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Abstract 

Electrical parameters of a Permanent Magnet Synchronous Machine (PMSM) vary with the load 

condition, magnetic saturation, and temperature. When the parameters change greatly from 

their initial values, the performance of the PMSM drive system can be significantly degraded or 

even failed. Because of this phenomenon, precise on-line parameter identification of PMSMs is 

essential to ensure a high-performance drive system. However, the accuracy of the parameter 

identification methods is affected by the nonlinearity of the inverter, because the inverter 

nonlinearity results in error between the actual output voltages measured at the terminals of 

the machine and the reference values. 

The main objective of this research work is to develop suitable online identification algorithms 

adopted for machine parameters, where the inverter nonlinearity effect is analyzed and 

compensated. The inverter nonlinearity curves dependent on stator currents are measured 

offline and then used as a look-up table for the online identification process. The proposed 

identification algorithms based upon recursive least squares method (RLS) and model reference 

adaptive control (MRAC) are presented and compared. Experimental results show that both the 

methods ensure fast convergence and can be implemented in required real-time performance 

systems. Based on the steady-state equations in the d-and q-axis, the algorithms are capable of 

simultaneously estimating stator resistance and inductance.  

For the implementation of the proposed algorithms, an AC drive system consisting of control 

and power boards is designed. On the control board, a structure of DSP (digital signal 

processor)+FPGA (field-programmable gate array) is adopted, in which the DSP conducts the 

control algorithm while the FPGA undertakes tasks involving signal processing, including 

current/voltage sensing and encoding of rotor position. On the power board, a conventional 

two-level voltage source inverter is integrated, where the space vector pulse-width modulation 

(SVPWM) is applied for generating the switching signals. The proposed algorithms are 

implemented on the designed drive system, which is verified to be effective and reliable via 

experimental results. 
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Kurzfassung  

Die elektrischen Parameter von PMSM variieren mit dem Lastzustand, der magnetischen 

Sättigung und der Temperatur. Wenn ihre Werte stark von ihren initialen Werten abweichen, 

kann die hohe Leistung eines PMSM-Antriebes erheblich beeinträchtigt werden, oder das 

gesamte System könnte ausfallen. Vor diesem Hintergrund ist eine genaue Online-

Parameteridentifikation von Permanentmagnet-Synchronmaschinen (PMSMs) unerlässlich, um 

eine hohe Leistung eines Antriebssystems zu erzielen. Die Genauigkeit der 

Parameteridentifikation wird jedoch erheblich von der Nichtlinearität des Wechselrichters 

beeinflusst, da die tatsächlichen Ausgangsspannungen aufgrund der durch die Nichtlinearität 

verursachten Verzerrung von den angegebenen Referenzwerten abweichen. 

Das Hauptziel der Dissertation ist die Ermittlung geeigneten Online-Identifikationsalgorithmen 

für Maschinenparameter, bei denen der Nichtlinearitätseffekt des Wechselrichters analysiert 

und kompensiert wird. Entsprechend den spezifischen Ursachen der Nichtlinearität des 

Wechselrichters werden seine von den aktuellen Arbeitspunkten abhängigen nichtlinearen 

Eigenschaften offline gemessen und dann als Nachschlagetabelle für den Online-

Identifikationsprozess verwendet. Die vorgeschlagenen Identifikationsalgorithmen, die auf der 

Methode der rekursiven kleinsten Quadrate (RLS) und der adaptiven Modellreferenzregelung 

(MRAC) basieren, werden auch in der Dissertation vorgestellt und verglichen. Beide Methoden 

zeigen  schnelle Konvergenzeigenschaften und können die erforderliche Echtzeitleistung 

sicherstellen. Basierend auf den stationären Gleichungen in der d- und q-Achse können die 

Algorithmen gleichzeitig den Statorwiderstand und die Induktivität abschätzen. 

Für die Implementierung der vorgeschlagenen Algorithmen wird ein Antriebsystem aus 

Steuerplatine und Leistungsplatine entworfen. Auf der Steuerplatine wird eine DSP + FPGA-

Struktur verwendet, während der DSP nur den Regelungsalgorithmus verarbeitet ,  übernimmt 

der FPGA die Aufgaben der Signalverarbeitung , einschließlich der Strom-/ Spannungsmessung 

und der Bestimmung der Rotorposition. Auf der Leistungsplatine ist  ein herkömmlicher 

zweistufiger indirekter Umrichter mit Gleichspannungszwischenkreis integriert, bei dem die 

Raumzeigermodulation (SVPWM) zur Erzeugung der Schaltsignale angewendet wird. Die 

vorgeschlagenen Algorithmen werden auf dem entworfenen Antriebssystem implementiert, das 

mittels experimentellen Ergebnissen als effektiv und zuverlässig verifiziert wird. 
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𝑃loss W Total losses of the machine 
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𝑡 S Time 

𝑈 V Voltage 

𝑈DC V Inverter DC-link voltage 

𝑢CE V 
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𝑢CE,th V Threshold value of the forward voltage drop over IGBT 

𝑢d V Voltage in d-axis 

∆𝑢err V Output voltage error of the inverter in one phase 

𝑢F V Forward voltage drop over diode 

𝑢F,th V Threshold value of the forward voltage drop over diode 
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𝑢q V Voltage in q-axis 

𝑢U V Voltage in phase U 
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𝛼 W/(m2K) Heat transfer coefficient 

𝛼Br W/(m2K) Temperature coefficient of 𝐵r for permanent magnet 

𝛿 mm Air gap width 

𝜂 - Efficiency 

𝜃 ° Electrical angle 

𝜈 m/s Velocity 

𝜇  Vs/(Am) Magnetic permeability 

𝜇0 Vs/(Am) Magnetic permeability in vacuum 

𝜏 S Time constant 

𝜏s S Electrical time constant 
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𝜔 rad/s Electric Frequency 

𝜔el rad/s Electrical angular speed 
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1 Introduction 

1.1 Motivation of the Dissertation 

In the past few decades, with the development of power electronics technology, 

microelectronics technology and machine manufacturing technology, the performance of the 

servo drive systems have been improved significantly. Nowadays, servo drive systems have been 

penetrated in various fields of applications, such as domestic uses, industrial production 

processes, and aerospace engineering. Recently, permanent magnet synchronous machines 

(PMSMs) are widely used in high-performance servo drive systems due to their high efficiency, 

high starting torque, and high power/torque density [1] [2].  

For the PMSM servo drive, the knowledge of the machine parameters is crucial in guaranteeing 

a high-performance system. In the current mainstream field-oriented control (FOC) of PMSM 

servo drives, the current control loop provides a very fast response. The design of the current 

controller, which depends on the values of machine parameters (i.e., stator resistance and 

inductance), directly affects the performance of the whole drive system. Hence, the parameters 

of the machine play an important role in designing a high-performance FOC system. A high-

performance current control loop also ensures precise and high dynamic speed/position control 

loops that are superimposed to the current control loop in a servo drive system. 

However, the values of the stator resistance, the stator inductance, and the rotor flux linkage 

vary with load condition, magnetic saturation, and temperature. When the actual parameters 

of the PMSM vary greatly from their initial values, the performance of the PMSM drive system 

can be significantly degraded, or even failed. Recently, with the widespread application of 

PMSM servo drive, high performance of the system is strongly and strictly required. Therefore, 

the identification of the PMSM parameters has become an interesting research topic and gained 

particular attention. Furthermore, for implementing advanced control algorithms, such as 

sensorless control, flux weakening control, machine parameter variation under different 

operating points is a big issue, where the reliability and robustness of the applied methods can 

be improved due to the accurate information of the machine parameters. Thus, parameter 

identification shows significant importance to the development of a high-performance PMSM 

servo drive system. 
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1.2 Existing Achievements for Parameter Identification of PMSM 

Several methods in literature try to compensate for the parameter variation of a PMSM. In 

general, these methods can be classified into two groups: offline methods and online ones. 

In the offline identification methods, the machine is operated in a period of time according to 

particular rules or conditions, where the information of the machine, such as currents, voltages, 

and speeds, is acquired. Then, the relevant machine parameters can be identified after 

processing the acquired signals by certain identification procedures.  

In [3] [4] [5] [6], the test standards for parameter determination of synchronous machine are 

presented. Based on these tests, many studies that deal with offline parameter identification of 

PMSMs were carried out [7] [8] [9] [10] [11]. In these studies, most authors measure the 

electrical parameters of PMSMs with either the standstill frequency response test (i.e., under 

variable frequency ac supply) or the standstill time response test (i.e., with dc supply) or the 

steady-state no-load and load tests [12]. The main drawback of the offline parameter 

identification methods is that they are not able to be conducted in real-time. Meanwhile, offline 

identification methods are challenging to be implemented with parameters that are subject to 

multiple variables. They will also fail to account for any change in the machine parameters due 

to time-varying issues, such as aging factors. Therefore, the obtained parameters are only valid 

under specific operation conditions, which cannot take the real operating scenarios of the 

machine into account. The obtained values are, in general, only suitable to be used in the initial 

parameter setting of the controllers. Another drawback of the offline identification methods is 

that they sometimes require additional measurement circuits, which in turn increase the cost of 

investment. 

In contrast, online parameter identification methods can be conducted in real-time while the 

machine is operated under normal operating conditions. The characteristic of the online 

identification methods is to complete all the operations within a certain period without 

interrupting of the running system , where the identified parameters are updated synchronously. 

The most significant advantage of the online identification methods is that the actual machine 

parameters can be obtained without affecting the operation of the machine. Generally, external 

measurement circuits are not required for the online parameter identification procedures. Thus, 

with these methods, controller parameters can be updated with the actual machine parameters, 

and the high-performance of the drive system can be guaranteed.  

Since decades, researchers have focused the online parameter identification of PMSMs as the 

hotspot field in machine control and achieved fruitful research results. Several online 



1 Introduction 

3 

 

identification algorithms have been presented in literature, including methods based on 

recursive least square [13] [14] [15], extended Kalman filter [16] [17] [18], model reference 

adaptive control [19] [20] [21], or artificial intelligence algorithms (neural network, fuzzy 

control, genetic algorithm etc.)[22] [23] [24] [25] [26] [27].  

The introduction of the online parameter identification methods will be presented hereafter. 

1. Recursive least square algorithm (RLS) 

The recursive least square (RLS) method estimates the parameters by minimizing a weighted 

linear least square cost function. Due to data saturation, RLS will not be attenuated, which 

reduces the correction- and tracking ability of the algorithm. In order to overcome the data 

saturation and give a high weight to the recent input values, the RLS algorithm has to be 

modified with a forgetting factor. For RLS, the speed fluctuation and the measurement noises 

can affect the accuracy of the identified results. 

2. Extended Kalman filter (EKF) 

To mitigate the effects of process and measurement noises on the identified values, the 

extended Kalman filter (EKF) method was proposed. The EKF consists of two phases: “predict” 

and “update”. The predict phase uses the state estimate from the previous time step to produce 

an estimate of the state at the current time step. In the update phase, the current priori 

prediction is combined with current observation information to refine the state estimate [28] 

[29]. For the EKF based method, a large number of matrix operations are required in the 

iteration process, which increased the computational complexity [17]. In addition, the 

mathematical model of the machine needs to be carefully pre-processed, which demands extra 

efforts. For multi-parameter simultaneous identification, the EKF based method can be very 

complicated and costly because of the high requirement of the hardware and processing 

microcontroller. 

3. Model reference adaptive control (MRAC) 

MRAC is an effective approach for online parameter identification. The idea behind MRAC is to 

design an adaptive law based on stability theory. The MRAC has to ensure the convergence of 

the identification process.  MRAC consists of three parts: a reference model, an adjustable model, 

and the identification algorithm developed from the adaptive law [30]. The reference model 

represents the real machine. The adjustable model, including the machine parameters to be 

identified, should be modified as close as possible to the real machine. The adjustable model 

has the same inputs as the reference model. Then, the deviation of the estimated outputs of the 
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adjustable model and the measured outputs of the reference model will pass through the 

identification algorithm and are used to identify the machine parameters in real-time. As soon 

as the identification algorithm converges, the identified machine parameters track precisely to 

the actual values. The structure of MRAC is simple and easy to be implemented in the digital 

control system [21]. However, MRAC has a disadvantage associated with the design of a 

suitable adaptive law, especially when multi-parameters are required to be identified 

simultaneously. 

4. Artificial intelligence algorithms (AI) 

With the breakthrough of computer technology, some complex intelligent algorithms, which 

were not able to be implemented before, are getting more and more attention. However, due 

to the complexity of the intelligent algorithms, fast convergence of the identified machine 

parameters and the efficiency of the algorithm cannot be guaranteed. Because of the large 

amount of the calculation and the high requirement of hardware, the simulation achievements 

are often not reconstructed by using the mainstream PMSM servo drive [18].  

1.3 Problems and Challenges in Parameter Identification 

1. The effect of the nonlinearity of the voltage source inverter (VSI) 

The accuracy of a parameter identification algorithm is affected significantly by the nonlinearity 

of the voltage source inverter [31]. Because of the nonlinearity of the VSI, the actual voltage 

outputs differ from the reference values. Since the output voltage of the VSI is a pulse-width 

modulated (PWM) signal, it is difficult to directly obtain the average value of the voltage over 

one switching period. Therefore, the reference values of the controller and the DC link voltage 

are often used to reconstruct the actual voltage value of the machine. However, the reference 

voltages are not equal to the actual voltages due to the nonlinearity of the inverter. The 

nonlinearity mainly comes from the effect of dead time, turn on/off delays of the switching 

devices, voltage drops of the power semiconductor devices, all of which leads to a distortion of 

the current and the corresponding current clamping at zero-crossing points. The inaccurate 

voltages caused by VSI nonlinearity lead to unreliable identified values of the machine 

parameters [32] [33]. To obtain accurate results of the identified parameters, the nonlinearity 

of the inverter should be analyzed and compensated in the control system [31]. Nowadays, 

there are two main research directions for the compensation of inverter nonlinearity. The first 

one is to compensate for the voltage disturbance according to the polarity of the current [34] 

[35] [36] [37]. The principle behind this method is to generate a compensation voltage that is 

equal to the voltage disturbance. However, the difficulty of the compensation lies in the 
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detection of the current polarity and the acquisition of the voltage error curve. The second 

research direction is to obtain and compensate for the voltage error caused by the inverter 

nonlinearity with an observer [38] [39] [40] [41] [42]. Compensation based on the observer 

is often effective, but it demands an accurate mathematical model and precise electromagnetic 

parameters, so it cannot be applied to nonlinear compensation in parameter identification. 

2. Problem of multi-parameters identification 

It is difficult to develop an online parameter identification algorithm that is capable of 

simultaneously estimating stator resistance, stator inductance, and rotor flux linkage. The 

reason for that is that the steady-state d-, q-axis equations of the machine at a fixed operating 

point are rank deficient for estimating three or more parameters, and the identification results 

may converge to incorrect values [32]. Extra effort including hardware should be implemented 

to simultaneously identify three parameters of a PMSM. For instance, in [43] additional 

measurements such as power and torque were used for the online multi-parameter 

identification procedure. In [44], the problem of rank deficiency in identifying all parameters 

was solved with two sets of PMSM state equations corresponding to 𝑖d = 0 and 𝑖d ≠ 0, where a 

negative d-axis current should be injected with the cost of enriching harmonics of the stator 

currents and reducing system performance. In [45], the authors(s) proposed a control schema 

of multi-parameter identification for PMSM based on model predictive control, but the method 

was solely verified by simulation. Therefore, the order of the machine model should be taken 

into consideration and the majority of the online parameter identification is focused on 

identifying one or two parameters by keeping the other parameters constant [46] [47] [48] 

[49]. For the PMSM, the electrical parameters vary with different operating points, but their 

extents of variation are different. Moreover, a high-performance PMSM servo drive system has 

a different sensitivity to different machine parameters. If only online identification of machine 

parameters with large changes and high sensitivity is carried out, the difficulty of the 

identification will be greatly reduced. In this way, the software and hardware resources of the 

system occupied by the identification algorithm are reduced correspondingly, and the system 

performance can be maintained under time-varying parameters. This is undoubted of great 

significance to the realization of high-performance PMSM servo drive systems. 

1.4 Organization of the Dissertation 

Stator resistance, stator inductance, and rotor flux linkage are the important electrical 

parameters of a PMSM. The information pertaining to these parameters is essential for 

achieving a high-performance drive system. However, these parameters vary at different 
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operating points, which affect the control performance. To improve the control quality, it is 

necessary to identify the parameters in real-time. It is assumed that PMSMs in most applications 

will not permanently work under overload conditions, the temperature rising within the 

machine will not reach the demagnetization point of the permanent magnets. The flux linkage 

remains constant in most cases, and demagnetization occurs only in extreme cases. Thus, 

accurate identification of stator resistance and stator inductance is critical, and it is the main 

purpose of this research work. 

For practical application, an approach for real-time parameter identification of stator resistance 

and stator inductance based on model reference adaptive control algorithm (MRAC) is proposed. 

At the same time, issues existing in the practical application of the online parameter 

identification are analyzed and deduced in depth. The structure of this dissertation is organized 

as follow: 

Chapter I introduces the background and the motivation of the dissertation briefly. Research 

achievements of offline and online parameter identification of PMSM are introduced. According 

to the available methods that are already presented in the literature, the advantages and 

drawbacks of different identification methods, as well as the research direction in this area, are 

pointed out. 

Chapter II gives the mathematical model and the principle of the coordinate transformation 

used for control of PMSMs. Meanwhile, the field-oriented control algorithm and the 

corresponding tuning method for controller parameter setting are also introduced.  

Chapter III focuses on the factors for parameter variation and their effect on control quality. 

Chapter IV introduces the measurement of inverter nonlinearity and offline identification of the 

required parameters, including PM flux linkage, stator resistance, and inductance. These 

parameters are essential for the implementation of the online parameter identification. The 

machine used for parameter identification is a surface-mounted PMSM. However, the accurate 

knowledge of the machine parameter is not available because only a little information related 

to machine parameters is given in the datasheet. Meanwhile, the mechanical parameters of the 

PMSM cannot be obtained, which makes it impossible to obtain the machine parameters by 

building an accurate FEM model. Therefore, the stator resistance, stator inductance, and 

amplitude of rotor flux linkage are obtained by offline identification methods and used as 

reference values for online parameter identification. 

Chapter V verifies the effectiveness of the online parameter identification of PMSM by applying 

recursive least squares method (RLS) and model reference adaptive algorithm (MRAC), where 



1 Introduction 

7 

 

the corresponding identification results are presented and compared for scenarios with and 

without compensating for inverter nonlinearity. Moreover, the influence of the inverter 

nonlinearity of the inverter on the identification accuracy is dedicated.  

Chapter VI concludes this dissertation and presents the limitation of the proposed methods. 

Meanwhile, the possible future research topics related to this area of PMSM are included. 

Appendix briefly shows the hardware design of the PMSM drive system for the dissertation. 
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2 Modeling and Field-Oriented Control of PMSM 

Field-oriented control (FOC) is widely applied for control of PMSM. With FOC, high-

performance applications of the machines can be achieved, such as smooth operation over the 

full speed range, generation of full torque at zero speed, fast acceleration and deceleration. For 

achieving FOC, AC quantities of the PMSM should be transferred from the stator reference 

frame to DC quantities in the dq rotor reference frame with measured or estimated rotor speed. 

In this chapter, the mathematical model of PMSMs and the basic concept of coordinate 

transformation are first introduced. Then, two different types of PMSM, including surface-

mounted PMSM (SPMSM) and interior PMSM (IPMSM), are briefly mentioned. In the second 

half of the chapter, the basic principle of FOC is presented, where control strategies for the base 

and extended speed range are included. In addition, the space vector pulse modulation 

(SVPWM) that applied for a two-level voltage source converter (VSI) is also mentioned. 

 

2.1 Modeling of PMSM 

In this section, the reference frame transformation, which is essential for achieving FOC, is 

described. Based on the reference frame transformation, the mathematical model of the PMSM 

in the dq rotor reference frame can be derived. The nonlinear effects of the PMSM due to 

magnetic saturation and cross-magnetization are represented by differential self and mutual 

inductances in the model equations. Furthermore, the machine parameters given in the 

datasheet are listed. 

For the modeling of the PMSM, following assumptions are made: 

 Magnetic saturation and cross-magnetization are taken into account. 

 The induced electromotive force inside of the machine is assumed to be sinusoidal. 

 Eddy currents and hysteresis losses are negligible. 

 There are no field current dynamics. 

2.1.1 Reference Frame Transformation 

A three-phase, symmetrical electrical machine can be represented by quantities in three-phase 

reference frame U, V and W, where the behavior of the machine is described by differential 

equations of currents and voltages. In order to eliminate the effect of time-varying quantities of 

the differential equations and simplify the analysis of the three-phase electrical machine, 

coordinate transformation (dq transformation) is applied. The dq transformation consists of the 
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Clarke transformation and Park transformation. The Clarke transformation also referred to as 

αβ transformation, converts the three-phase quantities in the U, V, W axes of three-phase 

machines into the stationary reference frame known as the αβ-coordinate. Mathematically, the 

Clarke transformation is given as follow: 

 [
𝑥α
𝑥β
] =

2

3
∙

[
 
 
 1 −

1

2
−
1

2

0
√3

2
−
√3

2 ]
 
 
 
∙ [

𝑥U
𝑥V
𝑥W
] (2-1) 

After the Clarke transformation, the Park transformation serves to transform the quantities in 

αβ stationary reference frame into dq rotor reference frame by taking into account the rotor 

angle denoted by 𝜃. The dq rotor reference frame is aligned with the rotor and rotates with the 

same speed as the rotor. The Park transformation is expressed by the equation (2-2): 

 [
𝑥d
𝑥q
] = [

cos𝜃 sin𝜃
−sin𝜃 cos𝜃

] ∙ [
𝑥α
𝑥β
] (2-2) 

As shown in Figure 2-1, a space vector �⃗⃗� s can be transformed into the dq reference frame by 

rotating αβ reference frame by the electrical angle 𝜃. 

