

position functions, making this observer structure non-symmetrical. The observer 

structure can be designed using the mathematical model of IPMSM (2.9) - (2.12). The 

symbols such as “^” and “~” are used for estimated and error values. 

 1 3

ˆ ˆ ˆ ˆ ˆ( ) ( )s r
s s s s s s

d

di
R i u L R i u L v

d L


     





= + − + + − + +  (3.9) 
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 3 4

ˆ ˆ ˆ ˆ ˆ( ) ( )
s r

s s s s s s
d

di
R i u L R i u L v

d L


     





= − + − + + − + +  (3.10) 

 
ˆ

ˆr
r

d
v

d






= +  (3.11) 

where 

 0 2 2
ˆ ˆ ˆˆ - (1- )( )d d

f s
q q

L L
L i L i

L L
    = +  (3.12) 

 0 2 2
ˆ ˆ ˆˆ (1- )( - )d d

f s
q q

L L
L i L i

L L
    = +  (3.13) 

It can be seen that in (3.9) - (3.11), stabilizing functions are introduced vα, vβ and vθ. 

The final form of stabilizing function can be derived with the help of Lyapunov stability 

criteria. In the observer model, usα,β is stator voltage vector components which is 

considered to be the known value. Component of rotor flux can be estimated using 

(3.12) - (3.13). It is assumed that the function L1, L3, L4, iα2, iβ2, ψfα,β defined in observer 

structure from (3.9) to (3.13) are calculated using the estimated value of rotor position 

and stator current vector components. 

 

0
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1 2 1 2
1

1 1
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1 2 1 2
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0.5( ),

0.5( ),

ˆ ˆcos sin ,

ˆ0.5( )sin 2 ,

ˆ ˆsin cos

d q

d q

d r q r

d q r

d r q r

L L L

L L L

L L L

L L L

L L L

 



 

− −

− −

− −

= +

= −

= +

= −

= +

 (3.14) 

 
2

2

ˆ ˆˆ ˆ ˆcos 2 sin 2 ,

ˆ ˆˆ ˆ ˆsin 2 cos 2

s s r s r

s s r s r

i i i

i i i

  

  

 

 

= +

= − +
 (3.15) 

 

ˆˆ cos ,

ˆˆ sin

f f r

f f r





  

  

=

=
 (3.16) 

The error between estimated and measured parameters can be calculated using 

(3.17). 

 
ˆ ˆ,  ,  

ˆˆ ,  

s s s s s s

r r r r r r

i i i i i i     

     

= − = −

= − = −
 (3.17) 

The stabilizing functions in the observer structure defined in (3.9) - (3.11) will be 

formed using the Lyapunov stability criteria. As per the Lyapunov stability criteria, a 
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positively determined candidate function should be defined first. The chosen quadratic 

Lyapunov function has the following form. 

 ( )2 2 21
( )

2
s s rV i i  = + +  (3.18) 

The derivative of the defined Lyapunov function should be negatively determined 

as (3.19) 

 

1 3

3 4

1 ˆ ˆˆ( ( ) ( )

( )

1 ˆ ˆˆ( ( ) ( )
      

( )

      ( )    0

r r
ds

s s s

r r
ds

s s s

r r

LV i

R i L i L v

Li

R i L i L v

v

   



  

   



  



     

     

 

 
− − − 

= + 
 − + + 

 
− − − − 

+ 
 − + + 

+ 

 (3.19) 

The given observer structure is asymptotically stable if obtained stabilizing 

functions have the following form and cα, cλ, cθ > 0 are introduced to the stabilizing 

functions in (3.20), (3.21), and (3.22). 

 1
1 ˆˆa s s r s
d

v c R L i c i
L

     = − +  (3.20) 

 4
1 ˆˆa s s r s
d

v c R L i c i
L

     = − −  (3.21) 

 rv c = −  (3.22) 

To estimate speed using adaptive mechanism, the positively defined Lyapunov 

function can be extended as (3.23), based on the derivative of the Lyapunov function 

given in (3.24), speed can be estimated using (3.25). 

 2
1

1
rV 


=  (3.23) 

 1
1 1ˆ ˆ   0r s s r
d

V i i
L

      


 
= − + +  

 
 (3.24) 

 
1 ˆ ˆˆ ( ),   > 0r s s
d

i i
L

       = −  (3.25) 
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In (3.25), position error is needed to implement the stabilizing function vθ. In 

sensorless control operation, the implementation of speed and position error has certain 

limitations as these parameters are not measured. Hence, position error θ̃r can be 

approximated using the defined the error between the rotor flux vectors θ̃λ.  

 ,v c  = −  (3.26) 

Vectors rotate at synchronous speed of the flux vector of the permanent magnets, 

which is equivalent to the rotor angular speed. The position of the rotor is the same as 

the position of the flux vector of permanent magnets. Hence, the position error between 

the rotor flux vectors can be estimated firstly from (3.12) - (3.13) and secondly from 

(2.13) - (2.14). Vector λα,β (2.13) and (2.14) can be calculated using in which it can be 

assumed that 𝜃r ≈ θ̂r and the measured currents are used for calculation. θ̃λ can be seen 

in Fig. 3.1. The value θ̃𝜆 is close to 0, and after amplifying, the value can be θ̃r ≈ θ̃𝜆. 

Value θ̃𝜆 can be projected by 

 
1tan ( ), −=  (3.27) 

 
ˆ ˆ( )

ˆ ˆ( )

   

   

   


   

−
=

+
 (3.28) 

 
/ 2,  0

/ 2,  0






  


  

 −  
=  

+   
 (3.29) 
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Fig. 3.1. The space vector representation of IPMSM in the α-β plane 

To improve rotor speed estimation during the zero-speed crossing, stabilization 

function based on dot product of rotor flux vector components and stator current vector 

components is proposed and rotor speed can be estimated using the added new 

stabilizing function given in (3.30).  
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1 ˆ ˆˆ ( )r s s c
d

i i k s
L

       = − −  (3.30) 

 ˆ ˆ( )s ss i i     = +  (3.31) 

3.3.2 Rotor flux vector-based non-adaptive observer structure 

In this section, the observer structure is presented which is based on non-adaptive 

speed estimation. In this structure observer structure, EMF components are introduced 

in (3.34), and (3.35). Based on the added EMF the observer differential equations are 

extended to (3.32) - (3.37). It is important to mention about the observability of system 

before proposing an observer structure. The observability rank is 4 and determinant of 

the observability matrix is nonsingular which satisfy the criteria of observability. 

Hence, the system is observable [136]. The form of the observer structure is given 

below. 

 1 3

ˆd 1 ˆ ˆ ˆˆˆ ( ) ( ) ,
d

s
r s s s s s s

q

i
e R i u L R i u L v

L


       


= + + − + + − + +  (3.32) 

 
3 4

ˆd 1 ˆ ˆ ˆˆˆ ( ) ( ) ,
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r s s s s s s

q

i
e R i u L R i u L v

L


       


= − + + − + + − + +  (3.33) 

 
ˆˆd d

ˆ ˆ ,
d d

r
f r e

e
e v

  


 
 

= − +  (3.34) 

 
ˆd ˆd

ˆ ˆ ,
d d

r
f r e

e
e v


  


 

 
= + +  (3.35) 

 0 2 2
1 1 1 1ˆ ˆ ˆ( )( ),s
d q d d

L i L i
L L L L

   = − +  (3.36) 

 0 2 2
1 1 1 1ˆ ˆ ˆ( )( ),s
d q d d

L i L i
L L L L

   = − −  (3.37) 

Estimation error can be defined as (3.38).  

 

ˆ ˆ,  ,

ˆ ˆ,  ,

ˆˆ ,  

s s s s s s

r r r r r r

i i i i i i

e e e e e e

     

     

     

= − = −

= − = −

= − = −

 (3.38) 

The new added input variables in the observer structures are vα, vβ, veα, and veβ are 

considered stabilizing functions. With the help of this stabilizing function, the observer 

structure can converge to the real value of the machine under the assumption that all 
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machine parameters are known and constant in nature. In (3.34) and (3.35), the 

derivative of rotor speed can be approximated, considering the dω̂r/𝑑𝜏 ≈ Δω̂r/𝛥𝜏,. 

Moreover, this term does not impact accuracy while estimating rotor speed and 

position. As used in earlier observer structures, the Lyapunov theorem will significantly 

help define the stabilizing function.  

As per the Lyapunov function, a first positively determined function is defined, and 

the function's derivative should be negatively determined V̇ ≤ 0, which can be seen in 

(3.39)and (3.40), respectively.  

 
2 21
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s sV i i = +  (3.39) 
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    

    

     

     

 
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=  
 − + + − + + 

 
− + − − − + 

+  
 + + − + + 

 (3.40) 

The proposed observer structure is asymptotic and stable if the stabilizing function 

has the following form: Gains cα, ceα, and ceβ are > 0.   

 1s sv c R L i  = −  (3.41) 

 4s sv c R L i  = −  (3.42) 

 
1

,e e s
q

v c i
L

  =  (3.43) 

 
1

,e e s
q

v c i
L

  = −  (3.44) 

The estimated angular speed and position value can be determined from the 

dependence of EEMF and permanent magnet flux components [137]. It is worth 

mentioning that ψ̂
fα

2
+ψ̂

fβ

2
 ≠ 0 flux components tend to have real values in finite time, and 

estimated speed converges exponentially to their real value.  

 
2 2

ˆ ˆˆ ˆ
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f f
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 


 

+
=

+
 (3.45) 
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 ˆ ˆ ˆtan( , )r a e e  =  (3.46) 

3.3.3 Active flux-based adaptive observer structure 

Based on the active flux-based mathematical model defined in (2.30) - (2.33), the 

observer structure can be prepared in the following the form (3.47) - (3.49).  

 
ˆ 1 1 1ˆ ˆ ˆs

s s r f s a
q q q

di
R i u v

d L L L


   


= − + + +  (3.47) 

 
ˆ 1 1 1ˆ ˆ ˆ
s

s s r f s
q q q

di
R i u v

d L L L


    


= − − + +  (3.48) 

 
ˆ

ˆr
r

d
v

d






= +  (3.49) 

vα,β and vθ are the added stabilizing functions in the observer structure. The final 

form of the stabilizing functions can be computed using the Lyapunov stability theorem. 

It can be seen in the observer model that usα, β the input state voltage vector components.

,
ˆ
si   , ,ˆs   and ,ˆ f    are defined as the vector components of estimated currents, 

estimated components of stator flux and permanent magnet flux in (α-β) reference 

frame which are calculated using estimated angular position as well as estimated 

angular speed. 

 
ˆˆ cos

ˆˆ ˆ

f f r

s q s fL i



  

  

 

=

= +
 (3.50) 

 
ˆˆ sin

ˆˆ ˆ

f f r

s q s fL i



  

  

 

=

= +
 (3.51) 

The error between the estimated state variable and measured value can be obtained 

from the following form.   

 
ˆ ˆ,  ,

ˆˆ ,  

s s s s s s

r r r r r r

i i i i i i     

     

= − = −

= − = −
 (3.52) 

By implementing stability analysis using the Lyapunov stability theorem the 

proposed observer structure can be stabilized. As per the Lyapunov stability criteria, 

firstly a positively determined candidate function should be defined. The chosen 

quadratic Lyapunov function has following form. 
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 ( )2 2 21
( )

2
s s rV i i  = + +  (3.53) 

In the next step, derivative of defined Lyapunov function in (3.53) must be 

negatively determined which means   0V  .  

 

1
ˆ ˆ ˆ( ( ) ( ))

1
ˆ ˆ ˆ       ( ( ) ( ))

      ( )    0

sa s r f f r f f
q q

s s r f f r f f
q q

r r

R
V i i v

L L

R
i i v

L L

v

     

      



     

     

 

 
= − + − − − + + 

 
 

 
− − − − − + + 

 
 

+ 

 (3.54) 

By introducing cα & cθ > 0 in the stabilizing functions vα, vβ and vθ the proposed 

observer structure becomes asymptotically stable and the stabilizing functions have the 

following form:  

 s
s

q

R
v c i

L
  = −  (3.55) 

 s
s

q

R
v c i

L
  = −  (3.56) 

 rv c = −  (3.57) 

The positively defined Lyapunov function can be extended in ordered to obtained 

estimated speed. The extended positively defined Lyapunov function and its derivative 

are given in (3.58) and (3.59), respectively 

 2
1

1
rV 


=  (3.58) 

 1
1

ˆ ˆ( ( ))r r f s f sV i i      


= + −  (3.59) 

With the help of adaptive mechanism, the value of estimated speed can be calculated 

from (3.59) and expressed in (3.60) by assuming that ˆ r r  .  

 ˆ ˆ ˆ( ),   > 0r f s f si i       = − −  (3.60) 

It can be seen that in (3.57) angular position error exists. However, the angular 

position error cannot be implemented as in sensorless control system angular position 
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as well as speed are not measured. Hence, instead of θ̃r approximated value of this error 

θ̃ψ can be used and (3.57) can be rewritten as  

 v c  = −  (3.61) 

Hence, the position error between the stator flux vectors can be estimated firstly from 

(3.50), (3.51) and secondly from (2.34) as follows [122]. In calculation of stator flux 

components (2.34), measured currents are used and measured position is replaced by 

estimated position using the assumption that 𝜃r ≈ θ̂r.  

 
1tan ( ) −=  (3.62) 

Where  

 
ˆ ˆ

ˆ ˆ,  and 0
ˆ ˆ

s s s s
s s s s

s s s s

   
   

   

   
    

   

−
= + 

+
 (3.63) 

From (3.60), the estimated value of rotor speed can be obtained. Stator current 

deviation and the vector components of permanent magnet flux are used to calculated 

the estimated speed. It can be seen that it is a cross product of these vectors. Mutual 

position of these vectors is changing at different working instance of the IPMSM. Scalar 

product of these vectors is zero if it is assumed that these vectors are perpendicular. In 

practice, scalar product cannot become zero due to tuning gains of the observer. 

Moreover, error in estimation of the speed will be dependent on the scalar product of 

these two vectors. Hence, to increase the robustness of the observer structure, improved 

estimation law is proposed in this thesis. The improved estimation law is based on the 

cross and scalar product of the permanent magnet flux and stator current errors. Here, 

Gain kc plays an important part when machine passes through zero speed. The improved 

estimation law is as follow: 

 ˆ ˆ ˆ ( ),  0, > 0 r f s f s c ci i k s k        = − +   (3.64) 

 ˆ ˆ( )f s f ss i i     = +  (3.65) 

3.3.4 Active flux-based non-adaptive observer structure 

The EEMF based observer structure for the estimation of speed and position 

considering the non-adaptive is prepared based on the dynamic model  (2.35) - (2.38) 

and given as 
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ˆ 1 1 1ˆ ˆs

s s s a
q q q

di
R i e u v

d L L L


  


= − + + +  (3.66) 

 
ˆ 1 1 1ˆ ˆ
s

s s s
q q q

di
R i e u v

d L L L


   


= − − + +  (3.67) 

 
ˆˆ d

ˆ ˆ ˆ
d

r
f r e

de
e v

d


  


 

 
= − +  (3.68) 

 
ˆd ˆd

ˆ ˆ ˆ
d d

r
f r e

e
e v


  


 

 
= + +  (3.69) 

It can be seen that stabilizing functions vα, vβ, veα, and veβ are introduced to the 

observer structures. Without stabilizing functions, it is not possible for observer to 

converge to the real value of the machine, hence, stabilizing functions have significant 

importance. By considering ˆ ˆd / d /r r      , the derivative of speed given in (3.68) 

and (3.69) can be approximated. The final form of the stabilizing function can be 

achieved using the Lyapunov theorem. Error of estimation and measured value can be 

defined as (3.70). Positively determined Lyapunov function and its derivative which is 

negatively determined   0V   are given (3.71) and (3.72). 

 

ˆ ˆ,  ,  

ˆ ˆ,  ,

ˆˆ ,  

s s s s s s

r r r r r r

i i i i i i

e e e e e e

     

     

     

= − = −

= − = −

= − = −

 (3.70) 

 
2 21

( ),
2

s sV i i = +  (3.71) 

 
1 1

sa s s s
q q q q

R R
V i i e v i i e v

L L L L
      

   
= − + + + − − +   

   
   

 (3.72) 

The proposed observer structure is asymptotic stable if vα, vβ, veα, and veβ have the 

following form.  

 s
s

q

R
v c i

L
  = −  (3.73) 

 s
s

q

R
v c i

L
  = −  (3.74) 
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1

e e s
q

v c i
L

  =  (3.75) 

 
1

e e s
q

v c i
L

  = −  (3.76) 

Where gains cα, ceα and ceβ are 0 .  

Estimation of angular speed using non-adaptive approach (3.77) can be performed 

using dependences of EEMF and components of permanent magnet flux [137]. 

Similarly, angular position can be estimated using the angle observer between the 

EEMF (3.79).  

 
2 2

ˆ ˆˆ ˆ
ˆ , 0

ˆ ˆ

f f f
r f

f f

e e k s
k

    

 

 


 

+ −
= 

+
 (3.77) 

 ˆ ˆˆ ˆf fs e e     = −  (3.78) 

 ˆ ˆ ˆtan( , )r a e e  =  (3.79) 

3.4 Speed and position observer structure of five-phase IPMSM 

In this section, observer structures of five-phase IPMSM is presented in stationary 

reference frame. Adaptive observer structures are prepared based on the defined 

mathematical model of the five-phase IPMSM. In the multiphase observer structure, 

index i refers to reference plane of the system. For fundamental plane, i = 1 and for 

second plane i = 2. In the observer structure, estimated quantities are denoted using “^” 

and the error between the estimated and measured variable is defined using “~”. 

3.4.1 Active flux-based adaptive observer structure of five-phase IPMSM 

From the dynamical model of the multiphase IPMSM (2.43) - (2.46), an observer 

structure can be prepared in a stationary reference frame for each plane. The final form 

of the observer structure has the following form (3.80) - (3.82).  

 
( )

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

ˆd 1 1 1ˆ ˆ ˆ
d

s i
s s i r i f i s i i

q i q i q i

i
R i u v

L L L


    


= − + + +  (3.80) 

 
( )

( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

ˆd 1 1 1ˆ ˆ ˆ
d

s i
s s i r i f i s i i

q i q i q i

i
R i u v

L L L


    


= − − + +  (3.81) 
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( )

( ) ( )

ˆd
ˆ

d

i
r i iv





= +  (3.82) 

 
( ) ( ) ( )

( ) ( ) ( ) ( )

ˆˆ cos

ˆˆ ˆ

f i f i r i

s i q i s i f iL i



  

  

 

=

= +
 (3.83) 

 
( ) ( ) ( )

( ) ( ) ( ) ( )

ˆˆ sin

ˆˆ ˆ

f i f i r i

s i q i s i f iL i



  

  

 

=

= +
 (3.84) 

The estimation error can be computed using (3.85). 

 
( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

ˆ ˆ,  ,  

ˆˆ ,  

s i s i s i s i s i s i

r i r i r i r i r i r i

i i i i i i     

     

= − = −

= − = −
 (3.85) 

The estimated quantities are: stator current components îsα(i) and îsβ(i), permanent 

magnet flux components ψ̂
fα(i)

 and ψ̂
fβ(i)

, stator flux components ψ̂
sα(i)

 and ψ̂
sβ(i)

, 

angular speed of the rotor ω̂r(i), angular position of the rotor θ̂r(i). To stabilize the 

observer structure asymptotically, the following stabilizing functions are added vα(i), 

vβ(i) and vθ(i). The form of the stabilizing functions is calculated using the Lyapunov 

stability criteria.  

To apply the Lyapunov theorem, based on the current error and position error, 

positive function is defined in (3.86). The derivative of defined function should be 

negative to obtain the asymptotic stability of the system as expressed in (3.87).  

 ( )2 2 2
( ) ( ) ( ) ( )

1
( )

2
i s i s i r iV i i  = + +  (3.86) 

 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
( ) ( )

1
ˆ ˆ ˆ( ( ) ( ))

1
ˆ ˆ ˆ       ( ( ) ( ))

      

i sa i s i r i f i f i r i f i f i i
q i q i

s i s i r i f i f i r i f i f i i
q i q i

R
V i i v

L L

R
i i v

L L

     

      

     

     

 
= − + − − − + + 

 
 

 
− − − − − + + 

 
 

( ) ( ) ( )( )    0r i r i iv  + 

 (3.87) 

The defined observer structure is asymptotically stable for each plane by selecting 

the following stabilizing functions vα(i), vβ(i) and vθ(i). In the defined stabilizing functions, 

tuning gains cα(i), cθ(i) > 0.  
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 ( ) ( ) ( )
( )

s
i i s i

q

R
v c i

L i
  = −  (3.88) 

 ( ) ( ) ( )
( )

s
i i s i

q

R
v c i

L i
  = −  (3.89) 

 ( ) ( ) ( )i i r iv c  = −  (3.90) 

The defined positive function (3.86) is extended to estimate the speed using the 

classical adaptive control law. The extended form and its derivative is defined in (3.91) 

and (3.92), respectively. 

 
2

1( ) ( )
1

( )
i r iV

i



=  (3.91) 

 1( ) ( ) ( ) ( ) ( ) ( ) ( )
1

ˆ ˆ( ( ))
( )

i r i r i f i s i f i s iV i i
i

      


= + −  (3.92) 

By using the adaptive control mechanism, angular speed of the machine can be 

estimated using the (3.93) 

 
( ) ( ) ( ) ( ) ( )( ) ( )ˆ ˆ ˆ( ),   > 0
i i i i ir i f s f s ii i       = − −  (3.93) 

Similar to 3-phase observer structure, position error exist in the defined stabilizing 

functions in (3.90). The position error θ̃r(i) can be approximated using the error θ̃ψ(i) and 

stabilizing functions can be updated as (3.94) 

 ( ) ( ) ( )i i iv c  = −  (3.94) 

To apply updated stabilizing function (3.94), error between stator flux components 

required to be calculated. Stator flux components ψ̂
sα(i)

 and ψ̂
sβ(i)

 defined in (3.83) - 

(3.84) are calculated using the estimated position and estimated currents. In the next 

step, based on assumption that 𝜃r(i) ≈ θ̂r(i), measured stator flux components defined in 

(2.47) - (2.48) are calculated using the estimated position θ̂r(i), and measured currents 

components isα(i), isβ(i). 

 
1

( ) ( )tan ( )i i −=  (3.95) 

Where 
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( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

ˆ ˆ
ˆ ˆ,  and 0

ˆ ˆ

s i s i s i s i
i s i s i s i s i

s i s i s i s i

   
   

   

   
    

   

−
= + 

+
 (3.96) 

Similarly, speed estimation law is also improved by adding the stabilizing function 

sω(i), the stabilizing function is prepared using vector dot product between permanent 

magnet flux components and stator current components as defined in (3.98). The 

updated speed adaptive law improved the estimation during the zero crossing. The 

tuning gains kc(i) & γ(i) must be > 0.  

 ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )ˆ ˆ ˆ( ),  0, > 0  r i i f i s i f i s i c i i i c ii i k s k        = − +   (3.97) 

 ( ) ( ) ( ) ( ) ( )ˆ ˆ( )i f i s i f i s is i i     = +  (3.98) 

3.5 Stability analysis of the observer structures 

In this section, stability analysis of speed and position observer structures is 

presented. In the observer structure added stabilizing functions are selected based on 

the fact that the Lyapunov condition V̇ ≤ 0 is satisfied. The Lyapunov condition ensures 

the asymptotic stability of the observer structure when defined constant tuning gains 

are > 0. The observer structures tuning gains can be identified from the model of the 

observer errors linearized near an equilibrium point in d-q coordinate system as 

presented in [105], [118], [122]. In the following subsections stability analysis is 

presented for rotor flux-based observer structure and active flux-based observer 

structure.  

3.5.1 Stability analysis of rotor flux vector-based adaptive observer structure of 

three-phase IPMSM 

The stability analysis of rotor flux vector-based observer (3.9) - (3.11) is discussed 

in details [105], [118], [122]. The model of the observer errors is considered in rotating 

reference frame d-q. The error vector X is presented in (3.99). Error vector contains 

information of current errors: sdi , sqi  , speed error r , position error r . 

 
T

sd sq r ri i   =  X  (3.99) 

The matrix A of the observer systems cab be prepared as follows,  



 

40 

  

 

* *
1 2 2

* *
3 4 3

* * * *
2 3

(1 ) (1 ) 0

(1 ) (1 ) 0

( ) ( ) 0 0

0 0 1

r sq

r sd

sq c sd sd c sq

a c a c a i

a c a c a i

a i k a i k

c

 

 







   

 − + +
 
 − + − + −

=  
 − − +
 
 − 

A  (3.100) 

 
1 2 3 4, , ,

qs d s

d d q q

LR L R
a a a a

L L L L
= = = =    (3.101) 

The value of isq
*   can be computed using (3.102), and the value of isd

* , and ωr
* are 

chosen based selected equilibrium points. The stability analysis is performed using the 

defined tuning gains and chosen working points: 

 *

*( ( ) )

L
sq

f d q sd

T
i

L L i
=

+ −
 (3.102) 

In Fig. 3.2 (a), cα = 1.0 p.u. to 10.0 p.u. and cθ = 0.0 p.u., for ωr = 1.0 p.u., γ = 0.2 

p.u., kc = 0.05 p.u., cλ = 0.05 p.u., TL = 1.0 p.u. 

In Fig. 3.2 (b), cθ = 0.05 p.u. to 2.0 p.u., for ωr = 1.0 p.u., cα = 3 p.u.,  γ = 0.2 p.u., 

kc = 0.05 p.u., cλ = 0.05 p.u., TL = 1.0 p.u. 
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Fig. 3.2 The spectrum of matrix A of the linearized observer system (a) for cα = 1 p.u. to 10.0 p.u and 

cθ = 0 (b) for cθ = 0.0 p.u. to 2.0  p.u., 

In Fig. 3.2 (a), stability analysis plot is presented when cα was changed from 1.0 

p.u. to 10.0 p.u. and cθ was 0.0 p.u. As can be seen from Fig. 3.2 (a), the position error 

tuning gain cθ affects stability of the linearized system, at cθ = 0, system is unstable and 

as tuning gain cα is increasing from 1 p.u. to 10 p.u eigen values of the matrix A travels 
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further in left side of the s-plane. However, due to imaginary poles oscillations can be 

experienced in the system. In Fig. 3.2 (b), cθ was varied from 0.01 p.u to 2.0 p.u. and cα 

= 3.0 p.u., the linearized system was stable for the chosen operating points when cθ > 

0. At cθ = 0.01 p.u., eigen value were close to zero but in left half the plane, when cθ 

increases from 0.01, eigen values drifted further left and system stability margin 

increases. 

In Fig. 3.3 (a), ωr = -1.0 p.u. to 1.0 p.u. for cα = 3.0 p.u., cθ = 0.07 p.u., γ = 0.2 p.u., 

kc = 0.05 p.u., cλ = 0.05 p.u., TL = 1.0 p.u. 

In Fig. 3.3 (b), kc = 0.01 p.u. to 2.0 p.u., for ωr = 1.0 p.u., cα = 3 p.u., γ = 0.2 p.u., 

cθ  = 0.07 p.u., cλ = 0.05, TL = 1.0 p.u. 

In Fig. 3.3 (a), with the selected operating points and tuning gains angular speed 

was changed from -1.0 p.u. to 1.0 p.u. Eigen values of the system matrix A lies in the 

left half of plane and system is stable. In Fig. 3.3 (b), tuning kc was changed from 0.01 

p.u. to 2.0 p.u. The linearized system remains stable throughout the change in value of 

kc.  
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Fig. 3.3 The spectrum of matrix A of the linearized observer system (a) for ωr = -1.0 p.u. to 1.0 p.u. (b) 

for kc = 0.01 p.u. to 2.0 p.u. 

In Fig. 3.4 (a), cλ = 0.01 p.u. to 2.0 p.u., for ωr = 1.0 p.u., cα = 3 p.u., γ = 0.2 p.u., cθ 

= 0.07 p.u., kc = 0.05, TL = 1.0 p.u. 
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In Fig. 3.4 (b), γ = 0.01. to 2.0 p.u. for cα = 3.0 p.u., cθ = 0.07 p.u., ωr = 1.0 p.u., kc 

= 0.05 p.u., cλ = 0.05 p.u., TL = 1.0 p.u. 

In Fig. 3.4 (a), cλ was altered from 0.01 p.u. to 2.0 p.u., and in Fig. 3.4 (b), γ was 

changed from 0.01 p.u. to 2.0 p.u. In both cases, the linearized observer system, was 

stable. When cλ and γ = 0.01 p.u., the eigen value of the matrix A were close to zero 

and as the value of both tuning gains increased eigen value travelled further in left half 

of the plane.  

For the defined operating points and selected tuning gains, linearized observer 

structure is stable. For cθ = 0.0 p.u, observer structure is unstable which shows the 

significant of the proposed stabilizing functions (3.26), in order to increase the stability 

range cα > 1 and kc > 0.  
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Fig. 3.4 The spectrum of matrix A of the linearized observer system (a) for cλ = 0.0 p.u. to 2.0 p.u., (b) 

for γ = 0.01 p.u. to 2.0 p.u. 

3.5.2 Stability analysis of rotor flux vector-based non-adaptive observer structure 

of three-phase IPMSM 

The stability analysis of non-adaptive rotor flux vector-based observer structure 

(3.32) - (3.35) is depicted here. In (3.103), error vector X consisting current errors sdi

, sqi and EMF errors de , qe  in rotating coordinates are presented. The system matrix A 

is presented in (3.104). The value of isd
* , and ωr

* are selected based on chosen working 

points and isq
*  can be obtained using (3.106). 
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T

sd sq d qi i e e =  X  (3.103) 

 

1 2

3 4

* 2*
4

* 2*
3

(1 ) 0 0

0 (1 ) 0

0

0

s r e r

e s r r

a c a

a c a

R c a

c a R


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


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 
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− + −
 

=  −
 
 − − − 

Α  (3.104) 

 1 2 3 4
1 1

,  ,  ,  s s

d d q q

R R
a a a a

L L L L
= = = =  (3.105) 

 *

*( ( ) )

L
sq

f d q sd

T
i

L L i
=

+ −
 (3.106) 

The following value of tuning gains and working points are selected to conduct the 

stability analysis. 

In Fig. 3.5 (a), cα = 1.0 p.u. to 10.0 p.u. for ωr = 1.0 p.u., ceα = 0.7 p.u., ceβ = 0.7 

p.u., TL = 1.0 p.u. 

In Fig. 3.5 (b), ceα = 0.1 p.u. to 1.0 p.u. for ωr = 1.0 p.u., cα = 3. p.u., ceβ = 0.7 p.u., 

TL = 1.0 p.u. 
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Fig. 3.5 The spectrum of matrix A of the linearized observer system (a) for cα = 1 p.u. to 10.0 p.u. (b) 

for ceα = 0.1 p.u. to 1.0 p.u. 

In Fig. 3.5 (a), tuning gain cα was varied from 1.0 p.u to 10.0 p.u. For lower value 

of cα, linearized system was stable but eigen values of matrix A were close to zero 
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value, as cα was increased eigenvalues drifted further in left half. In Fig. 3.5 (b), ceα was 

changed from 0.1 p.u. to 1.0 p.u. As seen from the Fig. 3.5 (b), ceα has effect on the 

position of the eigen values. For ceα = 0.1 p.u., poles are closer to zero and ceα = 1.0 p.u. 

poles are moving away in the left side of complex plain.  

In Fig. 3.6 (a), ceβ = 0.1 p.u. to 1.0 p.u. for ωr = 1.0 p.u., cα = 3.0 p.u., ceα = 0.7 p.u., 

TL = 1.0 p.u. 

In Fig. 3.6 (b), ωr = -1.0 p.u. to 1.0 p.u., cα = 3.5 p.u., ceα = 0.9 p.u., ceβ = 0.9 p.u., 

TL = 1.0 p.u. 

The spectrum of matrix A of the linearized observer system is presented when ceβ 

is changing from 0.1 p.u. to 1.0 p.u. in Fig. 3.6 (a) and angular speed ωr is changing 

from -1.0 p.u. to 1.0 p.u. in Fig. 3.6 (b). In both cases, eigen values of linearized system 

were in left half and system was stable.  
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Fig. 3.6 The spectrum of matrix A of the linearized observer system (a) for ceβ = 0.1 p.u. to 1.0 p.u. (b) 

for ωr = -1.0 p.u. to 1.0 p.u. 

3.5.3 Stability analysis of active flux-based adaptive observer structure of three-

phase IPMSM 

In the defined observer structure (3.47) - (3.49) and (3.64), the correction terms vα, 

vβ and vθ with constant tuning gains cα, cθ, γ, and kc are added. The tuning gains can be 

identified by linearizing the observer errors model near an equilibrium point in (d-q) 

reference frame.  
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The observer error model is presented in rotating coordinates system as below 

(3.107)- (3.110). 

 1
ˆ ˆ( )sd s s

a sd r sq r sq
d d d

di R R
c i

d L L L
   



 
= − − + − 

 

  (3.107) 

 
1

ˆ ˆ( )
sq s s

a sq r sd r sd
q q q

di R R
c i

d L L L
   



 
= − − − − 

 
 

 (3.108) 

 
1 1

ˆ ˆ ˆ ˆ( ( ))r
sd sq sq sd c sd sd sq sq

q d

d
i i k i i

d L L


    


= − + +  (3.109) 

 r
r r

d
c

d



 


= +  (3.110) 

The vector of deviations X defined in (3.111) and the matrix A is defined as (3.112) 

 
T

sd sq r ri i   =  X  (3.111) 
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Where isd
*  and isq

*  imply the values determined from working point. The isd
*  = -0.05 p.u. 

and ωr
* are chosen from different working points. The working point for isq

*  can be 

calculated from (3.114). 

 
1 2 3 4, , ,

qs d s

d d q q

LR L R
a a a a

L L L L
= = = =    (3.113) 

 *

*( ( ) )

L
sq

f d q sd

T
i

L L i
=

+ −
 (3.114) 

The stability analysis of active flux-based adaptive observer is performed as a result 

the following parameters and the equilibrium point changes. 

In Fig. 3.7 (a), cα = 0.1 p.u. to 5.0 p.u. and cθ = 0.0 p.u., for ωr = 1.0 p.u., γ = 0.12 

p.u., kc = 0.05 p.u., TL = 0.7 p.u. 

In Fig. 3.7 (b), cα = 0.1 p.u. to 5.0 p.u. and cθ = 0.1 p.u. to 0.5 p.u., for ωr = 1.0 p.u., 

γ = 0.12 p.u., kc = 0.05 p.u., TL = 0.7 p.u. 
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In Fig. 3.8 (a), ωr = -1.0 p.u to 1.0 p.u. for cα = 3.5 p.u. and cθ = 0.1 p.u., γ = 0.12 

p.u., kc = 0.05 p .u., TL = 1.0 p.u. 

In Fig. 3.8 (b), kc = 0.01 p.u. to 2.0 p.u. for  ωr = 1.0 p.u. for cα = 3.5 p.u., cθ = 0.1 

p.u., γ = 0.12 p.u., TL = 1.0 p.u. 
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Fig. 3.7 The spectrum of matrix A of the linearized observer system (a) for cα = 0.1 p.u. to 5 p.u. and cθ 

= 0.0 p.u. (b) for cα = 0.1 p.u. to 5 p.u. and cθ = 0.1 p.u.to 0.5 p.u. 
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Fig. 3.8 The spectrum of matrix A of the linearized observer system (a) for ωr = -1.0 p.u. to 1.0 p.u. (b) 

for kc = 0.01 p.u. to 2.0 p.u. 

It is worth noticing that in Fig. 3.7 (a), when cα is changing from 0.1 p.u. to 5 p.u. 

and position error equation (3.61) is omitted cθ = 0.0 p.u. in the linearized system, due 
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to open integrator form one pole of the system matrix A lies at zero which means the 

linearized system has undamped oscillation and system is unstable. In Fig. 3.7 (b), cα is 

varying from 0.1 p.u. to 5 p.u. and cθ > 0.0 p.u. and varying from 0.1 p.u. to 0.5 p.u. all 

poles of the system lies in the left half of the plane and system is stable. 

In Fig. 3.8, eigen values of matrix A is shown for two cases. In Fig. 3.8 (a), rotor 

speed ωr is changed from -1.0 p.u. to 1.0 using defined tuning gains. It can be observed 

that the linearized system is stable for the defined tuning gains. In Fig. 3.8 (b), rotor 

speed ωr was set around 1.0 p.u and applied load torque TL was 1.0 p.u. and gain kc was 

changed from 0.01 to 2.0 p.u. It can be observed that eigen values of the system matrix 

A moves further in left half plane and overall system remain stable.  

In Fig. 3.9 (a), γ = 0.01 p.u to 2.0 p.u. for cα = 3.5 p.u. and cθ = 0.05 p.u., ωr= 1.0 

p.u., kc = 0.05 p.u., TL = 1.0 p.u. 

In Fig. 3.9 (b), ωr = 0.1 p.u to 1.0 p.u. and cθ = 0 to 2.0 p.u., for cα = 3.5 p.u., γ = 

0.12, kc = 0.05 p.u., TL = 1.0 p.u. 
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Fig. 3.9 The spectrum of matrix A of the linearized observer system (a) for γ = 0.01 p.u. to 2.0 p.u. (b) 

for ωr = 0.1 p.u. to 1.0 p.u and cθ = 0.0 p.u. to 2.0  p.u., 

In Fig. 3.9 (a), the tuning gain γ used in adaptive speed estimation was changed 

from 0.01 p.u. to 2.0 p.u. For γ = 0.01, one of the poles of the system is closer to zero 

and as the value of γ increases poles are drifting away from zero and increases overall 

stability. For γ = 2.0 p.u. systems poles are away from zero but due to imaginary value 
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of poles oscillation can occurs. In Fig. 3.9 (b), rotor speed ωr was varied from 0.1 p.u. 

to 1.0 p.u. and cθ was also changed from 0 p.u. to 2.0 p.u. If proposed stabilizing 

functions (3.61) is not added in the system, then the system remains unstable as one 

pole will remain at zero due to open integrator. When cθ > 0.0 p.u, system is stable and 

as rotor speed is increases from 0.1 p.u. poles are moving imaginary planes as shown .  

3.5.4 Stability analysis of active flux-based non-adaptive observer structure of 

three-phase IPMSM 

The stability analysis of non-adaptive observer structure (3.66) - (3.69) is presented 

here. The error vector X consisting current errors: sdi , sqi and EMF errors: de , qe is 

defined in (3.115).  

 
T

sd sq d qi i e e =  X  (3.115) 

By using the observer errors for dq coordinates, the matrix A of the observer system 

can be determined as follows:  
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0
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e s r r

a c a

a c a
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c a R
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
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Where 1 2 3 4
1 1

,  ,  ,  s s

d d q q

R R
a a a a

L L L L
= = = =  (3.117) 

The Value of  isd
* , isq

*  and ωr
* are obtained using the chosen working points. The isd

*  

= -0.05 p.u. and isq
*  can calculated from (3.118) 

 *

*( ( ) )

L
sq

f d q sd

T
i

L L i
=

+ −
 (3.118) 

The following equilibrium points and tuning gains are used to conduct the stability 

analysis. 

In Fig. 3.10 (a), cα = 0.1 p.u. to 5.0 p.u. for ωr = 1.0 p.u., ceα = 0.9 p.u., ceβ = 0.9 

p.u., TL = 1.0 p.u. 

In Fig. 3.10 (b), ceα = 0.1 p.u. to 1.0 p.u. for ωr = 1.0 p.u., cα = 3.1 p.u., ceβ = 0.9 

p.u., TL = 1.0 p.u. 
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Fig. 3.10 The spectrum of matrix A of the linearized observer system (a) for cα = 0.1 p.u. to 5.0 p.u. (b) 

for ceα = 0.1 p.u. to 1.0 p.u. 

In Fig. 3.11 (a), ceβ = 0.1 p.u. to 1.0 p.u. for ωr = 1.0 p.u., cα = 3.1 p.u., ceα = 0.9 

p.u., TL = 1.0 p.u. 

In Fig. 3.11 (b), ωr = -1.0 p.u. to 1.0 p.u., cα = 3.1 p.u., ceα = 0.9 p.u., ceβ = 0.9 p.u., 

TL = 1.0 p.u. 
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Fig. 3.11 The spectrum of matrix A of the linearized observer system (a) for ceβ = 0.1 p.u. to 1.0 p.u. (b) 

for ωr = -1.0 p.u. to 1.0 p.u. 
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In Fig. 3.10 (a), the tuning gain cα was changed from 0.1 p.u. to 5.0 p.u. and in Fig. 

3.10 (b), the tuning gain ceα was varied from 0.1 p.u. to 1.0 p.u. It can be observed that 

at cα = 0.1 p.u. and ceα = 0.1, poles are closer to zero, and as the value of tuning gain 

increases the poles are drifting away and increases the stability of the linearized system. 

In Fig. 3.11 (a), the tuning gain ceβ is changed from 0.1 p.u. to 1.0 p.u. As the tuning 

gain value of ceβ is increasing, poles are drifting away from zero, but due to imaginary 

poles the effect of oscillation can occur. In Fig. 3.11 (b), rotor speed was changed from 

-1.0 p.u to 1.0 p.u using the defined tuning gains. It can be noticed that system is stable 

but when speed is -1.0 p.u., system is closer to zero and stability margin is less. 

3.5.5 Stability analysis of active flux-based adaptive observer structure of five-

phase IPMSM 

The stability analysis of five-phase active flux-based adaptive observer structure 

(3.80) - (3.82) is presented here. The deviation vector ( )iX  and system matrix A(i) are 

presented in (3.119) and (3.120), respectively.  
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The value of isd(i)
* , ωr(i)

*  are selected based on chosen working points. isq(i)
*  can 

calculated using (3.122). The selected values of isd(1)
*  = -0.1 p.u. and isd(2)

*  =0.0 p.u. 

 *
( ) *

( ) ( ) ( ) ( )( ( ) )

L
sq i

f i d i q i sd i

T
i

L L i
=

+ −
 (3.122) 

In Fig. 3.12 (a), cα(1) = 1.0 p.u. to 10.0 p.u. for ωr(1) = 1.0 p.u., γ(1)  = 0.3 p.u., kc(1)  = 

0.1 p.u., cθ(1)  = 0.1 p.u., TL  = 1.0 p.u. 
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In Fig. 3.12 (b), cα(2) = 1.0 p.u. to 10.0 p.u. for ωr(2) = -3.0 p.u., γ(2)  = 0.3 p.u., kc(2)  

= 0.1 p.u., cθ(2)  = 0.1 p.u. 

In Fig. 3.13 (a), ωr(1) = -1.0 p.u. to 1.0 p.u. and cθ(1)  = 0.0 p.u., for cα(1) = 3 p.u., γ(1)  

= 0.3 p.u., kc(1)  = 0.1 p.u., TL = 1.0 p.u. 

In Fig. 3.13 (b), ωr(2) = 3.0 p.u. to -3.0 p.u. and cθ(2)  = 0.0 p.u., for cα(2) = 5 p.u., γ(2)  

= 0.3 p.u., kc(2)  = 0.1 p.u. 
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Fig. 3.12 The spectrum of matrix A of the linearized observer system (a) for cα(1) = 1 p.u. to 10.0 p.u. 

(b) for cα(2) = 1 p.u. to 10.0 p.u. 
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Fig. 3.13 The spectrum of matrix A of the linearized observer system (a) for ωr(1) = -1.0 p.u. to 1.0 p.u 

and cθ(1)  = 0 (b) for ωr(2) = 3.0 p.u. to -3.0 p.u and cθ(2) =0. 
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In Fig. 3.12, stability plot is presented where tuning gain ca(i) in each plane was 

changed from 1.0 p.u. to 10.0 p.u. With the increment in tuning gains ca(i), the eigen 

values of the matrix A(i) drifting away in the left half plane. Due to complex conjugate 

roots, oscillation can occur. In Fig. 3.13 (a), rotor speed was changed from -1.0 p.u. to 

1.0 p.u in first plane and 3.0 p.u. to -3.0 p.u. in second plane and tuning gain cθ(i) = 0 for 

both planes. As can be seen from Fig. 3.13, due to omission of cθ(i), the linearized system 

is unstable as one pole always remain at zero value due to open integrator.  

In Fig. 3.14 (a), ωr(1) = -1.0 p.u. to 1.0 p.u. and cθ(1)  = 0.1 p.u., for cα(1) = 3 p.u., γ(1)  

= 0.3 p.u., kc(1)  = 0.1 p.u., TL = 1.0 p.u. 

In Fig. 3.14 (b), ωr(2) = 3.0 p.u. to -3.0 p.u. and cθ(2)  = 0.1 p.u., for cα(2) = 5 p.u., γ(2)  

= 0.3 p.u., kc(2)  = 0.1 p.u. 
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Fig. 3.14 The spectrum of matrix A of the linearized observer system (a) for ωr(1) = -1.0 p.u. to 1.0 p.u 

and cθ(1)  = 0.1 p.u. (b) for ωr(2) = 3.0 p.u. to -3.0 p.u and cθ(2) =0.1 p.u. 

In Fig. 3.14, cθ(i) was included and kept at 0.1 p.u. for the same working points. The 

linearized system was stable, which shows the importance of the proposed stabilization 

function defined in (3.94).  

In Fig. 3.15 (a), kc(1) = 0.1 p.u. to 5.0 p.u. and for cα(1) = 3 p.u., γ(1)  = 0.3 p.u., ωr(1) 

= 1.0 p.u., cθ(1)  = 0.1 p.u., TL = 1.0 p.u. 

In Fig. 3.15 (b), kc(2)  = 0.1 p.u. to 5.0 p.u. and for cα(2) = 5 p.u., γ(2)  = 0.3 p.u., ωr(2) 

= -3.0 p.u., cθ(2)  = 0.1 p.u., 
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In Fig. 3.16 (a), γ(1) = 0.1 p.u. to 5.0 p.u. and for cα(1) = 3 p.u., kc(1)  = 0.1 p.u., ωr(1)  

= 1.0 p.u., cθ(1)  = 0.1 p.u., TL = 1.0 p.u. 

In Fig. 3.16 (b), γ(2) = 0.1 p.u. to 5.0 p.u. and for cα(2) = 5 p.u., kc(2)  = 0.1 p.u., ωr(2) 

= -3.0 p.u., cθ(2) = 0.1 p.u., 
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Fig. 3.15 The spectrum of matrix A of the linearized observer system (a) for kc(1) = 0.1 p.u. to 5.0 p.u 

(b) for kc(2) = 0.1 p.u. to 5.0 p.u 
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Fig. 3.16 The spectrum of matrix A of the linearized observer system (a) for γ(1) = 0.1 p.u. to 5.0 p.u (b) 

for γ(2) = 0.1 p.u. to 5.0 p.u 

In Fig. 3.15, the eigen values of linearized observer structure is presented for 

fundamental plane and second plane. In the presented plot, tuning kc(i) was varied from 
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0.1 p.u to 5.0 p.u. In Fig. 3.16, the stability analysis is depicted for the case of γ(i) 

changing from 0.1 p.u. to 5.0 p.u. In both Fig. 3.15 and Fig. 3.16, eigen values of the 

linearized observer structure were in left half of complex plain and system was stable 

in each plane for the given operating points. 

In this chapter, complete description of the design of adaptive and non-adaptive 

observer structure of three-phase IPMSM is provided. The observer structures of three-

phase IPMSM and five-phase IPMSM are prepared using the mathematical model 

explained in Chapter 2. To estimate the state variables of the fundamental plane and 

second plane in five-phase IPMSM, adaptive active flux concept-based observer 

structure was extended as defined in 3.4.1.  

Furthermore, stability analysis of three-phase observer structures and five-phase 

observer structures are provided to ensure the proper selection of tuning gains and 

stabilizing functions. To conduct the stability analysis, observer error model was 

transformed rotating coordinates systems. Based on the stability plots, it can be 

identified that without using the proposed stabilizing functions in position estimation 

system remains unstable as one pole always lies at origin.  

In the next chapter, detailed discussion on control structure of three-phase IPMSM 

and proposed control solutions based on ψf(i),is(i) vectors (1st strategy) and ψs(i),is(i) 

vectors (2nd strategy) of five-phase IPMSM are provided.  
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CHAPTER 4: CONTROL STRUCTURE OF POLY-PHASE 

INTERIOR PERMANENT MAGNET SYNCHRONOUS 

MACHINE 

4.1 Overview 

In this chapter, control structures of poly-phase interior permanent magnet 

synchronous machine are discussed in details. For three-phase IPMSM drive classical 

FOC control structure is explained. The estimation accuracy of adaptive and non-

adaptive observer structures described in Section – 3.3, was verified using the classical 

FOC structure. 

 In the following, proposed control system structures: 1) ψf(i),is(i) vectors based 

control solution 2) ψs(i),is(i) vectors based control solution of five-phase IPMSM are 

presented in stationary coordinate system (α – β)(i). To obtain effective control of five-

phase IPMSM, proposed control system utilizes the classical PI, MPC and backstepping 

control approaches using the nonlinear transformation. The control approach of a 

multiphase machine incorporates simultaneous control of two virtual machines in one 

single physical motor to ensure a higher value of torque generation by fundamental 

current and injected third harmonic current. Firstly, control scheme implemented for 

three-phase IPMSM is explained, then proposed control structure for multiphase 

IPMSM are explained. 

4.2 Control structure of three-phase IPMSM 

4.2.1 Field-oriented control of three-phase IPMSM 

In this thesis, a classical control scheme known as field-oriented control or vector 

control is employed. The field-oriented control allows the satisfactory control 

performance of IPMSM as the DC machine [8], [9]. To achieve good dynamic and 

steady state response of the drive, field-oriented control is preferred over direct torque 

control. The torque equation defined in (2.23), can be written in per unit as (4.1). For 

accurate control of electromagnetic torque, flux controlling current isd and torque 

controlling current isq should be examined as shown in (4.1). 

 ( )e f sq d q sd sqT i L L i i= + −  (4.1) 
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In present time, isd
*  = 0 control and maximum torque per ampere (MTPA) control 

are the widely used vector control modes. To examine the performance of three-phase 

observer structures in the closed loop system, the isd
*   = 0 mode was used as first control 

strategy in this thesis. In addition, isd
*   = 0 control structure avoids the usage of machine 

parameters whereas MTPA heavily relies on ψf, Ld, and Lq. The space vector diagram 

of isd
*   = 0 control is presented in Fig. 4.1. 

θe
α

β

d q

ψf 
u 

ud 

uq 

φ 

i

 

Fig. 4.1 Space vector representation of isd
*   = 0 control mode 

As flux controlling current isd is kept at zero value, the simplified equation of 

electromagnetic torque is given in (4.2). 

 e f sqT i=  (4.2) 

 The block diagram of the control scheme is depicted in Fig. 4.2. As shown in Fig. 