α 

β 

d 

q 

𝜃 

𝑥d  

𝑥q  

𝑥α  

𝑥β  𝑥 s  

 Phase V 

 Phase U 

 Phase W 

 

Figure 2-1: Space vector in αβ stationary reference frame and in dq rotor reference frame 
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2.1.2 Machine Model of PMSM 

The voltage equations of the three-phase PMSM in the U, V, W reference frame are modeled 

as: 

 [
𝑢U
𝑢V
𝑢W

] = 𝑅s ∙ [
𝑖U
𝑖V
𝑖W

] +

[
 
 
 
 
 
d𝜓U
𝑑𝑡
d𝜓V
𝑑𝑡
d𝜓W
𝑑𝑡 ]

 
 
 
 
 

 (2-3) 

where 𝑢U, 𝑢V and 𝑢W are the three-phase voltages, 𝑅s is the stator resistance, 𝑖U, 𝑖V and 𝑖W are 

the phase currents, 𝜓U, 𝜓V and 𝜓W represent the flux linkages of each phase, respectively. After 

coordinate transformation, equation (2-3) can be transformed into dq rotor reference frame, 

which is given by equations (2-4) and (2-5): 

 𝑢d = 𝑅s ∙ 𝑖d +
d𝜓d(𝑖d, 𝑖q)

d𝑡
− 𝜔el ∙ 𝜓q(𝑖d, 𝑖q) (2-4) 

 
𝑢q = 𝑅s ∙ 𝑖q +

d𝜓q(𝑖d, 𝑖q)

d𝑡
+ 𝜔el ∙ 𝜓d(𝑖d, 𝑖q) (2-5) 

where 𝑢d and 𝑢q, 𝑖d and 𝑖q, 𝜓d and 𝜓q are the voltages, currents and flux linkages in d- and q-

axis, respectively, and 𝜔el is the electrical angular speed of the machine. The nonlinear effects 

of saturation and cross-magnetization between the d- and q-axis often are not negligible in 

PMSM. These effects can be represented in nonlinear functions 𝜓d(𝑖d, 𝑖q) and 𝜓q(𝑖d, 𝑖q). And 

the partial derivative of 𝜓d and 𝜓q with respect to variables 𝑖d and 𝑖q are given by: 

 
d𝜓d
d𝑡

=
∂𝜓d
∂𝑖d

∙
d𝑖d
d𝑡
+
∂𝜓d
∂𝑖q

∙
d𝑖q

d𝑡
 (2-6) 

 
d𝜓q

d𝑡
=
∂𝜓q

∂𝑖d
∙
d𝑖d
d𝑡
+
∂𝜓q

∂𝑖q
∙
d𝑖q

d𝑡
 (2-7) 

Substitute the partial derivative of flux linkages 𝜓d and 𝜓q into equations (2-4) and (2-5), we 

have: 

 𝑢d = 𝑅s ∙ 𝑖d +
∂𝜓d
∂𝑖d

∙
d𝑖d
d𝑡
+
∂𝜓d
∂𝑖q

∙
d𝑖q

d𝑡
− 𝜔el ∙ 𝜓q(𝑖d, 𝑖q) (2-8) 

 𝑢q = 𝑅s ∙ 𝑖q +
∂𝜓q

∂𝑖d
∙
d𝑖d
d𝑡
+
∂𝜓q

∂𝑖q
∙
d𝑖q

d𝑡
+ 𝜔el ∙ 𝜓d(𝑖d, 𝑖q) (2-9) 

where 𝐿dd, 𝐿qq are the differential self inductances, which describe the magnetic saturation in 

d- and q-axis; 𝐿dq and 𝐿qd are the differential mutual inductances, which represent the cross-
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magnetization between d- and q-axis. The definition of the differential inductances are given 

with the following mathematical descriptions: 

 𝐿dd(𝑖d, 𝑖q) =
∂𝜓d(𝑖d, 𝑖q)

∂𝑖d
, 𝐿dq(𝑖d, 𝑖q) =  

∂𝜓d(𝑖d, 𝑖q)

∂𝑖q
 (2-10) 

 𝐿qd(𝑖d, 𝑖q) =
∂𝜓q(𝑖d, 𝑖q)

∂𝑖d
, 𝐿qq(𝑖d, 𝑖q) =

∂𝜓q(𝑖d, 𝑖q)

∂𝑖q
 (2-11) 

The static inductances 𝐿d and 𝐿q in d- and q-axis are defined according to equation (2-12): 

 𝐿d(𝑖d, 𝑖q) =
𝜓d(𝑖d, 𝑖q)

𝑖d
, 𝐿q(𝑖d, 𝑖q) =

𝜓q(𝑖d, 𝑖q)

𝑖q
 (2-12) 

Figure 2-2 illustrates the relationship between static and differential inductances. The slope of 

the red line to the exemplary operation point refers to the static inductance 𝐿d. The differential 

inductances correspond to the slope of the blue line in the transverse direction (𝐿dq) and the 

black line in the longitudinal direction (𝐿dd). 

 

Figure 2-2: Relationship between static and differential inductances 

Figure 2-3 shows the static and differential inductances for a current operating point (OP), with 

flux linkage 𝜓 and current 𝑖 normalized to unity. The calculation for the static inductance 𝐿stat 

is made from the slope from the origin to the exemplary OP. The differential inductance 𝐿diff 

corresponds to the slope of the characteristic at the OP.  



2 Modeling and Field-Oriented Control of PMSM 

12 

 

Static Inductance 𝐿stat Differential Inductance 𝐿diff 

  

 

Figure 2-3: Calculation of static and differential inductances at an operating point 

Substitute the inductances described with equations (2-10) (2-11) and (2-12) into (2-8) 

and (2-9)  

 𝑢d = 𝑅s ∙ 𝑖d + 𝐿dd ∙
d𝑖d
d𝑡
+ 𝐿dq ∙

d𝑖q

d𝑡
− 𝜔el ∙ 𝐿q ∙ 𝑖q (2-13) 

 𝑢q = 𝑅s ∙ 𝑖q + 𝐿qd ∙
d𝑖d
d𝑡
+ 𝐿qq ∙

d𝑖q

d𝑡
+ 𝜔el ∙ (𝐿d ∙ 𝑖d +𝛹PM) (2-14) 

In the steady-state condition, the linear machine equations are modeled as follows: 

 𝑢d = 𝑅s ∙ 𝑖d −𝜔el ∙ 𝐿q ∙ 𝑖q (2-15) 

 𝑢q = 𝑅s ∙ 𝑖q +𝜔el ∙ (𝐿d ∙ 𝑖d +𝛹PM) (2-16) 

For the PMSM, the electromagnetic torque is expressed in equation (2-17):  

 𝑇e =
3

2
∙ 𝑛p ∙ (𝛹PM ∙ 𝑖q + (𝐿d − 𝐿q) ∙ 𝑖d ∙ 𝑖q) (2-17) 

where 𝑛p is the number of pole pairs. The first term in the bracket is known as the PM torque, 

while the second term refers to the reluctance torque. Also, the rotation equation of the machine 

including the friction torque 𝑇F and the load torque 𝑇L can be described with equation (2-18): 

 
𝐽

𝑛p
∙
d𝜔el
d𝑡

= 𝑇e − 𝑇F − 𝑇L (2-18) 

The electromagnetic torque from the equation (2-17) is now substituted into the equation 

(2-18), then we have: 

 
𝐽

𝑛p
∙
d𝜔el
d𝑡

=
3

2
∙ 𝑛p ∙ (𝛹PM ∙ 𝑖q + (𝐿d − 𝐿q) ∙ 𝑖d ∙ 𝑖q) − 𝑇F − 𝑇L (2-19) 

𝐿stat =
𝜓

𝑖
 

𝑖 (pu) 

𝜓 

𝐿diff =
d𝜓

d𝑖
 

𝑖 (pu) 

𝜓 

d𝜓 

d𝑖 
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In summary, Table 2-1 lists the three main derived PMSM equations in dq reference frame. 

Table 2-1: Model equations for PMSM 

Model equations of PMSM in dq rotor reference frame Reference 

𝑢d = 𝑅s ∙ 𝑖d + 𝐿dd ∙
d𝑖d
d𝑡
+ 𝐿dq ∙

d𝑖q

d𝑡
− 𝜔el ∙ 𝐿q ∙ 𝑖q Equation (2-13) 

𝑢q = 𝑅s ∙ 𝑖q + 𝐿qd ∙
d𝑖d
d𝑡
+ 𝐿qq ∙

d𝑖q

d𝑡
+ 𝜔el ∙ (𝐿d ∙ 𝑖d +𝛹PM) Equation (2-14) 

𝐽

𝑛p
∙
d𝜔el
d𝑡

=
3

2
∙ 𝑛p ∙ (𝛹PM ∙ 𝑖q + (𝐿d − 𝐿q) ∙ 𝑖d ∙ 𝑖q) − 𝑇F − 𝑇L Equation (2-19) 

 

2.1.3 Servo Drive System 

For the research purpose of the dissertation, a PMSM is utilized for the servo drive system. 

Because no sufficient data were available, the PMSM was dissembled to identify its rotor 

structure and winding schema to confirm that the machine is an SPMSM and its stator has the 

tooth coil winding structure. However, geometric structures, such as the height of the 

permanent magnet and air gap, cannot be accurately obtained. As a result, a rational FEM 

model for computing analytical machine parameters is hard to be built. Therefore, the electrical 

machine parameters can only be obtained by measurement, which is described in the later 

chapter 4. Moreover, in this section, thermal tests of the PMSM are introduced, where the 

machine temperatures are recorded at different operating points in steady-state thermal 

conditions and compared with the theoretical calculation. The theoretical temperatures are 

calculated based on the proposed simplified thermal model, considering the convection and 

radiation of the heat transfer from the machine to the ambient. The results of the thermal tests 

demonstrate the validity of the proposed identification algorithms for estimating the stator 

resistance and inductance introduced in the chapter “Online Parameter Identification”.  

2.1.3.1 PMSM of the Servo Drive System 

PMSMs specify that the magnetic flux is generated by the permanent magnets, which eliminates 

the excitation windings of the rotor, commutator, and also reduces the heat dissipation caused 

by the excitation windings. PMSMs commonly consist of two basic parts, an outside stationary 

stator having coils fed by AC currents, and an inside rotor installed with permanent magnets to 

generate a magnetic field instead of injection of an excitation current. Therefore, the 

characteristics of the permanent magnets have a great influence on the performance of the 

PMSMs. The commonly used types of permanent magnet materials include ferrite, samarium–

cobalt (SmCo), and neodymium-iron-boron (NdFeB). Among them, ferrite has the lowest 
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remanence and is not suitable for the PMSM, which should achieve high torque density. 

Compared to NdFeB, SmCo has a much higher curie temperature, and its remanence is less 

sensitive regarding temperature. However, the price of SmCo is much higher than that of NdFeB 

and the remanence of NdFeB is higher than the remanence of the SmCo [50]. Generally, the 

PMSM is operated below the curie temperature of NdFeB even under overload conditions and 

the permanent demagnetizing of the magnets rarely happens. Accordingly, NdFeB is widely 

used for PMSM due to its high remanence, maximum energy product, and relatively acceptable 

cost. In Figure 2-4, the conventional PMSM model with spatially symmetric three-phase stator 

windings U, V, W is demonstrated. When the three-phase sinusoidal AC currents are applied to 

the stator windings, a periodic rotating magnetic field will be generated. Then, the rotor rotates 

due to the interaction between the permanent magnets and the magnetic field generated by the 

stator windings. When the synchronous speed is reached, the rotor poles lock to the rotating 

magnetic field. 

𝑖U  

𝑢W  
𝑖W  

 𝑖U  

𝑢U  

𝑢V  𝑖V  

Stator

Rotor
Magnet

Airgap

U

V

W

𝛹PM  

𝜔 

𝜔 

 

Figure 2-4: Model of a three-phase PMSM 

According to the ways of how permanent magnets are assembled on the rotor, the PMSMs can 

be classified into two types: surface-mounted PMSM (SPMSM) and interior PMSM (IPMSM) 

(see Figure 2-51) [51] [52]. For SPMSM, the permanent magnets are installed on the rotor 

surface. As the relative permeability of the permanent magnet is approximately equal to that of 

the air, the SPMSM has an almost uniform air gap. As a result, the magnetic circuit in the d- 

and q axis is symmetrical and the inductances in the d and q-axis are equal. For IPMSM, the 

                                                
1 The magnets can be installed in the interior of the rotor with different forms and locations. Only one of the cases 

is given in the Figure 2-5. 
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permanent magnets are embedded inside the rotor made of iron and each permanent magnet 

is enclosed by the core. This structure offers the advantage of higher mechanical strength and 

smaller air gap. Owing to the magnet being equivalent to an airgap in d axis, the inductance in 

q-axis is larger than that in d axis (𝐿d<𝐿q). IPMSM shows a dedicated salient behavior. Due to 

the salient characteristics, reluctance torque can be generated inside of the IPMSM.  

In addition, the SPMSM offers a large air gap in the magnetic circuit, so that the inductance in 

the machine is small. The lower value of the inductance results in a small stator time constant. 

Also, smaller diameter with lower inertia can be yielded with the surface-mounted designs. All 

of this enables the SPMSM to exhibit good dynamic performance and is preferred and widely 

used for servo drive applications where high performance is required. For high-speed 

applications, the IPMSM is preferred due to its mechanical robustness. In view of the control 

strategies, SPMSM can be generally controlled with 𝑖d = 0, where IPMSM is controlled with 

MTPA (Maximum Torque per Ampere) with flux weakening. 

  

a) Rotor of SPMSM b) Rotor of IPMSM 

Figure 2-5: Rotors of surface-mounted PMSM (SPMSM) and interior PMSM (IPMSM)  

In sum, both SPMSM and IPMSM have their pro and cons depends on different applications. 

Therefore, the specifical scenarios and control requirements of the applications should be 

considered for choosing suitable type of the machine. In this research, the SPMSM (model 

TS4614N7124E200) from the Tamagawa Company is utilized for the servo drive system. The 

parameters of the machine are listed in Table 2-2: 
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Table 2-2: Parameters of the PMSM according to its datasheet 

Symbol Parameter Value Unit 

𝑃N Rated power 750 W 

𝐼N Rated current 5.0 A 

𝑛N Rated speed 3000 min-1 

𝑇N Rated torque 2.39 Nm 

𝑇P Peak torque 7.16 Nm 

𝑅s
2 Stator resistance 0.43 (±10%)3 Ω 

𝐿s Stator inductance 2.60(±30%)4 mH 

𝛹PM
5 Flux linkage 0.0569 Vs 

𝑛p Number of poles 4 − 

𝐽 Inertia of the machine 1.3 × 10−4 kg ∙ m2 

− Insulation class Class F − 

Figure 2-6 shows the PMSM with a dissembled stator and rotor, which confirms that the stator 

of the machine has the tooth coil winding structure with nine slots. The tooth coil arrangement 

has the advantage of minimizing the winding head and benefits smaller stator resistance. 

Therefore, the copper loss of the stator can be reduced and the machine efficiency is improved. 

Furthermore, the manufacturing process for tooth coil winding is much easier, resulting in cost 

reduction. The disadvantage of the tooth coil is that the magnetic flux in the air gap has a square 

waveform and contains more harmonics compared to a sinusoidal one. In Figure 2-7, the 

unwrapped stator tooth coil winding schema with nine slots of the PMSM is demonstrated.  

  

                                                
2 The resistance of machine cable that connects to the inverter is not included in the stator resistance. 
3 According the datasheet, the real value of the stator resistance could have 10% deviation to its reference given 

value. 

4 According the datasheet, the real value of the stator inductance could have 30% deviation to its reference given 

value. 

5 The permanent flux linkage 𝛹PM is calculated according to the torque constant given in the machine datasheet 

and its value can be verified with no-load test. 
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a1) PMSM for the servo drive system 

 

 

a2) Stator of the PMSM a3) Rotor of the PMSM 

Figure 2-6: The PMSM for the servo drive system with disassembled stator and rotor 

 

Figure 2-7: Unwrapped stator winding schema of PMSM with tooth coil winding arrangement 

Based on data from disassembly, the schematic figure of the machine structure in 2D-plane is 

illustrated in Figure 2-8, and its outline is shown in Figure 2-9. In Table 2-3, the important 

geometries of the PMSM are given. However, a rational analytical FEM model cannot be built 

since the significant parameters such as magnet height and airgap aren’t available. 
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Figure 2-8：Schematic diagram of the PMSM in 2D-plane with tool coil winding arrangement 

 

Figure 2-9: Contour of the PMSM 

Table 2-3: Parameters of the geometries for the PMSM 

Symbol Description 

ri Inner radius of the rotor 

ro Outer radius of the rotor 

mh Magnet height 

mw Magnet width 

yw Joke width of the stator 

tw Tooth width 

st Slot depth 

sw Slot width/opening 

si Inner radius of the stator 

so Outer radius of the stator 

gap Airgap 

ls Length of motor 
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2.1.3.2 Thermal Model of the PMSM 

During the operation of the PMSM, losses are generated in the machine. As a result, the 

temperature of the machine will rise. In steady-state thermal conditions, the temperature of the 

machine will reach a constant value when the ambient temperature is considered as a constant 

value. To obtain the temperatures of the PMSM for different operating points, it’s essential to 

build the thermal model of the PMSM, for which the machine losses should be analyzed firstly. 

The loss components of the PMSM are listed as follows [53]: 

- Stator copper losses 

- Iron losses (hysteresis and eddy current losses) 

- Mechanical losses (bearing friction, windage losses) 

- Additional losses (tooth pulsation losses, surface losses, stray load losses and magnet 

losses, etc.) 

The mechanical losses and additional losses are relatively small compared to the total machine 

losses and are neglected in this dissertation. The stator copper losses and iron losses are the 

dominant components and were taken into consideration for building the thermal model. 

Equation (2-20) expresses the stator copper losses 𝑃cu of the three-phase PMSM due to the 

currents in the armature windings: 

 𝑃cu = 3 ∙ 𝐼
2 ∙ 𝑅 (2-20) 

where 𝐼 is the effective value of the armature current, and 𝑅 is the stator resistance of one phase 

winding. The copper losses are significant when a large current flows through the machine 

windings. The copper losses are temperature-dependent and increase when the winding 

temperature rises. 

Iron losses consist of stator and rotor iron losses, where rotor iron losses are not significant. The 

iron losses 𝑃iron in the machine are generally separated into two components: hysteresis losses 

and eddy losses. At a given frequency 𝑓 , iron losses 𝑃iron  can be expressed according to 

Steinmetz model by equation (2-21) as follow [54] [55] [56] [57]: 

 𝑃iron = 𝑃hys + 𝑃edd = 𝑘h ∙ 𝐵
2 ∙ 𝑓 + 𝑘e ∙ 𝐵

2 ∙ 𝑓2 (2-21) 

where 𝑘h and 𝑘e are the coefficients of hysteresis losses and eddy current losses, respectively, 

and 𝐵  is the peak flux density. Normally, the coefficients 𝑘h  and 𝑘e  are given by the 
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manufactures in the material datasheets. When neglecting the mechanical losses and additional 

losses, the losses 𝑃loss in the machine is given in the equation (2-22): 

 𝑃loss = 𝑃cu + 𝑃iron (2-22) 

For PMSM with integrated brake, the brake power consumption should also be included and 

the revised equation is given as follow: 

 𝑃loss = 𝑃cu + 𝑃iron + 𝑃brake (2-23) 

When the machine reaches its steady-state thermal condition, the transferred heat 𝑃th should 

equal the machine losses 𝑃loss and equation (2-24) holds: 

 𝑃loss = 𝑃th (2-24) 

The machine heat is transferred to the ambient through the following two mechanisms: 

convection and radiation. Convection describes the cooling effect that heat is transferred from 

hot surface A with temperature 𝑇1  to coolant one with temperature 𝑇2 . Equation (2-25) 

expresses the transferred heat 𝑃th,c due to convection [58]: 

  𝑃th,c
𝐴

= 𝛼 ∙ ∆𝑇 (2-25) 

where 𝐴 is the contact surface6, ∆𝑇 is the temperature rise, and 𝛼 is the heat transfer coefficient, 

which describes the cooling effect of the coolant.  

According to the heat radiation law of Stefan and Boltzmann, transferred heat 𝑃th,r from hot 

(𝑇1) to cold (𝑇2) surface 𝐴 due to radiation can be described as following [58]: 

 𝑃th,r
𝐴

= 𝑐s ∙ (𝑇1
4 − 𝑇2

4) (2-26) 

where 𝑇1  and 𝑇2  are measured temperature in K, 𝑐s  is the radiation coefficient depends on 

surface and material condition. 7 

When the machine is running at an operating point, the temperature of the machine will rise 

due to the losses. The machine temperature under the steady-state thermal condition will be 

analyzed, where the machine is treated as a simple block to simplify the process8. The ambient 

                                                
6 For calculating of A, the PMSM is approximately treated as a cuboid. The surface of the cuboid can be obtained 

based on the data from datasheet. 

7 Absolute temperature is 273.15°C. 

8 The PMSM is treated as a cuboid, where the heat transfer coefficient 𝛼 is considered to be constant. 
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temperature is assumed to be 𝑇2 and the machine temperature in thermal steady-state is 𝑇1, 

then the following equation is obtained according to equations (2-24)(2-25)(2-26): 

 𝑐s ∙ 𝑇1
4 + 𝛼 ∙ 𝑇1 =

𝑃loss
𝐴

+ 𝑐s ∙ 𝑇2
4 + 𝛼 ∙ 𝑇2 (2-27) 

According to equation (2-27), the steady-state thermal temperature 𝑇1 of the machine can be 

estimated if 𝑃loss are known. In Table 2-4, typical values of heat transfer coefficient 𝛼 with air 

as coolant are given. Since no fan is installed in the PMSM, heat transfer coefficient equals to 8 

W/(m2K). The machine is generally painted in black or grey to increase 𝑐s in order to achieve 

better radiation behavior. For “black body”, 𝑐s = 5.7 × 10
−8 W/(m2K4), for ”grey body”, 𝑐s =

5 × 10−8 W/(m2K4). For our case, the lacquered surface of the PMSM has a black color. 

Table 2-4: Typical values for heat transfer coefficient with air as coolant 

Coolant & Cooling surface 𝛼 in W/(m2K), coolant speed 𝑣 in m/s 

Nearly not moving air (𝑣 = 0…0.5 m/s) 8 

Moved air, bare metallic hot surface 𝛼 = 15 ∙ 𝑣2/3 

Moved air, insulated winding 𝛼 = 8 ∙ 𝑣3/4 

In [59]，the empirical formula for the iron losses per mass for stack sheet is given: 

 𝑝iron = 𝑝hys ∙ (
𝐵

1
)
2

∙ (
𝑓

50
) + 𝑝edd ∙ (

𝐵

1
)
2

∙ (
𝑓

50
)
2

∙ (
𝑏sh
0.5
)
2

 

(𝐵 in T, 𝑓 in Hz, 𝑏sh in mm) 

(2-28) 

where the 𝑝hys and 𝑝edd are constants of the hysteresis and eddy losses for the iron stack sheet, 

respectively. Their typical values are 𝑝hys=1.3 W/kg, 𝑝edd=0.4 W/kg. For the utilized PMSM, 

the sheets have a thickness with 0.35 mm and the whole weight is around 1.4 kg. For the 

calculation, the value of flux density can be given as 1.5 T. Since a brake is installed in the 

PMSM, an 8 W 24 V DC source is applied to release the brake and operate the machine.  

According to equations (2-23) (2-27) and all the values, as already given, the steady-state 

thermal temperature of the machine can be theoretically calculated for different operating 

points. In igure 2-10, the transferred heat power 𝑃th and the machine power losses 𝑃loss at 

different operating points are demonstrated, where the intersection points depict the steady-

state thermal temperatures of the machine. In Figure 2-11 a1), the DC test result is exhibited 

when neglecting the iron losses, because no alternating magnetic fields exist as DC current is 

supplied. In Figure 2-11 b1), AC test results are presented for different operating points as the 

current is gradually increased.  For the DC test, two phases of the machine are supplied with a 
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DC voltage. In this case, the current of the windings is adjusted to ensure the copper losses 

inside of the machine equal to AC. 