4.2, the Clarke transformation is used to convert 3 phase voltages and currents 

components into 2 phase reference frames for the observer structure implementation. 

Estimated parameters such as currents, speed, and angular position are defined using 

the symbol “^”. Estimated current components îsα and îsβ from the observer are 

transformed to d-q reference frame îsd and îsq using the estimated angular position θ̂r to 

implement field-oriented control (FOC). 

In field-oriented control, two control loops are formed. The outer loop uses one 

speed controller and the inner loop requires two current controllers. Controllers in field-

oriented control compare reference values of speed ωr
* and currents isd

*  and isq
* , with the 

estimated values of speed ω̂r and currents îsd and îsq, and based on the error signals, it 



 

57 

  

generates the reference control signals usd
*  and usq

* . The generated reference signals in 

rotating coordinates are transformed to stationary coordinates usα
*  and usβ

*  to supply the 

reference input voltages to inverter to generate the desired gate pulse to drive the 

IPMSM drive. 

IPMSM

Speed 

Observer 

PI PI

PI

VSI

abc

-

+

-

+

-
+

a

b

c

0 , 

,d q

, 

ˆ
sdi

ˆ
sqi

ˆr

ˆ
r

,
ˆ
si  

,si  

*

,su  , 

,d q

r

ˆr

sqi

sdi
ˆ
sqi

ˆ
sdi

*
squ

*
sdu

su 


*
su 

ˆ
r
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Fig. 4.2 The block diagram of field-oriented control scheme of three-phase IPMSM 

4.3 Control structure of five-phase IPMSM 

4.3.1 Field-oriented control of five-phase IPMSM 

The block diagram of sensorless field-oriented control of five-phase IPMSM is 

presented in Fig. 4.3. To implement observer structure in two independent stationary 

orthogonal planes: fundamental plane (α-β)1 and third harmonic plane (α-β)2 extended 

the Clarke transformation is used to transform 5 phase currents into 2 phase reference 

frame (α-β)(i). Estimated variables: speed, angular position, and currents are used to 

implement sensor-less control scheme. Estimated currents in the stationary reference 

frame (α-β)(i) are transformed to the rotating reference frame (d-q)(i) using estimated 

angular position to implement a field-oriented control scheme. 

The FOC structure was implemented on 5.5 kW five-phase IPMSM to provide a 

comparative analysis with the proposed control structure [44], [105], [112], [126], 

[131], [134]. The control of fundamental and third harmonic variables is shown in the 
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red and green dotted box, respectively. For accurate speed control of the five-phase 

IPMSM, PI controller was implemented in the first plane. Depending on the speed error, 

reference value of torque representing current isq(1)
*  generates in the first plane. In the 

next step, based on the error between reference torque producing current isq(1)
*  and 

estimated current îsq(1), q-axis reference voltage usq(1)
*  is generated in the first plane to 

minimize the speed error and torque error.  
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Fig. 4.3 The block diagram of field-oriented control scheme of five-phase IPMSM 

To extract reluctance torque, the reference value of flux controlling current isd(1)
*  

was computed using maximum torque per ampere algorithm (MTPA) [8], [9] as 

expressed in (4.3). Similar to q-axis, reference voltage usd(1)
*  is generated in d-axis to 

minimize the error between the reference value of isd(1)
* and actual value of îsd(1). The 

generated reference voltages usd,q(1)
*  in rotating coordinates are transformed to stationary 

coordinates usα,β(1)
*  using estimated angular position θ̂r(1) to apply to the inverter to drive 

the five-phase IPMSM drive [8], [9], [138]. 
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2 2 2
(1) (1) (1) (1) (1)*

(1)
(1) (1)

8( )

4( )

f f d q sq

sd
d q

L L i
i

L L

 − + + −
=

−
 (4.3) 

In the second plane, reference value of isd(2)
* = 0, reference of torque controlling isd(2)

*  

current can be computed from the fundamental plane as the machine model of five-

phase IPMSM in first plane and second plane are in conjunction [102]. To supply the 

reference voltages to the inverter, the generated control signals usd,q(2)
*  in second plane 

are transformed to stationary reference frame usα,β(2)
*  using estimated angular position 

θ̂r(2).    

4.3.2 Proposed control structure (ψf(i),is(i)) vectors based of five-phase IPMSM   

In the proposed control structure, multiscalar variables are prepared using stator 

flux vector ψs(i) and stator current vector is(i). The selected variables in each plane are: 

x11(i) is rotor angular speed, x12(i) is electromagnetic torque, x21(i) is square of stator flux, 

x22(i) is flux controlling variable. In general form multiscalar variables can expressed in 

the rotating coordinate system as (4.4) - (4.7). 

 11( ) ( )i r ix =  (4.4) 

 12( ) ( ) ( ) ( ) ( )i sd i sq i sq i sd ix i i = −  (4.5) 

 
2 2

21( ) ( ) ( )i sd i sq ix  = +  (4.6) 

 22( ) ( ) ( ) ( ) ( )i sd i sd i sq i sq ix i i = +  (4.7) 

In this proposed control solution, author assumes that stator flux ψs(i) vector is equal 

to permanent magnet flux vector ψf(i) which allows to form new transformation using 

permanent magnet flux vector ψf(i) and stator current vector is(i). The new multiscalar 

variables are prepared in the stationary reference frame: x11(i) is rotor angular speed, 

x12(i) is vector product of permanent magnet flux vector ψf(i) and stator current vector 

is(i), x21(i) is square of permanent magnet flux, x22(i) is scalar product of permanent 

magnet flux vector ψf(i) and stator current vector is(i). The selected variables are defined 

in (4.8) - (4.11) using the permanent magnet flux vector ψf(i) and stator current vector 

is(i). 

 11( ) ( )i r ix =  (4.8) 
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 12( ) ( ) ( ) ( ) ( )i f i s i f i s ix i i    = −  (4.9) 

 
2 2

21( ) ( ) ( )i f i f ix   = +  (4.10) 

 22( ) ( ) ( ) ( ) ( )i f i s i f i s ix i i    = +  (4.11) 

After taking time derivative of selected variables and substituting the current and 

flux derivative, multiscalar model of the control system is prepared as defined in. 

 
11( )

12( )
1 1i

i L

dx
x T

d J J
= −  (4.12) 

 

1( )

12( )
12( ) 11( ) 21( ) 11( ) 22( ) ( ) ( ) ( ) ( )

( )

1 1 1
( )

i

i
i i i i i s i f i s i f i

v i q q

u

dx
x x x x x u u

d T L L
    


= − − − + −

 (4.13) 

 

2( )

22( )
22( ) 11( ) 12( ) ( ) ( ) ( ) ( )

( ) ( )

1 1
( )

i

i
i i i s i f i s i f i

v i q i

u

dx
x x x u u

d T L
    


= − + + +  (4.14) 

Where Tv(i) is time constant (4.15), 

 
( )

( )
q i

v i
s

L
T

R
=  (4.15) 

It can be observed that nonlinear terms appear in (4.13) and (4.14). Hence, to 

implement the proposed control structure in the fundamental and second planes, the 

nonlinear state feedback linearization process must be performed in the following step 

[121]. The nonlinear signals m1(i) and m2(i) are computed from the PI controllers of x12(i) 

and x22(i), respectively. The control variables u1(i) and u2(i) are obtained from (4.13) and 

(4.14), respectively. To generate the gate pulse in the inverter gate driver, the required 

reference voltages usα,β(i)
*  in stationary coordinates need to be supplied. The reference 

input voltages in stationary coordinates can be computed from the obtained control 

signals u1(i) and u2(i).      
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s i q i
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 (4.16) 

 
2( ) ( ) 1( ) ( )

( ) ( )
21( )

i f i i f i
s i q i
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u u
u L

x

 
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  +
=  

 
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 (4.17) 
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The following linear model of the machine can be formed after completing the 

process of nonlinear state feedback linearization and decoupling process. The fully 

decoupled model of the machine is presented in  (4.18) - (4.20). Mechanical subsystem 

is represented using (4.18) and (4.19). The electromagnetic subsystem is presented in 

(4.20).  
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12( )
1 1i

i L

dx
x T

dt J J
= −  (4.18) 

 ( )12( )
12( ) 1( )
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i i

v i

dx
x m

dt T
= − +  (4.19) 

 ( )22( )
22( ) 2( )

( )

1i
i i

v i

dx
x m

dt T
= − +  (4.20) 
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Fig. 4.4 The block diagram of (ψf(i),is(i)) vector based control structure of five-phase IPMSM 

In Fig. 4.4, the block diagram of the proposed control structure is visible. The input 

stator current components in the natural reference frame (abcde) are requisite to 

transform to stationary reference (α-β)(i) frame through the Clarke transformation for 

observer structure implementation. The instantaneous value of stator voltages and 

currents are used in the estimator in each plane, to reconstruct the machine variables. 
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In the next step, multiscalar variables are calculated using the estimated variables to 

implement the proposed control structure. In the first plane, the speed controller is used 

to regulate the speed of the machine and generate the reference value of electromagnetic 

torque x12(1)
*  depending on the speed error. Moreover, electromagnetic torque controller 

and flux controller generate signals m1(i) and m2(i) for each plane. These nonlinear 

signals are used as nonlinear state feedback to linearize the defined multiscalar model 

of the control system of the five-phase IPMSM. After the decoupling process, when the 

system model considered to be linear and the reference voltage signals are computed 

from the control signal appearing in the multiscalar model.   

It is important to acknowledge that the reference value of x12(2)
*  can be computed using 

the x12(1)
* .  The ratio between the third harmonic torque to fundamental torque is 

considered to be around 10 % from the presented FFT analysis in Chapter 5.  

 
* *
12(2) 12 12(1)x k x=  (4.21) 

Where the value of k12 was selected from the range of 0.1 to 0.15. The x12(2)
*  defined 

(4.21) is also considered during the implementation of the other proposed control 

structures. 

In addition, after the linearizing and decoupling process, the machine model 

considered as linear and independent control of the mechanical subsystem and 

electromagnetic subsystem becomes possible. It is essential to mention that variables 

are not required to transform to rotating coordinates in the proposed control structure. 

Hence, the proposed control structure eliminates the need of the Park transformation. 

Moreover, proper decoupling between the electromagnetic subsystem and the 

mechanical subsystem is not obtained in the FOC scheme due to the presence of 

nonlinearities, while the proposed control structure provides accurate decoupling 

between the electromagnetic subsystem and the electromechanical subsystem. 

Fig. 4.5(a) presents the variation of different torque components produced by the 

motor corresponding to torque angle. The reluctance torque in IPMSM is directly 

influenced by the torque angle as described in [9]. As SPMSM offer uniform reluctance 

path, total developed torque and electromagnetic torque is equal, while in IPMSM 

permanent magnets are embedded inside the rotor, creating saliency which allow the 

IPMSM to produce both electromagnetic torque and reluctance torque, which increases 
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total developed torque. Fig. 4.5(b), locus of the constant torque in the current vector 

plane is presented. From Fig. 4.5(b), it can be observed that the amplitude of current 

vector will be always lower at θMTPA compared to amplitude at θ1 and θ2.  

After substituting the current vector components in the defined multiscalar variable 

in rotating reference frame in (4.5). The torque angle at which maximum torque can be 

obtained can computed using (4.22). 

 212 cos ( ) cos 2 0f s e d q s e
e

x
I L L I  




= + − =


 (4.22) 

The calculated x22(1)
*  is defined in (4.23) for the first plane, in the second plane 

x22(2)
*  was set equal to zero as produced reluctance torque in the second plane is very 

small. 

 

2 2 2
(1) (1) (1) (1) 12(1)*

22(1)
(1) (1)

8( )

4( )
 

f f d q

d q

L x
x

L

L L

 − + + −
=

−
  (4.23) 
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Fig. 4.5 (a) Torque vs torque angle (b) Locus of the constant torque in the current vector plane 

Proposed control structure 

The proposed control using ψf(i),is(i) vectors will be investigated using the simulation 

and experimental assessment. In the next section, proposed control structure – 1 using 

ψs(i),is(i) vectors is explained in details. 

4.3.3 Proposed (ψs(i),is(i)) vector based control structure 1 of five-phase IPMSM  

In the proposed control scheme, multiscalar model of the control system is prepared 

with equal state variables x. The stator current vector is(i) and stator flux vector ψs(i) can 

be transformed into the scalar and vectors by the inner and external product operation. 

The new state variables considering ψs(i),is(i) vector for five-phase IPMSM are angular 
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rotor speed x11(i), vector product of stator flux vector and stator current vector x12(i), 

which is proportional to the motor torque component, the square of the stator flux x21(i) 

and scalar product of stator flux and stator current vector x22(i) which is flux controlling 

variable, respectively. The chosen state variables are represented as: 

 11( ) ( )i r ix =  (4.24) 

 12( ) ( ) ( ) ( ) ( )i s i s i s i s ix i i    = −  (4.25) 

 
2 2

21( ) ( ) ( )i s i s ix   = +  (4.26) 

 22( ) ( ) ( ) ( ) ( )i s i s i s i s ix i i    = +  (4.27) 

There are 4 state variables in each plane. The multiscalar model of the control system 

of five-phase IPMSM drive is presented here by taking the time derivative of 

multiscalar variables from (4.24) to (4.27) and substituting the derivative of currents 

and fluxes from the motor model; the final form is given as:  

 
11( )

12( )
1 1i

i L

dx
x T

dt J J
= −  (4.28) 

1( )

12( )
12( ) 11( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

1 1 1
( ) ( )

i

i
i i s i f i s i s i s i s i s i

v i q i q i

u

dx
x x q u u

dt T L L
      = − − + + −   (4.29) 

 
21( )

22( ) ( ) ( ) ( ) ( )2( )
i

s i s i s i s i s i

dx
R x u u

dt
    = − + +  (4.30) 

 

2( )

22( ) 2
22( ) ( ) 11( ) ( ) ( ) ( )

( ) ( )

( ) ( ) ( ) ( )
( )

1 1
( )

1
( )

i

i
i s s i i s i f i s i

v i q i

s i s i s i s i
q i

u

dx
x R i x p

dt T L

u u
L

   

 

 

= − − +  +

+ +
 (4.31) 

Where Tv(i) is the motor electromagnetic time constant and other various terms that 

appear in differential equations from (4.29) to (4.31) are given as: 

 
( )

( )
q i

v i
s

L
T

R
=  (4.32) 

 ( ) ( ) ( ) ( ) ( ) ( )( ) ( )s i f i s i f i s i f i        = +  (4.33) 
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 ( ) ( ) ( ) ( ) ( ) ( )( ) ( )s i f i s i f i s i f i         = −  (4.34) 

 ( ) ( ) ( ) ( ) ( )s i s i s i s i s ip u i u i   = +  (4.35) 

 ( ) ( ) ( ) ( ) ( )s i s i s i s i s iq u i i u   = −  (4.36) 

 
2 2 2
( ) ( ) ( )( )s i s i s ii i i = +  (4.37) 

In the next step, the feedback linearization process must be completed as given in 

[121]. To linearize the nonlinear system, new signals m1(i) and m2(i) are computed using 

PI controllers of x12(i) and x22(i) as shown in Fig. 4.6. The state feedback linearized 

control can be obtained from (4.29) and (4.31), as follows: 

 1( ) 1( ) 11( ) ( ) ( ) ( )
( ) ( )

1 1
( )i i i s i f i s i

v i q i

u m x q
T L

 = + −  (4.38) 

 
2

2( ) 2( ) ( ) 11( ) ( ) ( ) ( )
( ) ( )

1 1
( )i i s s i i s i f i s i

v i q i

u m R i x p
T L

 = + −  −  (4.39) 

 Voltage components in (α-β)(i) coordinate can be obtained from u1(i) and u2(i) 

defined in (4.29) and (4.31), respectively.  

 
2( ) ( ) 1( ) ( )

( ) ( )
21( )

i sa i i s i
s i q i

i

u u
u L

x




  −
=  

 
 

 (4.40) 

 
2( ) ( ) 1( ) ( )

( ) ( )
21( )

i s i i s i
s i q i

i

u u
u L

x

 


  +
=  

 
 

 (4.41) 

By using state feedback control law, two linear subsystems are shown from (4.42) to 

(4.45). Electro-mechanical subsystem is shown in (4.42) and (4.43) while 

electromagnetic subsystem is depicted in (4.44) and (4.45). 

 
11( )

12( )
1 1i

i L

dx
x T

dt J J
= −  (4.42) 

 ( )12( )
12( ) 1( )

( )

1i
i i

v i

dx
x m

dt T
= − +  (4.43) 

 
21( )

22( ) ( ) ( ) ( ) ( )2( )
i

s i s i s i s i s i

dx
R x u u

dt
    = − + +  (4.44) 
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 ( )22( )
22( ) 2( )

( )

1i
i i

v i

dx
x m

dt T
= − +  (4.45) 

The control system structure 1 based on stator current is(i) and stator flux ψs(i) is 

depicted in Fig. 4.6. From Fig. 4.6, two subsystems are controlled by cascaded 

controllers. Controllers are marked in red for the first plane and in green for the second 

plane of the five-phase IPMSM. It can be observed that seven controllers are needed to 

implement the control scheme.   
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Fig. 4.6 The block diagram of (ψs(i),is(i)) vector based control structure 1 of five-phase IPMSM 

To provide the comparison analysis, proposed control structure – 2 using the 

(ψs(i),is(i)) vectors is discussed in the following section.  

4.3.4 Proposed (ψs(i),is(i)) vectors based control structure 2 of five-phase IPMSM  

The block diagram of the proposed (ψs(i),is(i)) vector based control structure 2 is 

presented in Fig. 4.7. The multiscalar model of the proposed control structure for five-

phase IPMSM can be prepared by differentiating the multiscalar variables from (4.24) 

to (4.26) and represented as  

 
11( )

12( )
1 1i

i L

dx
x T

dt J J
= −  (4.46) 
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1( )

12( )
12( ) 11( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( )

1 1 1
( ) ( )

i

i
i i s i f i s i s i s i s i s i

v i q i q i

u

dx
x x q u u

dt T L L
      = − − + + −           

(4.47) 

 

2( )

21( )
22( ) ( ) ( ) ( ) ( )2 2( )

i

i
s i s i s i s i s i

u

dx
R x u u

dt
    = − + +  (4.48) 

Here, control signal u2(i) is obtained from (4.48) and x22(i) variable is controlled 

internally from x21(i) controller as per the requirement of IPMSM drive hence, the use 

of (4.31) to compute control signal u2(i) is unnecessary and control system becomes 

simpler and the number of controllers required are reduced.  

In the proposed control structure, new control signals m1(i) and m2(i) from the PI 

controllers are used for the linearization process as shown in Fig. 4.7. u1(i) and u2(i) are 

the control variables appearing in the nonlinear model of IPMSM (4.47) and (4.48), 

respectively. The final control variables in stationary frame defined in (4.49) and (4.50) 

can be determined from u1(i) and u2(i). 

 ( ) ( ) 1( ) ( ) 2( ) ( )
21( )

1
(2 )

2
s i q i i s i i s i

i

u L u u
x

   = − −  (4.49) 

 ( ) ( ) 1( ) ( ) 2( ) ( )
21( )

1
= (2 )

2
s i q i i s i i s i

i

u L u u
x

   +  (4.50) 

By using the state feedback control law, two linear and fully decoupled subsystems 

are obtained: electro-mechanical subsystem defined in (4.51) - (4.52) and electro-

magnetic subsystem defined in (4.53). 

 
11( )

12( )
1 1i

i L

dx
x T

dt J J
= −  (4.51) 

 ( )12( )
12( ) 1( )

( )

1i
i i

v i

dx
x m

dt T
= − +  (4.52) 

 ( )21( )
22( ) 2( )2

i
s i i

dx
R x m

dt
= − +  (4.53) 

It is important to mention that discussion on control system using the stator current 

vector and stator flux vector only available for three-phase machines in the literature. 
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This control strategy is close to the constant mutual flux linkage control, instead of 

constant mutual flux, stator flux is kept constant. Under this assumption, stator current 

coefficient could be isd(i) ≠ 0. Variable x22(i) defined in (4.27) is proportional to isd(i): (x22(i) 

~ isd(i) ≠ 0).  
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Fig. 4.7 The block diagram of (ψs(i),is(i)) vector based control structure 2 of five-phase IPMSM 

The block diagram of the proposed control system is shown in Fig. 4.7. From the 

DC link voltage, stator voltage can be determined using the PWM algorithm or directly 

from the command voltage in the case of using the voltage modulator. The five-phase 

measured currents are transformed to the stationary reference frame (α-β)(i) for each 

plane using the Clarke transformation. The measured currents are connected to the 

observer structure in (α-β)(i) coordinates to reconstruct the state variables. Motor 

variables are calculated using the instantaneous quantities of stator currents and 

voltages. Based on estimated state variables, multiscalar variables are calculated and 

defined in (4.24) to (4.26) for each vector plane. After differentiating multiscalar 

variables, the multiscalar model of the control system is prepared, defined in (4.46) - 

(4.48). 



 

69 

  

The speed controller is employed to control the speed and generate torque reference 

for the first plane represented by x12(1)
* . Similar to FOC, reference torque for the second 

plane can be calculated from the first plane as machine models in the first plane and in 

the second plane are connected internally [102]. In the proposed technique, the torque 

controller x12(i) and square of flux controller x21(i) in each plane generate feedback signal 

m1(i) and m2(i), which is used to linearize the system model. After the decoupling process, 

reference voltage components can be calculated using the control signals u1(i) and u2(i). 

The general block diagram of multiscalar control scheme is presented in Fig. 4.8. 
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Fig. 4.8 General block diagram of multiscalar control structure 

Control of the electro-mechanical subsystem remains the same for control structure 

– 1 and structure – 2 for stator flux and stator current vector. However, when it comes 

to the control of electro-magnetic subsystem, control technique – 2 eliminates the need 

x22(i) controller and it is controlled directly by x21(i) controller, which simplify the overall 

control structure. If control structure – 1 is not simplified, x22(i) controller is needed to 

maintain stator flux constant, which increases system complexity. The necessity of 

transformation to (d-q)(i) coordinate system is also eliminated by the proposed control 
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technique for five-phase IPMSM. The proposed control method requires total 5 

controllers as shown in Fig. 4.7.  

In the following section, advanced control structure of five-phase IPMSM is 

proposed. The proposed control structure involves predictive control using multiscalar 

variable for 1st plane and multiscalar model-based control for 2nd plane.  

4.3.5 Proposed predictive control using multi-scalar variables for 1st plane and 

multi-scalar model-based control for 2nd plane of five-phase IPMSM 

The conceptualization behind the multi-scalar is that the inner and external product 

of the stator current vector (is(i)) and stator flux vector (ψs(i)) can be transformed into 

scalars [105], [126], [127], [131]. For the fundamental plane i = 1, in the nonlinear 

control such as five-phase IPMSM, these four are state variables in each plane 

 11( ) ( )i r ix =  (4.54) 

 12( ) ( ) ( ) ( ) ( )i s i s i s i s ix i i    = −  (4.55) 

 
2 2

21( ) ( ) ( )i s i s ix   = +  (4.56) 

 22( ) ( ) ( ) ( ) ( )i s i s i s i s ix i i    = +  (4.57) 

x11(i) is rotor speed, x12(i) is an external product of stator flux and current which 

represents the motor torque, x21(i) is the square of stator flux, and x22(i) is the inner 

product of stator flux and stator currents. The proposed control strategy for five-phase 

IPMSM is depicted in Fig. 4.9.  

The control objective is prepared for the fundamental plane based on multi-scalar 

variables. Predictive control is employed to control the multi-scalar variables of the 1st 

plane. Multi-scalar model-based control is proposed for 2nd plane to control the flux and 

torque components. It can be observed from Fig. 4.9. that park transformation is not 

required in the second plane to control the third harmonic components.  

To discretize (3.80) and (3.81), the forward Euler method can be used, and the 

stator current at instant (k + 1) can be predicted as (4.58)-(4.59):  

 
( 1) ( ) ( )

( ) ( )( ) ( ) ( )
( ) ( ) ( )

(1 )
k k ks s s

r i f is i s i sa i
v i q i q i

T T T
i i u

T L L
   

+
= − + +  (4.58) 
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( 1) ( ) ( )

( ) ( )( ) ( ) ( )
( ) ( ) ( )

(1 )
k k ks s s

r i f is i s i s i
v i q i q i

T T T
i i u

T L L
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+
= − − +  (4.59) 

Where  
( )

( )
q i

v i
s

L
T

R
= , based on (4.58) and (4.59) the predicted current value, stator flux 

can be predicted for the same current vector 
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Fig. 4.9 The control diagram of the proposed predictive multiscalar based control of five-phase IPMSM 

After substituting the predicted value of stator currents and stator flux in (4.55) and  

(4.57), multi-scalar variables: x12(i) which represents torque, and x22(i) which is the flux 

controlling variable, can also be predicted and given as    

 
( 1) ( 1) ( 1) ( 1) ( 1)
12( ) ( ) ( ) ( ) ( )

k k k k k
i s i s i s i s i

x i i    
+ + + + +

= −  (4.62) 
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( 1) ( 1) ( 1) ( 1) ( 1)
22( ) ( ) ( ) ( ) ( )
k k k k k

i s i s i s i s i
x i i    

+ + + + +
= +  (4.63) 

The unit and dimension of (4.62) and (4.63) are the same; hence, the weighting 

factor can be eliminated, and the following cost function is proposed. 