 

 

igure 2-10: Theoretical transferred heat and machine loss at different machine temperature in DC and 

AC thermal tests 

After the theoretical calculation, measurements were conducted for DC and AC tests. As shown 

in Figure 2-11, the machine temperature obtained from the theoretical and experimental 

approaches is compared. For the DC thermal test, the machine was supplied with a DC Power 

supply. Then, the temperatures were measured with thermography and are compared with 

theoretically calculated values. Figure 2-11 a1) shows that the deviation gets bigger as the losses 

increase, probably since the heat transfer coefficient and radiation coefficient are not constant 

for the whole temperature range and are not consistent with their real values. For the AC 
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thermal test in Figure 2-11 b1), the measured temperatures are lower than the theoretical ones. 

Since the PMSM is installed with an aluminum holder in the test rig, the heat can be transferred 

via the holder much easier to the ambient. During the DC thermal test, the heat can only be 

transferred via the machine surface to the air. Table 7-2 in appendix illustrates the values of 

theoretical temperatures 𝑇a and measured temperatures 𝑇m in steady-state thermal condition. 

 

(𝐼 𝐼N⁄ = 0.1, 𝑇m = 31.4 °C) 

 

(𝐼 𝐼N⁄ = 1, 𝑇m = 89.6 °C) 

a1) DC thermal test results 
a2) Pictures of 

thermography in DC test 

 

 

(𝐼 𝐼N⁄ = 0.1, 𝑇m = 36.9 °C) 

 

(𝐼 𝐼N⁄ = 1, 𝑇m = 75.3 °C) 

b1) AC thermal test results 
b2) Pictures of 

thermography in AC test 

Figure 2-11: Theoretical and measured machine temperature at different operating points in DC and 

AC thermal tests  
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2.2 Field-Oriented Control of PMSM 

In this section, the basic principle of FOC is presented, where control strategies for the base and 

the high-speed ranges are mentioned. Moreover, the space vector pulse modulation (SVPWM) 

that is applied for a two-level voltage source converter (VSI) is also introduced. The block 

diagram of the speed control loop for the PMSM based on FOC can be seen in  

Figure 2-12. FOC is achieved with the classical cascaded controller structure with current 

controllers located in the inner controller loop and the speed controller in the outer. For the 

current control loop, it is sufficient to measure only two of the three-phase currents. Due to the 

symmetrical design of the machine, the third phase current can be determined from the two 

measured ones.  

 
 

Figure 2-12: Block diagram of the speed control loop for the PMSM based on FOC 

 

2.2.1 Control Principles under Base Speed Range and Field-Weakening Range 

For the SPMSM of the servo drive system, the inductances in d and q-axis can be treated to be 

equal. The torque of the SPMSM is mainly governed by the q component of the current 𝑖q and 

𝑖d plays no significant role in torque production. Therefore, the value of 𝑖d is kept to be zero in 

the base speed range. In this way, the applied current can be maximized to generate 

electromagnetic torque. 

As the speed increases, the back EMF of the SPMSM will be proportionally increased. When the 

rated voltage is fed to the machine, the machine speed will reach the base speed under rated 

load. However, above the base speed, the machine speed cannot be increased further by 
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extension of the applied voltage, because the induced back-EMF should be kept lower than the 

maximal output voltage of the inverter or the voltage limit of the machine insulation. In this 

case, a negative 𝑖d should be injected to reduce the flux linkage of the permanent magnets to 

maintain the back-EMF still lower than the voltage limit value, which is called field-weakening 

of the machine. The operating characteristics in the base speed range and field-weakening speed 

range is depicted in Figure 2-13.  

Speed

Torque

Constant torque

(Base speed)

Constant power

(Field weakening)

Torque

Stator voltage

Stator currrent

𝜔base  𝜔max  
 

Figure 2-13: Operating characteristics of the SPMSM 

When the machine is operating in the field-weakening speed range, the maximal allowable 

machine phase voltage and phase current should be restricted under their limited values. The 

following inequalities have to be satisfied at any instant [60] [61]: 

 𝑖d
2 + 𝑖q

2 ≤ 𝑖lim
2  (2-29) 

 𝑢d
2 + 𝑢q

2 ≤ 𝑢lim
2  (2-30) 

where the 𝑢lim is the maximal allowable phase voltage which is determined by the inverter or 

the machine insulation, and 𝑖lim  is the maximal allowable phase current, which equals the 

amplitude of the nominal current. According to steady-state equations (2-15) and (2-16) of the 

machine, equation (2-30) can be expressed with neglecting the effect of resistance term: 

 (𝐿d ∙ 𝑖d +𝛹PM)
2 + (𝐿q ∙ 𝑖q)

2 ≤ (
𝑢lim
𝜔el

)2 (2-31) 
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Corresponding to equation (2-29), the current limit is a circle of with the radius 𝑖lim . For 

SPMSM (𝐿s = 𝐿d = 𝐿q), equation (2-31) expresses also a voltage circle with the radius 
𝑢lim

𝜔el∙𝐿s
 

and the center point (−
𝛹PM

𝐿s
, 0). Figure 2-14 shows that the machine operates under the current 

and voltage limit when the speed increases from 𝜔1 to 𝜔2, where the radius of the voltage limit 

circle decreases as the speed increases. The maximum torque is obtained at the intersection of 

the current and voltage limit circles. In the field-weakening region of the machine and with 

taking the current and voltage limits into account, the maximal torque achievable is the function 

of the speed as follow [62]: 

 𝑇e,max =
3

2
∙ 𝑛p ∙ 𝛹PM ∙ √(

𝑢lim
𝜔el ∙ 𝐿s

)
2

−
1

4
∙
𝛹PM
𝐿s

∙ (1 +
𝑢lim
2

(𝜔el ∙ 𝛹PM)
2) −

(𝐿s ∙ 𝑖lim)
2

𝛹PM
2  (2-32) 

And the corresponding reference d-component current 𝑖d,ref is expressed as follows: 

 𝑖d,ref =
1

2
∙
𝐿s

𝛹PM
∙ √(

𝑢lim
𝜔el ∙ 𝐿s

)
2

− (
𝛹PM
𝐿s
)2 − 𝑖lim

2  (2-33) 

The block diagram of FOC with the field-weakening scheme is shown in Figure 2-15, where the 

value of the negative 𝑖d for reducing the flux linkage is controlled by a PI controller. 

d 

q 

Current Limit 𝑖d
2 + 𝑖q

2 ≤ 𝑖lim
2  

Voltage Limit 

−
𝛹PM

𝐿d
 

𝜔1 

𝜔2 
𝜔1 < 𝜔2 

Max. Torque 

A 
B 

(𝐿d ∙ 𝑖d + 𝛹PM)2 + (𝐿q ∙ 𝑖q )2 ≤ (
𝑢lim

𝜔el
)2 

 

Figure 2-14: Voltage and current limit circles of the SPMSM [61] 
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Figure 2-15: Block diagram of FOC with the field-weakening scheme 

 

2.2.2 Space Vector Pulse-Width Modulation (SVPWM) 

The most widely used PWM schemes for the VSI are carrier-based sinusoidal PWM (SPWM) and 

space vector PWM (SVPWM). The purpose of the SPWM is to maintain a sinusoidal waveform 

of the inverter’s output voltage. In view of controlling PMSM, the two-level VSI, whose topology 

is depicted in Figure 2-16, is widely used. For controlling the VSI, the control algorithm based 

on the SVPWM scheme is preferred because of its easier digital realization and better DC bus 

utilization. Compared to the conventional SPWM scheme, SVPWM can increase the DC bus 

voltage utilization by 15% and achieve lower output harmonic distortion [63]. Thereby, the 

torque ripple of PMSM can be reduced with SVPWM and the machine’s performance can be 

improved.  

 

Figure 2-16: Two-level VSI and the three-phase PMSM 

SPWM control is mainly focused on obtaining the inverter output voltage as close to a sine was 

as possible, without taking the current output waveform into account. SVPWM, from the 
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perspective of the machine side, pays more attention to get a round constant-magnitude 

rotating magnetic field for the machine. This method deals with the inverter and the machine 

as a whole, and the model is simple and easy for the microprocessor’s real-time control [64]. 

The two-level VSI can provide eight voltage vectors according to states of the switches. When 

the high-side switch of one phase is switched on, the state can be marked as 1. Conversely, if 

the low-side switch is on, then the state is 0. For the two-level three-phase VSI, the switching 

table with the eight states can be obtained according to the combination of the switches (see 

Table 2-5). In Table 2-5, �⃗� s1-�⃗� s6 are the six effective voltage vectors and �⃗� s0, �⃗� s7 are the zero 

voltage vectors, which can also be called as ineffective voltage vectors. The phase plane in the 

αβ reference frame is divided into six sectors by the six effective voltage vectors and forms a 

hexagon, which is demonstrated in Figure 2-17. 

Table 2-5: Voltage vectors for two-Level VSI 

Switching voltage 

Vector 
Switching State Switch State Phase voltage state 

�⃗� s1 S1 100 UVW(+−−) 

�⃗� s2 S2 110 UVW(++−) 

�⃗� s3 S3 010 UVW(−+−) 

�⃗� s4 S4 011 UVW(−++) 

�⃗� s5 S5 001 UVW(−−+) 

�⃗� s6 S6 101 UVW(+−+) 

�⃗� s7 S7 111 UVW(+++) 

�⃗� s0 S0 000 UVW(−−−) 

 

 

Figure 2-17: Space vector hexagon [65] 
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In Figure 2-17, an arbitrary reference voltage vector �⃗� ref can be synthesized by the two effective 

switching vectors adjacent to it. Taking �⃗� ref in the sector clamped by �⃗� s1 and �⃗� s2 as an example, 

the following approach is valid: 

 �⃗� ref ∙ 𝑇s = 𝑡1 ∙ �⃗� s1 +𝑡2 ∙ �⃗� s2 (2-34) 

where the 𝑇s is the switching frequency, 𝑡1 and 𝑡2 are the time durations for the realization of 

voltage vectors �⃗� s1 and �⃗� s2, respectively. According to the hexagon in Figure 2-17, the time 

durations 𝑡1 and 𝑡2 can be calculated and are given as follows: 

 𝑡1 = √3 ∙ 𝑇s ∙
�̂�ref
𝑈DC

∙ sin (
π

3
− 𝜃) (2-35) 

 𝑡2 = √3 ∙ 𝑇s ∙
�̂�ref
𝑈DC

∙ sin(𝜃) (2-36) 

In general, 𝑡1 + 𝑡2 < 𝑇S, therefore zero voltage vector �⃗� s0 and �⃗� s7 should be applied. The time 

duration for zero voltage vectors �⃗� s0 and �⃗� s7 can be obtained based on equation (2-37): 

 𝑡0 + 𝑡7 = 𝑇s − 𝑡1 − 𝑡2 (2-37) 

Because the time duration of each zero voltage vector is the same, then: 

 𝑡0 = 𝑡7 =
𝑇s − 𝑡1 − 𝑡2

2
 (2-38) 

Based on the calculated time duration for the voltage vectors and with considering that only 

one half-bridge should change its state at one point in time, the following switching sequence 

given in Table 2-6 including zero voltage states can be applied to generate the reference voltage 

�⃗� ref and minimize the number of switching operations for the switches: 

Table 2-6: Switching sequence for generating the reference voltage space vector in sector I 

 𝑇s 

Voltage 

Vectors 
�⃗� s0 �⃗� s1 �⃗� s2 �⃗� s7 �⃗� s2 �⃗� s1 �⃗� s0 

Time 

duration 
𝑡0/2 𝑡1/2 𝑡2/2 𝑡7 𝑡2/2 𝑡1/2 𝑡0/2 

The working principle of the SVPWM in other sectors is similar to that of sector I. In Figure 2-17, 

switching patterns and corresponding switching time at each sector are given: 
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Figure 2-18: Switching patterns and corresponding switching time at each sector 
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2.3 Parameter Setting of PI Controller  

Generally, PI controllers are applied for the field-oriented control of PMSM. In this chapter, the 

parameter tuning of the PI controllers will be introduced. 

2.3.1.1 Parameter Setting for the Current Controller 

The design of the servo PMSM drive system is based upon per-unit model. Therefore, in the 

following derivation process, the per-unit system is used. Firstly, the closed-loop characteristics 

of the current control loop are analyzed. The current control loop of the PMSM machine is 

shown in Figure 2-19: 

 

Figure 2-19: Current control loop in per-unit system 

where the time constant 𝜏vi denotes the delay of the converter, which can be approximated as 

𝜏vi = 1.5 ∙ 𝑇s, 𝜏s is the electrical time constant of the machine and 𝐼max is the base value for the 

current per-unit calculation. 

To improve the dynamic of the current control loop, 𝐾Ii is generally equal to the armature time 

constant 𝑅s/𝐿s, so the current control loop can be simplified as follows: 

 

Figure 2-20: Simplified current control loop in per-unit system 

Then the closed current loop transfer function can be derived in Figure 2-21: 

 

Figure 2-21： Closed-loop transfer function for current control in per-unit system 

The CLTF of the current control loop can be simplified as a PT1-element (see Figure 2-22): 
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Figure 2-22: Simplified closed-loop transfer function for the current control loop in per-unit system 

According to the magnitude optimum, 𝐾Pi can be calculated in equation (2-39): 

 𝐾Pi =
1

2

√3 ∙ 𝐿s ∙ 𝐼max
𝑈DC ∙ 𝜏vi

 (2-39) 

Finally, the simplified CLTF of the current control loop is given as follows: 

 𝐺oi(𝑠) =
1

1 + 2 ∙ 𝜏vi ∙ 𝑠
 (2-40) 

 

2.3.1.2 Parameter Setting for the Speed Controller 

The speed control loop with a simplified CLTF of the current loop can be seen in Figure 2-23: 

 

Figure 2-23: Speed control loop in per-unit system 

where 𝜏ωS represents the delay due to speed sensor and speed filter, and 𝜔max is the base value 

for speed per-unit calculation. Both of 𝜏ωS  and 𝜏vi  are relatively small and can be added 

together as 𝜏Σω. Then the OLTF of the speed control loop can be simplified in Figure 2-24: 

 

Figure 2-24: Simplified OLTF of the speed control loop 

According to Figure 2-23, we have: 

 𝐾 =
3

2
𝑛p ∙ 𝛹PM ∙

1

𝐽
∙
60 ∙ 𝐾Pω ∙ 𝐾Iω ∙ 𝐼max

2 ∙ 𝜋 ∙ 𝜔max
, 𝜏 =

1

𝐾I𝜔
 (2-41) 

To analyze the dynamic and stability of the speed control loop, the Bode diagram of the OLTF 

for the speed control loop is drawn and given in Figure 2-25: 
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Figure 2-25: Bode diagram of the OLTF for the speed control loop 

The OLTF in Figure 2-24 should satisfy 𝜏 > 𝜏Σω to make the whole system to be stable. The 

phase margin 𝛾 of the speed control loop is illustrated in equation (2-42)： 

 𝛾 = 180° + ∠𝐺(𝑗𝜔) = arctan(𝜔 ∙ 𝜏) − arctan(𝜔 ∙ 𝜏Σω) (2-42) 

The bigger the 𝜏Σω, the more stable the speed control loop will be. For analysis, a new variable 

ℎ is introduced: 

 ℎ =
𝜔2
𝜔1
=

𝜏

𝜏Σω
 (2-43) 

ℎ is the mid-frequency bandwidth of the -20 dB/dec and plays a significant role in the dynamic 

behaviors of the system. Generally, ℎ can be selected in the range from 3 to 10 to meet the 

requirements of overshoot and setting time for different applications. For our system, ℎ is 

selected to be 4. According to peak minimum criterion (𝑀rmin ) of amplitude-frequency 

characteristic，the cut-off frequency 𝜔c should satisfy the condition given in equation (2-44), 

which is also illustrated in Figure 2-25. 

 𝜔c =
1

2
(𝜔1 +𝜔2) (2-44) 

Based on equation (2-44), 𝐾 in equation (2-41) can be calculated as: 

 𝐾 = 𝜔1 ∙ 𝜔𝑐 =
ℎ + 1

2 ∙ ℎ2 ∙ 𝜏Σω
2  (2-45) 

Then the proportional gain 𝐾Pω of the PI controller can be obtained and is given by: 
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 𝐾Pω =
𝐽 ∙ 𝜋 ∙ 𝜔max

90 ∙ 𝑛p ∙ 𝛹PM ∙ 𝐼max
∙
ℎ + 1

2 ∙ ℎ ∙ 𝜏Σω
 (2-46) 

 

2.3.1.3 Parameter Setting Table 

Based on the analysis in section 2.3.1.1 and 2.3.1.2, tuning of the controller parameters are 

summarized in Table 2-7. 

Table 2-7: Calculation of the controller parameters 

Controller Parameters 

Current Controller 

𝐾Pi =
√3 ∙ 𝐿 ∙ 𝐼max
2 ∙ 𝑈DC ∙ 𝜏vi

 

𝐾Ii =
𝑅s
𝐿s
 (continuous) 

𝐾Ii,𝑧 =
𝑅s
𝐿s
∙ 𝑇s (discrete) 

Speed Controller 

𝐾Pω =
𝐽 ∙ 𝜋 ∙ 𝜔max

90 ∙ 𝑛p ∙ 𝛹PM ∙ 𝐼max
∙
ℎ + 1

2 ∙ ℎ ∙ 𝜏Σω
 

𝐾Iω =
1

ℎ ∙ 𝜏Σω 
 (continuous) 

𝐾Iω,z =
1

ℎ ∙ 𝜏Σω  
∙ 𝑇s (discrete) 
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3 Analysis of Parameter Variation 

Based on reviewed literature in the previous chapters, two issues should be considered in view 

of parameter variation: 

 Analysis of the factors that affect the variation of the machine parameters 

 Study on the effects of machine parameter variation on the performance of PMSM 

 

3.1 Machine Parameter Sensitivities 

In this chapter, we will focus on the factors that can affect the machine parameters, including 

stator resistance, inductance, and flux linkage. 

3.1.1 Stator Resistance Sensitivity 

The resistance of the copper winding of the machine is proportional to its winding temperature. 

For a PMSM, the relationship between the stator resistance 𝑅T and the winding temperature 𝑇 

can be described as follow: 

 𝑅T = 𝑅0 ∙ [1 +  𝛼 ∙ (𝑇 − 𝑇0) ] (3-1) 

where 𝑅0  is the resistance of the winding at the temperature 𝑇0 , and 𝛼  is the temperature 

coefficient of the applied material, which is 0.00393 °C−1 for the copper winding.  

During the operation of the machine, copper and iron losses contribute to the internal 

temperature rising of the machine. Meanwhile, the mechanical losses due to the friction in the 

bearing can enhance this effect. It is observed from equation (3-1) that the higher the 

temperature of the stator winding, the higher the stator resistance. Therefore, the control 

performance of the machine can be reduced without updating the controller parameters 

according to the variable stator resistance. In addition, the electrical machines are 

manufactured following the insulation classes (see Figure 3-1), which means the machine 

temperature during operation should be within limits. Otherwise, the winding insulation is 

broken-down and the machine is permanently damaged. 
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Figure 3-1: Insulation classes for electric motors 

To obtain the temperature of the stator winding, a thermal sensor can be inserted in the stator. 

However, some electrical machines, especially for the case of PMSM servo drives, are not 

equipped with temperature sensors because of additional costs and requirements of installation 

space. Therefore, the insulation protection cannot be applied and the actual value of the stator 

resistance during operation cannot be obtained. Since the stator resistance plays a significant 

role in the control and the insulation protection of the PMSM, it is essential to estimate the 

stator resistance in real-time. Accordingly, the internal/stator temperature of the machine can 

be indirectly calculated from the estimated stator resistance value based on (3-1). The estimate 

of the stator resistance is then applicable to the current controller to improve the control quality 

of the drives, online fault diagnosis, and the winding temperature estimation, etc.  

3.1.2 Inductance Sensitivity 

The direct axis self-inductance 𝐿d  and the quadrature axis self- inductance  𝐿q  are the two 

important electrical parameters of a PMSM. Generally, 𝐿d and 𝐿q  are considered to be constant. 

In real cases, with the variation of operating points, the values of 𝐿d and 𝐿q vary due to the 
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saturation in the iron core along the d- and q-axis. The change of inductance parameters will 

lead to the d-q axis cannot be completely decoupled with the applied control algorithm, which 

will bring great control difficulty of the system. Meanwhile, the control performance and 

reliability of the system will be reduced either. 

Magnetic saturation is the key factor affecting inductances. When the iron is subjected to a 

strong magnetic field, the B-H curve becomes nonlinear, and the corresponding inductances 

decrease. For SPMSM，because the permeability of permanent magnet is almost equal to the 

air and its air gap is relatively large, it is generally considered that the saturation of the magnetic 

circuit of the d-axis and q-axis is equal, so the inductance of the d-axis is the same as that of the 

q-axis. However, in practice, the saturation affects the d-axis magnetic circuit and the q-axis 

magnetic circuit differently: 

 The permanent magnets of the PMSM are in alignment with the d-axis. The stator iron 

along the direct axis is subjected to the permanent magnetic flux, which makes the d-

axis experience a certain level of saturation even when the machine is not excited (no 

current). When  𝐼d = 0  or positive 𝐼d  is applied, it does not substantially alter the 

permeability of the iron along the direct axis. As a result, 𝐿d changes very little. However, 

if a negative demagnetizing 𝐼d is applied, the stator iron along the d-axis tends to out of 

saturation. As a result, the 𝐿d increases with the demagnetizing current 𝐼d. 

 For q-axis, when 𝐼q is small, the iron along the q-axes is still in the linear region of the 

B-H curve. When 𝐼q is increased to a certain value, the magnetic circuit in the q-axis 

begins to saturate and 𝐿q will decrease. Whether 𝐼q is positive or negative, it will bring 

the same effect on the change of inductance. 

In addition, due to cross-magnetization, 𝐿d and 𝐿q will be function-dependent on the d and q 

currents at the same time, which will make the analysis of 𝐿d and 𝐿q much more complex. 

In view of the variation of inductances dependent on the currents, and in order to improve the 

performance of PMSM for a wide range of operation. It is advisable to estimate the inductance 

values in advance. 

3.1.3 Flux Linkage Sensitivity 

The flux linkage of a PMSM is directly associated with the flux density 𝐵 of the permanent 

magnets. The performance of permanent magnets is the key factor for achieving a high-

efficiency PMSM servo drive. However, the flux density of permanent magnets is temperature 

dependence, where demagnetization of the PMs occurs as the temperature rises. As a result, 



3 Analysis of Parameter Variation 

38 

 

maximum torque capacity and the efficiency of the PMSM is diminished [66]. In view of this, 

it’s of great significance to analyze the temperature characteristics of the PMs. 