 
( 1) ( 1)* * 2

12( ) 22( )12( ) 22( )
(( ) ( ))

k k
i ii i

g x x x x
+ +

= − + −
P P

 (4.64) 

The reference value of torque x12(1)
*  is generated using a speed controller, and the 

reference value of flux controlling variable x22(1)
*  is obtained from the flux controller 

x21(1)
* . In the proposed scheme, the value of stator flux is kept constant, hence x22(i) ≠ 0 

for the proposed control scheme. The flowchart of the proposed PTC based on multi-

scalar variables is shown in Fig. 4.10. 

Start

DC voltage sampling

State variable 

estimation

n=0

n=n+1

Prediction of current 

and flux

Prediction of 

Multiscalar variables

Cost function 

calculation

Optimal value 

storage

n = nf

Apply optimal 

voltage vector

End
 

Fig. 4.10 Flowchart of the proposed control diagram of proposed predictive control using multi-scalar 

variables for 1st plane 

 Following the above procedure, a predictive controller can be designed for the 

fundamental plane of the five-phase IPMSM, as shown in the red dashed box in Fig. 

4.9. At the instant of k, estimated current signals from the adaptive observer are used 

instead of measured current signals. Implementing multi-scalar variable-based PTC 

does not require angle transformation. It is important to mention that in the proposed 

control solution, measure speed ωr(i), position θr(i), permanent magnet flux components 

ψfα,β(i), stator flux components ψsα,β(i) , and stator current components isα,β(i)  are replaced 

with estimated speed ω̂r(i), position θ̂r(i), permanent magnet flux components ψ̂
fα,β(i)

, 
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stator flux components ψ̂
sα,β(i)

 and stator current components îsα,β(i) for fundamental 

plane and second plane to avoid the issue of noise and gain drift due to mechanical 

sensor. It is assumed that machine parameters are known and constant in nature.  

To conduct comparative inspection, proposed control structure is compared with 

classical predictive FOC control system. In the next section, classical predictive FOC 

system is explained. 

4.3.6 Classical predictive current control based FOC for 1st plane and classical 

FOC for 2nd plane of five-phase IPMSM  

For control of five-phase IPMSM, the traditional control schemes: MPC for the 

fundamental plane, which is also known as traditional predictive torque control (PTC), 

and PI controller-based FOC for 3rd harmonic plane is shown in Fig. 4.11.  

In the fundamental plane, the PI controller is implemented for accurate speed 

control and produce reference current for isq(1)
* . For sampling time sT , the derivative of 

stator currents can be approximated using Euler approximation, and the final form of 

predictive currents model in the rotating reference frame can be obtained, based on the 

voltage vectors generated by the inverter in the stationary reference frame are the 

rotating vectors in (d-q)(i) reference frame and stator currents can be predicted, which 

is well known in the literature[139]. The predictive current controller tracks the 

reference current generated by the PI controller. The voltage vector, which minimizes 

the defined cost function in (4.65) will be applied for the whole sampling period [140]. 

 
( 1) ( 1)* * 2

( ) ( )( ) ( )
(( ) ( ))

k k
sd i sq isd i sq i

g i i i i
+ +

= − + −
P P

 (4.65) 

In the second plane, PI controllers control the flux and torque components of the 

currents. In the second plane, the reference current isq(2)
*  is calculated optimally from 

the fundamental reference current isq(1)
*  [102]. In the control scheme, measured currents 

in the natural reference frame are transformed into the stationary reference frame to 

implement the observer structure. The observer structure estimates the defined state 

variables in the stationary reference frame. State variables are converted into the 

rotating reference frame for control system implementation using an estimated angular 

position. To implement the classical control structure for the five-phase IPMSM drive, 

it is necessary to transform state variables in (d-q)(i)  reference frame as shown in Fig. 

4.11.  
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Fig. 4.11 The control diagram of classical predictive current control based FOC for 1st plane and 

classical FOC for 2nd plane 

In the next section, backstepping multiscalar control of five-phase IPMSM is 

discussed in details. 

4.3.7 Proposed control of five-phase IPMSM using the backstepping technique 

Taking into account the mathematical model of five-phase IPMSM (2.43) - (2.46) 

in stationary coordinates system, the x(i) – coordinate transformation for multiphase 

IPMSM are defined as follows: 

 11( ) ( )i r ix =  (4.66) 

 12( ) ( ) ( ) ( ) ( )
1

( )i f i s i f i s i Lx i i T
J

    = − −  (4.67) 

 
2 2

21( ) ( ) ( )i f i f ix   = +  (4.68) 

 22( ) ( ) ( ) ( ) ( )i f i s i f i s ix i i    = +  (4.69) 
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After differentiating (4.66) - (4.69), the machine model provides the following 

form, 

 
11( )

12( )
1 1i

i L

dx
x T

dt J J
= −  (4.70) 

 

1( )

12( )
12( ) 11( ) 21( ) 11( ) 22( ) ( ) ( ) ( ) ( )

( ) ( )

1 1 1
( )

i

i
i i i i i s i f i s i f i

v i q q i

u

dx
x x x x x u u

d T L L
    


= − − − + −

 (4.71) 

 

2( )

22( )
22( ) 11( ) 12( ) ( ) ( ) ( ) ( )

( ) ( )

1 1
( )

i

i
i i i s i f i s i f i

v i q i

u

dx
x x x u u

d T L
    


= − + + +  (4.72) 

The strict feed-back form is demonstrated in obtained model in (4.70) - (4.72)[141]. 

Implementation of the control system with backstepping control is well explained in 

literature [78], [141]. The reference signal of rotor speed is denoted by x11(i)
*  is smooth 

and bounded. Using the classical backstepping control approach, controller can be 

designed. In the first step, it is important to calculate reference value of  x12(i)
*  to oblige 

x11(i) to track the reference value of speed x11(i)
* . Similar to vector control scheme where 

isd(i)
* = 0, here x22(i)

*  was forced to zero to obtain the final control input. In the next step, 

to converge reference value x12(i)
*  and x22(i)

* , the control inputs u1(i) and u2(i) require to be 

computed hence, all system tracking errors are minimized zero value.  

The speed tracking error is defined as (4.73), the dynamics of speed error e1(i) can 

be obtained as (4.75) by differentiating (4.73) and substituting (4.70).  

 
*

11( ) 11( ) 11( )i i ie x x= −  (4.73) 

 
*

11( ) 11( ) 11( )i i ie x x= −  (4.74) 

 *
11( ) 11( ) 12( )

1 1
i i i Le x x T

J J

 
= − − 

 
 (4.75) 

The first Lyapunov function Ve11(i) is given as (4.76) and its derivative after 

substituting (4.75), presented as (4.77): 

 
2

11( ) 11( )
1

2
e i iV e=  (4.76) 
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 2
11( ) 11( ) 11( ) 11( ) 11( ) 11( ) 12( )

1 1
e i i i i i i i LV k e e k e x T

J J

 
= − + − + 

 
 (4.77) 

In the next step, the virtual control x12(i)
*  can be computed as (4.78), it can be 

observed that the load torque is estimated by integral action, hence it is represented 

using the “^”. 

 
*
12( ) 11( ) 11( )

ˆ
i i i Lx k e J T= +  (4.78) 

In the next step, the control variables should be computed, therefore, other tracking 

errors in the system are defined as (4.79) and (4.80) 

 
*

12( ) 12( ) 12( )i i ie x x= −  (4.79) 

 
*

22( ) 22( ) 22( )i i ie x x= −  (4.80) 

From (4.79) and (4.78), (4.82) can be calculated, and in the next step the backstep 

through the integrator (4.74) takes place, 

 12( ) 11( ) 11( ) 12( )
ˆ

i i i L ie k e J T x= + −  (4.81) 

 12( ) 11( ) 11( ) 12( )
ˆ

i i i L ix k e J T e= + −  (4.82) 

 11( ) 11( ) 11( ) 12( )
1 1

i i i i Le k e e T
J J

= − + −  (4.83) 

The load torque error can be obtained from (4.84), 
( )

ˆ
L iT is the real value of load 

torque such that ( ) 0.L iT =  

 ( ) ( ) ( )
ˆ

L i L i L iT T T= −  (4.84) 

Using the (4.71) and (4.72), the dynamics of tracking errors (4.79) and (4.80) can 

be calculated.  

 
*

12( ) 12( ) 12( )i i ie x x= −  (4.85) 

 

( )

1( )

2
12( ) 11( ) 11( ) 11( ) 12( ) 11( ) 12( )

( )

11( ) 21( ) 11( ) 22( ) ( ) ( ) ( ) ( )
( )

1ˆ

1 1
( )

i

i i i i i i L L i
v i

i i i i s i f i s i f i
q q i

u

e k e k e k T T x
T

x x x x u u
L L

    

= − + − + +

+ + − −
 (4.86) 
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*

22( ) 22( ) 22( )i i ie x x= −  (4.87) 

 

2( )

22( ) 22( ) 11( ) 12( ) ( ) ( ) ( ) ( )
( ) ( )

1 1
( )

i

i i i i s i f i s i f i
v i q i

u

e x x x u u
T L

    = − − +  (4.88) 

The Lyapunov candidate function is defined in (4.89), calculates the tracking errors 

for the completed system. Here, N is the number of phases and can be determined using 

(4.91) 

 ( )2 2 2 2
( ) 11( ) 12( ) 22( ) ( )

( )1

0.5
0.5

N

i i i i L i
l ii

V e e e T


=

 
= + + + 

 
 

  (4.89) 

 

2 2 2
11( ) 11( ) 12( ) 12( ) 22( ) 22( ) 12( ) 12( ) 11( ) 12( )

2 2
11( ) 11( ) ( ) 12( ) 11( ) ( )

( ) ( )

( )
11( ) 22( ) 1( ) 22( ) 22( ) 22( )

( )

(( )

1 1ˆ(( ) )

) (

i i i i i i i i i i

s
12(i) i i L i i i f i

q i q i

i s
i i i i i i

q i

k e k e k e e k k e

R
limit k J e T x x

J L L

V R
x x u e k e x

L



− − − + +

+ − + + + +

=
+ − + + 22( ) 11( ) 12( ) 2( )1

( ) ( ) 11( ) 11( ) 12( )
( )

)

1 1
( ) 0

N

i i i ii

L i L i i i i
l i

x x u

T T e k e
J

=

 
 
 
 
 
 
 − − +
 
 
 − − 
 
 



 (4.90) 

 
0.5( 1),  is odd

    
0.5 1,  is even

N N
N

N N

−
= 

−
 (4.91) 

Moreover, it is important to mention the limitations of the set variables. In 

conventional linear controllers, based on the working points of the drive, the controller 

output or dynamic of the variables is limited by constant value or dynamically changed. 

In such a control system, where control variables are obtained using the Lyapunov 

criteria, the limitations in the set variables control structure are absent. The dynamics 

of the reference variables can be limited by the first-order inertia elements [78], [141]. 

The use of an inertia element on the reference signal slows down the reaction of the 

electromagnetic torque variable. The electromagnetic torque reaction is proportional to 

the time constant of the inertia element. The objective of limiting the electromagnetic 

torque reference signal can be possible without compromising the dynamics by limiting 

inertial elements. The block diagram of the proposed backstepping control structure of 

five-phase IPMSM is presented in the Fig. 4.12. 
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Fig. 4.12 The control diagram of the proposed backstepping of five-phase IPMSM 

The reference value of  x12(i)
*  appearing in (4.79) can be limited using (4.92), where 

x12lim(i) is the set value of torque limitation, 
2
max( )s ii  is the square of the maximum 

current. In the proposed control limit12(i) was introduced in (4.90), the value of limit12(i) 

was either 0 or 1 as per the requirement of set limiting variables [78], [142]. The 

limitations of the variables can be applied as per (4.93) and (4.94). 

 2 2
12lim( ) max( ) 21( ) 22( )i s i i ix i x x= −  (4.92) 

 
( )*

12 12( )lim
2 12( )lim 12( )

0
( ) ,

12 i

i
i i

limit
if  x x  then 

e x x

=  
  

= −  
 (4.93) 

 
( )*

12 12( )lim ( )
2 12( )lim 12( )

0
( ) 1.

12 i

i 12 i
i i

limit
if  x x  then   else limit

e x x

=  
 − = 

= − −  
 (4.94) 

From the differential equation (4.90), control variables u1(i) and u2(i) can be obtained 

as (4.95) - (4.96). The value of load torque can be estimated from (4.97) 
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2
1( ) 12( ) 11( ) 12( ) 12( ) 11( ) 11( )

2
12( ) 11( ) ( ) 11( ) 22( )

( )

1
( ) (( ) )

1ˆ
( )

i i i i i i i

s
L i i f i i i

q q i

u k k e limit k J e
J

R
T x x x x

L i L


= + + − +

+ + + +

 (4.95) 

 2( ) 22( ) 22( ) 22( ) 11( ) 12( )
( )

s
i i i i i i

q i

R
u k e x x x

L
= + −  (4.96) 

 ( ) ( ) 11( ) 11( ) 12( )
1

( )L i l i i i iT e k e
J

= +  (4.97) 

The obtained control variables u1(i) and u2(i) ensure the system stability and final 

form of the system is represented using (4.98) 

 ( )2 2 2
( ) 11( ) 11( ) 12( ) 12( ) 22( ) 22( )

1

N

i i i i i i i
i

V k e k e k e

=

= − + +  (4.98) 

The control variables are transformed to stationary voltage components usα(i) and 

usβ(i) to supply to the five-phase inverter, given as (4.99) - (4.100). 

 
2( ) ( ) 1( ) ( )

( ) ( )
21( )

i sa i i s i
s i q i

i

u u
u L

x




  −
=  

 
 

 (4.99) 

 
2( ) ( ) 1( ) ( )

( ) ( )
21( )

i s i i s i
s i q i

i

u u
u L

x

 


  +
=  

 
 

 (4.100) 

Simulation and experimental analysis of the proposed backstepping multiscalar 

control structure is provided in the Chapter – 5. In the following section, process of gain 

selection is explained for (ψf(i),is(i)) vector based control structure. 

4.4 Gain selection of PI in the linearized control structures  

4.4.1 Gain selection of the (ψf(i),is(i)) vector based control structure 

To ensure the stability of the closed loop system, the design of PI coefficients is an 

important task in control system. Different approaches are demonstrated in the literature 

[143]. The selected tuning gains kp(i) and ki(i) must ensure the following design 

objectives: ensure the closed loop stability of the drive system, reject disturbances, 

obtain fast tracking of reference points, and an appropriate degree of flexibility to 

process change.  Fig. 4.13 shows the cascaded PI control structure of speed loop and 

electromagnetic torque loop and Fig. 4.14 depicts the flux controlling loop where one 

PI controller is used. The control loop presented in Fig. 4.13 shows the control of the 
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electromechanical subsystem variables and in Fig. 4.14, the control of the 

electromagnetic subsystem variable is shown. Firstly, PI coefficients of the inner loop 

is obtained as shown in Fig. 4.13, then the coefficients of the outer loop PI will be 

computed.  

12( )
ˆ ( )ix s

+ -
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ˆ ( )ix s
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- 1
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Fig. 4.13 Cascade PI controllers for electromagnetic torque loop and speed loop 
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Fig. 4.14 Flux controlling loop 

The analytical representation of open loop transfer function of torque loop is presented 

in (4.101). 

 
( )

12 ( )
( )

( )
1

v i
OL i

v i

T
G s PI

sT

 
=  

 + 

 (4.101) 

 
12( ) ( )

12 ( ) 12( )
( )

( )
1

i i v i
OL i p i

v i

k T
G s k

s sT

  
= +     +  

 (4.102) 

To design the torque, speed and flux controller, unity feedback is assumed. The 

close loop transfer function of torque loop matches to standard canonical form as 

presented in (4.103), where ωn is natural frequency and ζ is damping ratio. The 

following designed specification are used to design the control system: 2% settling in 

less than a second (ts), peak duration of less than 0.50 seconds (tp), and 5% or less 

maximum overshoot. 

 
2

12 ( )
12 ( ) 2 2

12 ( )

( )
( )

1 ( ) 2

OL i n
CL i

OL i n n

G s
G s

G s s s



 
= 

+ + +
 (4.103) 

 12( ) 12( )
12 ( ) 2 1

( ) 12( ) 12( )

( )
( )

( )

p i i i
CL i

v i p i i i

k s k
G s

s T k s k−

+
=

+ + +
 (4.104) 
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By using the same approach of open loop G12OL(i), and closed loop G12CL(i) transfer 

functions of  torque loop, the open loop G22OL(i),  and closed loop G22CL(i) transfer 

functions of flux controlling loop can also be prepared as (4.105) - (4.106). It can be 

observed that the open loop transfer function and closed loop transfer function of the 

flux controlling loop has the same form (4.105) and (4.106). 

 
( )

22 ( )
( )

( )
1

v i
OL i

v i

T
G s PI

sT

 
=  

 + 

 (4.105) 

 22( ) 22( )
22 ( ) 2 1

( ) 22( ) 22( )

( )
( )

( )

p i i i
CL i

v i p i i i

k s k
G s

s T k s k−

+
=

+ + +
 (4.106) 

After solving the closed loop equation of torque controlling loop (4.104) and flux 

controlling loop (4.106) in MATLAB for different value of kp(i) and ki(i). The value of 

kp(i) was changed from the range of 1 to 10 and ki(i) was changed from 0.0001 to 0.1. 

The following proportional controller gains and integral controller gains are identified 

for torque controlling loop and flux controlling loop for first plane and second plane.   
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After identification PI gains of torque controlling loop, tuning gains of the speed 

controller is identified. First, the open loop transfer function of speed loop is 

represented in (4.109) and after substituting required variables in the open loop transfer 

function it can be expressed as (4.111). 

 11 ( ) 12 ( )
1

( )  ( ) OL i CL iG s PI G s
Js B

 
=  

+ 
 (4.109) 
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The closed loop characteristic equation of the speed loop can be written as (4.112), 

where H(s) is the unity feedback of the system. 
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By solving (4.112) in MATLAB for different values of kp11(1) and ki11(1) shown in 

Table 4.1, bode plot analysis of the closed loop transfer function of the speed loop can 

be conducted. The bode plot of the closed loop transfer function of the speed loop is 

presented in Fig. 4.15.  
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Fig. 4.15 Bode plot of speed loop 

Table 4.1 Set of tuning gains for speed loop 

Gains Set-1 Set-2 Set-3 Set-4 Set-5 Set-6 Set-7 Set-8 

kp11(1) 10 7 2.5 1.5 3.5 1 8 0.5 

ki11(1) 0.001 0.005 0.002 0.0001 0.05 0.09 0.001 0.01 

Based on the obtained phase margin (PM) and gain margin (GM), the conclusion 

about close loop system stability is made. To ensure the stability, phase margin and 

gain margin must be positive, if the either margin is zero then the system is marginally 

stable, if any of the margin is less than zero than system is unstable.  

The step response of the speed loop is demonstrated in Fig. 4.16. The stability 

margin and step response performance values are given in Table 4.2. 
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Fig. 4.16 Step response of the speed loop  

Table 4.2 Performance value for different set of PI gains 

Parameter Set-1 Set-2 Set-3 Set-4 Set-5 Set-6 Set-7 Set-8 

PM 174.5 147.6 109.3 86.1 138.4 67.2 175.2 -9.3 

GM ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 

Stable Yes Yes Yes Yes Yes Yes Yes No 

tr(s) 0.196 0.112 0.082 0.061 0.357 0.443 0.141 NaN 

ts(s) 0.313 0.330 0.271 0.315 3.320 6.078 0.342 NaN 

Mp% 0.447 5.466 10.900 17.683 12.427 52.59 2.488 NaN 

Peak value 1.004 1.054 1.109 1.176 1.124 1.525 1.024 Inf 

tp(s) 0.466 0.235 0.176 0.139 1.042 1.209 0.297 Inf 

It can be observed form Table 4.2, for different values of kp11(1) and ki11(1), Set – 1 

to Set – 7 provide positive gain margin and phase margin hence system is stable. For 

Set – 8, system has infinite gain margin but phase margin is negative around -9.3° hence 

the closed loop system is unstable for the given case. Moreover, it is important to 

mention that from kp11(1) and ki11(1), Set – 2 to Set – 6 is able to achieve the stable 

performance of the closed loop system but it failed to meet desired performance criteria 
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as can be seen in Table 4.2. It can be observed that maximum peak overshoot is more 

than 5% for Set – 2 to Set – 6.  For Set – 1 and Set – 7, maximum peak overshoot was 

around 0.447% and 2.488%, respectively. Other criteria such as settling time and rise 

time were also met by Set – 1 and Set – 7. The closed loop transfer function of the speed 

loop and flux control loop remains the same for stator current vector is(i) and stator flux 

vector ψs(i) based nonlinear feedback control structure. Hence, the performed stability 

analysis remains the same for stator current vector is(i) and stator flux vector ψs(i) based 

nonlinear feedback control structure. The stability analysis of electrotechnical loop 

remains the same, the only change is visible is in square of the stator flux loop, instead 

of kp22(1) and ki22(1), kp21(1) and ki21(1) is obtained in the similar way. The square of stator 

flux loop is shown in the Fig. 4.17. 
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Fig. 4.17 Square of stator flux loop 

In the next section, gain tuning process of backstepping multiscalar control of five-

phase IPMSM is explained. 

4.4.2 Gain tuning of the backstepping multiscalar control technique of five-phase 

IPMSM 

The dynamics of the tracking errors defined in the nonlinear state feedback control 

structure can be rewritten as per the given the form (4.113) - (4.116).   

 11( ) 11( ) 11( ) 12( ) ( )
1 1

i i i i L ie k e e T
J J

= − + −  (4.113) 

 12( ) 12( ) 12( )i i ie k e= −  (4.114) 

 22( ) 22( ) 22( )i i ie k e= −  (4.115) 

 ( ) ( ) 11( ) 11( ) 12( )
1

( )L i l i i i iT e k e
J

= +  (4.116) 

The error dynamics can be rearranged as per matrix Ee(i) defined in (4.117), where 

k11(i) to k22(i) and γl(i) >0. 
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In Fig. 4.18, the spectrum of Ee(i) are presented. In Fig. 4.18 (a), k11(i) was changed 

from 0.01 to 1.0 p.u and in Fig. 4.18 (b), k12(i) was also changed from 0.01 to 1.0 p.u. 

eigen values of the matrix Ee(i) lies in the left half of the s-plane which ensure the 

stability of the system. 
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Fig. 4.18 Spectrum of Matrix Ee(i) (a) k11(i) varies from 0.01 to 1.0 p.u. (b) k12(i) varies from 0.01 to 1.0 

p.u. 

The tuning gains k22(i) was also varied from 0.01 to 1.0 p.u., but it provided similar 

performance as shown in Fig. 4.18 (b). It can be observed from Fig. 4.18, that as the 

values of tuning gains increased from 0.01 to 1.0 p.u, eigen values of the matrix Ee(i) 

are drifting away from the origin. 

In summary, this chapter deals with sensorless control structures of three-phase 

IPMSM and five-phase IPMSM. First, classical FOC control structure (isd
*  = 0) of three-

phase IPMSM was discussed. Later, the description of control structure of five-phase 

IPMSM begins with the explanations of FOC with MTPA of five-phase IPMSM.  

After discussion of existing control scheme, proposed control solutions considering 

the ψf(i),is(i) vectors and ψs(i),is(i) vectors are explained. Using ψs(i),is(i) vectors two type 
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control structure are proposed. Furthermore, advanced control structure such as 

predictive multilscalar control using ψs(i),is(i) vectors and backstepping multiscalar 

control using the ψf(i),is(i) vectors are proposed and explained in details.  

Following that, tuning gains of the proposed control systems were identified using 

bode plot analysis and the step response of the multiscalar control system using ψf(i),is(i) 

vectors is presented using MATLAB. The gain tuning process of the backstepping 

multiscalar control is also presented in this doctoral thesis.  

In the next chapter, to validate the closed loop performance of the designed observer 

structures and proposed control systems of five-phase IPMSM are verified using the 

simulation as well as experimental tests. 
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CHAPTER 5: SIMULATION AND EXPERIMENTAL 

INVESTIGATIONS  

5.1 Overview 

In this chapter, discussion of simulation and experimental results of three phase 

IPMSM drive and five-phase IPMSM drive are provided. The analysis begins with 

simulation and experimental results of adaptive observer structure and non-adaptive of 

three-phase IPMSM drive. To verify the performance of adaptive and nonadaptive 

observer structures at different speed range in simulation and experimental stand, 

classical FOC structure was employed. Moreover, the comparative analysis between 

the adaptive and non-adaptive observer structure is provided.  

In the following, performance of five-phase IPMSM drive using the proposed 

control structures: ψf(i),is(i) vectors and ψs(i),is(i) vectors are depicted using the simulation 

and experimental results. The proposed multiscalar transformation-based control 

structures are applied using the classical PI, predictive control and backstepping 

control. Proposed control solutions using nonlinear transformation is compared with 

the FOC structure and MPC based FOC structure. This chapter of the thesis is focused 

on benefits of using the proposed control strategies of five-phase IPMSM drive such as 

improved control flexibility, enhanced electromagnetic torque using 3rd harmonic 

injection, fault-tolerant operation. In addition, the comparative analysis between the 

conventional control schemes and proposed control scheme is provided.  

5.2 Simulation results of 3-phase IPMSM drive 

The simulation work was carried out in WinSim where simulation program was 

written in the C language and was developed in the department. The simulation code 

was extended for the declaration of machine model of IPMSM, state observer, control 

system and transformation. The use of C programming language provides quick 

transition to the practical DSP program during the experimental work. The nominal 

parameters of three-phase machine are defined in Appendix - A The depicted results 

are provided in the per unit system. 
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5.2.1 Simulation results of rotor flux vector-based adaptive observer and non-

adaptive observer using classical FOC structure 

Simulation results of drive starting up to nominal speed and reversing from 1.0 p.u 

to -1.0 p.u. using the adaptive and non-adaptive rotor flux vector-based observer 

structure are presented in Fig. 5.1 and Fig. 5.2, respectively.  
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Fig. 5.1 Simulation results of 3-phase IPMSM drive starting up to 1.0 p.u. (a) Adaptive observer 

structure (b) Non-adaptive observer structure 
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Fig. 5.2 Simulation results of 3-phase IPMSM drive reversing from 1.0 p.u  to -1.0 p.u. (a) Adaptive 

observer structure (b) Non-adaptive observer structure 

In Fig. 5.1, three-phase IPMSM drive performance is visible for drive starting up to 

1.0 p.u. The simulation performance of the rotor flux vector-based adaptive and non-

adaptive observer is similar to Fig. 5.3 for the same state variables. Error between the 

measured speed and estimated speed was less than 0.015 p.u. for adaptive observer 
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structure and 0.04 p.u. for non-adaptive observer structure. The direct axis current îsd 

was almost zero during this test and the quadrature axis current îsq increased from 0.0 

p.u to 0.6 p.u during the dynamic state and again decreased to 0.0 p.u. as drive reaches 

the steady state. 

In Fig. 5.2, simulation analysis is conducted for the case of drive reversal, where 

three-phase IPMSM drive is reversing from 1.0 p.u. to -1.0 p.u. using the adaptive 

observer in Fig. 5.2 (a) and using the non-adaptive observer structure in Fig. 5.2 (b). It 

can be observed from Fig. 5.2, that adaptive observer structure provides satisfactory 

performance during the reversal test, while non-adaptive observer struggle to estimate 

rotor speed and position during the zero crossing. The primary reasons for the poor 

performance of non-adaptive observer structures are nonlinearity of the inverter, 

significant voltage drop at low speed and lower amplitude of back EMF. The 

information of position error θ̃λ in adaptive observer structure is computed using the 

defined stabilizing function (3.27). 

5.2.2 Simulation results of active flux-based adaptive observer and non-adaptive 

observer using classical FOC structure 

In Fig. 5.3 and Fig. 5.4, simulation results of active flux based adaptive observer 

and non-adaptive observer are presented for 2 cases: 1) drive starting up to nominal 

speed 2) reversing from 1.0 p.u. to -1.0 p.u. In Fig. 5.3, dynamic performance of three-

phase IPMSM drive is presented for the first case. Measured speed ωr, estimated speed 

ω̂r, speed estimation error ω̃r, current components in rotating coordinates îsd,q are 

shown. As shown in Fig. 5.3, three-phase IPMSM drive starts to accelerates from 0.1 

p.u to 1.0 p.u. When drive starts acceleration, torque component îsq increases from 0.0 

p.u and reaches to defined limit 0.6 p.u during the dynamic state. When IPMSM drive 

reaches to steady state, electromagnetic torque decreases to 0.0 p.u due to no-load 

condition. In addition, flux controlling current component îsd remains almost to 0.0 p.u. 

The speed estimation error was less than 0.05 p.u. for adaptive observer structure and 

non-adaptive observer structure during the transient state of three-phase IPMSM drive.  
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Fig. 5.3 Simulation results of three-phase IPMSM drive starting up to 1.0 p.u. (a) Adaptive observer 

structure (b) Non-adaptive observer structure 
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Fig. 5.4 Simulation results of three-phase IPMSM drive reversing from 1.0 p.u  to -1.0 p.u. (a) 

Adaptive observer structure (b) Non-adaptive observer structure 

Fig. 5.4 depicts the performance of three-phase IPMSM drive using adaptive 

observer and non-adaptive observer structure for the case of drive reversal from 1.0 p.u. 

and -1.0 p.u. State variables such as Measured speed ωr, estimated speed ω̂r, speed 

estimation error ω̃r, measured position θr and estimated position θ̂r, position estimation 

error θ̃r,θ̃ψ, torque controlling current component îsq are visible in Fig. 5.4. It can be 

observed from Fig. 5.4(a) that using adaptive observer structure, three-phase IPMSM 

drive crosses zero speed successfully and reaches to -1.0 p.u., while non-adaptive 

observer structure fails to provide desired result at zero crossing as shown in Fig. 5.4(b). 

In Fig. 5.4(a), position error calculation is made using the proposed stabilization 
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function given in (3.62). From the given simulation results, it can be noticed that due 

to lower amplitude of back EMF non-adaptive observer structure provides poor 

performance compared to adaptive observer structure. The dynamic performance of is 

close to Fig. 5.2 for same state variables.  

Compared to Fig. 5.2(b), non-adaptive estimation using active flux-based observer 

also struggles to estimate at speed reversal but provide better performance as shown in 

Fig. 5.4(b). The theoretical hypothesis is confirmed using the chosen simulation results 

for the case of drive starting up to nominal speed and drive reversal. The effectiveness 

of the active flux-based observer structures and rotor flux vector-based observer 

structure are verified using the experimental investigations in the following sections.  

5.3 Experimental results of 3-phase IPMSM drive 

The performance of the sensorless control system using the adaptive observer 

structure and non-adaptive observer structure is evaluated in real-time operating 

conditions using the set of laboratory equipment. The experimental test was carried out 

on a 3.5kW IPMSM drive system. A voltage source converter supplies the three-phase 

drive system. All the nominal parameters of the three-phase IPMSM drive is provided 

in Appendix – A. The control system was interfaced with digital signal processor (DSP) 

Sharc ADSP21363 floating-point signal processor and Altera Cyclone 2 FPGA with 

sampling time of 150μs (6.6kHz). The switching frequency of the transistor was 

3.3kHz. The three-phase IPMSM drive contains spatial harmonics and non-sinusoidal 

distribution of EMF as presented in Fig. 5.5. 

 Phase A back - EMF voltage Phase to phase AB back - EMF voltage 

(a) (b)
 

Fig. 5.5 Steady state of three-phase machine (a) Phase – A back EMF (b) Phase to phase AB back EMF 

 The control system structure can be seen in Fig. 4.2. To measure the current in 

natural reference frame, LA 25-NP transducer was used. To implement observer 

structure in the stationary reference frame, the measured current was transformed to 

stationary coordinate system (α-β) using the Clarke transformation. Furthermore, the 

estimated state variables are transformed to rotating coordinate system to apply 
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classical FOC where isd
*  = 0 applied. The depicted results are in per unit system. The 

nominal value of torque limit was around 1.0 p.u. but for thermal management, safety 

and protection reasons torque limit was adjusted to small value around 0.7 p.u. or 0.6 

p.u. In addition, the computation time of the control system is 49μs without applying 

the code optimization. The incremental encoder of 2048 pulses per revolution (PPR) 

was used to measure the speed of three-phase IPMSM drive. The only purpose of using 

the encoder was to confirm the estimation accuracy of the observer structures.  

5.3.1 Experimental results of rotor flux-based adaptive observer and non-adaptive 

observer using classical FOC structure 

In Fig. 5.6, reversal of IPMSM drive is shown from 0.1 p.u. to -0.1 p.u. using the 

adaptive observer structure. During the low-speed reversal test, torque value was 

limited up to 0.5 p.u. The observer structure is prepared using the sinusoidal machine 

model. Due to machine asymmetry, small oscillations are visible at low-speed operation 

of the IPMSM drive. It can be observed that estimated speed and position follows that 

measured speed and position. Estimated current component in q-axis and speed error 

are also shown.  
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Fig. 5.6 Experimental results of 3-phase IPMSM drive reversing from 0.1 p.u to -0.1 p.u. using 

Adaptive observer 

In Fig. 5.7, drive reversal performance is presented using the non-adaptive observer 

structure. Fig. 5.7(a) shows that the drive reverses from 0.1 p.u. to -0.1 p.u. and in Fig. 

5.7(b) drive reverses back from -0.1 p.u. to 0.1 p.u. At zero crossing, the estimation of 

speed and position becomes extremely difficult for observer structure. The IPMSM 
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drive suffers heavily due to machine disturbances at low-speed operation. Overall, in 

both cases, as shown in Fig. 5.7(a) and Fig. 5.7(b) observer structure fails to provide 

satisfactory results at low speed even though torque reaches to maximum value of 1.0 

p.u., other estimated parameters are also shown in Fig. 5.7.  
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Fig. 5.7 Experimental results of 3-phase IPMSM drive reversing from 0.1 p.u to -0.1 p.u. using Non-

adaptive observer 
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Fig. 5.8 Experimental results of 3-phase IPMSM drive starting to nominal speed using the adaptive 

observer  

Results of the three-phase IPMSM drive starting up from 0.1 p.u to 1.0 p.u. using 

adaptive observer structure is presented in Fig. 5.8. Adaptive observer structure follows 

the reference speed command but speed estimation error during the transient state is 
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less than 0.05 p.u. In addition, the effects of spatial harmonics are not visible during the 

medium and high-speed ranges as compared to low-speed range.       

Three-phase IPMSM drive reversal from 1.0 p.u to -1.0 p.u. is shown in Fig. 5.9. 

Three-phase IPMSM drive successfully crosses the zero-speed range using the adaptive 

observer structure. The calculated speed estimation error during the dynamic state is 

significantly less than 0.05 p.u. during drive reversal. Considering the results of IPMSM 

drive, the adaptive observer structure is more robust than the non-adaptive observer 

structure. 
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Fig. 5.9 Experimental results of 3-phase IPMSM drive reversing from 1.0 p.u to -1.0 p.u. using the 

adaptive observer  

5.3.2 Experimental results of active flux-based adaptive observer and non-

adaptive observer using classical FOC structure 

In Fig. 5.10(a), the three-phase IPMSM drive successfully reverses from -0.1 p.u to 

0.1 p.u. using the adaptive observer structure but in Fig. 5.10(b), the IPMSM drive 

struggles to reverse at zero speed using the non-adaptive observer structure. The 

observer structure is based on sinusoidal machine model. Due to spatial harmonics and 

non-sinusoidal distribution of EMF, disturbances significantly affect at the low-speed 

operation as shown in Fig. 5.10. Extending the control system to the damping structure 

presented in [144], [145] can compensate for this oscillation. However, this thesis only 

focuses on speed observer structure; the problem of non-sinusoidal distribution of EMF 

is treated as a disturbance. A low-pass filter (LPF) can be employed to minimize the 

disturbances. 
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Fig. 5.10 Experimental results of 3-phase IPMSM drive reversing from -0.1 p.u to 0.1 p.u. (a) Adaptive 

observer (b) Non-adaptive observer 

0

1

0

2π 

-0.1

-0.05

0

0.05

0.1

-1

-0.5

0

0.5

1

0 1000 2000

0

1

0

2π 

-0.1

-0.05

0

0.05

0.1

-1

-0.5

0

0.5

1

0 1000 2000

Time [ms] Time [ms]

(a) (b)

, ˆ
rr 

ˆ
sqi

, ˆ
rr 

ˆ
sqi

, ˆ
rr , ˆ

rr 

r
r

 

Fig. 5.11 Experimental results of 3-phase IPMSM drive starting up to 1.0 p.u. (a) Adaptive observer (b) 

Non-adaptive observer 

In Fig. 5.11, experimental test is conducted for drive starting up from 0.1 p.u. to 1.0 

p.u. It can be seen that the estimated state variables using both types of observer 

structures works well at medium and high speed but struggle at low speed. Error 

between estimated speed and measured speed was less than 0.05 p.u. for both observer 

structure. To minimize the mechanical stress on the machine and reduce overcurrent 

issues, maximum torque limit was set around 0.5 p.u. When speed changes from 0.1 

p.u. to 1.0 p.u., the q-axis current increases from 0.0 p.u to 0.5 p.u. and when drive 

reaches to steady state q-axis current decreases to 0.0 p.u as shown in Fig. 5.11. 
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measured speed ωr, estimated speed ω̂r, speed estimation error ω̃r, measured position 

θr, estimated position θ̂r, torque repressing current component îsq are shown in Fig. 

5.11. 
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Fig. 5.12 Experimental results of 3-phase IPMSM drive reversing from 1.0 p.u to -1.0 p.u. using 

Adaptive observer 

Fig. 5.12 presents the working of the adaptive observer structure during IPMSM 

reversal from 1.0 p.u. to -1.0 p.u. The results shows that control system using the 

adaptive observer crosses the zero-speed range without any problem and reaches to 

desired speed -1.0 p.u. Important parameters such as estimated speed ω̂r, speed 

estimation error ω̃r, position estimation error θ̃r, current components in d-q coordinates 

system are shown.  

Fig. 5.13(a) shows that IPMSM drive reverses from 1.0 p.u. to -1.0 p.u. and in Fig. 

5.13(b) IPMSM drive reverses back from -1.0 p.u. to 1.0 p.u. In both cases, IPMSM 

drive struggles during the zero crossing, however, it reaches maximum value again, but 

at zero speed, it does not provide satisfactory results. Speed error ω̃r and position error 

θ̃r are high compared to adaptive observer. As back EMF value is extremely low, which 

is not enough to estimate speed; hence, the observer structures fail to estimate during 

the extremely low speed of IPMSM. 
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Fig. 5.13 Experimental results of 3-phase IPMSM drive reversing from 1.0 p.u to -1.0 p.u. using Non-

adaptive observer 

To examine observer structures performance during loading condition, rotor speed 

was set at 0.5 p.u. and torque limit was increased from 0.5 p.u. to 0.8 p.u as shown in 

Fig. 5.14.  
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Fig. 5.14 Experimental results of 3-phase IPMSM drive when speed is 0.5 p.u. and load torque 

increased from 0.2 p.u. to 0.75 p.u. (a) Adaptive observer (b) Non-adaptive observer 

After 0.1s applied load torque was increased from 0.2 p.u. to 0.75 p.u. Performance 

of both observer structure can be visualized in Fig. 5.14(a) and Fig. 5.14(b), 

respectively. Speed estimation error ω̃r was less than 0.05 p.u. for adaptive observer 

throughout the test and while speed error was increased non-adaptive observer as 
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applied load was increased from 0.2 p.u. to 0.75 p.u. It can be seen that the adaptive 

observer structure is more reliable and provides satisfactory results than non-adaptive 

observer structure.  

The simulation and experimental results of the adaptive and non-adaptive observer 

structures of three-phase IPMSM validate its effectives. Building on this, the following 

section provides discussion on simulation results of five-phase IPMSM.   

5.4 Simulation investigation of 5-phase IPMSM drive 

This section presents the simulation results of different control schemes the five-

phase IPMSM drive. The simulation analysis of five-phase IPMSM drive with 3rd 

harmonic injection was also conducted in Microsoft Visual Studio software. It is 

important to mention that the 3rd harmonic injection turned on means, the control 

system in the second plane is turned on. Major portion of the simulation work involves 

solution of differential equations, reference frame transformation matrices and gain 

tuning of PI controller. To facilitate the implementation of simulation work in the 

practical DSP program during the experimental investigations, simulation work was 

carried out in WinSim. To confirm the theoretical hypothesis, the simulation and 

experimental tests are conducted using the proposed control structures for different 

scenarios. The nominal parameters of the five-phase IPMSM are presented in Appendix 

– A. 

5.4.1 Simulation investigation of (ψf(i),is(i)) vector based control structure of five-

phase IPMSM drive 

Simulation results of five-phase IPMSM drive starting up to nominal speed and 

reversing from 1.0 p.u. to -1.0 p.u. using (ψf(i),is(i)) vector based control structure  are 

shown in Fig. 5.15 and Fig. 5.16, respectively. To reduces the losses and enhance the 

drive performance, MTPA control was employed in the first plane in the proposed 

control structure using (4.23). As reluctance torque production is extremely small in the 

second plane, x22(2)
*  = 0 was applied. Moreover, (ψf(i),is(i)) vector based control structure 

is also compared with field-oriented control scheme. For FOC structure maximum limit 

for torque controlling current isq(1) and maximum torque limit in the multiscalar control 

structure was around 1.0 p.u. 
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Fig. 5.15 Simulation result of five-phase IPMSM starting up to 1.0 p.u. (a) Field-oriented control (b) 

(ψf(i),is(i)) vector based control structure 

In Fig. 5.15(b) and Fig. 5.16(b), multiscalar variables: rotor angular speed in first 

plane x11(1), generated torque x12(1), x12(2) and flux controlling variables x22(1), x22(2) in 

first plane and second plane are shown. In Fig. 5.15, when drive accelerates from 0.1 

p.u., torque generated in first plane reaches to 1.0 p.u. Simultaneously, torque 

production in second plane was almost 10% of fundamental torque.  
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Fig. 5.16 Simulation result of five-phase IPMSM reversing from 1.0 p.u. to -1.0 p.u. (a) Field-oriented 

control (b) (ψf(i),is(i)) vector based control structure 

It is important to mention that Fig. 5.23 presents Fast Fourier Transform (FFT) 

analysis of scrutinized five-phase IPMSM. Based on the FFT results, 3rd harmonic 
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component exists in the designed five-phase IPMSM. The value of 3rd harmonic 

component was approximately around 12% to 15% of the fundamental component.  

In Fig. 5.16, when speed changes from 1.0 p.u. to -1.0 p.u., torque changes from 0.0 

p.u. to -1.0 p.u. during the transient state and as drive reaches to desired speed, torque 

value also reduces to 0.0 p.u. At transient state, torque contribution from second plane 

was 0.1 p.u. In the simulation investigations, upper limit and lower limit of PI controller 

was set 1.0 p.u. and -1.0 p.u. respectively. Performance of the five-phase IPMSM drive 

using (ψf(i),is(i)) vector based control structure and FOC provides similar dynamic 

response. 

5.4.2 Simulation investigation of (ψs(i),is(i)) vector based control structure - 1 and 

control structure – 2 of five-phase IPMSM drive 

In Fig. 5.17 and Fig. 5.18, chosen simulation results are presented for control 

structure – 1 presented in Section 4.3.3 and control structure – 2 depicted in Section 

4.3.4 in Chapter 5.  
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Fig. 5.17 Simulation result of five-phase IPMSM starting up to 1.0 p.u. (a) control structure - 1 (b) 

control structure – 2 

In Fig. 5.17, five-phase IPMSM drive with 3rd harmonic injection is starting up to 

1.0 p.u. The performance of control structure – 1 and control structure – 2 is shown in 

Fig. 5.17(a) and Fig. 5.17(b), respectively. Multiscalar variables such as rotor speed of 

the first plane x11(1), torque produced in first x12(1) and second plane x12(2), square of 

stator flux x21(1) and flux controlling variable x22(1) components are shown.  
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Fig. 5.18 Simulation result of five-phase IPMSM reversing from 1.0 p.u. to -1.0 p.u. (a) control 

structure - 1 (b) control structure - 2 

The dynamic performance of reversal of five-phase IPMSM drive from 1.0 p.u. to 

-1.0 p.u is presented in Fig. 5.18(a) for control structure – 1 and in Fig. 5.18(b) for 

control structure – 2. Angular speed of first plane x11(1) and second plane x11(2), torque 

generated in the first plane x12(1) and second plane x12(2), Square of stator flux x21(1) in 

second plane are depicted in Fig. 5.18.  

It can be observed that transient performance of both control structures presented 

in Fig. 5.17 and Fig. 5.18 are identical. By injecting 3rd harmonic current in second 

plane, motor torque generated in second plane was 10% of fundamental torque. The 

dynamic control of electro-mechanical subsystem is same in both control structures but 

the control of electro-magnetic subsystems is different as shown in Fig. 4.6 and Fig. 

4.7. In the control structure – 2, to control square of stator flux only 1 controller is 

required each plane and the flux controlling variable is controlled internally, while in 

control structure – 1, 2 controllers are needed in each plane.     

5.4.3 Simulation investigation of predictive control using multi-scalar variables of 

1st plane and multi-scalar model-based control of 2nd plane of five-phase 

IPMSM 

The simulation results of the predictive multiscalar-based control structure of the 

five-phase IPMSM as shown in Fig. 4.9 are presented here. Moreover, to provide 

comparative analysis, the predictive multiscalar-based control structure is compared 

with predictive field-oriented control structure. In Fig. 5.19 and Fig. 5.20, the chosen 
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simulation results are provided for two scenarios: 1) five-phase IPMSM drive starting 

up to nominal speed 2) drive reversal from 1.0 p.u to -1.0 p.u.  

In Fig. 5.19(a) and Fig. 5.20(a), performance of predictive field-oriented control is 

shown where rotor speed ωr(1), flux controlling current components isd(1) and isd(2), 

torque controlling current components isq(1) and isq(2) are shown, while Fig. 5.19(b) and 

Fig. 5.20(b) dynamic performance of predictive multiscalar is shown. Multiscalar 

variables: rotor speed x11(1), generated torque in first plane x12(1) and second plane x12(2), 

square of stator flux x21(1) and flux controlling variable x22(1) are shown.  
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Fig. 5.19 Simulation result of five-phase IPMSM starting up to 1.0 p.u. (a) Predictive field-oriented 

control (b) Predictive multiscalar control 

-1
-0.5

0
0.5

1

-1
-0.5

0
0.5

1

0

0.5

1

1.5

-1
-0.5

0
0.5

1

-0.1
-0.05

0
0.05

0.1

0 100 200 3000 100 200 300

11(1)x

12(1)x

21(1)x

22(1)x

12(2)x

(1)sqi

(1)sdi

(2)sqi

(2)sdi

(1)rω

Time [ms]
(b)

Time [ms]
(a)

-1
-0.5

0
0.5

1

-1
-0.5

0
0.5

1

-1
-0.5

0
0.5

1

-1
-0.5

0
0.5

1

-0.1
-0.05

0
0.05

0.1

400

 

Fig. 5.20 Simulation result of five-phase IPMSM reversing from 1.0 p.u. to -1.0 p.u. (a) Predictive 

field-oriented control (b) Predictive multiscalar control 
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By injecting 3rd harmonic current with fundamental current, both control structure 

ensures overall torque enhancement. It can be observed at transient state that torque 

contributions by the first plane and second plane were 1.0 p.u. and 0.1 p.u., respectively. 

In addition, when drive reaches to steady state torque generation is reduced to 0.0 p.u. 

due to no-load condition. Simulation results shows that predictive multiscalar control 

schemes of five-phase IPMSM provides faster dynamic response than predictive field-

oriented control for both scenarios. Predictive control provides excellent dynamic 

response compared to other control structure; however, it also introduces higher 

harmonic components which is visible in the torque response as shown in Fig. 5.19.   

5.4.4 Simulation investigation of backstepping multiscalar control structure of 

five-phase IPMSM  

In this section, simulation results of backstepping multiscalar control structure are 

presented for start-up and reversal tests. The backstepping mutliscalar control structure 

is also compared to field-oriented control for the case of drive starting up to nominal 

speed and reversal from 1.0 p.u. to -1.0 p.u. Simulation results of drive starting up to 

1.0 p.u. using the Field-oriented control is shown in Fig. 5.21(a) and using backstepping 

mutliscalar control structure illustrated in Fig. 5.21(b). In Fig. 5.22(a) and Fig. 5.22(b), 

simulation outcome of five-phase IPMSM drive reversal from 1.0 p.u. to -1.0 p.u. is 

presented using the both control structures.  

It can be noticed, MTPA control strategy was employed in the first plane of both 

control structure to obtain reluctance torque, while in the second plane isd(2) = 0 control 

was implemented because output reluctance torque value is very small. With third 

harmonic injection, overall output torque generation was enhanced as can be seen from 

Fig. 5.21 and Fig. 5.22, respectively. From the simulation results, backstepping 

multiscalar technique achieved similar dynamic response as field-oriented control 

scheme.  
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Fig. 5.21 Simulation result of five-phase IPMSM starting up to 1.0 p.u. (a) Field-oriented control (b) 

backstepping mutliscalar control structure 
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Fig. 5.22 Simulation result of five-phase IPMSM reversing from 1.0 p.u. to -1.0 p.u. (a) Field-oriented 

control (b) backstepping mutliscalar control structure 

 

In the next section, experimental results of the proposed control solutions are 

discussed in details.  

5.5 Experimental investigation of five-phase IPMSM drive 

In this section, the theoretical hypothesis is validated using the experimental tests 

on five-phase IPMSM drive with proposed control structures in first plane and second 

plane utilizing 3rd harmonics for different cases. To start, a brief overview of 

experimental testbench is given to show the capabilities of five-phase IPMSM drive 

system. 
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Fig. 5.23 Current waveform (Blue), Phase A back EMF (Cyan), FFT measurement (Red) of the 

examined five-phase IPMSM at Nominal speed 

In Fig. 5.23, measurements of current waveform, phase A back EMF and FFT 

analysis of investigated five-phase IPMSM is depicted. In this test, five-phase IPMSM 

was mechanically coupled with three-phase induction machine (load). The load 

machine was operating at rated condition during this test. It can be observed from the 

measured current waveform and FFT curve that the component of 3rd harmonic exists 

in the phase current in five-phase IPMSM. The amplitude of third harmonic component 

was around 15% of the fundamental component. The uncontrolled presence of the 3rd 

harmonic component in the phase current shape is not inherently disadvantageous but 

indicates that the magnetic circuit of the five-phase IPMSM is not being utilized to its 

full potential. To utilize the 3rd harmonic component to enhance output torque level, 

control structure in the second vector plane requires to implement. Fig. 5.23 ensures 

that the designed five-phase IPMSM allows to inject 3rd harmonic currents to enhance 

the output torque generation.  