The remanence 𝐵r and the intrinsic coercivity 𝐻cJ of the PM decreases with the rising of the 

temperature. In the normal range of operating temperature, the remanence 𝐵r and the intrinsic 

coercivity 𝐻cJ can return to their original values. However, when the operating temperature of 

the PM is increased above the critical temperature (curie temperature 𝑇c ), at which the 

irreversible demagnetization of the magnet occurs, 𝐵r  and 𝐻cJ  will not come back to their 

original values [66]. Therefore, irreversible demagnetization of magnets should be 

consequently avoided in PMSM. In the last decades, Neodymium-Iron-Boron (NdFeB) 

permanent magnets have been imposed in the electrical machines due to their advantages, like 

small sizes, lightweight, high energy density and good price/performance ratio [67]. According 

to [66] [68] [69], the remanence 𝐵r of NdFeB has a negative temperature coefficient 𝛼Br of -

0.1%/°C. For NdFeB, its remanence 𝐵r varies linearly with temperature in the reversible region 

of the B-H curve and is expressed as follow [66]: 

 𝐵r = 𝐵r0 ∙ [1 +  𝛼Br ∙ (𝑇 − 𝑇0) ] (3-2) 

where 𝐵r0 is the residual flux density at ambient temperature 𝑇0 and 𝛼Br is the temperature 

coefficient. Different types of NdFeB have a different maximum operating temperature, which 

is in the range from 80 °C to 160 °C. In Table 3-1, the magnetic values of NdFeB, according to 

DIN 17410, are given [68] [70]. If the NdFeB magnet with 𝑇max equals to 80° are applied for a 

PMSM, the flux density of the magnet will decrease by 6.6 % to 1.158 T as its maximum 

operating temperature 80 °C is reached. If the NdFeB magnet with 𝑇max equals 160° is applied 

for a PMSM, the flux density of the magnet can even decrease by 15.4 % to 1.05 T as its 

maximum operating temperature 160 °C is reached. 

Table 3-1: Characteristics of NdFeB magnets according to DIN 17410 

NdFeB Magnetic Values according to DIN 17410 Min. Typ. Max. Units 

Energy Product (𝐵 × 𝐻)max 205 295  kJ m3⁄  

Remanence 𝐵r  1240  mT 

Intrinsic coercivity 𝐻cJ 1750 1900  kA/m 

Temperature coefficient of 𝐵r 𝛼Br  -0.1  %/K 

Density   7.6  g cm3⁄  

Max. operating temperature 𝑇max   160 °C 
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As temperature increases, the remanence 𝐵r of the permanent magnets will decrease. In this 

case, the permanent magnet flux linkage which is proportional to the 𝐵r decreases as well. As 

we know that the torque generated by the machine is proportional to the permanent magnet 

flux linkage. Therefore, to drive the same load, more current should be supplied to the machine. 

This phenomenon is explained in Figure 3-2. As a result, the copper losses of the stator 

increases, and the temperature of the machine raises further. For the worst case, the machine 

temperate can be above the critical temperature (the Curie temperature 𝑇c), and permanent 

demagnetization of the machine happens. In this instance, the PMSM is damaged and cannot 

be used anymore. 

 

Figure 3-2: Electromagnetic torque and q-axis current at different flux linkages 
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3.2 Parameter Variation on Controller Performance 

With the variation of machine parameters, the parameters of the current/speed controller 

designed based on the initial machine parameters are not suitable. If the current and speed 

controllers are kept unchanged, the performance of the PMSM can be diminished. In this part, 

taking the SPMSM introduced in section 2.1.3 as an example, qualitative analysis of parameter 

variations, including the stator resistance and inductance on the performance of current and 

speed control loops, is presented. The initial stator resistance and inductance are denoted by 𝑅 

and L, respectively. Now, it is assumed that the machine operates in a critical condition, where 

the resistance increases to 𝑅′ = 1.4 ∙ 𝑅 (temperature rising of 100 K) and inductance changes 

to 𝐿′ = 0.7 ∙ 𝐿 due to deep saturation.  

The Bode diagrams of the closed current and speed control loops are plotted for performance 

analysis, respectively9. The Bode diagrams for the current control loop are shown in Figure 3-3, 

where the controller parameters are the same in both cases. Figure 3-3 shows that the 

magnitude value in dB of the transfer function cannot be kept to be zero at the low-frequency 

range due to parameter variation. Even at low frequencies of the input, the amplitude of the 

output starts to decrease. In other words, there is a static error in the system and the output 

values of the system cannot reach the given input values, which shows a bad behavior of the 

current control loop. The Bode diagrams corresponding to the speed control loop can be seen 

in Figure 3-4, where the controller parameters are identical for both cases. Figure 3-3 shows 

that the -3dB bandwidth of the loop is reduced compared to the case without parameter 

variation, which means the high response of the system to the changed reference speed is 

weakened. And the high dynamic of the system cannot be maintained for the case of parameter 

variation. 

In this part, an extreme case is taken as an example to analyze the parameter variation effects 

on control performance. Even though it can be inferred that system performance can still not 

be guaranteed if parameter variation occurs. In summary, when the controller parameters 

cannot be updated synchronously according to the changed machine parameters, the initial 

control performance and dynamics of the system will be diminished or weakened.  

                                                
9 In this example, the controller parameters are tuned according to the parameter setting Table 2-7 in section 2.3. 
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Figure 3-3: Bode diagrams for the closed current control loop with and without parameter variation 

(𝑅′ = 1.4 ∙ 𝑅, 𝐿′ = 0.7 ∙ 𝐿) 
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Figure 3-4: Bode diagrams for the closed speed control loop with and without parameter variation 

(𝑅′ = 1.4 ∙ 𝑅, 𝐿′ = 0.7 ∙ 𝐿) 

-3dB 
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4 Offline Parameter Measurement of PMSM  

This section deals with offline identification of all the required parameters, including stator 

resistance, stator inductance and PM flux linkage, which are necessary for the implementation 

of the online parameter identification that is going to be presented in chapter 5. According to 

the reference values in the machine datasheet (Table 2-2), the stator resistance equals to 0.43 Ω 

with ±10% deviation, where the resistance of the power cable is not included. Meanwhile, the 

given stator inductance in the datasheet is 2.6 mH with ±30% deviation. In view of this, it’s 

essential to obtain the precise values of the stator resistance and inductance by offline 

identification methods, from which the offline identified machine parameters will be applied as 

reference values for the further online parameter identification. Also, nonlinear characteristics 

of the inverter should be offline obtained in advance because compensation for inverter 

nonlinearity should be implemented to improve the accuracy of the online parameter 

identification. 

4.1 Nonlinearity of the Inverter 

As already mentioned in section 1.3, the inverter nonlinearity affects the accuracy of the 

parameter identification methods. To improve the reliability of the identification algorithms, 

the nonlinear characteristics of the inverter should be obtained in advance. In this section, the 

specific causes of the inverter nonlinearity are introduced. Then several measurement methods 

are presented and compared. 

4.1.1 Introduction of the Inverter Nonlinearity 

For the dissertation, a two-level VSI is designed and used for driving the PMSM. In Figure 4-1, 

the configuration with a typical two-level VSI connected to a three-phase PMSM is depicted. 

Because of the VSI’s nonlinearity, the actual voltage outputs distort from the reference values. 

The inverter nonlinearity results in a voltage drop over the inverter, which can be understood 

as the inverter voltage error. This section describes effects that have a strong influence on the 

imprecise voltages, where the voltage error of the inverter caused by the parasitic capacitances 

of semiconductors and “Zero-Current-Clamping” is not considered. Details of the inverter's 

nonlinear effects can be referred to as references [71], [72], [73] and [74], as listed in 

Table 4-1. 
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Figure 4-1: Two-level voltage source inverter 

 

Table 4-1: Causes for voltage error of the inverter 

Causes for inverter voltage error Literature 

Dead time/blanking time [71], [72], [73], [74] 

Turn-on and turn-off delay times of the semiconductors [71], [72], [73], [74] 

Voltage drop over the semiconductors [71], [72], [73], [74] 

Dead time due to the parasitic capacitances of semiconductors [74] 

Zero-Current-Clamping effect [74] 

 

For the inverter utilized in this research work, IGBTs are used as switches. According to [72], 

the inverter voltage error in one phase can be described as follow: 

 ∆𝑢err = [
𝑇d + 𝑡on − 𝑡off

𝑇s
∙ 𝑈DC +

𝑢CE + 𝑢F
2

] ∙ sign(𝑖ph) (4-1) 

where 𝑇d represents the blanking time, which is also referred to as dead time, 𝑡on and 𝑡off denote 

the equivalent turn-on and turn-off delay time of the switch (in our case IGBT), respectively, 𝑇s is 

the PWM switching period, 𝑖ph is the phase current, 𝑈DC is the DC-link voltage, 𝑢CE and 𝑢F are the 

forward voltage drops over the IGBT and Diode, respectively.  

The upper IGBT of one bridge is active when 𝑖ph > 0 (from VSI to PMSM) and the lower IGBT is 

active when 𝑖ph <0 (from PMSM to VSI). Depending on the current direction, 𝑡on and 𝑡off can be 

different for the high side and low side IGBTs. Therefore, the voltage error described in (4-1) 

should be adjusted for 𝑖ph > 0 and 𝑖ph < 0 as follow: 
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∆𝑢err = [

𝑇d + 𝑡on,H − 𝑡off,H
𝑇s

∙ 𝑈DC +
𝑢CE + 𝑢F

2
] 

(if 𝑖ph > 0) 
(4-2) 

 ∆𝑢err = −[
𝑇d + 𝑡on,L − 𝑡off,L

𝑇s
∙ 𝑈DC +

𝑢CE + 𝑢F
2

] 

(if 𝑖ph < 0) 
(4-3) 

If the phase current 𝑖ph is positive, the upper IGBT is active, then the turn-on/off delays of the 

high side IGBT  𝑡on,H and 𝑡off,H should be considered for calculation of the inverter voltage 

disturbance. Conversely, if the lower IGBT is active, the turn-on and turn-off delays of the low 

side IGBT 𝑡on,L  and 𝑡off,L  should be taken into account. Figure 4-2 shows the inverter 

nonlinearity effect on the phase voltage due to dead time and turn-on/off delays of switches for 

𝑖ph > 0 and 𝑖ph < 0, respectively. 

The forward voltage drops 𝑢CE  and 𝑢F  can be modeled by a threshold voltage and the on-

(4-4) and (4-5) as follow: 

 𝑢CE = 𝑢CE,th + |𝑖CE| ∙ 𝑅CE (4-4) 

 𝑢F = 𝑢F,th + |𝑖F| ∙ 𝑅F (4-5) 

where 𝑢CE,th and 𝑢F,th represent the threshold voltages of the IGBT and the parallel freewheeling 

diode, 𝑅CE  and 𝑅F  denote the related on-resistances of the IGBT and the freewheeling diode, 

respectively, 𝑖CE is the collector current of the IGBT and 𝑖F is the forward current of the diode. 

Generally, the values of 𝑢CE,th, 𝑢F,th, 𝑅CE and 𝑅F can be directly obtained or calculated from the 

V-i curves of the IGBT module given in the datasheet.  
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Figure 4-2: Inverter nonlinearity effect on the phase voltage due to dead time and turn-on/off delays  

 

4.1.2 Measurement of the Inverter Nonlinearity 

This section deals with the methods for the measurement of the inverter nonlinearity, where 

three approaches are proposed and compared. 

4.1.2.1 Measurement of the Inverter Nonlinearity with Conventional Method 

The conventional measurement of the inverter nonlinearity is carried out by supplying two 

windings of the machine with a DC voltage，where the voltage error over the two active 

switches is assumed to be the same. According to Kirchhoff’s voltage law, the voltage error 

depending on the supplied current can be obtained. The measurement is conducted at different 

operating points of the current. Finally, the inverter nonlinearity characteristics related to the 

currents can be obtained.  

This method is based on the voltage drop on the inverter during steady-state condition of a 

blocked machine. In addition, the measurement should be done for a “cold” machine, where 

the ambient temperature is recorded. The block diagrams in Figure 4-3 present the principle of 
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the method. By applying a DC voltage over phase U and V, a DC current will flow through the 

two windings, where the winding W is kept open.  

 

Figure 4-3: Block diagram of the conventional inverter nonlinearity measurement 

Based on the Kirchhoff’s voltage law for the circuit, the inverter voltage error can be calculated 

for a current operating point with the following expression10: 

 ∆𝑢err(𝑖) =
1

2
∙ (|𝑢U,ref − 𝑅s ∙ 𝑖U| + |𝑢V,ref − 𝑅s ∙ 𝑖V|) (4-6) 

Figure 4-12 shows the control loop for measuring the inverter nonlinearity, where the phase 

currents are controlled by two PI-controllers and the reference value will be different by its sign. 

In this way, the current in both windings can be guaranteed to be equal. 

 

Figure 4-4: Block diagram for the current control loop for inverter nonlinearity identification 

                                                
10 Offline measurement of stator resistance 𝑅s is introduced in section 4.3. 
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During the measurement, 14 current operating points are given by the equation (4-7), which 

are gradually increased up to the maximal current value in the positive and in the negative 

range11.  

 𝐼[𝑛] = 𝑎 ∙ 𝑞𝑛−1   [%]  
𝑛 ∈ {1,2,3,… ,14} 

(4-7) 

Since the effect of the inverter nonlinearity is significant at low currents, the values of the 

operating currents are not distributed equidistantly. The curve described in the equation (4-7) 

can be found Figure 4-5, in which all the current operating points marked as red circle are 

listed. 

 

Figure 4-5: Current operating points for inverter nonlinearity measurement12 

 

Figure 4-6 and Figure 4-7 show the measured currents 𝑖U, 𝑖V and voltages 𝑢U, 𝑢V respectively, 

where 𝑖U=𝑖V=𝑖ref  can be guaranteed by the current controllers. The reference current 𝑖ref 

increases gradually from zero to the maximum value and then decreases to the minimum 

negative value, and finally returns to zero. Therefore, the inverter voltage error is measured 

twice for each current operating point. The average voltage error value is then adopted for 

inverter nonlinearity characteristics. 

                                                
11 15 operating points are distributed in positive range and negative range of the current, respectively, which is 

sufficient for obtain the inverter nonlinearity characteristics. 

12 The distribution is described by the geometric sequence, where a=2.96 % and the coefficient q equals to 1.3. 
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Figure 4-6: Currents of phase U and V for the operating points 

 

 

Figure 4-7: Reference voltages of phase U and V for the operating points13 

 

                                                
13 Negative terminal of the DC bus capacitor is reference voltage zero point. 
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Figure 4-8: Inverter nonlinearity with the conventional approach  

 

4.1.2.2 Measurement of the Inverter Nonlinearity with Analytical Calculation 

The analytical calculation of the inverter nonlinearity is based on equations (4-2) and (4-3). 

The values of 𝑢CE,th, 𝑢F,th, 𝑅CE  and 𝑅F  in the equations can generally be directly obtained or 

calculated from the V-i curves of the datasheet of the IGBT module14 and are given as follow: 

 𝑢CE = 0.811 + 0.05926 × 𝑖CE (4-8) 

 𝑢F = 0.424 + 0.07173 × 𝑖F (4-9) 

 

When the turn-on/off delays can be obtained, the inverter nonlinearity can be accordingly 

calculated. The definition of turn-on/off delays is shown in Figure 4-9, where 𝑢GG, 𝑢GE and 𝑢CE 

are the PWM gate signal, gate-emitter voltage, and collector-emitter voltage of the IGBT, 

respectively. The total turn on/off delays (𝑡on, 𝑡off) consists of a propagation delay through the 

gate driver circuitry (𝑡PD(on), 𝑡PD(off)), switching transient comparing delay (𝑡de(on), 𝑡de(off)) and 

half of the fall/rise time (𝑡f, 𝑡r) [75]. 

                                                
14 Power driver module: Rohm Semiconductor BM63764S-VA 
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Figure 4-9: Linearized switching transient of IGBT [75] 
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Figure 4-10: Equivalent circuit for turn on/off delay time measurement 

In this dissertation, turn on/off delays of the high side and low side IGBT are measured by an 

oscilloscope. The equivalent circuit for turn on/off delay time measurement can be seen in 

Figure 4-10, where the hardware configuration is identical to the proposed conventional 

measurement in Figure 4-4 of section 4.1.2.1. When the current of U phase is positive (from VSI 

to PMSM), signals at test point 1 (PWM control signal for U phase high side IGBT) and 3 (PWM 

phase voltage) are captured by an oscilloscope. When the current of phase U is negative, signals 

at point 2 (PWM control signal for U phase low side IGBT) and point 3 are recorded. By 

comparing the two captured signals, the corresponding turn-on/off delays can be obtained, 

where the turn-on/off delays 𝑡on,H and 𝑡off,H of high side IGBT can be measured for positive 

phase current, 𝑡on,L and 𝑡off,L of the low side IGBT is acquired for negative phase current. 

Figure 4-11 shows the screenshots of an oscilloscope (Agilent Technologies MSO9254A) with 

captured PWM control signal (yellow), voltage signal (green) and the current signal (blue) for 

phase U, respectively. Triggering was set for detecting the rising or falling edge of the PWW 

control signal and the switching moment is captured, then the time delay between the control 

signal and voltage signal can be manually calculated. Two screenshots are shown in this 

dissertation for low current (Figure 4-11 a)) and high current flow (Figure 4-11 b)) in phase U, 

respectively. It can be seen in these figures that the turn off delay varies for different phase 

currents. 

Test point 1

Test point 3

Current U Phase

𝑖U = 0.21 A 
𝑡off ,H ≈ 2.08 μs 

 

Test point 1

Test point 3

Current U Phase

𝑖U = 7.21 A 𝑡off ,H ≈ 1.15 μs 

 

a)  Turn-off delay 𝑖U=0.21 A b) Turn-off delay 𝑖U=7.21 A 

Figure 4-11: Screenshot of oscilloscope for measurement of the turn-off delay 𝑖>0 

For each current operating point in Figure 4-5, 𝑡on and 𝑡off are obtained and are plotted in 

Figure 4-1215. 

                                                
15 Detailed values corresponding to each point are listed in Table 7-4 in appendix. 
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Figure 4-12: turn on and turn off delays for different current operating points 

Figure 4-12 shows that the turn-on delay time, as well as the turn-off delay time, are not 

symmetrical at zero current. Therefore, the measurement results in this section can verify the 

rationality of the equations (4-2) and (4-3), which means the turn-on and turn-off delays can be 

different for the high side and low side IGBTs. 

 

 

Figure 4-13: Inverter nonlinearity with an analytical calculation approach  
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4.1.2.3 Direct Measurement of the Inverter Nonlinearity with Delta-Sigma Voltage Sensors 

For motor control, phase currents are used as feedback for the current control loop, which is 

sufficient to achieve the required control performance. In this dissertation, additional voltage 

sensors and related circuits for measuring the phase voltages are integrated into the hardware. 

In this way, the voltage drop over the inverter can be accurately obtained and the inverter 

nonlinearity can be measured. The measured inverter nonlinearity characteristic will be used 

as reference values. Based on this, the effectiveness and validity of inverter nonlinearity 

identification of the proposed approaches in 4.1.2.1, 4.1.2.2, and 4.1.2.2 are compared to 

determine which method can give accurate and credible results. 

In this section, a method for direct measurement of the inverter nonlinearity using voltage 

sensors is introduced. As shown in Figure 4-16, the voltage error equals the difference between 

the reference phase voltage and the actual phase voltage. By measuring the phase voltage, the 

voltage error can be obtained and is expressed in the equation (4-10): 

 

Figure 4-14: Block diagram of the inverter nonlinearity measurement with voltage measurement 

 ∆𝑢err(𝑖) =  𝑢U,ref − 𝑢U,ct (4-10) 

By using the same procedure as already mentioned in section 4.1.2.1, the measurement is 

achieved with the current control loop. Figure 4-15 shows the control loop for inverter 

nonlinearity identification with a voltage sensor, where the identification equation is now based 

on (4-10). 
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Figure 4-15: Block diagram for the current control loop for inverter nonlinearity identification with 

voltage measurement 

Since the machine phase voltage is a PWM signal, the applied method combines oversampling 

based on delta-sigma modulation and digital filtering for voltage measurement. The 

implementation of the approach is based on high-speed ADC and digital filtering in a 

microcontroller. In this way, the voltage error for each phase of the machine and the accordingly 

inverter nonlinearity can be obtained. The principle of the proposed voltage measurement using 

the delta-sigma AD converter is illustrated in Figure 4-16. The reference voltage of the machine 

is converted to the PWM signal by applying space vector pulse-width modulation (SVPWM). As 

a result, the actual phase voltage of the machine is a square wave PWM signal. This PWM phase 

voltage is then captured by a resistive voltage divider circuit and oversampled by the delta-

sigma AD converter, which converts the PWM stator voltage signal into one bit-count bitstream. 

Then, the one bit-count bitstream is smoothed by a digital filter built-in FPGA (sinc3) and the 

voltage signal can be reconstructed. The decimation rate of the digital filter should be selected 

according to the sampling rate of the delta-sigma converter to guarantee that the measured 

voltage synchronizes with the switching frequency [76]. 

 

Figure 4-16: Principle of the applied direct voltage measurement using delta-sigma modulation [76] 
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The principle of the adopted ADC is based on delta-sigma modulation. The delta-sigma 

modulator is the heart of the delta-sigma modulation, which converts the input signal into a 

high-frequency, single-bit, digital signal. The block diagrams of the first-order and the second-

order delta-sigma ADC’s are shown in Figure 4-17. The delta-sigma modulator consists of a 

differentiator, an integrator, a quantizer, and a 1-bit DAC. After the differentiator, the input 

signal will pass through the integrator, which feeds a comparator. The comparator acts as a 1-

bit quantizer and is fed back to the input junction point via the 1-bit digital-to-analog converter 

(DAC). The purpose of the feedback DAC is to maintain the average output of the integrator 

close to the reference level of the comparator [77]. By using delta-sigma modulation, 

oversampling in conjunction with quantization noise shaping and digital filter can be achieved. 

As a result, the noise of the input signal can be pushed out of the signal bandwidth and the 

effective resolution can be improved [78]. The selected delta-sigma ADC in the dissertation is 

a second-order delta-sigma modulator [76]. 

 

 

 

 

Figure 4-17: Block diagram of 1. order and 2. order delta-sigma modulators 

The schematic and PCB layout of the voltage measurement circuit is demonstrated 

in Figure 4-18, which consists of a resistive voltage divider, RC low-pass filters, and a delta-

sigma ADC. The delta-sigma ADC from Analog Devices is AD7403 with a resolution of 16 bits. 

MCLKIN is the modulator clock frequency, which is generated by the FPGA. DAT_VolU 

represents the output bitstream signal, which is the input of the digital sinc3 filter.  
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Figure 4-18: Schematic and PCB layout of the voltage measurement circuit [76] 

 

 

Figure 4-19: Inverter nonlinearity with voltage sensing approach 

 

4.1.2.4 Comparison of the Different Measurement Methods 

Figure 4-20 shows the voltage error caused by inverter nonlinearity measured with voltage 

sensors, analytical calculation, and conventional method, respectively. For positive phase 

current, it can be observed that the nonlinear characteristics almost coincide for measurement 

results with voltage sensors and analytical calculations. When the phase current is negative, the 

two curves demonstrate only small differences. It is necessary to mention that for the 

measurement of the inverter nonlinearity based on analytical calculation, linearized transient 

switching of the IGBTs is assumed, which means that the derived turn on and turn off are not 
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entirely consistent with their actual values. Also, the voltage error caused by the parasitic 

capacitances of semiconductors and “Zero-Current-Clamping” is not included in the 

measurement based on the analytical calculation. The derived voltage error based on the 

conventional method gives only a symmetrical distribution along the current axis, which doesn’t 

consider the different turn-on and turn-off delays for the high side and low side IGBTs. This 

method has its limitation and cannot be applied for inverter nonlinearity compensation. 

In summary, the measurement of the inverter nonlinearity based on analytical calculation 

demonstrates its effectiveness of obtaining accurate voltage error caused by inverter 

nonlinearity, which can be proved by the experimental results based on direct phase voltage 

sensing introduced in section 4.1.2.3. 

 

Figure 4-20: Comparison of the inverter nonlinearity measurements 

 

4.2 Flux Linkage 

In a PMSM, the flux linkage can be obtained by the following two methods: 

 Calculation of the flux linkage according to the voltage constant of the machine. 

 Measurement of the flux linkage with the no-load test. 

In this section, the value of flux linkage obtained by the two methods is presented, where the 

value from the no-load test is treated as the valid value for the machine. 
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It is well known that with the voltage constant 𝐾E given in the datasheet of the machine16, the 

flux linkage can be calculated by the following equation: 

 
𝛹PM =

𝐾E
3 ⋅ √2

2π ⋅ 𝑛P
⋅ 60 Vs (4-11) 

According to (4-11), 𝛹PM= 0.0589 Vs is attained. For the PMSM, the flux linkage can be 

accurately obtained by the no-load test, where the back EMF of the machine is measured for 

different rotating speeds. In view of that the back EMF is proportional to the product of the 

rotating speed and 𝛹PM. Therefore the flux linkage 𝛹PM can be accordingly calculated from the 

speed and the measured back EMF. The calculation formula for 𝛹PM is given as follows: 

 𝛹PM =
𝑈RMS ⋅ √2

2π ⋅ 𝜔e
=

𝑈RMS ⋅ √2

2π ⋅ 𝑛P ⋅ 𝑛mec
  (4-12) 

where the 𝑈RMS denotes the RMS value of machine line voltage, 𝑛P is the number of pole pairs 

and 𝑛mec is the rotating speed of the machine in min-1. 

In this case, the PMSM is driven by a DC machine. The DC machine forces the PMSM to rotate 

with a constant speed and a sinusoidal electromotive force (back EMF) is induced in the PMSM 

windings. An oscilloscope or a RMS-meter can be used to measure the root-mean-square (RMS) 

value of the machine line voltage while the rotating speed can be measured by a speed sensor. 

For the no-load test, it’s preferred to drive the PMSM in a relatively high-speed range to 

minimize the voltage measurement error and the system noise. In this dissertation, a digital 

multimeter (FLUKE 87) is used to measure the RMS values of the machine line voltages 𝑈UV,RMS, 

𝑈UW,RMS and 𝑈VW,RMS. Then the average values of the line voltages are adopted to calculate the 

flux linkage 𝛹PM. The experimental results with different speeds ranging from 100 min-1 to 

3000 min-1 with step 100 min-1 are shown in Table 7-1 and Figure 7-15 in appendix. 

Figure 7-15 shows that the permanent magnet flux linkage 𝛹PM is almost constant when the 

mechanical speed is above 600 min-1. The average value of 𝛹PM equals to 0.0569 Vs, which is 

compatible with the value 0.0589 Vs calculated based on the machine voltage constant. In the 

dissertation, the measured value 𝛹PM = 0.0569 Vs  from the no-load test is treated as the 

identified values and is used for further calculation in the subsequent chapters. 

  

                                                
16  Parameters of the PMSM refer to Table 2-2. 
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4.3 Stator Resistance 

In this section, the stator resistance of the machine is identified by the VSI, where two methods 

for the cases with and without voltage sensors are introduced. 

4.3.1.1 Offline Stator Resistance Identification without Voltage Sensors 

Generally, VSI don’t have voltage sensors. In this section, the equivalent circuit for this 

measurement is identical to the one for measurement of inverter nonlinearity with conventional 

method, which can be found in Figure 4-3. 

To determine the value of the stator resistance, reference voltages, which are the outputs of the 

current controller, are applied. By considering the voltage error caused by the inverter 

nonlinearity, the following equations are established: 

 𝑢U,ref = 𝑅U ∙ 𝑖U + 𝑢U,err(𝑖U) (4-13) 

 𝑢V,ref = 𝑅V ∙ 𝑖V + 𝑢V,err(𝑖V) (4-14) 

where the 𝑢U,err and 𝑢V,err are the voltage drops over the inverter corresponding to phase U 

and V, respectively. The resistance value can be calculated from the difference of measurements 

with different currents as the voltage error of the inverter is unknown. According to the voltage 

error curve depicted in Figure 4-20, the voltage error of the inverter remains almost unchanged 

when the current is high enough. Therefore, it is advisable to carry out the resistance 

measurement in the current range that is close to the rated current of the machine. At this 

operating point, the maximum permissible current is not exceeded. In this way, the voltage 

drop over the inverter shall be approximately the same and the difference is kept to be as small 

as possible (see equations (4-15) and (4-16))[71]. 

 
𝑢U,ref2 − 𝑢U,ref1 = 𝑅U ∙ (𝑖U2 − 𝑖U1) + (𝑢U,err(𝑖U2) − 𝑢U,err(𝑖U1)⏟                

≈0

) 
(4-15) 

 𝑢V,ref2 − 𝑢V,ref1 = 𝑅V ∙ (𝑖V2 − 𝑖V1) + (𝑢V,err(𝑖V2) − 𝑢U,err(𝑖V1)⏟                
≈0

) 
(4-16) 

Based on the equations above, the stator resistance 𝑅s can be calculated as follow: 

 𝑅s =
𝑅U + 𝑅V
2

=
1

2
∙ (|
𝑢U,ref2 − 𝑢U,ref1
𝑖U2 − 𝑖U1

| + |
𝑢V,ref2 − 𝑢V,ref1
𝑖V2 − 𝑖V1

|) (4-17) 

 

4.3.1.2 Offline Stator Resistance Identification with Voltage Sensors 

In the experimental platform, the voltage sensing circuit for the machine phase voltages is 

integrated into the inverter. Therefore, the procedure adopted for the offline stator resistance 
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measurement becomes easier than the method as already described in section 4.3.1.1, because 

the phase voltages 𝑢U  and 𝑢V  can be directly obtained. The offline measurement of stator 

resistance 𝑅s  is carried out with the current control loop. During the measurement, a DC 

reference current 𝑖ref is set for the current controller of one phase, while −𝑖ref is set for one 

another current controller. Then, currents of the two phases connected to the inverter can be 

measured by current sensors. Meanwhile, the voltages of the two phases can also be obtained 

by the delta-sigma voltage sensors. Figure 4-21 shows the block diagram of the current control 

loop for 𝑅s identification: 

 

Figure 4-21: Block diagram for the current control loop for stator resistance measurement 

 

For steady-state condition, the phase voltage equals the voltage drop across the stator resistance: 

 𝑢U,ct = 𝑅U ∙ 𝑖U = 𝑅U ∙ 𝑖ref (4-18) 

 𝑢V,ct = 𝑅V ∙ 𝑖V = 𝑅V ∙ (−𝑖ref) (4-19) 

The resistance of the two windings U and V is: 

 𝑅UV = 𝑅U + 𝑅V =
𝑢U,ct − 𝑢V,ct

𝑖ref
 (4-20) 

Similarly, if the terminals V and W, W and U are applied with current, respectively, 𝑅VW and 

𝑅WU can be obtained. As a result, the resistance of each winding can be calculated according to 

the following equations: 

 𝑅U =
𝑅UV + 𝑅WU − 𝑅VW

2
 (4-21) 

 𝑅V =
𝑅UV + 𝑅VW − 𝑅WU

2
 (4-22) 
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 𝑅W =
𝑅VW + 𝑅WU − 𝑅UV

2
 (4-23) 

The measurement should be conducted in a short time to make sure that the winding 

temperature remains almost constant. The room temperature was recorded at 23 °C. To 

minimize the error, the measurements were conducted four times, and the reference currents 

were set to -5 A, -6 A, 5 A, and 6 A, respectively. For each group of experiments, the resistance 

of each phase 𝑅U, 𝑅V and 𝑅W is obtained. The average value is adopted as the stator resistance 

𝑅s. In Figure 4-22, the measured resistances with deviation to the average value are given:  

 

Figure 4-22: Measured resistances of each phase and the average stator resistance 

Generally, the resistance of each phase should be equal because the PMSM is symmetrical and 

in an ideal case constructed. However, due to the winding process, the resistance of each phase 

has subtle differences to each other. In this dissertation, a symmetrical star-connected PMSM 

structure is assumed. Therefore, the average stator resistance of the three phases can be used 

as the reference value. 

 𝑅s =
𝑅U + 𝑅V + 𝑅W

3
 (4-24) 

Finally, the measured stator resistance 𝑅S can be calculated by using the average value of each 

group to minimize the error: 

 𝑅s =
𝑅s(−5A) + 𝑅s(−6A) + 𝑅s(5A) + 𝑅s(6A)

4
= 𝟎. 𝟔𝟓𝟐 𝛀  (23 °C)  (4-25) 

  

0.652 Ω 
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4.4 Stator Inductance 

In this section, three offline identification methods for stator inductance are presented. The first 

method is fulfilled by blocking the rotor to treat the machine winding as an RL circuit, while 

the second measurement is carried out by using LCZ meter. However, these two proposed 

methods can only measure the inductances at an operation point. Therefore, the third method 

for inductance identification by injecting a high-frequency current signal is applied. The 

experimental results show that the last one is beneficial with higher accuracy and wider 

measurement range for different operating points than the former two methods. 

4.4.1 Offline Measurement of Inductance by Appling Step Voltage  

The winding of PMSM can be treated as a resistance connected with an inductance in series. 

When the motor shaft is locked and a step voltage is applied to the winding, the current 

response has the PT1 characteristics. Based on the calculated time constant 𝜏  of current 

response and the well-known equation 𝜏 =𝐿 𝑅⁄ , the inductance 𝐿 can be easily derived with 

knowing the value of resistance 𝑅.  

According to the literature [79], the rotor position of the motor is aligned to d-axis (0° electrical 

angle) by phase U connected to the positive potential (+) and phase V and W are grounded (-). 

And 90° electrical shifted position of rotor is achieved when phase V terminal is connected to 

the positive potential (+) of the voltage source, phase W is grounded (-), and phase U is floating 

(NC). For the measurement, firstly, the rotor position was aligned to d- and q-axis, respectively. 

After that, the motor shaft was blocked and measurement was carried out according to the 

following circuit shown in Figure 4-2317. 

                                                
17 Different topologies of the winding connection can be adopted for the measurement. In this research, one circuit 

is applied. 
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Figure 4-23: Inductance measurement circuit 

Then, the equivalent RL circuit of Figure 4-23 can be easily obtained as follow: 

 

Figure 4-24: Equivalent RL circuit18 

During the measurement, a DC power supply was adopted to generate a step voltage19. The 

voltage and current were captured by an oscilloscope, by which the time constant 𝜏 of the circuit 

was automatically calculated according to the current response (see Figure 4-25). 

                                                
18 Due to mutual coupling of the windings, the inductance L in the equivalent circuit equals to 1.5 times of 𝐿d and 𝐿q 

for electrical angle 0° and 90°; respectively. 

19 Because the output current of the power supply is limited to 3.2A, the step voltage is set to be 3.5V.  
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Figure 4-25: Screenshot example for calculating time constant 𝜏 using oscilloscope 

The measurement was carried out with blocked motor shaft for the cases 𝜃el = 0° and 𝜃el = 90°, 

respectively20. In order to minimize the error, the measurement for each case was conducted 

for eigtht times whose results are shown in Figure 4-26. 

 

Figure 4-26: time constans for inductance measurement 

According to the average values of time constants in Figure 4-26, inductances in d- and q-axis 

can be calculated as follows: 

 𝐿d =
2

3
∙ 𝐿 = 𝜏d ⋅ 𝑅s = 4.36 ms × 0.652 Ω ≈ 2.84 mH (4-26) 

                                                
20 Room temperature was recorded to be 23°C. 
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𝐿q =
2

3
∙ 𝐿 = 𝜏q ⋅ 𝑅s = 3.55 ms × 0.652 Ω ≈ 2.31 mH 

It can be observed from Figure 4-26 that the values of time constants show a fluctuation. When 

the motor shaft is locked at the position 𝜃el = 0°, time constant 𝜏d,N=2 = 4.90 s, while 𝜏d,N=3 =

4.05 s. When the motor shaft is locked at the position 𝜃el = 90°, time constant 𝜏q,N=1 = 3.86 s, 

while 𝜏q,N=3 = 3.20 s. This error is minimized by conducting the measurements for eight times. 

4.4.2 Offline Measurement of Inductance by LCZ Meter 

An LCZ meter is a type of electronic test equipment, which can be used to measure the 

inductance and capacitance of an electronic component.21 For the inductance measurement by 

LCZ meter in this work, the adopted measurement circuit is the same as the one shown in 

section 4.4.1 (see Figure 4-23). 

In this experiment, the measurement was carried out with locked motor at 160 different rotor 

positions with a step of 2.25° to cover a mechanical revolution. For the applied four pole-pairs 

PMSM, eight sinusoidal periods of the measurement results are expected. For each period, 20 

measurement points are sufficient to solve a fitted sinusoidal function. At each measurement 

point, the rotor positions and the measured values are saved for inductance identification. In 

Figure 4-27, the measured inductances L versus electrical angles 𝜃el is displayed, where periodic 

characteristics of the inductances can be clearly observed. 

 

Figure 4-27: Inductances versus electrical angles measured by LCZ meter 

                                                
21 In the experiment, LCZ Meter (HEWLETT-PACKARD 4276A, produced in 1983) is applied. 
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According to Figure 4-27, the highest and lowest amplitude values of the fitted sinusoidal wave 

can be obtained and are given as follows: 

 
𝐿max,fit = 3.91 mH 

𝐿min,fit = 3.43 mH 

(4-27) 

When the electrical angle 𝜃el equals 0° and 90°, the rotor position is aligned to d- and q-axis, 

respectively. Similar to equations in (4-26), the inductances 𝐿d and 𝐿q by using LCZ meter can 

be calculated as follow: 

 

𝐿d =
2

3
∙ 𝐿max,fit = 2.61 mH 

𝐿q =
2

3
∙ 𝐿min,fit = 2.29 mH 

(4-28) 

In the following part, the measurement results based on the proposed methods are compared 

and analyzed. According to the plotted results in Figure 4-28, it can be concluded that both 

methods demonstrated their effectiveness and the measured inductances only have a slight 

difference. However, both methods can only measure the static inductances at an operation 

point. Therefore, the inductances of the machine at different operating current points cannot 

be obtained. In view of this, a more suitable method should be selected instead of the offline 

measurement method associated with applying a step voltage or using an LCZ meter. 

 

Figure 4-28: Inductance measurement results by applying step voltage and using LCZ meter 
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4.4.3 Offline Identification of Inductance based on Current Signal Injection Method [80], 

[81], [82] 

The proposed effective method for inductance identification is based on high-frequency current 

injection. By injecting a high-frequency current to the stator winding, the voltage drop over the 

inductance of the machine winding is significant and the effect of resistance can be neglected. 

As a result, the accuracy of the inductance identification method can be greatly improved. With 

the proposed method, the differential inductances can be obtained and the static inductance 

can be calculated from them. According to the identified differential inductances, the saliency 

and cross-saturation characteristics can be obtained, which offers more non-linear information 

about the machine. This could be even used for the development of sensorless control and the 

improvement of the control performance of the machine in the transient state.  

4.4.3.1.1 Introduction of Current Signal Injection Method 

At standstill of the PMSM, the nonlinear equations are given as follow: 

 𝑢d = 𝑅s ∙ 𝑖d + 𝐿dd ∙
d𝑖d
d𝑡
+ 𝐿dq ∙

d𝑖q

d𝑡
− 𝜔el ∙ 𝜓q(𝑖d, 𝑖q)⏟        

 = 0

 
(4-29) 

 𝑢q = 𝑅s ∙ 𝑖q + 𝐿qd ∙
d𝑖d
d𝑡
+ 𝐿qq ∙

d𝑖q

d𝑡
+ 𝜔el ∙ 𝜓d(𝑖d, 𝑖q)⏟        

= 0

 (4-30) 

Then we get: 

 𝑢d = 𝑅s ∙ 𝑖d + 𝐿dd ∙
d𝑖d
d𝑡
+ 𝐿dq ∙

d𝑖q

d𝑡
 (4-31) 

 𝑢q = 𝑅s ∙ 𝑖q + 𝐿qd ∙
d𝑖d
d𝑡
+ 𝐿qq ∙

d𝑖q

d𝑡
 (4-32) 

At a steady-state operating point 𝐼d0, 𝐼q0, we have: 

 
𝑈d0 = 𝑅s ∙ 𝐼d0 

𝑈q0 = 𝑅s ∙ 𝐼q0 
(4-33) 

And a high-frequency current signal 𝑖d,HF given in equation (4-34) is injected in d axis: 

 𝑖d,HF = 𝐼d,HF ∙ cos(𝜔HF ∙ 𝑡) (4-34) 

where 𝐼d,HF  is the amplitude of the high frequency current and 𝜔HF  denotes the angular 

frequency. Then the voltage equations in the d- and q-axis with high frequency current injection 

in d-axis can be obtained: 
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 𝑈d0 + 𝑢d,HF = 𝑅s ∙ (𝐼d0 + 𝑖d,HF) + 𝐿dd ∙
d𝑖d,HF
d𝑡

 (4-35) 

 𝑈q0 + 𝑢q,HF = 𝑅s ∙ 𝐼q0 + 𝐿qd ∙
d𝑖d,HF
d𝑡

 (4-36) 

Only considering the high frequency signals: 

 𝑢d,HF = 𝑅𝑠 ∙ 𝑖d,HF + 𝐿dd ∙
d𝑖d,HF
d𝑡

 (4-37) 

 𝑢q,HF = 𝐿qd ∙
d𝑖d,HF
d𝑡

 (4-38) 

Equations (4-35) and (4-36) can be described with phasor: 

 �̂�d,HF ∙ 𝑒
𝑗𝜑u,d 

⏟        
DFT−Coeff.

∙ 𝑒𝑗𝜔HF∙𝑡 = (𝑅s + 𝑗 ∙ 𝜔HF ∙ 𝐿dd) ∙ 𝐼d,HF ∙ 𝑒
𝑗𝜑𝑖,d 

⏟        
DFT−Coeff.

∙ 𝑒𝑗𝜔HF∙𝑡  
(4-39) 

 �̂�q,HF ∙ 𝑒
𝑗𝜑u,q 

⏟        
DFT−Coeff.

∙ 𝑒𝑗𝜔HF∙𝑡 = 𝑗 ∙ 𝜔HF ∙ 𝐿qd ∙ 𝐼d,HF ∙ 𝑒
𝑗𝜑𝑖,d 

⏟        
DFT−Coeff.

∙ 𝑒𝑗𝜔HF∙𝑡  (4-40) 

where �̂�d,HF ∙ 𝑒
𝑗𝜑u,d , �̂�q,HF ∙ 𝑒

𝑗𝜑u,q  and 𝐼d,HF ∙ 𝑒
𝑗𝜑𝑖,d  are the discrete Fourier transformation 

coefficients. Then the impedances 𝑍dd  and 𝑍qd  that contain the information of differential 

inductances can be obtained: 

 𝑍dd =
�̂�d,HF

𝐼d,HF
=
�̂�d,HF∙𝑒

𝑗𝜑u,d 
∙𝑒𝑗𝜔HF∙𝑡 

𝐼d,HF∙𝑒
𝑗𝜑i,d 

∙𝑒𝑗𝜔HF∙𝑡 
=
�̂�d,HF

𝐼d,HF
∙ 𝑒𝑗(𝜑u,d−𝜑i,d) = (𝑅S + 𝑗 ∙ 𝜔HF ∙ 𝐿dd) (4-41) 

 𝑍qd =
𝑈q,HF

𝐼d,HF
=
�̂�q,HF ∙ 𝑒

𝑗𝜑u,q ∙ 𝑒𝑗𝜔HF∙𝑡 

𝐼d,HF ∙ 𝑒
𝑗𝜑i,d ∙ 𝑒𝑗𝜔HF∙𝑡 

=
�̂�q,HF

𝐼d,HF
∙ 𝑒𝑗(𝜑u,q−𝜑i,d) = 𝑗 ∙ 𝜔HF ∙ 𝐿qd (4-42) 

Using Euler’s formula, we will have: 

 𝑍dd =
�̂�d,HF

𝐼d,HF
∙ [cos(𝜑u,d −𝜑i,d) + 𝑗 ∙ sin(𝜑u,d − 𝜑i,d)] = 𝑅s + 𝑗 ∙ 𝜔HF ∙ 𝐿dd (4-43) 

 𝑍qd =
�̂�q,HF

𝐼d,HF
∙ [cos(𝜑u,q −𝜑i,d) + 𝑗 ∙ sin(𝜑u,q − 𝜑i,d)] = 𝑗 ∙ 𝜔HF ∙ 𝐿qd (4-44) 

Then, 𝐿dd and 𝐿qd can be obtained from the imaginary part of equations (4-43) and (4-44): 

 𝐿dd =
�̂�d,HF

𝐼d,HF ∙ 𝜔HF
∙ sin(𝜑u,d − 𝜑i,d) (4-45) 

 𝐿qd =
�̂�q,HF

𝐼d,HF ∙ 𝜔HF
∙ sin(𝜑u,q − 𝜑i,d) (4-46) 

To improve the accuracy of the identification, the delay time 𝑇delay due to the current sampling 

delay, execution of the control algorithm and the switching delay time should be considered. 

For the identification method based on the measured voltages, the voltage sampling and 
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processing delay time, and the execution of the control algorithm are taken into account. Then 

𝐿dd and 𝐿qd can be expressed as follow: 

 𝐿dd =
�̂�d,HF

𝐼d,HF ∙ 𝜔HF
∙ sin(𝜑u,d −𝜑i,d −𝜔HF ∙ 𝑇delay) (4-47) 

 𝐿qd =
�̂�q,HF

𝐼d,HF ∙ 𝜔HF
∙ sin(𝜑u,q − 𝜑i,d −𝜔HF ∙ 𝑇delay) (4-48) 

Similarly, if a high frequency current signal given in equation (4-49) is injected into the q-

axis: 

 𝑖q,HF = 𝐼q,HF ∙ cos(𝜔HF ∙ 𝑡) (4-49) 

𝐿qq and 𝐿dq can be obtained, which are given as follows by considering the delay time 𝑇delay: 

 𝐿qq =
�̂�q,HF

𝐼q,HF ∙ 𝜔HF
∙ sin(𝜑u,q − 𝜑i,d −𝜔HF ∙ 𝑇delay) (4-50) 

 𝐿dq =
�̂�d,HF

𝐼q,HF ∙ 𝜔HF
∙ sin(𝜑u,d −𝜑i,d −𝜔HF ∙ 𝑇delay) (4-51) 

 

4.4.3.1.2 Calculation of Static Inductances 

To calculate the static inductance 𝐿d and 𝐿q, the values of differential self inductances 𝐿dd and 

𝐿qq should be used. By integrating the differential inductances, the flux linkages in d- and q-

axis can be obtained as follows: 

 𝜓d(𝑖d, 𝑖q) = ∫ 𝐿dd(𝑖d, 𝑖q)
𝐼d,max

0

d𝑖d (4-52) 

 𝜓q(𝑖d, 𝑖q) = ∫ 𝐿qq(𝑖d, 𝑖q)
𝐼q,max

0

d𝑖q (4-53) 

The static inductance is defined in equation (2-12) and will be given again to make it more 

understandable: 

 𝐿d(𝑖d, 𝑖q) =
𝜓d(𝑖d, 𝑖q)

𝑖d
, 𝐿q(𝑖d, 𝑖q) =

𝜓q(𝑖d, 𝑖q)

𝑖q
 (2-12) 

Based on the trapezoidal rule and equation (2-12), the flux linkage can be calculated: 

 𝜓d[𝑛] =
𝐿dd[𝑛] + 𝐿dd[𝑛 + 1]

2
∙ ∆𝑖𝑑 +𝜓q[𝑛 − 1] (4-54) 

 𝜓q[𝑛] =
𝐿qq[𝑛] + 𝐿qq[𝑛 + 1]

2
∙ ∆𝑖𝑞 + 𝜓q[𝑛 − 1] (4-55) 
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where ∆𝑖𝑑 and ∆𝑖𝑞 are the current steps in the d- or q-axis. In the first integration step, an initial 

condition is required. In the direct axis of the PMSM, 𝜓d[0] equals to the permanent magnet 

flux linkage 𝛹PM . In the quadrature axis of the PMSM 𝜓q[0] = 0 , because there are no 

permanent magnets along the q-axis.  