In order to examine the behavior of the proposed control solution in real-time 

operating conditions, the presented control system was precisely verified by the use of 

set of laboratory equipment. The laboratory set employed 5.5kW five-phase IPMSM 

drive system supplied by voltage source converter (VSC). The experimental testbench 

of the five-phase IPMSM drive can be seen in Fig. 5.24. Parameters of the five-phase 

drive systems are given in Appendix – A. The signal processing unit plays a crucial in 
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the overall implementation of the drive system. DSP sharc ADSP21363 floating-point 

signal processor and Alter Cyclone 2 FPGA are used in the interface for control system 

implementation. The experimental setup is constrained by a strict execution time limit 

of 150μs. In this case, code optimization and time-saving compromises become crucial. 

Computation and signal processing unit are split between two subsystems. 
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B
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C

B

A

E

D

5-ϕ IPMSM coupled with 3-ϕ IM (Load)
InverterInverter

Connection 

to 3-ϕ IM 

control

Connection 

to 5-ϕ 

IPMSM 

control

 

Fig. 5.24 Experimental testbench of five-phase IPMSM drive 

The Alter Cyclone 2 FPGA handles communication between the computer console, 

memory and Analog to Digital Converter (ADC), while also controlling the transistor 

gate unit and relays. Additionally, the FPGA supplies the clock and triggers for DSP 

interrupt routine, in which all calculations are executed. The connection between DSP 

sharc ADSP21363 and FPGA is made using address and data bus, facilitating data 

exchange between the two integrated circuits. 

 In the next task, computation of observer structure for first plane and second plane 

are carried out using the different control solutions, chosen by the operator. 

Subsequently, the required space vector modulation (SVM) calculations are carried out 

to determine the switching times for the required voltages. In time period of 150μs, the 

calculation must be completed. The switching frequency of the transistor was 3.3kHz. 

Current measurement was done using LA 25-NP current transducers and later on 

transformed to stationary reference frame (α-β) using the Clarke transformation. The 

angular speed of the machine was measured using the incremental encoder 2048 PPR. 
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The only purpose of using the encoder was to verify the estimation accuracy of the 

observer structure  

5.5.1 Experimental results of control system based on the ψf(i),is(i) vectors   

In Fig. 5.25 and Fig. 5.26, the performance of the multiphase IPMSM drive is 

depicted for the case of drive starting up to 1.0 p.u. and reversing from -1.0 p.u. to 1.0 

p.u., respectively. To apply speed command, ramp time of 260 ms was introduced to 

reduce torque pulsation and obtain smooth dynamic response transient performance of 

the five-phase IPMSM drive.  

0

0.5

1

0

0.5

1

-0.05

0

0.05

-0.1
-0.05

0
0.05

0.1

0 100 200 300 400 500 600 700 800 900

-1
-0.5

0
0.5

1

0

0.5

1

0

0.5

1

-0.05

0

0.05

-0.1
-0.05

0
0.05

0.1

0 100 200 300 400 500 600 700 800 900

-1
-0.5

0
0.5

1

(1)rω

(1)
ˆ

rω

(1)rω

(2)
ˆ
sqi

(1)
ˆ
sqi

11(1)x

11(1)x̂

11(1)x

12(1)x̂

12(2)x̂

Time [ms]
(b)

Time [ms]
(a)  

Fig. 5.25 Experimental of five-phase IPMSM drive starting up to 1.0 p.u. (a) FOC structure (b) control 

system based on the ψf(i),is(i) vectors 
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Fig. 5.26 Experimental results of five-phase IPMSM reversing from -1.0 p.u. to 1.0 p.u (a) FOC 

structure (b) control system based on the ψf(i),is(i) vectors 
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In Fig. 5.25(a) and Fig. 5.25(b), the multiphase IPMSM drive starting up to nominal 

speed using the FOC structure and control system based on the ψf(i),is(i) vectors. 

Measured rotor speed ωr(1) ~ x11(1), estimated speed ω̂r(1) ~ x̂11(1), speed estimation error 

ω̃r(1) ~ x̃11(1), generated torque in the fundamental plane îsq(1) ~ x̂12(1) and in the second 

plane îsq(2) ~ x̂12(2) are show. When the reference speed of the machine was changed 

from 0.1 p.u. to 1.0 p.u., electromagnetic torque was generated and increased up to the 

defined limit around 0.7 p.u. for the first plane and 0.07 p.u. for the second plane. When 

the machine speed reaches to 1.0 p.u., torque reducues to zero value as no-load was 

applied. During the transient state, the error between the measured and estimated speeds 

was less than 0.05 p.u. It can be observed that torque contribution from second plane 

was almost 10% of the fundamental plane.  

Fig. 5.26(a) presents the response of FOC structure variables in rotating coordinates 

(d-q)(i) and Fig. 5.26(b) shows the response of ψf(i),is(i) vectors based variables in 

stationary coordinates (α-β)(i) for the case of drive reversal from -1.0 p.u. to 1.0 p.u. for 

both sensorless control structure. At no-load, the IPMSM drive reverses from -1.0 p.u. 

to 1.0 p.u. during the transient state, electromagnetic torque increases up to the defined 

upper limit in the controllers for the first plane and second plane, and as drive completes 

the reversal, the generated torque decreases to zero. The speed estimation error was less 

than 0.05 p.u. The torque generated in the second plane was 10% of the first plane 

during the transient state.  

The maneuver corresponds to drive staring up to nominal speed and drive reversal 

from -1.0 p.u. to 1.0 p.u. using the ψf(i),is(i) vectors based control system is identical to 

sensorless FOC structure. The ψf(i),is(i) vectors based control system eliminates the 

requirement of variables transformation to rotating coordinates for control structure 

implementation. In addition, the ψf(i),is(i) vectors based control scheme ensures the 

torque enhancement by injecting 3rd harmonics in five-phase IPMSM drive and also 

provides proper decoupling between the mechanical and electromagnetic subsystems. 

In the second scenario, ψf(i),is(i) vectors based control system of the five-phase 

IPMSM drive was tested against the load torque injection at medium speed and nominal 

speed. In Fig. 5.27 and Fig. 5.28, the tracking response of the variables based on ψf(i),is(i) 

vectors are shown for the load torque injection. In Fig. 5.27(a), the IPMSM drive was 

running at steady state around 0.5 p.u. with applied load at 0.1 p.u. and after 0.65s, the 
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applied load torque was changed from 0.1 p.u. to 0.91 p.u. When sudden load torque 

change TL is applied to the IPMSM drive, the ψf(i),is(i) vectors based control system 

provides fast and adequate response, as can be seen in Fig. 5.27(a).  
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Fig. 5.27 Experimental results of five-phase IPMSM drive using ψf(i),is(i) vectors based control system 

(a) Load torque was changed from 0.1 p.u. to 0.91 p.u. after 0.65s (b) steady state is presented for 

150ms 
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Fig. 5.28 Experimental results of five-phase IPMSM drive using ψf(i),is(i) vectors based control system 

(a) Load torque was applied after 0.36s (b) steady state is presented for 150ms 

 The electromagnetic torque increases from 0.1 p.u. to 0.91 p.u. for the first plane 

x̂12(1) and 0.01 p.u. to 0.091 p.u. for the second plane x̂12(2). In the first plane, the benefit 

of the reluctant torque x̂22(1) was utilized to enhance the drive performance, however in 

the second plane due small value of reluctance torque x22(2)
* = 0 was set. In Fig. 5.27(b), 
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steady state operating performance of the same variables is shown for 150ms. At steady 

state, the drive runs at desired speed and at applied load torque without any issue. 

In Fig. 5.28(a), the drive was running at 1.0 p.u. without load. After 0.36s, the 

applied load torque was increased increases from 0.0 p.u. to 0.87 p.u. As the sudden 

load was applied, speed undershoot less than 4% for a very short duration can be seen 

and again rotor speed quickly settled at desired speed at 1.0 p.u. As the load was 

connected after 0.36s, the torque generation in the first plane x̂12(1), in the second plane 

x̂12(2) and reluctance torque x̂22(1) in the first plane increased as shown in Fig. 5.28(a). 

In Fig. 5.28(b), the same machine variables are represented for 150ms period. It is 

visible that at a dynamic and steady state, the ψf(i),is(i) vectors based control system 

responds appropriately in the case of load torque injection at medium speed and high 

speed. 
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Fig. 5.29 Estimated stator flux distribution of ψ̂
sβ(i)

 for first plane and second plane in stationary 

reference frame using ψf(i),is(i) vectors based control system   

In Fig. 5.29, stator flux distribution using ψf(i),is(i) vectors based control system for 

first plane and second plane are depicted. The following variables are illustrated: 

estimated rotor speed x̂11(1), calculated speed estimation error x̃11(1), estimated stator 

flux components in the first plane ψ̂
sβ(1)

, second plane ψ̂
sβ(2)

 and total flux distribution 

ψ̂
sβ(1+2)

. In ψf(i),is(i) vectors based control system, stator flux level of the machine was 

maintained at permanent magnet flux level of the machine. Fundamental component 

with 3rd harmonic injection results in quasi-trapezoidal stator flux distribution ψ̂
sβ(1+2)
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as shown in Fig. 5.29. Peak value of stator flux components ψ̂
sβ(1)

, ψ̂
sβ(2)

 and ψ̂
sβ(1+2)

 

were around 0.8841 p.u., 0.1326 p.u. and 0.77 p.u., respectively. 

In the next scenario, the IPMSM drive performance was examined for low speed 

reversal and standstill test using the ψf(i),is(i) vectors based control structure. In Fig. 

5.30(a), the multiphase drive was reversed from -0.1 p.u. to 0.1 p.u. at no load condition. 

Machine parameters such as measured speed x11(1), estimated speed in the first plane 

x̂11(1) and second plane x̂11(2), generated electromagnetic torque in fundamental plane 

x̂12(1)and second plane x̂12(2) are shown. When fundamental speed x̂11(1) reverses from -

0.1 to 0.1 p.u., speed in second plane x̂11(2) reverse from 0.3 p.u. to -0.3 p.u. as shown 

in Fig. 5.30(a). The calculated speed estimation error was under 0.05 p.u. at dynamic 

state, electromagnetic torque rises up to 0.7 p.u. and 0.07 p.u. for fundamental plane 

x̂12(1) and second plane x̂12(2), respectively. When machine reaches 0.1 p.u. torque 

quantities reduce zero value as no-load was applied for this test. At low-speed 

operation, the effect of voltage drop due to stator resistance and the presence of 

nonlinearities in the drive system components affects the drive operation significantly. 
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Fig. 5.30 Experimental results of five-phase IPMSM drive using ψf(i),is(i) vectors based control system 

(a) machine reversing from -0.1 p.u. to 0.1 p.u.  (b) Standstill test 

In Fig. 5.30(b), the ψf(i),is(i) vectors based control strategy was tested for the case of 

standstill test. The five-phase IPMSM drive was running at medium speed x̂11(1) around 

0.5 p.u. After 0.25s, speed of the IPMSM drive was changed from 0.5 p.u. to 0.0 p.u. 

The rotor of the machine was held at 0.0 p.u. for almost 2.4s and after 2.65s, rotor speed 

was changed back to 0.5 p.u. as shown in Fig. 5.30(b). Speed of the second plane x̂11(2) 
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changes from -1.5 p.u. to 0.0 p.u. and again 0.0 p.u. to -1.5 p.u. for this test. The control 

structure using ψf(i),is(i) vectors does not lose synchronism at zero speed and follow the 

reference command. The torque variables of each plane are also shown in Fig. 5.30(b). 
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Fig. 5.31 Experimental results of five-phase IPMSM drive using ψf(i),is(i) vectors based control system 

(a) Motoring mode at TL = 0.2 p.u.  (b) Regenerative mode at TL = -0.1 p.u. 

In Fig. 5.31, the performance of ψf(i),is(i) vectors based control strategy is presented 

for motoring mode and regenerative operations. In Fig. 5.31, reference speed step 

change x11(1)
* , estimated speed for each plane x̂11(1) and x̂11(2), generated torque in each 

plane  x̂12(1) and x̂12(2) are depicted. In Fig. 5.31, the reference speed x11(1)
*  was changed 

from 0.25 p.u. to 0.35 p.u. and again switch back from 0.35 p.u. to 0.25 p.u. During 

motoring mode, the applied load was 0.2 p.u. and for the regenerative test load torque 

was -0.1 p.u. as can be confirmed in Fig. 5.31(a) and Fig. 5.31(b). For motoring mode 

and regenerative mode, the tracking response of electromagnetic torque variables for 

the fundamental plane and second plane was opposite in sign. The control structure 

provides satisfactory results for both operations modes as can be seen in Fig. 5.31. 

In the next scenario, to verify the torque enhancement in the multiphase IPMSM 

drive, third harmonic current injection was turned on and turned off as shown in Fig. 

5.32 and Fig. 5.33. Estimated speed x̂11(1), fundamental current îsα(1), third harmonic 

current îsα(2)and total current îsα(1+2) and torque generated in second plane x̂12(2) are 

presented. In Fig. 5.32(a), the IPMSM drive was running at 0.7 p.u. with applied load 

of 0.3 p.u. After 0.14s, third harmonic injection was turned on. It can be noticed that, 

as third harmonic was injected torque contribution from second plane increases from 
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0.0 p.u. to 0.03 p.u. and total current waveshape changes from sinusoidal to quasi-

trapezoidal wave as shown in Fig. 5.32(a). In addition, steady state results of third 

harmonic injection were presented in Fig. 5.32(b) for same state variables.  

In Fig. 5.33(a), after 0.17s third harmonic injection was turned off. As third 

harmonic current was turned off, current and torque contribution in the second plane 

reduced to zero. The shape of total current changes from quasi-trapezoidal to sinusoidal 

as shown in Fig. 5.33(a). The performance of the drive during the steady state when 

third harmonic was turned off is presented in Fig. 5.33(b). 
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Fig. 5.32 Experimental results of loaded five-phase IPMSM (a) after 0.14s 3rd harmonic injection was 

turned on (b) steady state 
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Fig. 5.33 Experimental results of loaded five-phase IPMSM (a) after 0.17s 3rd harmonic injection was 

turned off (b) steady state 
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In the next scenario, to examine robustness of the ψf(i),is(i) vectors based control 

system uncertainty tests were conducted on five-phase IPMSM drive by varying the 

machine parameters as shown Fig. 5.34 and Fig. 5.35. To conduct uncertainty test, 

machine was rotating at steady state around 0.5 p.u. with applied load around 0.53 p.u. 

In Fig. 5.34(a) and Fig. 5.34(b) inductance of the first plane Lq(1) and second plane Lq(2) 

was varied in 3 stages. In the first plane Lq(1) was 0.5Lqn(1) for up to 1.2s, after 1.2s Lq(1) 

= Lqn(1) for up to 4s, and after almost 4s Lq(1) = 2Lqn(1) as shown in Fig. 5.34(a). Similarly, 

in second plane Lq(2) was 0.5Lqn(2) for up to 1.1s, after 1.1s Lq(2) = Lqn(2) for up to 4.65s, 

and after 4.65s Lq(2) was 2Lqn(2) as presented in Fig. 5.34(b). It can be observed from 

Fig. 5.34(a), as inductance value of the first plane Lq(1) increased above nominal value 

control system losses the stability. Speed estimation error is also more than the 

permissible limit and ripple in output torque also increases. In addition, it can be noticed 

from Fig. 5.34(b), that the control system remains the stable against the variation of 

inductances in the second plane Lq(2). 
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Fig. 5.34 Experimental test of five-phase IPMSM for different value of inductances (a) Lq(1) (b) Lq(2) 

Fig. 5.35 presents the variation of stator resistance to verify the robustness of the 

control system. Machine parameters such as rotor speed in the first plane x̂11(1) and 

second plane x̂11(2), speed estimation error x̃11(1), torque in second plane x̂12(2) are 

shown. Rotor speed was set at 0.5 p.u., speed estimation errors was less than 0.05 p.u., 

and torque contribution by second plane was 0.053 p.u. Stator resistance Rs was 0.5Rsn 

up to 1.4s, after that Rs was equal to Rsn up to 5.7s and beyond that Rs was 1.5Rsn. With 
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the variation in stator resistance control system remains stable and has been proven to 

be robust. 
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Fig. 5.35 Experimental test of five-phase IPMSM for different value of stator resistance Rs 

In the next scenario, five-phase IPMSM drive was operated from 0.1 p.u. to 2.0 p.u. 

in the field weakening region using the ψf(i),is(i) vectors based control system as Fig. 

5.36(b). It is important to mention that in this test, drive operates in the constant power 

region. To compare the dynamic performance of ψf(i),is(i) vectors based control system, 

the performance of FOC structure is also presented in Fig. 5.36(a). Measured speed 

ωr(1) ~ x11(1), estimated speed ω̂r(1) ~ x̂11(1), speed estimation error ω̃r(1) ~ x̃11(1), 

electromagnetic torque îsq(1) ~ x̂12(1) and reluctance torque îsd(1) ~ x̂22(1) in the first plane 

are shown in Fig. 5.36. During this test, third harmonic injection was turned off as drive 

was operating above the base speed region. Fig. 5.36 shows that as drive starts to 

accelerates from 0.1 p.u., generated electromagnetic torque reaches to defined upper 

limit 1.0 p.u. and reluctance torque reaches to 0.22 p.u. When drive operates beyond 

the base speed 1.0 p.u., field of permanent magnet weaken by the negative (îsd(1) ~ 

x̂22(1)) and electromagnetic torque îsq(1) ~ x̂12(1) also reduces to operate the drive in 

constant power region. During this operation, the calculated speed error between the 

measured and estimated speed was less than 0.05 p.u. in both control structures. It can 

be observed from the given results that ψf(i),is(i) vector based control system provides 

fast and adequate dynamic response for field weakening region. The dynamic 

performance of ψf(i),is(i) vector based control system matches with the well-established 

control structure such as FOC. 
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Fig. 5.36 Field weaking operation of five-phase IPMSM (a) FOC structure (b) control system based on 

the ψf(i),is(i) vectors 

Fig. 5.37 shows the field weakening operation when drive is accelerating from 0.1 

p.u. to 1.8 p.u. using the proposed ψf(i),is(i) vector based control system. Measured speed 

x11(1), estimated speed x̂11(1), calculated speed estimation error x̃11(1), stator flux 

component in the α-coordinate ψ̂
sα(1)

, and amplitude of stator flux |ψ̂
s(1)

| are shown.  
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Fig. 5.37 Field weaking operation of five-phase IPMSM using proposed control system based on the 

ψf(i),is(i) vectors 

All variables presented in Fig. 5.37 are from the fundamental plane, as third 

harmonic injection was turned off during this experimental test. It can be observed from 

Fig. 5.37 that as speed crosses 1.0 p.u., flux amplitude of the machine starts to decreases 
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as drive operates in the field weakening region. Speed estimation error was less than 

0.05 p.u. during this test.  

One of the key benefits of a multiphase machine is its ability to keep operating even 

when a fault occurs in one or two phases. The fault-tolerance performance of ψf(i),is(i) 

vector based control system is shown in Fig. 5.38. To create open phase faults manually 

switched circuit breaker was employed. In  Fig. 5.38(a), drive was running at steady 

state around 0.3 p.u. with no-load condition and without injection of third harmonics. 

After 0.28s, phase A was deactivated by manually switched circuit breaker. As phase 

A was removed, inverter output current increases and oscillations in estimated rotor 

speed can be visualized in Fig. 5.38(a). 

In Fig. 5.38(b), five-phase IPMSM drive was operating around 0.3 p.u. at no-load 

and with third harmonics injection. Due to third harmonic injection, current waveshape 

deformed to quasi-trapezoidal waveshape. After 0.21s, phase A and phase C both were 

deactivated. Drive continues to rotate in the event of 2 phase deactivation. Current in 

healthy phases increases and small oscillation can be seen in Fig. 5.38(b). 
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Fig. 5.38 Fault-tolerance test on five-phase IPMSM using control system based on the ψf(i),is(i) vectors 

(a) phase A deactivated (b) phase A and C deactivated 

5.5.2 Experimental results of ψs(i),is(i) vectors based control systems  

The tracking response of state variables of the five-phase systems using ψs(i),is(i) 

vectors based control system are presented here for different cases. The ψs(i),is(i) vectors 

based control structure – 1 is also compared with ψs(i),is(i) vectors based control 

structure-2 for the case of drive start up to nominal speed and reversing from 1.0 p.u. 
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to -1.0 p.u. It is important to realize that ψs(i),is(i) vectors based control structure-1 

requires additional PI controller to control electromagnetic subsystems as shown in Fig. 

4.6, while ψs(i),is(i) vectors based control structure-2 ensures the direct control of flux 

controlling variable which eliminates the requirement of 1 controller in electromagnetic 

subsystem in each plane as shown in Fig. 4.7. In Fig. 5.39 and Fig. 5.40, the dynamic 

performance of drive accelerating from 0.1 p.u. to nominal speed and reversing from 

1.0 p.u. to -1.0 p.u. using the ψs(i),is(i) vectors based control structure-1 and control 

structure-2 are presented. It is important to mention that small ramp time of 260 ms was 

added to the speed command during these tests.  

Five-phase IPMSM drive running to rated speed is shown in Fig. 5.39(a) using the 

control structure – 1 and in Fig. 5.39(b) using the control structure-2. Estimated 

parameters are used in both control structure. Variables in the first plane (α-β)(1) 

represented using the index (1) and variables in the second planes are expressed using 

the index (2). In Fig. 5.39(a) and Fig. 5.39(b), variables such as machine speed x̂11(1), 

square of stator flux x̂21(1), flux controlling variable x̂22(1) in first plane, and generated 

electromagnetic torque in the first plane x̂12(1) and second plane x̂12(2) are depicted.  

The reference command of the stator flux was 1.0225 p.u. and 0.0225 p.u. for the 

first plane and second plane, respectively. From FFT analysis presented in Fig. 5.23, 

torque contribution in the second plane was considered around 10% of the fundamental 

torque. From Fig. 5.39 (a) and (b), it can be observed that torque generation in the 

second plane was around 0.07 p.u. of first plane as shown. Square of stator flux kept 

constant during the steady state and dynamic state. To keep stator flux constant, 

requirement of flux controlling variable x̂22(1) was increased from 0.08 p.u. to 0.15 p.u.  

In the next case, the drive reversal from 1.0 p.u. to -1.0 is shown using the control 

structure-1 and control structure-2 in Fig. 5.40(a) and Fig. 5.40(b), respectively. 

Measured speed x11(1), estimated speed x̂11(1), error between the measured speed and 

estimated speed x̃11(1), torque generation in the first plane x̂12(1) and second plane x̂12(2) 

are shown. Speed estimation error x̃11(1) was less than 0.05 p.u. in both control 

structures. During the drive reversal, torque generation due to third harmonic injection 

increased up to 0.07 p.u. in the second plane which is the 10% of the fundamental torque 

generation.  
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Fig. 5.39 Experimental results of five-phase IPMSM drive starting up to 1.0 p.u. (a) ψs(i),is(i) vectors 

based control structure – 1 (b) ψs(i),is(i) vectors based control structure – 2 
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Fig. 5.40 Experimental results of five-phase IPMSM drive reversing from 1.0 p.u. to -1.0 p.u. (a) 

ψs(i),is(i) vectors based control structure – 1 (b) ψs(i),is(i) vectors based control structure – 2 

From Fig. 5.39 and Fig. 5.40, it can be visualized that the output performance of 

control structure-2 is almost the same as control structure-1. The ψs(i),is(i) vectors based 

control structure-2 is simple and also reduces the overall control efforts as flux 

controller is not required as shown in Fig. 4.7., while in the ψs(i),is(i) vectors based 

control structure – 1 flux controller is necessary presented in Fig. 4.6.     

FOC structure variables are compared with the variables of ψs(i),is(i) vectors based 

control structure-2 in Fig. 5.41. Fig. 5.41(a) shows the speed change from 0.1 p.u. to 

1.0 p.u. The electromagnetic torque components x̂12(1), x̂12(2) of ψs(i),is(i) vectors based 

control structure-2 and FOC system îsq(1), îsq(2) are shown. When the reference speed 

x11(1)
*  is changed from 0.1 p.u. to 1.0 p.u., machine accelerates and electromagnetic 
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torque quantities increases up to applied limit 0.7 p.u. and 0.07 p.u. for fundamental 

plane and second plane, respectively and as machine reaches to 1.0 p.u. torque 

generation reduces to 0.0 p.u. due to load condition. Steady state results of five-phase 

IPMSM drive is presented in Fig. 5.41(b). In Fig. 5.41(b), drive was running at 1.0 p.u. 

and square of stator flux x21(1)
*  was set 1.0225 p.u. for the first plane. The flux level is 

maintained as per command value, when flux controlling variable x̂22(1) is positive and 

closed to 0.08 p.u. during the steady state condition. Similarly, flux controlling 

component îsd(1) of FOC system behave the same as flux controlling variable x̂22(1) of 

ψs(i),is(i) vectors based control structure-2.  
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Fig. 5.41 Experimental results of ψs(i),is(i) vectors based control structure – 2 compared FOC structure 

variables (a) drive starting up to 1.0 p.u. (b) steady state 

In Fig. 5.42 and Fig. 5.43 ψs(i),is(i) vectors based control structure-2 was examined 

for the case of sudden load injection and load removal at low speed and medium speed, 

respectively. The five-phase IPMSM was loaded with three-phase induction machine. 

Both machines were coupled mechanically as shown in Fig. 5.24. Important variables 

are shown such as measured speed x11(1), estimated speed x̂11(1), speed estimation error 

x̃11(1), and torque production in each plane x̂12(1), x̂12(2). 

In Fig. 5.42(a), drive was running at steady state around 0.15 p.u. without load. 