4.4.3.1.3 Proportional Resonant Current Controller [83], [84], [85] 

Due to the high frequency signal injected to the stator windings, the phase currents and the 

phase voltage contain high-frequency components. However, the widely used proportional-

integral (PI) controller has a poor tracking ability for high-frequency signals. The proportional 

resonant controller (PR), also referred to as generalized integrator, can be used instead. This 

controller shows no steady-state error while working with constant sinusoidal signals [86]. 

Therefore, a PR controller can be applied in parallel with the PI controller for inductance 

identification to achieve better identification results. 

 

4.4.3.1.3.1 Transfer Function of PR Controller 

The Laplace transfer function for an ideal PR controller is expressed as follow [87]: 

 𝐺PR−ideal(𝑠) = 𝐾P +
𝐾R ⋅ 𝑠

𝑠2 +𝜔0
2 =

1

2
⋅ (𝐾P +

𝐾R
𝑠 + 𝑗𝜔0

) +
1

2
⋅ (𝐾P +

𝐾R
𝑠 − 𝑗𝜔0

) (4-56) 

where 𝐾P  is the proportional gain, 𝐾R  is the resonant gain and 𝜔0  represents the resonant 

frequency. An ideal PR controller has infinite gain at the input AC frequency 𝜔0 to force the 

steady-state voltage error to zero, while the other frequencies are much reduced. Unfortunately, 

the ideal PR controller acts as a network with an infinite quality factor, which could cause a 

series of stability problems and cannot be achieved in either analog or digital systems [88]. 

Therefore, an approximating ideal (non-ideal) PR controller whose transfer function given by 

(4-57) with a cutoff frequency 𝜔c is used to solve the problems as aforementioned. 

 𝐺PR(𝑠) = 𝐾P +
2 ∙ 𝐾R ∙ 𝜔c ∙ 𝑠

𝑠2 + 2 ∙ 𝜔c ∙ 𝑠 + 𝜔0
2 (4-57) 

Based on (4-57) of the non-ideal PR controller, the block diagram can be drawn and is given in  

Figure 4-29. 
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a) Proportional Gain 𝐾P+ resonant part b) Block diagram of the resonant part 

Figure 4-29: Block diagram of the non-ideal PR controller 

In the following section, the Laplace transfer function of the non-ideal PR controller in s-domain 

is converted to z-domain. 

 

4.4.3.1.3.2 Discretization of PR Controller 

In [89], different discretization methods are presented and compared, where the Tustin 

transformation is the typical choice in digital control due to its accuracy in most applications 

and features the most significant deviation in the resonant frequency. Therefore, Tustin 

transformation is adopted for the PR controller discretization in this dissertation. 

By using the Tustin method given by (4-58), the discrete transfer function of the PR controller 

can be obtained and is expressed in (4-59) with coefficients: 

 𝑠 =
2

𝑇s
⋅
𝑧 − 1

𝑧 + 1
 (4-58) 

 𝐺PR(𝑧) =
𝑏0 + 𝑏1 ⋅ 𝑧

−1 + 𝑏2 ⋅ 𝑧
−2

1 + 𝑎1 ⋅ 𝑧
−1 + 𝑎2 ⋅ 𝑧

−2
 (4-59) 

The discretized 𝐺PR(𝑧) can be straightforwardly realized by indirect form I with less design 

effort, which is shown in the following differential equation: 

 𝑦(𝑘) = 𝑏0 ∙ 𝑥(𝑘) + 𝑏1 ∙ 𝑥(𝑘 − 1) + 𝑏2 ∙ 𝑥(𝑘 − 2) − 𝑎1 ∙ 𝑦(𝑘 − 1) − 𝑎2 ∙ 𝑦(𝑘 − 2) (4-60) 

Then the flow graph of the differential equation in (4-60) is derived and depicted in Figure 4-30 

as follow: 
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Figure 4-30: Flow graph of discrete PR controller indirect form I  

By substituting Tustin’s method (4-58) in (4-59), the following expression can be obtained: 

 

𝐺PR(𝑧) = 𝐾P +
2𝐾R ⋅ 𝜔c ⋅ (

2
𝑇s
⋅
𝑧 − 1
𝑧 + 1

)

(
2
𝑇s
⋅
𝑧 − 1
𝑧 + 1)

2 + 2𝜔c ⋅ (
2
𝑇s
⋅
𝑧 − 1
𝑧 + 1) + 𝜔0

2
 

=

𝐾P ∙ (𝜔0
2 ⋅ 𝑇s

2 + 4𝜔c ⋅ 𝑇s + 4) + 4𝐾R ⋅ 𝜔c ⋅ 𝑇s + 𝐾P ⋅ (2𝜔0
2 ⋅ 𝑇s

2 − 8) ∙ 𝑧−1

+(𝐾P ⋅ (𝜔0
2 ⋅ 𝑇s

2 − 4𝜔c ⋅ 𝑇s + 4)−4𝐾R ⋅ 𝜔c ⋅ 𝑇s) ∙ 𝑧
−2

(𝜔0
2 ⋅ 𝑇s

2 + 4𝜔c ⋅ 𝑇s + 4) + (2𝜔0
2 ⋅ 𝑇s

2 − 8)𝑧−1 + (𝜔0
2 ⋅ 𝑇s

2 − 4𝜔c ⋅ 𝑇s + 4) ∙ 𝑧
−2

 

(4-61) 

 

 

By applying 𝑎0 = 𝜔0
2 ⋅ 𝑇s

2 + 4𝜔c ⋅ 𝑇s + 4, the coefficients in (4-59) can be derived and are listed 
as follows: 

 

𝑎1 = (2𝜔0
2 ⋅ 𝑇s

2 − 8)/𝑎0 

𝑎2 = (𝜔0
2 ⋅ 𝑇s

2 − 4𝜔c ⋅ 𝑇s + 4)/𝑎0 

𝑏0 = (𝐾P ⋅ 𝑎0 + 4𝐾R ⋅ 𝜔c ⋅ 𝑇s)/𝑎0 

𝑏1 = (𝐾P ⋅ 𝑎1)/𝑎0 

𝑏2 = (𝐾P ⋅ 𝑎2−4𝐾R ⋅ 𝜔c ⋅ 𝑇s)/𝑎0 

(4-62) 

 

4.4.3.1.3.3 Parameter Setting of the PR Controller 

For designing of a PR controller, four coefficients 𝐾P, 𝐾R, 𝜔0 and 𝜔c should be set appropriately. 

Since the PR controller is implemented in parallel with the PI controller in the control loop, the 

proportional gain 𝐾P play the same role in both types of controllers. Therefore, 𝐾P in the PR 

controller can be set to zero or a very small value. For the PR controller, the resonant frequency 

𝜔0 should be equal to the high frequency 𝜔HF of the injection signal. In view of the setting 𝜔c, 

𝜔c ≪ 𝜔0 is required, which means the condition 𝜔c ≤ 1 10⁄ ∙ 𝜔0 needs to be met. In view of the 

parameter 𝐾R, as shown in Figure 4-31, the Bode diagram of the resonant controller can be 

shifted up and down by varying 𝐾R, which affects the gain and bandwidth of the controller. 

However, the value of the resonant gain 𝐾R  is hard to chosen. In this dissertation, an 
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appropriate value for 𝐾R  in PR controller is obtained by simulation. 

 

 

Figure 4-31: Block diagram of a PR controller with different 𝐾R values (𝐾P = 0, 𝜔HF = 400π rad/s and 

𝜔c = 15 rad/s) 

According to simulation results, the parameters of the PR controller are shown in Table 4-2: 

 
Table 4-2: Parameters of the PR controller 

Symbol Value Unit 

𝐾P 0.02 - 

𝐾R 10 - 

𝜔0 400π rad/s 

𝜔c 15 rad/s 

 

 where 𝜔0 equals to 𝜔HF is 200 Hz. 
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4.4.3.1.4 Control Loop for Inductance Identification [87] 

During the identification, the PMSM is blocked with a brake. The current control loop is used 

for offline inductance identification with HF current signal injection, which can be seen in 

Figure 4-32:  

 

Figure 4-32: Current control loop for offline inductance identification with HF current signal injection 

 

𝐼d0 and 𝐼q0 represent the fundamental DC-components for the corresponding current operating 

point. The high frequency (HF) signal can be injected into either d- or q-axis. The proportional 

resonant (PR) controller is in parallel with the conventional PI current controller. With a given 

operating point 𝐼d0, 𝐼q0 , phase currents 𝑖U , 𝑖V  and phase voltages 𝑈U , 𝑈V  are measured and 

transformed into the dq-reference frame. The rotor angle is measured with the encoder installed 

in the machine. Based on equations (4-47) (4-48) (4-50) and (4-51), the differential self-

inductances 𝐿dd, 𝐿qq and mutual inductances 𝐿dq, 𝐿qd can be obtained by using the outputs of 

the controllers 𝑢d,c and 𝑢q,c. At the same time, the phase voltages 𝑢U,m, 𝑢V,m of the windings 

phase U and V are measured using the delta-sigma AD converter and transferred to the dq-

reference frame. Similarly, the inductances can also be derived based on the measured voltages. 

The amplitude of the injected HF signal is selected to be 0.35 A, which is 5 % of the rated 

current 𝐼N of the machine. The fundamental currents 𝐼d0 and 𝐼q0 vary from -7 A to 7 A in steps 

of 0.7 A, which is 10% of 𝐼N. The switching frequency 𝑓s  for the switching devices is set to 10 kHz. 

Due to the processing time of the delta-sigma AC converter and the delay time of the applied sinc3 

filter used for digital filtering [90], 𝑇delay for the identification based on the measured voltages 

can be approximated to be 200 us. Detailed parameter setting is depicted in Table 4-3: 
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Table 4-3: Parameter setting of the HF current signal injection 

Parameters Values 

Amplitude of the HF signal 0.35 A 

Frequency of the HF signal 𝜔HF 200 Hz 

Current step Δ𝐼 0.7 A 

Switching Frequency 𝑓s 10 kHz 

Voltage of the DC bus 𝑈DC 180 V 

Time delay 𝑇delay 
(Identification based on measured voltages) 

200 us 

Time delay 𝑇delay 
(Identification based on controller outputs) 

700 us 

For a switching frequency 𝑓s of 10 kHz, 50 samples of voltage or current per electrical period 

for the 200 Hz high-frequency signals can be derived, which is sufficient to reconstruct a 

sinusoidal signal. By specifying the maximum currents 𝐼d,max  and 𝐼q,max  and the step Δ𝐼 , a 

measurement matrix is generated with the equidistantly distributed operation points. Table 4-4 

shows an example of a measurement matrix with a maximum q-current of 100% ∙ 𝐼N, maximum 

d-current of 100% ∙ 𝐼N and current step of 10% ∙ 𝐼N. The execution of the operation points is 

done in columns, with the reference values being increased depending on the column index: 

Table 4-4：An example of a measurement matrix 
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4.4.3.1.5 Identification Results 

For different current operating points, the data are saved in the RAM of the DSP. Due to the 

limited memory capacity of the RAM, only 0.2 s data can be consecutively saved at the same 

time. The saved data is then exported and plotted with MATLAB for analysis. Then the 

inductances are calculated and compared according to the measured voltages and controller 

outputs, respectively.  

In Figure 4-33, the currents 𝑖d and 𝑖q, the measured machine voltages 𝑢d,m and 𝑢q,m, the 

controller outputs 𝑢d,c and 𝑢q,c can be seen, where the second column of the figure depicts the 

zoom of the corresponding signals. It can be observed that the measured voltage 𝑢q,m increases 

or decreases linearly with the current. However, the controller outputs 𝑢d,c and 𝑢q,c show the 

nonlinear characteristic related to the current, which is caused by the nonlinearity of the voltage 

source inverter. Dead time, turn-on/off delays, and the voltage drops across the semiconductor 

switches are considered as the most significant nonlinearity of the inverter. Since the controllers 

should compensate for the voltage disturbance caused by the nonlinearity of the inverter, this 

disturbance can be reflected in the reference voltages 𝑢d,c and 𝑢q,c. 

The identified differential self- and mutual inductances are depicted in Figure 4-34. It can be 

observed that the differential self-inductance 𝐿dd  is kept to be constant if a negative 𝑖d  is 

injected. In contrast, 𝐿dd is reduced notably with an increased positive 𝑖d, which means that the 

saturation of the flux in the d-axis increased with increased positive 𝑖d. Compared to 𝐿dd, the 

𝐿qq is kept to be almost constant for all range of the operating points.  

The differential mutual inductances prove that 𝐿dq= 𝐿qd, and their values are relatively 

small compared to the differential self-inductances (see Figure 4-35). That means, the PMSM 

does not have a strong cross-magnetization effect within the selected measurement range of the 

current. 

Based on (4-54) and (4-55), the flux linkages 𝜓d and 𝜓q in d- and q-axis are obtained and 

the results are provided in Figure 4-37, the static inductances 𝐿d and 𝐿q can be calculated and 

are shown in Figure 4-36. It can be concluded that the static inductances show the same 

tendency as the differential self-inductances. It should be mentioned that 𝐿d for 𝑖d = 0 and 𝐿q 

for 𝑖q = 0 are obtained using linear interpolation. 

In conclusion, according to the comparison results, the identified 

inductances 𝐿dd, 𝐿qq, 𝐿dq, 𝐿qd, 𝐿d and 𝐿q based on the controller outputs show almost the same 

profile compared to the identification results based on measured voltages.  
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Figure 4-33: The currents 𝑖d and 𝑖q, the measured 𝑢d,m and 𝑢q,m, the controller outputs 𝑢d,c and 𝑢q,c at 

different operation points according to the offline inductance identification method (In the second 

column the zooming of the corresponding signals are shown.) 

 

  

HF voltage 𝑢d,HF 

HF voltage 𝑢q,HF 

HF voltage 𝑢d,HF 

HF voltage 𝑢q,HF 

HF current 𝑖d,HF 

HF current 𝑖q,HF 
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Figure 4-34: The identified differential self-inductances 𝐿dd and 𝐿qq (𝐿dd,m and 𝐿qq,m in the left column 

are identified based on the measured voltages, 𝐿dd,c and 𝐿qq,c in the right column are identified 

based on the controller outputs.) 

 

  

  

Figure 4-35: The identified differential mutual inductances 𝐿dq  and 𝐿qd  (𝐿dq,m  and 𝐿qd,m  in the left 

column are identified based on the measured voltages, 𝐿dq,c  and 𝐿qd,c  in the right column are 

identified based on the controller outputs.)  
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Figure 4-36: The identified static inductances 𝐿d and 𝐿q (𝐿d,m and 𝐿q,m in the left column are identified 

based on the measured voltages, 𝐿d,c and 𝐿q,c in the right column are identified based on the 

controller outputs.) 

  

  

Figure 4-37: The identified flux linkages 𝜓d and 𝜓q (𝜓d,m and 𝜓q,m in the left column are identified based 

on the measured voltages, 𝜓d,c and 𝜓q,c in the right column are identified based on the controller 

outputs.) 
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Figure 4-38 shows the identified static inductances in d- and q-axis under different load 

condition for 𝑖d = 0. In view of that the offline identification for the inductances is carried out 

for an SPMSM, the inductances in d- and q-axis are tallied with each other and have only slight 

differences. Moreover, the proposed online identification algorithms presented in chapter 5 is 

developed for the SPMSM, which means that the algorithms can only identify one stator 

inductance and resistance simultaneously, instead of identifying inductances in both the d- and 

q-axis at the same time. Therefore, the average value of 2.56 mH of the inductances is adopted 

as the reference value of the stator inductance for 𝑖d = 0, which will be used as the initial value 

and implemented in the online parameter identification algorithms in the next chapter.  

 

Figure 4-38: Identified inductances based on HF current signal injection using voltage sensing 

 

 

 

 

2.56 mH 
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5 Online Parameter Identification 

In this chapter, the principle of the proposed online parameter identification algorithms is firstly 

introduced. After that, the inverter nonlinearity effect on the accuracy of the identification 

results is analyzed. Subsequently, the corresponding identification results are presented and 

compared for the scenarios with and without compensation for inverter nonlinearity. With the 

approaches, stator resistance and stator inductance can be simultaneously identified in real-

time. The initial values of the stator resistance and inductance used in the online identification 

method are derived from the offline procedures introduced in chapter 4. 

 

5.1 Overview of the Online Parameter Identification Algorithms 

In this section, two common algorithms, including recursive least squares method (RLS) and 

model reference adaptive control method (MRAC) for the online parameter identification, are 

introduced. RLS is a relatively classical and widely used method for parameter identification 

due to its simplicity. MRAC is based on an adaptive control approach with the main objective 

of designing an adaptive model as close as possible to the reference model. The advantages of 

the MRAC are its relatively fast adaption, stability, and fast convergence. In the following parts, 

the principle of these two methods is first introduced. Then, the derived formulas for the online 

parameter identification based on the two methods are given. 

5.1.1.1 Introduction of RLS 

The least-squares method estimates the parameters by minimizing a weighted linear least-

squares cost function. The conventional least squares method is a one-time completion or called 

batch processing algorithm. The recursive least squares method is a recursive algorithm, which 

is suitable for real-time parameter identification. According to the literature [19] [91], the 

expressions of the recursive least-squares method are given in (5-1) (5-2) (5-3): 

 �̂�(𝑘) = �̂�(𝑘 − 1) + 𝑲(𝑘) ∙ [𝒛(𝑘) − 𝒉𝑇(𝑘) ∙ �̂�(𝑘 − 1)] (5-1) 

 𝑲(𝑘) = 𝑷(𝑘 − 1) ∙ 𝒉(𝑘) ∙ [𝒉𝑇(𝑘) ∙ 𝑷(𝑘 − 1) ∙ 𝒉(𝑘) + 1]−1 (5-2) 

 𝑷(𝑘) = [𝑰 − 𝑲(𝑘) ∙ 𝒉𝑇(𝑘)] ∙ 𝑷(𝑘 − 1) (5-3) 

where: 

 �̂�(𝑘 − 1):  Estimated values matrix at (𝑘 -1) 

 �̂�(𝑘): Estimated values matrix at 𝑘 
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 𝒛(𝑘)：Input matrix at 𝑘 

 𝒉𝑇(𝑘)：Output matrix at 𝑘 

 𝑲(𝑘): Gain matrix at 𝑘 

 𝑷(𝑘): Gain correction matrix at 𝑘 (𝑷(𝑘) covariance matrix) 

 [𝒛(𝑘) − 𝒉𝑇(𝑘)�̂�(𝑘 − 1)]: Estimation error 

 𝑲(𝑘) ∙ [𝒛(𝑘) − 𝒉𝑇(𝑘)�̂�(𝑘 − 1)]: Correction items 

The cost function of the RLS is:  

 𝑒2 =∑(𝒛(𝑘) − 𝒉𝑇(𝑘)�̂�(𝑘 − 1))
2

𝑁

𝑖=1

 (5-4) 

The least-squares estimator �̂� of parameter matrix 𝜽 can be obtained by minimizing a weighted 

least squares cost function. The structure of RLS is shown in the following figure: 

 

Figure 5-1: Structure of RLS 

 

However, as the amount of historical input data increases, the output of the RLS will be less 

dynamic.  In other words, the matrix 𝑷(𝑘) in the algorithm will gradually approach zero, and 

the least-squares identification algorithm will gradually lose its correction ability. The least-

squares method will not be attenuated due to the accumulation of data information, which 

reduces the correction ability and tracking ability of the algorithm. To overcome the data 

saturation, it is necessary to add a forgetting factor to the old data, in which the weight of the 

old data in the matrix 𝑷(𝑘) can be reduced and the content of the new data will be increased. 

Hence, it is necessary to add the forgetting factor to the recursive least squares method. The 

expression of the least-squares method is adjusted for adding a forgetting factor 𝜇 and is given 

in (5-5) (5-6) (5-7): 

 �̂�(𝑘) = �̂�(𝑘 − 1) + 𝑲(𝑘) ∙ [𝒛(𝑘) − 𝒉𝑇(𝑘) ∙ �̂�(𝑘 − 1)] (5-5) 

 𝑲(𝑘) = 𝑷(𝑘 − 1) ∙ 𝒉(𝑘) ∙ [𝒉𝑇(𝑘) ∙ 𝑷(𝑘 − 1) ∙ 𝒉(𝑘) + 𝜇]−1 (5-6) 
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 𝑷(𝑘) =
1

𝜇
∙ [𝑰 − 𝑲(𝑘) ∙ 𝒉𝑇(𝑘)] ∙ 𝑷(𝑘 − 1) (5-7) 

𝜇 is the forgetting factor, which can directly affect the performance of the algorithm. When 𝜇 =

1, the RLS algorithm with the forgetting factor is a standard RLS. As 𝜇 increases, the tracking 

ability of the algorithm decreases, and the robustness is enhanced. If 𝜇 is reduced, the tracking 

ability of the algorithm is enhanced with the cost of decreased robustness, which makes the 

algorithm sensitive to the noise. To reach a compromise between the tracking ability and the 

system robustness, the forgetting factor 𝜇 should be chosen in the range from 0.95 to 0.99. 