After 0.12s, the load torque was changed to 0.45 p.u. With applied load, torque 

production in first plane x̂12(1) and second plane x̂12(1) increases up to 0.25 and 0.045 

p.u., respectively. Similarly, in Fig. 5.42(b). In Fig. 5.43(a), speed of five phase IPMSM 

was set at 0.5 p.u. and after 0.24s the load torque was changed from 0.2 p.u. to 0.74 p.u. 
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as shown. In Fig. 5.43(b), applied load was pulled out from 0.74 p.u. to 0.0 p.u. after 

0.19s. During both tests, calculate speed estimation error was almost close to zero. The 

ψs(i),is(i) vectors based control structure-2 provides satisfactory performance for both 

cases: load torque injection and load torque removal. 
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Fig. 5.42 Experimental result of loaded five-phase IPMSM using ψs(i),is(i) vectors based control 

structure – 2  (a) after 0.12s load torque was changed from 0.0 p.u. to 0.45 p.u. (b) after 0.2s load 

torque was changed from 0.45 p.u. to 0.0 p.u. 
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Fig. 5.43 Experimental result of loaded five-phase IPMSM using ψs(i),is(i) vectors based control 

structure – 2 (a) after 0.24s load torque was changed from 0.2 p.u. to 0.74 p.u. (b) after 0.19s the load 

torque was removed from 0.74 p.u. to 0.0 p.u. 

In Fig. 5.44(a), rotor speed x̂11(1) was set at 0.25 p.u. with an applied load around 

0.4 p.u. and after 0.16s third harmonic injection was turned on. When third harmonic 

injection was turned on torque generation x̂12(2) in second plane increases from zero to 
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0.04 p.u. which is 10% of the fundamental torque. Total current of the first plane and 

second plane îsα(1+2), fundamental current îsα(1), and injected third harmonic current 

îsα(2)are shown. In Fig. 5.44(b), steady state behavior with third harmonic injection in 

IPMSM drive is presented. It can be noticed that the current waveshape changes from 

sinusoidal to quasispheroidal wave with third harmonics injection.  
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Fig. 5.44 Experimental result of loaded five-phase IPMSM using ψs(i),is(i) vectors based control 

structure – 2 (a) after 0.16s 3rd harmonic injection was turned on (b) steady state 
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Fig. 5.45 Experimental result of loaded five-phase IPMSM using ψs(i),is(i) vectors based control 

structure – 2 (a) after 0.17s 3rd harmonic injection was turned off (b) steady state 

In Fig. 5.45(a), third harmonic injection was turned off after 0.17s. The value of 

current torque in second plane reduces to zero and only fundamental current is supplied 

to five-phase IPMSM. The shaper of total current changes from quasi-trapezoidal to 
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sinusoidal. Fig. 5.45(b), shows the performance of the drive during the steady state 

when third harmonic was off.  

Fig. 5.46 shows the performance of the five-phase IPMSM drive when 3rd harmonic 

injection was turned off. The same variables shown in Fig. 5.45 are depicted in Fig. 

5.46. During this test, drive was running around 0.7 p.u. and applied load torque was 

around 0.37 p.u. Torque limit in the first plane was reduced from 0.7 p.u. to 0.4 p.u. to 

check the performance of the drive during the break test. It can be noticed from Fig. 

5.46, as 3rd harmonic injection was turned off after 80 ms slight reduction in estimated 

speed curve is visible from 0.7 p.u. to 0.66 p.u. It can be understood from Fig. 5.46 that 

injection of 3rd harmonics improves the dynamic performance of five-phase IPMSM 

drive.  
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Fig. 5.46 Experimental result of loaded five-phase IPMSM using ψs(i),is(i) vectors based control 

structure – 2 for the case of 3rd harmonic injection off at speed around 0.7 p.u. 

Fig. 5.47 shows the performance of drive for the similar case as presented in Fig. 

5.46. In Fig. 5.47, state variables such as estimated speed x̂11(1), torque components in 

the first plane x̂12(1) and second plane x̂12(1), total torque x̂12(1+2) and applied load torque 

TL measured using the torque meter. In this test, five-phase IPMSM drive was running 

around 0.5 p.u with load around 0.5 p.u. (17.5 Nm). At 100 ms, 3rd harmonic injection 

was turned off and drive was running with fundamental supply. As 3rd harmonic 

injection was cut off, speed curve reduced from 0.5 p.u. to 0.43 p.u., torque generation 

in the second plane reduces to 0.0 p.u., total electromagnetics produced by the machine 

also reduces from 0.55 p.u. to 0.45 p.u., applied load torque also reduced from 17.5 Nm 
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to 15.75 Nm. The torque meter used in the experimental stand is manufactured by 

messtechnik and it capable to measure torque up to 50 Nm. To measure the load torque 

of IPMSM drive, torque meter model DRBK-50-n was used. 
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Fig. 5.47 Experimental result of loaded five-phase IPMSM using ψs(i),is(i) vectors based control 

structure – 2 for the case of 3rd harmonic injection off at speed around 0.5 p.u. 

To verify the drive performance at low speed and zero speed, speed reversal test 

from 0.1 p.u. to -0.1 p.u. and standstill test were conducted on five-phase IPMSM drive 

using ψs(i),is(i) vectors based control structure-2 as presented in Fig. 5.48. Estimated 

speed in the first plane x̂11(1) and second plane x̂11(2), square of flux x̂21(1), torque 

generation first plane x̂12(1) and second plane x̂12(2) are presented in Fig. 5.48. In Fig. 

5.48(a), when drive reverses from 0.1 p.u. to -0.1 p.u., electromagnetic torque increases 

up to the defined limit in each plane during the transient state and reduces to zero as 

drive completes the reversal and reaches to steady state at -0.1 p.u.  

In Fig. 5.48(b), five-phase IPMSM drive performance is shown under the standstill 

test. To conduct this test, drive was running at 0.15 p.u. with no-load condition. After 

0.4s, reference speed was changed to 0.0 p.u. and after 4.3s reference speed changed 

back to 0.15 p.u. From Fig. 5.48(b), It can be observed that rotor kept at zero speed for 

almost 3.9s and after that it returns back to the defined reference speed. Speed of second 

plane changes after 0.4s from -0.45 p.u. to 0.0 p.u. and after 4.3s speed changes from 

0.0 p.u. to -0.45 p.u. square of stator flux is maintained at desired level in the both cases: 

drive reversal and standstill test as shown in Fig. 5.48(a) and (b). 
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Fig. 5.48 Experimental result of five-phase IPMSM using ψs(i),is(i) vectors based control structure – 2 

(a) machine reversing from 0.1 p.u. to -0.1 p.u. (b) standstill test 

In Fig. 5.49, the five-phase IPMSM drive is operating in motoring mode and 

regenerating mode. Step change in reference speed x11(1)
* , estimated speed x̂11(1), x̂11(2) 

and electromagnetic torque x̂12(1), x̂12(2) in first plane and second plane are illustrated in 

Fig. 5.49. In Fig. 5.49(a), the drive performance is presented under the motoring mode. 

Reference speed was changed from 0.15 p.u. to 0.25 p.u. after 0.3s and again changed 

to 0.15 p.u. after 3.15s. Applied load torque was 0.2 p.u. for the motoring mode. In Fig. 

5.49(b), regenerating mode of operation of five-phase IPMSM drive is presented. In 

this test, applied load torque was -0.2 p.u. and reference speed was changed from 0.1 

p.u. to 0.2 p.u. after 0.5s and again speed was switched back to 0.1 p.u. after 3.3s. 

To examine the robustness of the ψs(i),is(i) vectors based control system-2 

uncertainty tests were conducted on five-phase IPMSM drive as shown in Fig. 5.50 and 

Fig. 5.51. For this test, angular speed of the first plane was set around 0.7 p.u., the speed 

of second plane was around 2.1 p.u., applied load torque was around 0.57 p.u. In Fig. 

5.50(a) and (b), uncertainty test carried out by varying inductance in each plane. In Fig. 

5.50(a), it can be observed that initially Lq(1) was 50% of Lqn(1), and after 3.2s Lq(1) was 

equal to Lqn(1), and again after 6.9s Lq(1) was 150% of Lqn(1). Similarly in Fig. 5.50(b), 

Lq(2) was 0.7 time of Lqn(2), and after 3.2s Lq(2) = Lqn(2), and again after 6.2s Lq(2) was 1.7 

time of Lqn(2). In Fig. 5.50(a), system loses stability when inductance of the first plane 
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value is changed to Lq(1) =1.5Lqn(1). While in Fig. 5.50(b), system remains stable for all 

the cases of inductance variation Lq(2) in the second plane.  
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Fig. 5.49 Experimental result of loaded five-phase IPMSM using ψs(i),is(i) vectors based control 

structure – 2 (a) Motoring mode (b) Regenerating mode 
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Fig. 5.50 Experimental result of loaded five-phase IPMSM using ψs(i),is(i) vectors based control 

structure – 2 for different value of inductance (a) Lq(1) (b) Lq(2) 

In Fig. 5.51, nominal value of stator resistance was changed to carry out the 

uncertainty on the five-phase IPMSM drive. Initially, Resistance was 0.5Rsn, and after 

4.4s Rs = Rsn, and again after 7.5s Rs was switched to 1.5Rsn. From Fig. 5.51, ψs(i),is(i) 

vectors based control system-2 does not loose stability while varying the resistance in 

three different cases.    
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Fig. 5.51 Experimental result of loaded five-phase IPMSM using ψs(i),is(i) vectors based control 

structure – 2 for different value of resistance 

The fault tolerant performance of five-phase IPMSM drive is analyzed using the 

ψs(i),is(i) vectors based control system-2 as presented in Fig. 5.52. The open phase faults 

were created using the manually switched circuit breaker. Fig. 5.52 (a) and Fig. 5.52 

(b), IPMSM drive was running at steady state around 0.5 p.u. and indicates the current 

vector components phase A (dark blue), phase C (light blue), and phase E (pink) in 

natural reference frame measured using an oscilloscope. The current waveform is 

shown as quasi-trapezoidal due to third harmonic injection. In Fig. 5.52 (a), phase A 

was deactivated and in Fig. 5.52 (b), phase A and phase C both were deactivated. By 

deactivating one phase and two-phase, five-phase IPMSM drive continues to rotate.  
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Fig. 5.52 Fault-tolerance test on five-phase IPMSM using ψs(i),is(i) vectors based control structure – 2 

(a) phase A was deactivated (b) phase A and C were deactivated 
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Stator flux reference for the first plane was set around x21(1)
*  = 1.0225 p.u. for the 

first plane, however using this approach flux controlling variable value at steady state 

was around 0.08 p.u. and during the transient state the flux controlling variable 

increases up to 0.15 p.u. to maintain the stator flux at defined level as shown in Fig. 

5.39. Fig. 5.53 shows the five-phase IPMSM drive performance for two cases: drive 

start up to nominal speed and drive reversal from 1.0 p.u. to -1.0 p.u. using the ψs(i),is(i) 

vectors based control system-2 for optimal stator flux reference x21(1)
* . The value of 

optimal stator flux reference x21(1)
*  is calculated using the (5.1). The value of x22(1) is 

substituted using (4.23) 

 ( ) ( )
22*

21(1) (1) 22(1) (1) (1) 12( ) ( )/d f q i s ix L x L x = + +  (5.1) 
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Fig. 5.53 Optimal stator flux based performance of five-phase IPMSM using ψs(i),is(i) vectors based 

control structure – 2 (a) starting up to 1.0 p.u. (b) reversing from 1.0 p.u. to -1.0 p.u. 

By using stator flux reference defined in (5.1), at steady state square of stator flux 

components remains equal to square of permanent magnet flux which results in better 

dynamic control of flux controlling variable x̂22(1). During the transient condition, flux 

controlling variable increases up to 0.15 p.u. and as drive reaches to steady state, flux 

controlling variable reduces to zero value. Estimated speed x̂11(1), torque generation 

x̂12(1), x̂12(2) in each plane, square of stator flux x̂21(1) and flux controlling variable x̂22(1) 

in first plane are shown. Fig. 5.53(a) shows drive acceleration from 0.1 p.u. to 1.0 p.u. 

and in Fig. 5.53(b) presents drive reversal from 1.0 p.u. to -1.0 p.u. Electromagnetic 

torque components in the first plane and second plane increases up to the defined limit 

0.7 p.u. and 0.07 p.u., respectively. From given results in Fig. 5.53, it can be confirmed 
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that by using (5.1), square of stator flux was equal to square of permanent flux 

components at steady state and at dynamic state it was increased up to 0.95 p.u. 

Simultaneously, at steady state flux controlling variable contribution is not required and 

flux controlling variable contribution at dynamic state was around 0.15 p.u. 

5.5.3 Experimental results of sensorless predictive multiscalar-based control  

The first scenario is presented in Fig. 5.54, machine is starting up to 1.0 p.u. at no-

load. In Fig. 5.54, measured speed x11(1), estimated speed x̂11(1), speed estimation error 

x̃11(1), generated torque in the fundamental plane x̂12(1) and in the secondary plane x̂12(2) 

are depicted. In Fig. 5.54(a), predictive FOC structure and in Fig. 5.54(b), predictive 

multiscalar based control structure is presented. The calculated speed estimation error 

was below 0.05 p.u. In Fig. 5.54, during the transient state, torque reaches to maximum 

limit around 0.7 for the first plane and 0.07 for the second plane and minimizes to zero 

when the motor reaches a steady state. The torque provided by the first plane and second 

planes during the dynamic state in both control structure is almost the same as 

simulation results, confirming the theoretical hypothesis.     
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Fig. 5.54 Experimental result of five-phase IPMSM drive starting up to nominal speed (a) classical 

predictive FOC based structure (b) predictive multiscalar based scheme 

In Fig. 5.55, the five-phase IPMSM drive reverses from -1.0 p.u. to 1.0 p.u. at no-

load using the estimated rotor speed. Fig. 5.55(a) shows the performance of the classical 

control scheme and Fig. 5.55(b), depicts the performance of predictive multiscalar 

based control scheme. The maneuver corresponds to speed reversal using the predictive 

multiscalar based control introduces less disturbances than the classical PTC. During 
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the dynamic state, the torque generated in the second plane by third harmonic current 

injection is almost 10% of the fundamental torque. Moreover, without using the 

weighting factor, multiscalar based predictive control provides a better dynamic 

response than the classical control scheme.      
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Fig. 5.55 Experimental result of five-phase IPMSM drive reversing from -1.0 p.u. to 1.0 p.u. (a) 

classical predictive FOC based structure (b) predictive multiscalar based scheme 
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Fig. 5.56 Experimental result of five-phase IPMSM drive (a) starting up to nominal speed b) reversing 

from 1.0 p.u. to -1.0 p.u. using predictive multiscalar based scheme 

In Fig. 5.56(a), five-phase IPMSM drive is starting up to nominal speed and in Fig. 

5.56(b) five-phase IPMSM drive is reversing from 1.0 p.u. to -1.0 p.u. using the 

predictive multiscalar based control. Multiscalar variables: estimated speed x̂11(1), 

square of stator flux x̂21(1), flux controlling variable x̂22(1) of the first plane and generated 
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electromagnetic torque in first plane x̂12(1) and second plane x̂12(2) are illustrated in Fig. 

5.56. In this control scheme, the square of stator flux is kept constant at defined value 

x21(1)
*  = 1.0225 p.u. for the first plane and x21(2)

*  = 0.0225 p.u. for the second plane. To 

maintain a constant value of stator flux level in five-phase IPMSM for the first plane, 

the flux controlling variable has to be positive, which can be seen for both cases: 

machine starting up to nominal speed and reversing from 1.0 p.u. to -1.0 p.u. From Fig. 

5.56, to keep the flux level constant x̂21(1), the demand of flux controlling variable x̂22(1) 

is less during the steady-state conditions, but during dynamic conditions, the 

requirement of flux controlling variable increases. In Fig. 5.56, torque contribution of 

each plane is also shown for both cases.     

In the next scenario, the rotor speed was set at 0.5 p.u. and applied load torque was 

0.1 p.u. After 0.13s, load torque was increased to 0.6 p.u. To conduct the test, torque 

variables was limited to 0.7 p.u. and to 0.07 p.u., respectively. In Fig. 5.57, estimated 

rotor speed in first plane x̂11(1) and second plane x̂11(2), torque variables of both plane 

x̂12(1), x̂12(2), and flux controlling variable x̂22(1) of first plane are displayed. Fig. 5.57(a), 

presents when applied load was changed from 0.1 p.u. to 0.6 p.u., the demand of flux 

controlling variable also increased to maintain constant level of stator flux. In Fig. 

5.57(b), steady state performance of the five-phase IPMSM drive is presented for the 

same working points about time period of 150 ms. It can be noticed that at steady state, 

estimated speed of first plane was maintained at 0.5 p.u. and estimated speed of the 

second plane was maintained at -1.5 p.u. Moreover, generated electromagnetic torque 

in first plane and second plane were around 0.6 p.u. and 0.06 p.u., respectively. Demand 

of flux controlling variable also increased from 0.08 p.u. to 0.15 p.u. to keep the stator 

flux at desired level. 

Fig. 5.58 shows the dynamic and steady-state performance of the five-phase 

IPMSM when the load is reduced. In Fig. 5.58 (a), the rotor was rotating at a reference 

speed of 0.5 p.u. for the first plane and 0.6 p.u. load was connected. After 0.1s, load 

was reduced to 0.1 p.u. Due to sudden reduction in load, speed increases for a very 

small time and again reaches the reference speed, and the torque value settles at the 

desired value. The requirement of flux controlling variables to maintain stator flux level 

also reduced as the applied load is reduced. Steady-state performance for the same 

working points is visible in Fig. 5.58(b) for the small time period of 150 ms. As shown 
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in Fig. 5.58(b), estimated speed was maintained at defined value, electromagnetic 

torque supplied by five-phase IPMSM for fundamental plane x̂12(1) was around 0.1 p.u. 

and for second plane x̂12(2) was around 0.01 p.u. Flux controlling variable x̂22(2) demand 

was reduced up to 0.08 p.u. in steady state. From Fig. 5.57 and Fig. 5.58, predictive 

multiscalar-based control solution remains stable and provides fast dynamic response 

in the case of load injection and load removal. 
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Fig. 5.57 Experimental result of five-phase IPMSM drive (a) after 0.13s load torque TL was changed 

from 0.1 p.u. to 0.6 p.u.  b) steady state is presented for 150 ms period 
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Fig. 5.58 Experimental result of five-phase IPMSM drive (a) after 0.1s load torque TL was changed 

from 0.6 p.u. to 0.1 p.u.  b) steady state is presented for 150 ms period 

In the next scenario, five-phase IPMSM drive was investigated for low-speed 

reversal test and standstill test. In Fig. 5.59(a), IPMSM drive reverses under load torque 
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TL = -0.2 p.u. Performance of predictive multiscalar-based control provides excellent 

dynamic response at low-speed reversal. Fundamental speed reverses x̂11(1) from 0.1 to 

-0.1 p.u. and speed of second plane x̂11(2) reverses from -0.3 p.u. to 0.3 p.u. Flux level 

x̂21(1) is maintained at constant at 1.0225 p.u. for the first plane. During the transient 

state, the supplied electromagnetic torque changes from -0.2 p.u. and 0.02 p.u. to 

maximum allowable limit -0.7 p.u. and 0.07 p.u., respectively, and when the reversal is 

completed to -0.1 p.u., the torque value again approaches -0.2 p.u. and 0.02 p.u. In Fig. 

5.59(b), standstill test on five-phase IPMSM drive is presented. The IPMSM drive was 

running at steady state around 0.3 p.u. and after 450ms, reference speed command was 

changed to 0.0 p.u. The drive successfully operates at zero speed and the rotor of the 

five-phase IPMSM was held at zero speed for almost 1.9s. After 2.3s drive returned to 

desired speed command around 0.3 p.u. in the first plane as shown. The proposed 

control solution of five-phase IPMSM ensures that drive remains stable during zero 

speed reference and does not loose synchronism. 
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Fig. 5.59 Experimental result of five-phase IPMSM drive (a) drive reversing from 1.0 p.u. to -1.0 p.u. 

(b) standstill test 

In the next scenario, the test of robustness was carried out using the predictive 

multiscalar control structure of five-phase IPMSM drive. In Fig. 5.60 and Fig. 5.61, the 

nominal value of inductances in each plane and stator resistance was changed in 3 

different scenarios. The reference speed of the rotor was set at 0.5 p.u. and the value of 

load torque TL = 0.45 p.u. In Fig. 5.55(a), Lq(1) was 0.5Lqn(1) and after 1.7s Lq(1) was 

equal to Lqn(1) and after 5.7s Lq(1) = 1.5 Lqn(1). In Fig. 5.55(b), the same working points 
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are implemented for various value of the second plane’s inductance Lq(2). In Fig. 

5.60(b), the control system is robust and maintains the system’s stability on changes in 

the value of inductance Lq(2): however, when the value of inductance of the first plane 

changes to 1.5Lqn(1), the stability of the system reduces. Similarly, in Fig. 5.61 the value 

of resistance is altered in three stages: Rs = 0.5Rsn, Rs = Rsn and Rs = 1.5Rsn. The control 

system proves to robust and stable against the changes of different resistance values as 

shown in Fig. 5.61. 
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Fig. 5.60 Experimental result of five-phase IPMSM drive for different value of inductances (a) Lq(1) (b) 
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Fig. 5.61 Experimental result of five-phase IPMSM drive for different value of resistance 

5.5.4 Experimental results of backstepping mutliscalar control structure 

Fig. 5.62 and Fig. 5.63 shows two sets of plots where IPMSM drive is starting up 

to nominal speed and reversing from -1.0 p.u. to 1.0 p.u., respectively. Different 
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variables such as measured angular speed x11(1), estimated speed x̂11(1), error between 

the measured and estimated speed x̃11(1), electromagnetic torque generation in first 

plane x̂12(1) and second plane x̂12(2) are illustrated.   

The time domain response of five-phase IPMSM drive over a time period of about 

900 ms is shown using FOC structure in Fig. 5.62(a) and by backstepping mutliscalar 

control structure in Fig. 5.62(b). From Fig. 5.62(b), it is possible to enhance toque 

generation by third harmonic injection using the backstepping mutliscalar control 

structure. As drive accelerates from 0.1 p.u. to 1.0 p.u., torque production in each plane 

rises from zero to 0.7 p.u. and 0.07 p.u., respectively. In this test, speed estimation error 

was less than 0.05 p.u. for both control structures. From the given experimental results, 

it can be noticed that Fig. 5.62(b) appears slightly more damped with less oscillation 

and the system variables settle quicker.  
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Fig. 5.62 Experimental results of five-phase IPMSM drive starting up to 1.0 p.u. (a) FOC structure (b) 

backstepping mutliscalar control structure 

Fig. 5.63 presents time-domain plots of drive reversing from -1.0 p.u. to 1.0 p.u. 

over a duration of 1100ms. Fig. 5.63(a) and (b), provides comparative analysis between 

the drive system behavior under different control strategies. Similar to Fig. 5.62(b), 

torque enhancement using the backstepping based control structure can be seen in Fig. 

5.63(b). Moreover, compared to Fig. 5.63(a), Fig. 5.63(b) shows smooth responses and 

less disturbances in the output response. Backstepping mutliscalar control structure 

approach provides excellent dynamic performance in both cases: drive starting up to 

nominal speed and drive reversing from 1.0 p.u. to -1.0 p.u. 
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Fig. 5.63 Experimental results of five-phase IPMSM reversing from 1.0 p.u. to -1.0 p.u. (a) FOC 

structure (b) backstepping mutliscalar control structure 

In the next case, backstepping control of five-phase IPMSM drive was tested against 

the load torque injection in Fig. 5.64 and removal in Fig. 5.65, respectively. Estimated 

angular speed of the machine x̂11(1), electromagnetic torque generation in each plane 

x̂12(1),x̂12(2), and reluctance torque x̂22(1) in first plane and calculated speed estimation 

error x̃11(1) are visible in the given plots.  

In Fig. 5.64(a), five-phase IPMSM drive was running at steady state around 0.5 p.u 

with no-load. After 0.45s load torque TL was injected up to 0.86 p.u. With injection of 

load torque TL, electromagnetic torque generation increases in each plane up to the 

defined limit in the controller. In the first plane, electromagnetic generation x̂12(1) 

increases up to 0.7 p.u. and in the second plane, torque contribution x̂12(2) is up to 0.07 

p.u. which is the 10% of the fundamental torque. The contribution of reluctance torque 

in the first plane is also presented. The speed estimation error was significantly less 

through the test. In Fig. 5.64(b), steady state performance of the five-phase IPMSM 

drive with the same operating points are presented for the time period of 150 ms. 

In  Fig. 5.65(a), the drive performance was investigated for load ejection. Drive was 

running at 0.5 p.u. with applied load around 0.86 p.u. After 0.48s, load torque was 

removed from 0.86 p.u. to 0.12 p.u. During the transient state, small overshoot is visible 

in the speed curve, but drive quickly settle at 0.5 p.u. with the given load condition of 

0.12 p.u. The contribution of torque in each plane also changes to required level. For 
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the time period of 150 ms, stable drive performance is shown in the same operating 

points in Fig. 5.65(b).  
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Fig. 5.64 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM (a) 

after 0.45s load torque was changed to 0.86 p.u. (b) steady state 
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Fig. 5.65 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM (a) 

after 0.48s load torque was removed from 0.86 p.u. to 0.15 p.u.(b) steady state 

In the next scenario, performance of the drive was verified by turning on and off 3rd 

harmonic injection as depicted in Fig. 5.66 and Fig. 5.67. In the given experimental 

results, estimated speed x̂11(1), fundamental current îsα(1), third harmonic current îsα(2), 

total current îsα(1+2), and torque generation in the second plane x̂12(2) are shown. In Fig. 