5.1.1.2 Online Parameter Identification based upon RLS 

For the identification of the stator resistance and stator inductance, the simplified machine 

model given in (5-8) and (5-9) is used: 

 𝑢d = 𝑅s ∙ 𝑖q + 𝐿d ∙
d𝑖d
d𝑡
− 𝜔el ∙ 𝜓q (5-8) 

 𝑢q = 𝑅s ∙ 𝑖q + 𝐿q ∙
d𝑖q

d𝑡
+ 𝜔el ∙ 𝜓d (5-9) 

Considering the discrete control of the machine with a sampling period 𝑇s, both the equations 

can be reformed as follows: 

 𝑢d(𝑘) = 𝑅s(𝑘) ∙ 𝑖d(𝑘) + 𝐿d(𝑘) ∙
𝑖d(𝑘) − 𝑖d(𝑘 − 1)

𝑇s
−𝜔el(𝑘) ∙ 𝐿q(𝑘) ∙ 𝑖q(𝑘) (5-10) 

 
𝑢q(𝑘) = 𝑅𝑠(𝑘) ∙ 𝑖q(𝑘) + 𝐿q(𝑘) ∙

𝑖q(𝑘) − 𝑖q(𝑘 − 1)

𝑇s
+𝜔el(𝑘) ∙ 𝐿d(𝑘) ∙ 𝑖d(𝑘)

+ 𝜔el(𝑘) ∙ 𝛹PM 
(5-11) 

Since the applied machine is an SPMSM, the assumption 𝐿d = 𝐿q = 𝐿s  is made and the 

equations (5-10) and (5-11) can be rewritten as follows: 

 [
𝑢d(𝑘)

𝑢q(𝑘) − 𝜔el(𝑘) ∙ 𝛹PM
] =

[
 
 
 
 𝑖d(𝑘)

𝑖d(𝑘) − 𝑖d(𝑘 − 1)

𝑇s
− 𝜔el(𝑘) ∙ 𝑖q(𝑘) 

𝑖q(𝑘)
𝑖q(𝑘) − 𝑖q(𝑘 − 1)

𝑇s
+𝜔el(𝑘) ∙ 𝑖d(𝑘) ]

 
 
 
 

∙ [
𝑅s(𝑘)

𝐿s(𝑘)
] (5-12) 

According to equation (5-12) and the cost function of RLS (5-4), we could obtain the estimated 

values �̂�(𝑘) = [�̂�s(𝑘) �̂�s(𝑘)]
𝑇 , the input value matrix 𝒛(𝑘) = [

𝑢d(𝑘)

𝑢q(𝑘) − 𝜔el(𝑘) ∙ 𝛹PM
] and the 

output values matrix 𝒉𝑇(𝑘) = [
𝑖d(𝑘)

𝑖d(𝑘)−𝑖d(𝑘−1)

𝑇s
−𝜔el(𝑘) ∙ 𝑖q(𝑘) 

𝑖q(𝑘)
𝑖q(𝑘)−𝑖q(𝑘−1)

𝑇s
+𝜔el(𝑘) ∙ 𝑖d(𝑘)

] 
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For the steady-state condition of the machine, the deviation of the current 𝑖d and 𝑖q can be 

assumed to be zero, then 𝒉𝑇(𝑘) is: 

 𝒉𝑇(𝑘) = [
𝑖d(𝑘) −𝜔el(𝑘) ∙ 𝑖q(𝑘) 

𝑖q(𝑘) +𝜔el(𝑘) ∙ 𝑖d(𝑘)
] (5-13) 

 

5.1.1.3 Introduction of MRAC 

The structure of MRAC is shown in Figure 5-2: 

 

Figure 5-2: Structure of MRAC [92] 

 

MRAC consists of three parts: a reference model, an adjustable model, and an adaption 

algorithm. The reference model represents the real system. The input of the reference model is 

𝑥1 and the output is 𝑦1. The adjustable model has the same input 𝑥1 as the reference model, but 

it is not a real system. The adjustable model should be created as close to the reference model 

as possible. For the ideal case, when the adjustable model is identical to the reference model, 

then the deviation 𝑦1 − 𝑦2 turns to be zero and the identified parameter 𝑏 is identical to the 

parameter of the real system. In reality, the adjustable model cannot be 100% identical to the 

reference model, so there is a deviation 𝑒 between the output values of the two models. The 

deviation 𝑒 will pass through the third part of the adaption control, which is the adaption law 

for identification. The adaption law may have other inputs, such as 𝑥2, depending on the design 

of the adaption algorithm. Deviation 𝑒 and other variables 𝑥2 are used as input of the adaption 

law, then the variable 𝑏 can be identified. Correspondingly, 𝑏 in the adaptive system is updated 

synchronously.  

In conclusion, the following two issues are significantly important for the successful 

development of parameter identification based upon MRAC: 

 The adjustable model should match the reference model. 
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 The design of adaptation law needs to meet the requirements of system stability to 

ensure that the identified parameters can converge to stable values. In addition, the 

adaption law should be as simple as possible to reduce the efforts of implementation.  

 

5.1.1.4 Online Parameter Identification based upon MRAC 

Like the RLS method, the simplified model of PMSM given in (5-8) and (5-9) is adopted for the 

MRAC algorithm. Based on that, two unknown variables in the equations can be identified at 

the same time. As aforementioned, 𝐿d = 𝐿q is valid for the utilized SPMSM, and the reference 

model and the adjustable model of MARC in Figure 5-2 can be given in (5-14) and (5-15), 

respectively: 

 
d

d𝑡
[
𝑖d
𝑖q
] =

[
 
 
 −
𝑅s
𝐿s

𝜔el

−𝜔el −
𝑅s
𝐿s]
 
 
 

∙ [
𝑖d
𝑖q
] +

1

𝐿s
∙ [

𝑢d
𝑢q − 𝛹PM ⋅ 𝜔el

] (5-14) 

 

d

d𝑡
[
𝑖̇̂d
𝑖̇̂q
] =

[
 
 
 
 −
�̂�s

�̂�s
𝜔el

−𝜔el −
�̂�s

�̂�s]
 
 
 
 

∙ [
𝑖̇̂d
𝑖̇̂q
] +

1

�̂�s
∙ [

𝑢d
𝑢q − 𝛹PM ⋅ 𝜔el

] (5-15) 

where “^” signifies the estimated values of the adaptive model. The values of  
�̂�s

�̂�s
 and 

1

�̂�s
 in 

(5-15) can be identified based on MARC. For steady- 𝜔el is 

almost constant and the derivations of 𝑖d  and 𝑖q  with respect to time are equal to zero. 

Therefore, the following equation can be established: 

 
d

d𝑡
[
𝑖̇̂d
𝑖̇̂q
] =

[
 
 
 
 −
�̂�s

�̂�s
𝜔el

−𝜔el −
�̂�s

�̂�s]
 
 
 
 

∙ [
𝑖̇̂d
𝑖̇̂q
] +

1

�̂�s
∙ [

𝑢d
𝑢q − 𝛹PM ⋅ 𝜔el

] ≜ 0 (5-16) 

 Then, the discrete adjustable model can be simplified as follows: 

 [
𝑖̇̂d(𝑘)

𝑖̇̂q(𝑘)
] =

[
 
 
 
 
�̂�s

�̂�s
−𝜔el

𝜔el
�̂�s

�̂�s ]
 
 
 
 
−1

∙ (
1

�̂�s
∙ [

𝑢d
𝑢q − 𝛹PM ∙ 𝜔el

]) (5-17) 

With knowing the adjustable model, a suitable adaptation algorithm can be obtained. Generally, 

the adaptation algorithm for parameter identification is based on Lyapunov’s stability theorem 
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or the Popov stability criterion [93]. In this work, an integral (I) controller is implemented to 

meet the Lyapunov’s stability theorem, where a proportional-integral (PI) controller is applied 

for satisfying the Popov stability criterion. And the adaption laws based on Lyapunov’s stability 

theorem and Popov stability criterion are given by (5-18) and (5-19), respectively, which is 

described in detail in the following section 5.1.1.4.3 and 5.1.1.4.4 [94] [95]. 

 

Adaption law based on Lyapunov stability criterion 

�̂�s

�̂�s
=
𝑅s0
𝐿s0

− 𝐾I ∙ ∫ (𝑖̇̂d ∙ 𝑒1 + 𝑖̇̂q ∙ 𝑒2)d𝑡
𝑡

0

 

1

�̂�s
=
1

𝐿s0
+ 𝐾I ∙ ∫ (𝑢d ∙ 𝑒1 + (𝑢q − 𝛹PM ∙ 𝜔el) ∙ 𝑒2)d𝑡

𝑡

0

 

(5-18) 

 

Adaption law based on Popov stability criterion 

�̂�s

�̂�s
=
𝑅s0
𝐿s0

− 𝐾I ∙ ∫ (𝑖̇̂d ∙ 𝑒1 + 𝑖̇̂q ∙ 𝑒2)d𝑡
𝑡

0

− 𝐾P ∙ (𝑖̇̂d ∙ 𝑒1 + 𝑖̇̂q ∙ 𝑒2) 

1

�̂�s
=
1

𝐿s0
+ 𝐾I ∙ ∫ (𝑢d ∙ 𝑒1 + (𝑢q −𝛹PM ∙ 𝜔el) ∙ 𝑒2)d𝑡

𝑡

0

+ 𝐾P ∙ (𝑢d ∙ 𝑒1 + (𝑢q − 𝛹PM ∙ 𝜔el) ∙ 𝑒2) 

(5-19) 

where 𝐾I and 𝐾P are the integral and proportional gains, respectively. 𝑅s0 and 𝐿s0 are the initial 

values of the stator resistance and inductance. The values of 
�̂�s

�̂�s
 and 

1

�̂�s
 can be identified, 

respectively, and accordingly the identified values �̂�s  and �̂�s  of the stator resistance and 

inductance can be derived. 

The output errors can be described as follows: 

 [
𝑒1
𝑒2
] = [

𝑖d − 𝑖̇̂d
𝑖q − 𝑖̇̂q

] (5-20) 

Based on equations (5-18) and (5-19), the structure of the MRAC applied for online parameter 

identification for the PMSM based on Lyapunov adaption law and Popov adaption law can be 

derived as follow: 
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Figure 5-3: Online parameter identification based on MRAC with Lyapunov and Popov adaptation laws 

 

5.1.1.4.1 Adaptation Law of MRAC 

The adaptation law of MRAC for parameter identification can be derived based on Lyapunov’s 

or Popov’s stability criteria [93]. In the section, the error transfer function of the model 

reference adaptive control (MRAC) is first introduced. Then, the derivations of adaptation laws 

based on Lyapunov’s stability theorem and the Popov’s stability criterion are presented. 

5.1.1.4.2 Error Transfer Function of MRAC 

The simplified machine model given in (5-8) and (5-9) can be rewritten in matrix form as 

follow: 

 �̇� = 𝑨 ∙ 𝑿 + 𝑩 ∙ 𝒖 (5-21) 

 

where: 

 

 𝑨 =

[
 
 
 −
𝑅s
𝐿s

𝜔el

−𝜔el −
𝑅𝑠
𝐿s]
 
 
 

 (5-22) 

 𝑿 = [
𝑖d
𝑖q
]  
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 𝑩 =

[
 
 
 
1

𝐿s
0

0
1

𝐿s]
 
 
 

  

 𝒖 = [
𝑢d

𝑢q −𝛹PM ⋅ 𝜔el
] (5-23) 

 

Similarly, the equation of the adjustable model in (5-17) can be described by the following 

equation in matrix form: 

 �̇̂� = �̂� ∙ �̂� + �̂� ∙ 𝒖 (5-24) 

 

with  

 

 �̂� =

[
 
 
 
 −
�̂�𝑠

�̂�𝑠
𝜔el

−𝜔el −
�̂�𝑠

�̂�𝑠]
 
 
 
 

 (5-25) 

 �̂� = [
𝑖̇̂d
𝑖̇̂q
] (5-26) 

 �̂� =

[
 
 
 
 
1

�̂�𝑠
0

0
1

�̂�𝑠]
 
 
 
 

 (5-27) 

where “^” denotes the estimated quantities. �̂� and �̂� are the matrices in which 𝑅s and 𝐿s are 

replaced by the estimated values �̂�s and �̂�𝑠, respectively. 

According to (5-21) and (5-24), the error of the system can be expressed as follows: 

 𝒆 = 𝑿 − �̂� = [
𝑒1
𝑒2
] = [

𝑖d − 𝑖̇̂d
𝑖q − 𝑖̇̂q

] (5-28) 

Therefore, the error function of the system is described as follows: 

 �̇� = 𝑨 ∙ 𝑿 − �̂� ∙ �̂� + (𝑩 − �̂�) ∙ 𝒖 = 𝑨 ∙ 𝒆 + (𝑨 − �̂�) ∙ �̂� + (𝑩 − �̂�) ∙ 𝒖 (5-29) 

The terms (𝑨 − �̂�) and (𝑩 − �̂�) in (5-29) are replaced with Δ𝑨 and Δ𝑩 given as follows: 

 Δ𝑨 = 𝑨 − �̂� =

[
 
 
 
 
�̂�s

�̂�s
−
𝑅s
𝐿s

0

0
�̂�s

�̂�s
−
𝑅s
𝐿s]
 
 
 
 

= 𝑎 ∙ 𝑰 (5-30) 
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 Δ𝑩 = 𝑩 − �̂� =

[
 
 
 
 
1

𝐿s
−
1

�̂�s
0

0
1

𝐿s
−
1

�̂�s]
 
 
 
 

= 𝑏 ∙ 𝑰 (5-31) 

with 

 𝑎 =
�̂�s

�̂�s
−
𝑅s
𝐿s

 (5-32) 

 𝑏 =
1

𝐿s
−
1

�̂�s
 (5-33) 

where 𝑰 is an identity matrix.  

5.1.1.4.3 Lyapunov Stability Criterion 

According to [93], the Lyapunov stability criterion is widely used in designing MRAC due to its 

simple implementation. Lyapunov stability criterion makes use of a Lyapunov function 

𝑉(𝑥): 𝑅𝑛 → 𝑅 which must meet the following three conditions to ensure the global asymptotic 

stability of a system [96][97]: 

 𝑉(𝑥) > 0, which means 𝑉(𝑥) is positive. 

 �̇�(𝑥) < 0, which means �̇�(𝑥) is negative.  

  𝑉(𝑥) → ∞, when |𝑥| → ∞. 

In addition, the condition 𝑉(𝑥) = 0 if and only if 𝑥=0 is required for a Lyapunov candidate 

function.  

Let‘s continue the analysis of the previous chapter and make: 

 𝝓 = [
𝑎
𝑏
] (5-34) 

 𝒔 = [�̂�
𝒖
] (5-35) 

 

Then, the error function equation (5-29) can be rewritten in the form as follow: 

 �̇� = 𝑨 ∙ 𝒆 + 𝝓𝑇 ∙ 𝒔 (5-36) 

For the error function (5-29), a Lyapunov candidate function can be designed, which is positive 

definite in the following form: 

 𝑉(𝒆) =
1

2
∙ (𝒆𝑇 ∙ 𝒆 + 𝝓𝑇 ∙ 𝝓) (5-37) 
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whereby 𝒆 = 𝝓𝑇 = 𝟎 is the stable equilibrium point of the system. When |𝒆| → ∞, it is easy to 

confirm that 𝑉(𝒆) → ∞, which means that the third condition is satisfied. If �̇�(𝒆) is proven to 

be negative, then the error function in (5-29) will satisfy all the three conditions of the 

Lyapunov stability criterion, which means that the adaptive law at the equilibrium point (𝒆 = 0) 

is global asymptotic stability and the convergence can be guaranteed.  

The following description is to prove the second condition �̇�(𝒆) < 0 . �̇�(𝑒)  is expressed as 

follows: 

 �̇�(𝒆) =
1

2
(�̇�𝑇 ∙ 𝒆 + 𝒆𝑇 ∙ �̇� + �̇�𝑇 ∙ 𝝓 + 𝝓𝑇 ∙ �̇�) (5-38) 

with 

 

�̇�𝑇 ∙ 𝒆 = (𝑨 ∙ 𝒆 + 𝝓𝑇 ∙ 𝒔)𝑇 ∙ 𝒆 = 𝒆𝑇 ∙ 𝑨𝑇 ∙ 𝒆 + 𝒔𝑇 ∙ 𝝓 ∙ 𝒆 

𝒆𝑇 ∙ �̇�=𝒆𝑇 ∙ (𝑨 ∙ 𝒆 + 𝝓𝑇 ∙ 𝒔)=𝒆𝑇 ∙  𝑨 ∙ 𝒆+(𝒔𝑇 ∙ 𝝓 ∙ 𝒆)𝑇 

�̇�𝑇 ∙ 𝝓 + 𝝓𝑇 ∙ �̇� = 2 ∙ (𝑎 ∙ �̇� + 𝑏 ∙ �̇�) 

(5-39) 

Then, the term �̇�𝑇 ∙ 𝒆 + 𝒆𝑇 ∙ �̇�  in the Lyapunov candidate function (5-38) can be given as 

follows: 

 
�̇�𝑇 ∙ 𝒆 + 𝒆𝑇 ∙ �̇� = 𝒆𝑇 ∙ 𝑨𝑇 ∙ 𝒆 + 𝒔𝑇 ∙ 𝝓 ∙ 𝒆 + 𝒆𝑇 ∙  𝑨 ∙ 𝒆+(𝒔𝑇 ∙ 𝝓 ∙ 𝒆)𝑇 

= 𝒆𝑇 ∙ (𝑨𝑇 + 𝑨) ∙ 𝒆 + 𝒔𝑇 ∙ 𝝓 ∙ 𝒆 + (𝒔𝑇 ∙ 𝝓 ∙ 𝒆)𝑇 
(5-40) 

Based on (5-39) and (5-40), the Lyapunov candidate function (5-38) can be rewritten as follows:  

 �̇�(𝒆) =
1

2
∙ 𝒆𝑇 ∙ (𝑨𝑇 + 𝑨) ∙ 𝒆 +

1

2
∙ (𝒔𝑇 ∙ 𝝓 ∙ 𝒆 + (𝒔𝑇 ∙ 𝝓 ∙ 𝒆)𝑇) + 𝑎 ∙ �̇� + 𝑏 ∙ �̇� (5-41) 

with 

 𝑨𝑇 + 𝑨 =

[
 
 
 −2 ⋅

𝑅s
𝐿s

0

0 −2 ⋅
𝑅s
𝐿s]
 
 
 

 (5-42) 

 
1

2
∙ 𝒆𝑇 ∙ (𝑨𝑇 + 𝑨) ∙ 𝒆 = −

𝑅s
𝐿s
⋅ (𝒆1

2 + 𝒆2
2) (5-43) 

The term in (5-43) is negative for 𝒆 ≠ 𝟎 . Therefore, �̇�(𝒆)  will be negative definite if the 

remaining terms of �̇�(𝒆) satisfy the following condition: 

 
1

2
∙ (𝒔𝑇 ∙ 𝝓 ∙ 𝒆 + (𝒔𝑇 ∙ 𝝓 ∙ 𝒆)𝑇) + 𝑎 ∙ �̇� + 𝑏 ∙ �̇� = 0 (5-44) 

Equation (5-44) can be simplified as follows: 
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1

2
∙ (𝒔𝑇 ∙ 𝝓 ∙ 𝒆 + (𝒔𝑇 ∙ 𝝓 ∙ 𝒆)𝑇) + 𝑎 ∙ �̇� + 𝑏 ∙ �̇� 

    =
1

2
∙ (𝑎 ∙ �̂� + 𝑏 ∙ 𝒖) ∙ 𝒆 +

1

2
∙ 𝒆𝑇 ∙ (𝑎 ∙ �̂� + 𝑏 ∙ 𝒖)

𝑇
+ 𝑎 ∙ �̇� + 𝑏 ∙ �̇� 

    =
1

2
∙ 𝑎 ∙ �̂� ∙ 𝒆 +

1

2
∙ 𝑏 ∙ 𝒖 ∙ 𝒆 +

1

2
∙ 𝒆𝑇 ∙ (𝑎 ∙ �̂�)

𝑇
+
1

2
∙ 𝒆𝑇 ∙ (𝑏 ∙ 𝒖)𝑇 + 𝑎 ∙ �̇� + 𝑏 ∙ �̇� 

    = 𝑎 ∙ (�̂� ∙ 𝒆 + �̇�) + 𝑏 ∙ (𝒖 ∙ 𝒆 + �̇�) 

(5-45) 

Based on (5-45), equation (5-44) can be expressed as follows: 

 𝑎 ∙ (�̂� ∙ 𝒆 + �̇�) + 𝑏 ∙ (𝒖 ∙ 𝒆 + �̇�) = 0 (5-46) 

Therefore, if the following functions are established, (5-38) is ensured to be negative definite. 

 

{
 
 

 
 �̂� ∙ 𝒆 + �̇� = 𝑖̇̂d ∙ 𝑒1 + 𝑖̇̂q ∙ 𝑒2 +

d

d𝑡
(
�̂�s

�̂�s
−
𝑅s
𝐿s
) = 0

𝒖 ∙ 𝒆 + �̇� = 𝑢d ∙ 𝑒1 + (𝑢q −𝛹PM ∙ 𝜔el) ∙ 𝑒2 +
d

d𝑡
(
1

𝐿s
−
1

�̂�s
) = 0

 (5-47) 

 
According to (5-48), the adaptive law based on Lyapunov stability criterion can be derived by 

integration as follows: 

 

{
 
 

 
 𝑎 =

�̂�s

�̂�s
=
𝑅s0
𝐿s0

−𝐾I1 ∙ ∫ ( 𝑖̇̂d ∙ 𝑒1 + 𝑖̇̂q ∙ 𝑒2) ∙
𝑡

0

d𝑡

𝑏 =
1

𝐿s
=
1

𝐿s0
+ 𝐾I2 ∙ ∫ [𝑢d ∙ 𝑒1 + (𝑢q −𝛹PM ∙ 𝜔el) ∙ 𝑒2] ∙

𝑡

0

d𝑡

 (5-48) 

where 𝐾I1 and 𝐾I2 
22 are the gain of integral terms, 𝐿s0 and 𝑅s0 are the initial values of stator 

inductance and stator resistance, respectively.  

5.1.1.4.4 Popov’s Stability Criterion 

The design of MRAC that relies on Popov stability criterion concept mainly concerns the stability 

properties of the classical nonlinear time variable feedback system as shown in Figure 5-4. The 

system will be globally stable if the following two conditions can be held [100]: 

 The transfer function of the feedforward linear time-invariant satisfies strictly positive 

real. 

                                                
22  Tuning of intergral terms 𝐾I1 and 𝐾I2 affects the setting time for the parameter identification algorithm. The larger 

the values, the shorter the convergence time of the algorithm, which means the identified parameters can 

quickly reach their steady state values. The smaller the values, the slower the convergence, where the identified 

parameters can only slowly reach their steady state values. 
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 The nonlinear time variable feedback block satisfies the Popov’s integral inequality as 

follows: 

 𝜂(0, 𝑡1) = ∫ 𝒘𝑇(𝜏)𝒗 (𝜏)d𝜏 ≥ −𝑟2
𝑡1
0

, 𝑡1 ≥0 
(5-49) 

where 𝒗 is the input vector for the feedback block, 𝒘 is the output vector and 𝑟2 is a finite 

positive constant. 

 

Figure 5-4: Classical nonlinear time variable feedback system 

 

According to (5-29), the error function of the system is described as follow: 

 {
�̇� = 𝑨 ∙ 𝒆 − 𝒘
𝑦 = 𝒆

 (5-50) 

where 𝒘 represents the following term: 

 𝒘 = −(𝑨 − �̂�) ∙ �̂� − (𝑩 − �̂�) ∙ 𝒖 (5-51) 

And the Laplace transfer function of system error in (5-50) can be expressed as follows: 

 𝐺err(𝑠) = (𝑠 ∙ 𝑰 − 𝑨)
−1 (5-52) 

According to [98]，the transfer function in (5-52) can be proved to be strictly positive real. 