5.66(a), drive was running at 0.4 p.u. with fundamental supply only. The applied load 

was around 0.5 p.u. After 0.15s, 3rd harmonic current was injected into the five-phase 
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IPMSM drive. As 3rd harmonic current was injected, the waveshape of total current 

changed from sinusoidal to quasi-trapezoidal wave. In addition, torque contribution 

from second plane increased from zero to 0.05 p.u. In Fig. 5.66(b), steady state 

operation of the drive is illustrated with same operating points. 
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Fig. 5.66 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM (a) 

after 0.15s 3rd harmonic injection was turned on (b) steady state 
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Fig. 5.67 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM (a) 

after 0.12s 3rd harmonic injection was turned off (b) steady state 

Fig. 5.67(a) shows that after 0.12s, 3rd harmonic injection was turned off. As 3rd 

harmonic injection was turned off, current waveshape becomes sinusoidal from quasi-

trapezoidal. Due to purely sinusoidal supply, torque generation in second plane reduces 

to zero. Fig. 5.67(b), steady state of the drive is visible for 150 ms time period. As 
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shown in Fig. 5.66 and Fig. 5.67, that 3rd harmonic current injection leads to 

enhancement of electromagnetic torque up to 10% of the fundamental torque. 
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Fig. 5.68 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM (a) 

drive reversal from -0.1 p.u. to 0.1 p.u. (b) standstill test 

In Fig. 5.68(a), backstepping mutliscalar control structure was examined for low 

speed reversal from -0.1 p.u. to 0.1 p.u. Different variables: measured speed x11(1), 

estimated speed x̂11(1), calculated speed estimation error x̃11(1) and electromagnetic 

torque x̂12(1), x̂12(1) in each plane are shown. At low speed reversal test, the effect of 

voltage drop due to stator resistance and nonlinerities of the inverter plays a signficant 

role hence oscillaion are visibile in the speed response curve. At low speed test, speed 

estimation error was less than 0.05 p.u.  

Fig. 5.68(b), shows that standstill of the five-phase IPMSM drive by backstepping 

mutliscalar control structure. In Fig. 5.68(b), presents the behavior of step change in 

reference speed x11(1)
* , estimated speed in first plane x̂11(1) and second plane x̂11(2), torque 

production in first plane x̂12(1) and second plane x̂12(1). In this test, drive was running 

around 0.15 p.u., after 1s reference speed x11(1)
*  was changed from 0.15 p.u. to 0.0 p.u. 

At zero speed, rotor was held stationary for nearly 3s and after 4s rotor speed was 

changed back to 0.15 p.u. Electrical machine does not loose synchronism at zero speed 

by using the backstepping technique, in addition the control system provides adequate 

and reliable control at zero speed also.  
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In Fig. 5.69, the experimental results of motoring test and regenerating test are given 

over a time period of 4200 ms. Experimental results contain the information of 

reference speed x11(1)
* , estimated speed in first plane x̂11(1) and second plane x̂11(2), 

production of electromagnetic torque x̂12(1), x̂12(2) in each plane. First, motoring test on 

five-phase IPMSM drive is explained, followed by the regenerating test.  

In Fig. 5.69(a), drive was running at 0.25 p.u. with applied load was around 0.2 p.u. 

Around 0.5s, reference speed was altered from 0.25 p.u. to 0.35 p.u. for up to 3.3s and 

after 3.3s reference speed was returned back to 0.25 p.u. Thorough out the test, torque 

contribution from first plane and second plane was obtained at desired value. It can be 

noticed that produced electromagnetic torque in first plane was around 0.2 p.u. and in 

second plane was around -0.02 p.u.  
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Fig. 5.69 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM (a) 

mototring test (b) regenrating test 

In Fig. 5.69(b), experimental test is shown for regenerating test with similar 

operating points of motoring test. It can be observed as current direction reverse in this 

test, produced electromagnetic torque is negative. The electromagnetic toque value is -

0.2 p.u. in the first plane and 0.02 p.u. in the second plane. In both tests, it is visible that 

speed of the second pane changed from -0.75 p.u. to -1.05 p.u. and again back to -0.75 

p.u. after some interval of time. Backstepping mutliscalar control structure ensures 

efficient and rapid dynamic control of five-phase IPMSM drive in both cases: motoring 

mode and regenerating mode. In the next scenario, drive performance is evaluated for 
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different value of inductances in each plane and stator resistant to ensure robustness of 

the given control structure.  

In Fig. 5.70, drive was running at 0.5 p.u. with applied load around 0.5 p.u. and 

inductance value of the first plane Lq(1) and second plane Lq(2) was modified across three 

distinct cases. In Fig. 5.70(a), initially inductance value of the first plane was around 

0.5Lqn(1) and after 1.3s Lq(1) was equal to Lqn(1) and in the case Lq(1) was twice than the 

nominal value of inductance. In the similar manner, inductance in the second plane was 

also altered: initially the value of Lq(2) was half of the nominal value of inductance in 

the second plane, after 1s Lq(2) = Lqn(2), and in the last stage Lq(2) = 2Lqn(2).  

Based on the given experimental results in Fig. 5.70(a), the control system loses 

stability when inductance of first plane changed to twice the nominal value of 

inductance. Speed estimation error was significantly higher when inductance value was 

doubled. In Fig. 5.70(b), control system maintains stability and remains stable across 

all 3 scenarios. Speed estimation error was extremely small in the second plane in all 3 

scenarios.   
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Fig. 5.70 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM for 

different value of inductanes (a) Lq(1) (b) Lq(2) 

In Fig. 5.71, stator resistance was varied in 3 different cases to conduct uncertainty 

test on five-phase IPMSM drive. In this test, drive was running at 0.5 p.u. with applied 

load around 0.5 p.u. Stator resistance was half of Rsn up to 0.8s, after 0.8s Rs was equal 

to Rsn and after 0.33s Rs=1.5Rsn. From given result, it can be observed that speed 

estimation error was significantly less almost close to zero. By varying the value of 
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stator resistance in all scenarios, the control system is proved to be robust and remains 

stable.  
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Fig. 5.71 Experimental result of backstepping mutliscalar control structure of five-phase IPMSM for 

different value of inductance (a) Lq(1) (b) Lq(2) 

To examine drive performance above the based speed, field weakening test was 

implemented on five-phase IPMSM drive using backstepping mutliscalar control 

structure as shown in Fig. 5.72(b). To conduct comparative analysis, field weakening 

performance using FOC structure is also presented in Fig. 5.72(a). In Fig. 5.72, 

important variables of the drives such as: measured speed ωr(1) ~ x11(1),, estimated speed 

ω̂r(1) ~ x̂11(1), calculated error between the measured speed and estimated speed ω̃r(1) ~ 

x̃11(1), electromagnetic torque component îsq(1) ~ x̂12(1), reluctance torque component 

îsd(1) ~ x̂22(1) in first plane are presented. Field weakening test was conducted using 

fundamental plane variables, third harmonic injection was off during this test. 

From the experimental results presented in Fig. 5.72, it is visualized that the drive 

is accelerating from 0.1 p.u. to 2.0 p.u. using both control structures. It can be observed 

that as drive accelerates from 0.1 p.u. to 1.0 p.u., electromagnetic torque îsq(1) ~ x̂12(1) 

increased up to maximum permissible limit 1.0 p.u. and as speed crosses the base speed, 

electromagnetic torque reduces and to decreases the permanent magnet flux linkage 

reluctance torque îsd(1) ~ x̂22(1) decreases further. In the field weakening region, drive 

operates in constant power region following applied voltage and current limit. For both 

control structure, speed estimation error ω̃r(1) ~ x̃11(1) was less than 0.05 p.u. as can be 

seen from Fig. 5.72.  
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Fig. 5.72 Field weaking operation of five-phase IPMSM (a) FOC structure (b) backstepping mutliscalar 

control structure 

In the next scenario, fault tolerant performance of the drive was examined by 

backstepping mutliscalar control structure as presented in Fig. 5.73. For this test, drive 

was running at steady state around 0.35 p.u. with no-load condition. This test was 

conducted using two cases: in the first case Phase C was disconnected and in the second 

case phase A and C were cutoff by manually switched circuit breaker.  
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Fig. 5.73 Experimental results of backstepping mutliscalar control structure of five-phase IPMSM (a) 

phase A was deactivated (b) phase A and C were deactivated 

From Fig. 5.73(a), it can be observed that after 0.32s phase C was disconnected. 

Third harmonic injection was turned off in the first case. As phase C was disconnected, 

current amplitude in other phases increased. Oscillation in speed response is also visible 
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after phase C outage. Similarly, Fig. 5.73(b), after 0.39s both phases A and C were 

disconnected. In the second case, third harmonic injection was on throughout the test. 

It can be noticed that backstepping control structure provides adequate control during 

outage of up to two phases. In Table 5.1, differences and similarities between existing 

control solutions and proposed control solutions are provided for chosen properties. 

Table 5.1 Comparison of selected properties of the proposed control structures 

Property 

Field-

oriented 

control 

(ψf(i),is(i)) 

vector 

based 

control 

(ψs(i),is(i)) 

vector 

based 

control - 1 

(ψs(i),is(i)) 

vector 

based 

control - 2 

Predictive 

FOC 

control 

Predictive 

multi-

scalar 

control 

Back-

stepping 

multi-

scalar 

control 

No. PI controllers (1st 

+ 2nd planes) 
5 5 7 5 3 5 0 

Decoupled control 

law 
No Yes Yes Yes No Yes Yes 

Complexity in gain 

tuning 
Medium Medium High Medium Easy Easy Medium 

Tracking error of the 

rotor speed at 

dynamic state (p.u.) 

≤ 0.05 p.u. ≤ 0.05 p.u. ≤ 0.05 p.u. ≤ 0.05 p.u. ≤ 0.05 p.u. ≤ 0.05 p.u. ≤ 0.05 p.u. 

Park transformation 

requirement 
Yes No No No Yes No No 

Oscillation of state 

variable at dynamic 

state 

Medium Small Medium Small Medium Small Small 

Steady state error of 

rotor speed (p.u.) 
< 0.002 < 0.002 < 0.002 < 0.002 < 0.007 < 0.005 < 0.0015 

This research studies makes significant contributions to the progress of advanced 

control structures for five-phase IPMSM drive system by demonstrating comprehensive 

comparison using simulation and experimental results. Using multiscalar 

transformation, proposed control structure are developed using ψf(i),is(i) vectors and 

ψs(i),is(i) vectors.Firstly, ψf(i),is(i) vectors based control structure is proposed for five-

phase IPMSM drive. Compared to classical FOC structure, ψf(i),is(i) vectors based 

control structure provides excellent dynamic control in the second plane as shown in 

Fig. 5.25(b). Torque controlled in the second plane is smoother and better controlled in 

the proposed control solution. Both control structures required total five controllers. 

Proposed control solution can be applied directly in the stationary coordinate system 

compared to classical FOC structure. 

In the following, ψs(i),is(i) vectors based control structures are proposed for five-

phase IPMSM drive. Compared to ψs(i),is(i) vectors based control structure – 1, ψs(i),is(i) 

vectors based control structure – 2 allows direct control of flux controlling variable in 
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each plane which reduced 1 PI controller in electromagnetic subsystem in each plane. 

The reduction of PI controller simplifies overall control structure. In addition, proposed 

stator flux reference defined in (5.1) enables improved dynamic control of flux 

controlling variables. ψs(i),is(i) vectors based control structure – 1 requires total 7 

controllers while ψs(i),is(i) vectors based control structure – 2 requires total 5 controllers 

only. 

Furthermore, this doctoral thesis cover proposition of advanced control structure 

utilizing predictive multiscalar control for the first plane and model based multiscalar 

control for the second plane. To conduct comparative analysis, proposed predictive 

control structure was compared with predictive FOC structure. Proposed control 

structure provides better dynamic control than classical predictive FOC control for both 

cases drive stating to nominal speed and drive reversal from -1.0 p.u. from 1.0 p.u.  

Finally, backstepping multiscalar control structure is proposed in this thesis. 

Backstepping multiscalar control structure provides excellent performance during the 

transient and steady state. Backstepping multiscalar control structure also compared 

with classical FOC structure for different cases: drive startup, drive reversal and field 

weakening test. Backstepping multiscalar control structure ensure improved dynamic 

control in second plane compared to classical FOC structure as shown in Fig. 5.62 Fig. 

5.63.  

This chapter has provided detailed discussion of proposed control solutions of five-

phase IPMSM drive. With these insights in place, the next and final chapter will provide 

comprehensive conclusion and exploring potential future research direction. 
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CHAPTER 6: CONCLUSION AND FUTURE WORK 

This doctoral thesis covers the development of two control strategies: 1) ψf(i),is(i) 

vectors and 2) ψs(i),is(i) vectors of five-phase interior permanent magnet synchronous 

motor drive. The proposed control solutions of five-phase IPMSM ensures the injection 

of 3rd harmonic to utilize magnetic circuit in preferred way.  

In the first step, mathematical model of the three-phase IPMSM and five-phase 

IPMSM are discussed in rotating coordinate system as well as in stationary coordinates 

system. In the following, adaptive observer structures with enhanced stabilization 

functions and non-adaptive observer structure are presented for three-phase IPMSM. 

The observer structures are prepared using the two approaches: 1) active-flux concept-

based observer structure and 2) rotor flux vector-based observer structure. Stability 

analysis of the observer structures conducted by linearizing observer error model to 

equilibrium points in rotating reference frame. To conduct the comparative analysis, 

adaptive observer structures are compared to non-adaptive EEMF observer structure.  

In the adaptive observer structure, based on the defined errors in the system adaptive 

law is prepared to estimate the value of rotor angular speed. In the case of non-adaptive 

observer structure, speed estimation process was conducted using the dependencies of 

EEMF and flux. Based on the calculated estimation errors, stabilizing functions are 

developed for observer structure implementation. Additional stabilizing functions are 

proposed to improve estimation accuracy and robustness of the observer structure. The 

final form of the stabilizing functions are prepared using the Lyapunov stability 

theorem. 

When drive operates under 10% of nominal speed, the problems of non-sinusoidal 

distribution of EMF and slot harmonics are visible. Compared to non-adaptive observer 

structure, adaptive observer structure provides satisfactory performance at different 

speed range. Non-adaptive observer structure struggles to cross zero speed during the 

drive reversal. No signal injection is required to estimated speed and position at low 

speed in the adaptive observer structure. Both observer structures are tested in 

simulation as well as in the experimental stand to confirm the behavior of three-phase 

drive system at different speed range.  
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From the FFT analysis presented in Chapter – 5, it can be visualized that 3rd 

harmonic component exist in the designed five-phase IPMSM. The presence of 3rd 

harmonic component in phase current plot is uncontrolled which is disadvantage as 

magnetic circuit of the five-phase IPMSM is not being effectively utilized. To utilize 

the magnetic circuit properly, the control approach of five-phase IPMSM relies on 

coexistence of two machines in one single physical motor, hence it is possible to inject 

3rd harmonic current with fundamental current to enhance output torque generation. To 

inject 3rd harmonic in the five-phase IPMSM drive, independent control in the 2nd vector 

plane is employed which allows independent voltage generation, estimating system’s 

parameters and control implementation. The 2nd vector plane work with three times 

higher frequency compared to 1st plane.  

To implement sesnsorless control of multiphase IPMSM, adaptive observer 

structure using the active-flux concept was designed specifically for the fundamental 

plane and third harmonic plane. Design procedure of the observer structures for 

fundamental plane and second plane in five-phase machine remains the same as 

traditional three-phase machine. The Lyapunov stability theorem was used to designed 

the final form of the stabilizing functions. By linearizing the observer structure near to 

equilibrium points, tuning gains are identified for each plane by performing stability 

analysis of the observer structure.  

The main contributions of the doctoral thesis are:  

• Control structure with multiscalar variables using the (ψf(i),is(i)) vectors. 

• Control structure with multiscalar variables using the (ψs(i),is(i)) vectors. 

• Predictive control of five-phase IPMSM. 

• Backstepping control of five-phase IPMSM.  

The proposed control solutions in the thesis are also compared with traditional field-

oriented control structure to conduct the comparative analysis.  

To confirm the theoretical hypothesis, proposed control of five-phase IPMSM first 

examined using the simulation tests on WinSim. Presented FFT analysis in Chapter 5 

confirmed that it is possible to inject 3rd harmonic current to increase the output value 

of torque. The simulation results have verified that the proposed control structure in this 

thesis allows third harmonic injection to enhance the torque generation up to 10% of 
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fundamental torque, which offered opportunities for hand-on implementation of the 

five-phase IPMSM drive. Simulation results of five-phase IPMSM drive are provided 

for two scenarios: drive starting up to nominal speed and drive reversal. 

The proposed control structures were validated in real time by the experimental tests 

on 5.5kW five-phase IPMSM drive systems.  

The (ψf(i),is(i)) vector based control system of five-phase IPMSM allows injection of 

3rd harmonic to increase output torque. In this control structure, multiscalar variables 

are prepared using vector and scalar product of permanent magnet components ψf(i), 

stator current components is(i) in stationary coordinate system. The multiscalar model 

of the control system is constructed from established multiscalar variables. To 

linearized the nonlinear model, signals m1(i) and m2(i) are computed using the PI 

controllers and provided as state feedback. The reference voltage components in 

stationary reference frame can be computed using the control signals u1(i) and u2(i) after 

the completing the decoupling process.  

Experimental results validate the performance of the (ψf(i),is(i)) vector based control 

solution. The (ψf(i),is(i)) vector based control solution and FOC structure are both 

suitable solution for the control of five-phase IPMSM drive. In the (ψf(i),is(i)) vector 

based control solution eliminates the variable transformation to rotating coordinates for 

the control structure implementation. Independent control of electro-mechanical 

subsystem and electro-magnetic subsystem is also obtained using the proposed control 

solution.  

This doctoral thesis presents (ψs(i),is(i)) vector based control solutions for five-phase 

IPMSM. Two approaches are proposed using the stator flux vector ψs(i) and stator 

current vector is(i). In the (ψs(i),is(i)) vector based control system – 1, control signals u1(i) 

and u2(i) are obtained from differential equation of x12(i) and x22(i), respectively, while in 

(ψs(i),is(i)) vector based control system – 2, control signals u1(i) and u2(i) are computed 

from differential equation x12(i) and x21(i), respectively. For control system – 1, 

implementation total 7 controllers are required 4 in the first plane and 3 in the second 

plane, while to apply control structure – 2 total 5 PI controller are required 3 in the first 

plane and 2 in second plane. 

 In comparison, the control of electro-mechanical subsystems remains same in both 

control system, but the control of electro-magnetic subsystems is simpler in control 
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system – 2. In control system – 2, it is possible to control the flux controlling variable 

directly from x21(i) controller in each plane. In control system – 2, optimal stator flux 

x21(1)
*  reference-based performance of the five-phase IPMSM drive is presented for the 

case of drive starting up to nominal speed and drive reversal. Using the optimal stator 

flux x21(1)
* , flux amplitude is controlled in the desired way. At steady state, stator flux 

equals to permanent magnet flux level and during dynamic state stator flux increases 

up to 0.95 p.u. Five-phase IPMSM drive performance using the (ψs(i),is(i)) vector based 

control systems for different scenarios are presented in the doctoral thesis. 

First research hypothesis of the doctoral work is successfully completed by 

proposition of control structures with multiscalar transformation using the (ψf(i),is(i)) 

vectors and the (ψs(i),is(i)) vectors in stationary reference frame of five-phase IPMSM 

presented in Chapter 5. First research hypothesis is validated using the simulation and 

experimental tests on five-phase IPMSM.  

To achieve second research hypothesis, doctoral work presents predictive control 

of five-phase IPMSM. Fundamental components are in the first plane and controlled by 

the predictive control using multiscalar variables. Third harmonic components are in 

the second plane and controlled by PI based multiscalar control scheme. The proposed 

control structure is in stationary reference frame (α-β)(i). The proposed predictive 

control structure is compared with classical predictive torque control for first plane and 

FOC structure for second plane in the rotating coordinate system (d-q)(i) for drive 

accelerating to nominal speed and reversal.  

The performance of predictive control structure is more adequate, and the 

introduced distortion is less in the generated torque compared to the classical control 

structure. In addition, the use of weighting factor to apply predictive control is 

eliminated without the degrading the performance of the control structure. Both the 

simulation and experimental results validate the stable performance of the drive using 

predictive multiscalar control solution even if the parameters of the five-phase IPMSM 

are different from their nominal values. 

Finally, for five-phase IPMSM drive backstepping control approach incorporating 

with multiscalar variables is discussed in this thesis. Backstepping multiscalar control 

structure is validated using the simulation and experimental results. In the experimental 

results drive performance is shown for various cases using backstepping multiscalar 
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control: drive start up to nominal speed and reversal, low speed reversal, load injection 

and load removal, third harmonic injection on and off, low speed drive reversal and 

standstill test, uncertainty parameters test, MTPA with field weakening test and fault 

tolerance test. For chosen cases, the proposed backstepping control approach is 

compared with FOC structure of five-phase IPMSM. Backstepping multiscalar control 

provides satisfactory performance of the five-phase IPMSM drive under different speed 

of operation. 

This doctoral thesis fulfills the second research hypothesis by proposing the control 

structures of five-phase IPMSM using the multiscalar transformation through classical 

PI, predictive and backstepping controllers. The proposed control structures of five-

phase IPMSM using PI, predictive and backstepping controllers ensures independent 

control of the electromechanical and electromagnetic subsystems variables for each 

plane, even in the presence of third harmonic injection as promised in second research 

hypothesis. 

Finally, proposed control system structure using the (ψf(i),is(i)) vectors and the 

(ψs(i),is(i)) vectors in stationary coordinate system allows utilization of 3rd harmonic 

injection to enhance the output torque value  which completes the final research 

hypothesis of the doctoral thesis  

All three aims presented in Chapter 1 have been successfully achieved in this 

doctoral thesis. It is presumed that this doctor work can be utilized for the further 

estimation-based drive implementations.  

The implementation of a high performance multiphase IPMSM drive is an active 

area of research. The doctoral work presented in this thesis identify some issues for the 

consideration of future work and to be investigated further. Apply different observer 

structures with improved stabilization functions to enhance estimation of system 

parameters to improve sensorless control properties of multiphase machine. Implement 

artificial intelligence-based control techniques to replace PI controller.  

To improve robustness of the system, neural network-based estimator can be 

employed to estimate the system parameters. Drive performance can be further 

investigated to improve the effective operation during the open phase faults. 
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APPENDIX – A  

Here an overview of the per unit system utilized during the simulation and 

experimental analysis is provided. In addition, machine parameter of three-phase drive 

system and five-phase drive system is also provided. 

Table A1 Per unit system 

Description Three-Phase Five-Phase 

Base voltage Ub = √3 UNf Ub = √5 UNf 

Base current Ib = √3 INf Ib = √5 INf 

Base impedance Zb = Ub / Ib 

Base torque     

Base flux ψb = Ub / ω0 

Base mechanical speed    

Angular frequency of the supply 

voltage 
ω0 = 2π fN 

Base inductance Lb = ψb / Ib 

Base capacitance Cb = 1 / ωb Ib 

Base inertia Jb = Tb / ωb ω0 

Phase voltage UNf 

Phase current INf 

Pole pair  pn 

Nominal frequency fN 
 

Table A2 Nominal parameters of three-phase IPMSM drive 

Parameters Value Unit 

Nominal power 3.5 kW 

Nominal voltage 285 V 

Nominal current 7.5 A 

Nominal speed 1500 rpm 

Stator resistance 0.767 Ω 

d-axis inductance 19.5 mH 

q-axis inductance 57 mH 

Permanent magnet flux linkage 0.8 Wb 

Nominal frequency 50 Hz 

Number of poles 2 - 

Table A3 Nominal parameters of five-phase IPMSM drive 

Parameters Value Unit 

Nominal power 5.5 kW 

Nominal voltage  V 

Nominal current 10.2 A 

Nominal speed 1500 rpm 

Nominal torque 35 Nm 

Stator resistance 0.816 Ω 

122

Tb = Ub Ib p / ω0

ωb = ω0 / p
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d-axis inductance in the first plane 10.85 mH 

q-axis inductance in the first plane 16.5 mH 

d-axis inductance in the second plane 3.61 mH 

q-axis inductance in the second plane 5.5 mH 

Permanent magnet flux linkage in the first plane 0.51 Wb 

Permanent magnet flux linkage in the second 

plane 

 Wb 

Nominal frequency 75 Hz 

Number of poles 6 - 
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Fig. A1  BH curve of different magnetic material 
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APPENDIX – B 

This appendix shows the three-phase IPMSM drive and five-phase IPMSM drive, 

utilized in the experimental tests.  

1

2

3

4

 

Fig. B1 Three-Phase drive set up  

1. Encoder 2. Three-phase IPMSM 

3. Mechanical coupling 4. DC machine 

 

2
1

3

4

 

Fig. B2 Five-phase IPMSM drive set up 

1. Encoder 2. Five-phase IPMSM 

3. Torque meter and Mechanical 

coupling 

4. Three-phase machine with active 

colling fan 
 

Fig. B3 shows the rotor with permanent magnet inside and signal stator and rotor 

sheet. Neodymium Iron Boron (NdFeB) type of Permanent magnet was used to 

complete the constructure of rotor. 
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Fig. B3 (a) Rotor structure of five-phase IPMSM (b) A single stator plate 
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Fig. B4 Five-phase Inverter structure 

1. DC link capacitor 2. Transistor array 

3. Signal processing unit  
 