Based on (5-50), the Popov’s integral inequality can be rewritten as below: 

 

𝜂(0, 𝑡1) = ∫ 𝒘𝑇𝒚d𝑡 =
𝑡1

0

∫ 𝒘𝑇𝒆d𝑡
𝑡1

0

 

= −∫ 𝒆𝑇 ∙ [(𝑨 − �̂�) ∙ �̂� − (𝑩 − �̂�) ∙ 𝒖]d𝑡 ≥ −𝑟2
𝑡1

0

 

(5-53) 

which can be divided into the following two parts: 
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{
 
 

 
 𝜂1(0, 𝑡1) = ∫ 𝒆𝑇 ∙ (�̂� − 𝑨) ∙ �̂�

𝑡1

0

d𝑡 = ∫ (𝑒1 ∙ 𝑖̇̂d + 𝑒2 ∙ 𝑖̇̂q) ∙ (�̂� − 𝑨)d𝑡
𝑡1

0

≥ −𝑟1
2

𝜂2(0, 𝑡1) = ∫ 𝒆𝑇 ∙ (�̂� − 𝑩) ∙ 𝒖d𝑡
𝑡1

0

= ∫ (𝑢d ∙ 𝑒1 + (𝑢q −𝛹PM ∙ 𝜔el) ∙ 𝑒2) ∙ (�̂� − 𝑩)d𝑡
𝑡1

0

≥ −𝑟2
2

 (5-54) 

A proportional-integral (PI) controller is sufficient to satisfy the Popov’s integral inequality [98] 

[99]. By implementation of the PI controller, the adaption laws for identification of the stator 

resistance and inductance based on Popov’s integral inequality are derived as follows: 

{
 
 

 
 𝑎 =

�̂�s

�̂�s
=
𝑅𝑠0
𝐿𝑠0

− 𝐾I1∫ (𝑒1 ∙ 𝑖̇̂d + 𝑒2 ∙ 𝑖̇̂q)d𝑡
𝑡

0

− 𝐾P1 ∙ (𝑒1 ∙ 𝑖̇̂d + 𝑒2 ∙ 𝑖̇̂q)

𝑏 =
1

�̂�s
=
1

𝐿𝑠0
+ 𝐾I2∫ (𝑢d ∙ 𝑒1 + (𝑢q − 𝜓PM ∙ 𝜔el) ∙ 𝑒2)d𝑡

𝑡

0

+ 𝐾P2(𝑢d ∙ 𝑒1 + (𝑢q −𝛹PM ∙ 𝜔el) ∙ 𝑒2)

 (5-55) 

 

where 𝐾I1, 𝐾I2 and 𝐾P1, 𝐾P2
23 are the integral and proportional gains, respectively, 𝑅s0 and 𝐿s0 

are the two initial values of stator inductance and stator resistance, respectively.  

 

5.2 Online Parameter Identification Results 

By applying online parameter identification, the stator resistance and inductance are obtained 

and compared for the cases without compensation, with dead time compensation and with the 

compensation for the whole inverter nonlinearity, in which algorithms RLS and MARC based 

on Popov stability criterion are applied, respectively. The results show that both methods are 

suitable for the on-line parameter identification and can be easily implemented in the hardware. 

Meanwhile, the identification results show the highest accuracy with inverter nonlinearity 

compensation for both identification algorithms, where the identified values have the biggest 

error in the case no compensation is implemented.  

5.2.1 Experimental Parameter Setting 

This part presents the experimental parameters setting as shown in detail in Table 5-1 for the 

online identification algorithms. 

Table 5-1: Experimental parameter setting for online parameter identification 

Symbol Description Value Unit 

𝑈DC DC-Link Voltage 180 V 

𝑇s Switching Period 100 μs 

𝑇d Dead time 2 μs 

                                                
23 Tuning of 𝐾I1, 𝐾I2 and 𝐾P1, 𝐾P2 is similar to the way of adjusting the control parameters for a PI controller. In 

the case, the proportional gains 𝐾P1, 𝐾P2 are set to be small values to avoid a high overshoot of the algorithm. 

Meanwhile, 𝐾I1, 𝐾I2 are chosen to reach their steady-state values quickly, by which a fast convengence can be 

guranteed. 
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Symbol Description Value Unit 

𝑛mec Mechanical Speed 300 min-1 

𝜔el Electrical Angular Speed 125.66 rad/s 

The voltage of the DC link is supplied by a DC power supply (EA-PS 5200-10 A), which is set to 

180 V. The switching frequency of the drive is chosen to be 10 kHz, a typical value adopted in 

industrial servo drive systems. 2 μs  dead time is applied according to the typically 

recommended value in the IPM datasheet. At low speeds, the voltage error caused by the 

inverter nonlinearity accounts for a relatively large proportion of the back-EMF, which results 

in a large deviation in the identification results. Therefore, the effectiveness of online parameter 

identification can only be proved when the accuracy of the identification can be guaranteed for 

low speeds. Because of this, the rotating speed of the machine is set to 300 min-1, which is only 

one-tenth of the rated speed. 

For the adaption law based on Lyapunov stability criterion, integral gain 𝐾I should be chosen. 

For the adaption law based on Popov stability criterion, the proportional gain 𝐾P needs to be 

selected additionally. In other words, the adaption law (5-48) based on the Lyapunov stability 

criterion (5-48) is a special case of the one based on the Popov stability criterion. Thus, Popov 

stability criterion is adopted in this work for achieving MRAC, where appropriate values for 𝐾P 

and 𝐾I  are selected for the adaption law (5-55) to meet the fast response and stability 

requirements. For the online parameter identification based on RLS, the forgetting factor 𝜇 was 

set to be 0.99, which can ensure the system robustness without decreasing the tracking ability. 

The identification errors Δ𝑅err and Δ𝐿err for the stator resistance and inductance are defined in 

percentage as follows: 

 Δ𝑅err = |
𝑅s − �̂�𝑠
𝑅s

| × 100% (5-56) 

 Δ𝐿err = |
𝐿s − �̂�𝑠
𝐿s

| × 100% (5-57) 

where 𝑅s  denotes the initial stator resistance given in 4.3, the value of which should be 

corrected to the machine temperature, 𝐿s is the initial stator inductance given in Table 7-3 of 

chapter 4.  

The identification procedure was conducted in the field-oriented control frame with 𝑖d,ref = 0 

(see Figure 5-5). The speed was set to be constant 300 min-1, where the load torque of the 

PMSM was set to be 1.7 Nm (𝑖q = 5 A) and 2.0 Nm (𝑖q = 6 A), respectively. Meanwhile, the 
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identified values without compensation, with dead time compensation and with nonlinearity 

compensation were recorded and compared.  

To prove the universal effectiveness and reliability of the proposed algorithms, a small 

resistance 𝑅series = 0.2 Ω was connected to each phase of the stator. And the identification was 

conducted once for the situation mentioned in the last paragraph. 

 

Figure 5-5: Block diagram of online parameter identification with compensation of inverter nonlinearity 

5.2.2 Compensation of the Inverter Nonlinearity 

For achieving high accuracy of the online parameter identification, the actual phase voltages 

should be precisely derived. In practice, the controller outputs and the DC bus voltage are used 

to reconstruct them. However, due to the voltage disturbance, the controller output voltages 

are different from the actual phase voltages of the machine. In view of this, compensation of 

the voltage error caused by the inverter nonlinearity should be taken into account for the 

proposed online parameter identification algorithms (RLS and MRAC) in section 5.1.  

This section deals with the influence of the inverter nonlinearity on the machine currents and 

voltages. As mentioned in section 4.1.2.1, the voltage sensors are integrated into the developed 

inverter for the drive system. Therefore, the effectiveness of the inverter nonlinearity can be 

evaluated by comparing the error between the reconstructed voltages that are the controller 
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outputs and measured actual machine voltages24. The nonlinear characteristic adopted in this 

work is based on the measured voltage disturbance of the inverter, which is introduced in 

section 4.1.2.2. Figure 5-6 shows the phase currents and line voltages as well as their THDs for 

the case of no compensation (first column), only with dead time compensation (second column) 

and with inverter nonlinearity compensation (third column), respectively. The THDs for the 

three scenarios are also shown in Figure 5-7. 

 The experimental results demonstrate the significance of the inverter nonlinearity 

compensation for achieving high accuracy of online parameter identification. 

It can be easily observed from the first column of Figure 5-6 that the current has obviously 

“Zero-Current-Clamping” effect. In addition, the actual measured voltage of the machine differs 

from its reference value with distinct voltage jumps at current zero-crossing points. Without 

any compensation, THDs of the phase current U and line voltage are 8.94% and 12.05%, 

respectively. Meanwhile, a large deviation between the estimated voltage from the controller 

outputs and the actual machine voltage can be observed. In this instance, the identified stator 

resistance and inductance greatly deviate from their actual values and the identification results 

are not trustable. 

In the second column of Figure 5-6, only the voltage error caused by the dead time is 

compensated, where the voltage drop across the switching devices is not considered. Compared 

to the case with no compensation, the clamping effect at zero-crossing points of the current is 

not obviously observed and the current is nearly sinusoidal. Concurrently, although the actual 

machine voltage still differs from its reference value derived from the controller outputs, 

however, the deviation between them has been greatly diminished. By applying dead time 

compensation, harmonics of phase current U and line voltage are greatly decreased. The THDs 

of the phase current and the line voltage, in this case, are reduced to 2.96% and 3.39%, 

respectively. Accordingly, it is foreseeable that the accuracy of the identified stator resistance 

and inductance will be greatly improved. 

In the third column of Figure 5-6, the voltage error caused by dead time, and the voltage drop 

across the semiconductors is compensated. Compared to the previous no compensation scenario, 

the current shows almost no “Zero-Current-Clamping”, which is a sinusoidal signal. In addition, 

the actual machine voltage is almost consistent with its reference value, except small glitches 

at the current zero-crossing point. Due to the inevitable error of the zero-crossing detection of 

                                                
24 These voltage that showed in Figure 5-6 are the reconstructed voltages after voltage sensing and filtering. The 

PWM voltages are measured by voltage sensors based on delta-sigma modulation and then filtered by a sinc3 

filter. 
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the current, these small glitches cannot be completely compensated. However, the effects of the 

glitches on the online parameter identification are negligible. By applying the compensation 

considering the whole inverter nonlinearity, harmonics of phase current U and line voltage are 

further decreased where the THDs are reduced to 2.78% and 3.94%, respectively. Accordingly, 

the experimental results have verified the rationality of the inverter nonlinear characteristic 

derived in section 4.1.2.2 and demonstrated the effectiveness of inverter nonlinearity 

compensation for improving the online parameter identification accuracy. In the next section, 

the effect of the inverter nonlinearity compensation on the accuracy of the online parameter 

identification is described in detail. The reduction of the THDs for the current and voltage is 

also described with bar diagrams which can be found in Figure 5-7. 

   

   

a1) 
1) Phase current 𝑖U 
2) Line voltage 𝑢UV 

3) Voltage error and compensation 
voltage 

b1) 
1) Phase current 𝑖U 
2) Line voltage 𝑢UV 

3) Voltage error and compensation 
voltage 

c1) 
1) Phase current 𝑖U 
2) Line voltage 𝑢UV 

3) Voltage error and compensation 
voltage 

   

a2) THD of U phase current 𝑖U 
Fundamental (20Hz) = 6.720 
A, THD = 8.94% 

b2) THD of U phase current 𝑖U 
Fundamental (20Hz) = 6.685 
A, THD = 2.96%  

c2) THD of U phase current 𝑖U 
Fundamental (20Hz) = 6.869 
A, THD = 2.78% 

Zero-crossing point Zero-crossing point Zero-crossing point 
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a3) THD of UV line voltage 𝑢UV 
Fundamental (20Hz) = 21.481 
V, THD = 12.05% 

b3) THD of UV line voltage 𝑢UV 
Fundamental (20Hz) = 21.451 
V, THD = 3.39% 

c3) THD of UV line voltage 𝑢UV 
Fundamental (20Hz) = 21.649 
V, THD = 2.94% 

Figure 5-6: current of phase U and line voltages between phase U and V with their THDs for the cases 

without compensation, with dead time compensation, and with inverter nonlinearity 

compensation 

 

Figure 5-7: THDs of the current of phase U and line voltage between phase U and V 

 

5.2.3 Identification Results with RLS 

Figure 5-8 shows the measured speed and currents (𝑖d , 𝑖q ) during the online parameter 

identification based on RLS, where the identified values �̂�s  and �̂�s  are depicted  

in Figure 5-9 a) and b) for the two cases without and with connecting 0.2 Ω series resistance, 

respectively. The blue line in Figure 5-9 represents the identified �̂�s and �̂�s while red dotted 

lines denote the allowable identification error (±10%). The experiment was carried out over a 

relatively short time to ensure the fact that the temperature of the stator resistance remained 

unchanged. The identified results without compensation are given from 0 s to 0.8 s, where 

2.78% 2.94% 3.39% 2.96% 

8.94% 12.05% 
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results with dead time compensation and inverter nonlinearity compensation are depicted from 

0.8 s to 1.6 s and from 1.6 s to 2.4 s, respectively. By applying compensation, it is observed that 

fluctuations of currents 𝑖d, 𝑖q have been decreased significantly in Figure 5-8, which improves 

the accuracy of the identification method.  

For the time duration from 0 s to 0.8 s, it can be observed that the identified values are far from 

the given value, and the precision of the identification method cannot be guaranteed. From 0.8s 

to 1.6 s, the results illustrate that the accuracy of the identification procedure has been 

improved by applying dead time compensation. From 1.6 s to 2.4 s, by applying nonlinearity 

compensation, the identification error of the stator resistance was reduced significantly and can 

meet the requirement |Δ𝑅err| < 10%. But the identified inductance is not within the maximal 

limits of the error (±10%). The reason for this phenomenon can be that the d- and q-axis are 

not symmetrical, although the adopted machine in this research work is an SPMSM. Therefore, 

there is a small difference between the inductances 𝐿d and 𝐿q and the assumption 𝐿d = 𝐿q = 𝐿s 

is not entirely consistent in the real situation. In addition, the identified �̂�𝑠 and �̂�𝑠 converged in 

a very short time (less than 0.15 s), which means a high dynamic of the applied online 

parameter identification algorithm based upon RLS.  

  

a1) Measured speed of the machine in min-1 for 

the case without connecting resistance 

b1) Measured speed of the machine in min-1 for 

the case with connecting 0.2 Ω resistance 
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a2) Measured 𝑖d  and 𝑖q  of the machine in A for 

the case without connecting resistance 

b2) Measured 𝑖d and 𝑖q  of the machine in A for 

the case with connecting 0.2 Ω resistance 

Figure 5-8: Measured speed and currents in d- and q-axis based on RLS 

 

 

  

a1) Identified stator resistance �̂�𝑠  in Ω for the 

case without connecting resistance 

b1) Identified value of stator resistance in Ω for 

the case with connecting 0.2 Ω resistance 

  

a2) Identified value of stator Inductance �̂�𝑠 in mH 

for the case without connecting resistance 

b2) Identified value of stator Inductance in mH for 

the case with connecting 0.2 Ω resistance 

Figure 5-9: Identified stator resistance and inductance based on RLS 
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According to the identification results in Figure 5-9, the identification errors Δ𝑅s  and Δ𝐿s 

derived from the average value for the steady-state condition are shown with bar diagrams in 

Figure 5-1025. It is obviously to see that identified error Δ𝑅s for stator resistance is significantly 

reduced when the inverter nonlinearity compensation is applied. The assumption 𝐿d = 𝐿q = 𝐿s  

could be not entirely consistent for the adopted SMPSM. Therefore, the identified error Δ𝐿s can 

not be decreased by compensation strategy.  

  

  

a) Load Torque 𝑇L=1.7 Nm b) Load Torque 𝑇L=2.0 Nm 

Figure 5-10: Identified resistance and inductance based on RLS with/without connecting 0.2 Ω series 

resistance  

 

5.2.4 Identification Results with MRAC 

This section is dedicated to the identification results based on MRAC. Figure 5-11 shows the 

measured speed and currents (𝑖d, 𝑖q) during the online parameter identification method based 

on MARC, where the identified results �̂�s and �̂�s can be seen in Figure 5-12 a) and b) for the 

two cases: with and without connecting 0.2 Ω series resistance. The blue line in Figure 5-12 

                                                
25 For identification errors in detail, please refer to the attached Table 7-5 and Table 7-6 in appendix 7.  

4.60% 1.25% 

1.08% 2.61% 
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represents the identified �̂�s and �̂�s while red dotted lines denote the allowable identification 

error (±10%). The identified results without compensation are shown in the time duration 

from 0 s to 0.8 s, where the results with dead time compensation and inverter nonlinearity 

compensation are depicted from 0.8 s to 1.6 s and from 1.6 s to 2.4 s, respectively. 

It can be observed that the identification results based on RLS and MRAC are coincident except 

the different overshoots of the identified �̂�s and �̂�s. The adaption law of MRAC behaves like a 

pure integration element because the proportional gain is set to be a small value. Accordingly, 

the identified values for MRAC converge to their steady-state value with small overshoot, while 

the overshoot for RLS is relatively large.  

  

a1) Measured speed of the machine in min-1 for 

the case without connecting resistance 

b1) Measured speed of the machine in min-1 for 

the case with connecting 0.2 Ω resistance 

  

a2) Measured 𝑖d  and 𝑖q  of the machine in A for 

the case without connecting resistance 

b2) Measured 𝑖d and 𝑖q  of the machine in A for 

the case with connecting 0.2 Ω resistance 

Figure 5-11: Measured speed and currents in d- and q-axis based on MRAC 
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a1) Measured speed of the machine in min-1 for 

the case without connecting resistance 

b1) Measured speed of the machine in min-1 for 

the case with connecting 0.2 Ω resistance 

  

a2) Identified value of stator Inductance �̂�𝑠 in mH 

for the case without connecting resistance 

b2) Identified value of stator Inductance in mH for 

the case with connecting 0.2 Ω resistance 

Figure 5-12: Identified stator resistance and inductance based on MRAC 

Based on the identification results in Figure 5-12, the identification errors Δ𝑅s and Δ𝐿s derived 

from the average value for the steady-state condition are drawn with bar diagrams in 

Figure 5-1326. It can be observed that identified error Δ𝑅s for stator resistance is significantly 

reduced when the inverter nonlinearity compensation is applied. The assumption 𝐿d = 𝐿q = 𝐿s  

could be not entirely consistent for the adopted SMPSM. Therefore, the identified error Δ𝐿s can 

not be decreased by compensation strategy.  

 

                                                
26 For identification errors in detail, please refer to the attached Table 7-7 and Table 7-8 in appendix 7.  
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a) Load Torque 𝑇L=1.7 Nm b) Load Torque 𝑇L=2.0 Nm 

Figure 5-13: Identified resistance and inductance based on MRAC with/without connecting 0.2 Ω series 

resistance  

 

 

5.3 Comparison of the Identification Algorithms 

Under the same conditions, the identification algorithms based on the proposed two methods 

RLS and MRAC show relatively similar results. The most significant difference between the two 

algorithms is that the overshoot of the transient process is lager for the method based on RLS 

than the one relied on MRAC. That means the algorithm based on RLS has a higher dynamic 

and better tracking ability. The adaption law of the implemented MRAC has a PI controller 

structure, where a small value of the proportional gain is chosen. As a result, the adaption law 

of MRAC behaviors such as an integral element and the identified stator resistance and 

inductance converge to their stabile values with low overshoot in the transient process.  In 

conclusion, RLS and MRAC are proved to be effective for online parameter identification. 

Meanwhile, the voltage error caused by the inverter nonlinearity has to been compensated to 

improve the accuracy of the identification procedures. 

3.35% 0.69% 

2.83% 1.93% 
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6 Conclusion and Outlook 

The purpose of the dissertation was to develop and implement suitable online parameter 

identification algorithms for a PMSM drive. Section 6.1 gives the conclusion of the thesis work. 

In section 6.2, outlooks and future works are proposed. 

 

6.1 Conclusion 

This thesis are aimed at the development of a suitable online parameter identification algorithm 

for a PMSM drive, which also takes the inverter nonlinearities into consideration.  

In the dissertation, the nonlinear mathematical model of PMSM in dq rotor reference frame is 

derived by representing the nonlinear effects due to magnetic saturation and cross-

magnetization with self and mutual inductances in the model equations. For temperature-

related issues of the PMSM, a simplified thermal model is given, where the theoretical 

temperature rise in the machine is obtained and is then verified by DC experimental 

measurement. Considering the large deviation and low accuracy of the machine parameters 

given in the datasheet, offline measurements were carried out for obtaining the initial/reference 

machine parameters, including the stator resistance, stator inductance and PM flux linkage, 

which is essential for the subsequent online parameter identification procedure. For the stator 

resistance measurement, windings of two phases of the machine were supplied with DC voltage, 

where the resistance values of each phase-winding are obtained, respectively. The average value 

of the measured phase resistance is taken as the reference stator resistance since the three-

phase SPMSM is assumed to be symmetrical. For the inductance measurement, the high-

frequency current signal injection method was applied. With this approach, the accuracy of the 

measurement can be significantly improved while the voltage dropped on the winding is mainly 

due to the inductance and the effect of the resistance can be ignored. With further calculation, 

the static inductance can be obtained for the SPMSM adopted in the dissertation. PM flux 

linkage of the machine is derived from the back-EMF in the no-load test. 

Followed by the offline parameter identification methods, voltage errors caused by inverter 

nonlinearity were analyzed. The reasons for inverter nonlinearities are mainly the dead time, 

the turn-on and turn-off time delays of the switching devices and the voltage drops of the power 

semiconductor devices. New ideas presented in this work relate to the consideration of the 

differences between 𝑡on  and 𝑡off  for the high side and low side IGBTs, which was proved by 

measurements. Another creative point in this work is that an approach based on the delta-sigma 

voltage sensor for direct voltage measurement was proposed. In this way, the derived inverter 
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nonlinearity measuring turn-on and turn-off time delays according to the analytical calculation can 

also be proved and verified by this approach. 

Afterward, online parameter identification algorithms based on RLS and MRAC are proposed and 

implemented. The steady-state machine equation is adopted for the identification method, where 

the inductance in the d and q axis is considered to be identical since an SPMSM is applied. By this 

approach, the stator resistance and stator inductance can be identified in real-time. Experimental 

results demonstrated the effectiveness of the two proposed algorithms. Meanwhile, the 

convergence time of the implemented algorithms can fully meet the real-time requirements for 

online parameter identification. After all, the high accuracy of the identified parameters can be 

guaranteed by the proposed approaches.  

In conclusion, by compensation of inverter nonlinearity, the developed online parameter 

identification methods are effective and applicable. The proposed methods were successfully 

implemented and verified by the experimental results. 

6.2 Outlook 

The main objective of the present work is the development of online parameter identification 

algorithms for a PMSM drive with inverter nonlinearity compensation. The topics can be further 

researched as follows: 

 The PM flux linkage is temperature-dependent. However, in this work, its value is 

assumed to be constant. It is interesting to extend the developed online identification 

algorithms with the identification of the flux linkage. 

 The experimental results show that the error of the identified inductance is larger than 

the stator resistance. The reason could be that there is a slight difference between the 

inductances in d- and q-axis, although the adopted machine is an SPMSM. Therefore, 

further studies should be taken into account for the machines with saliency. When the 

inductances in d- and q-axis can be identified simultaneously, the applicability and the 

accuracy of the identified inductances of the algorithms can be extended and improved, 

respectively. In this work, the developed online identification algorithms are limited to 

SPMSM. 

 Auto tuning of the controller parameters is not included in this dissertation. For further 

research, the parameters of the controller can be adjusted according to the online 

identified machine parameters. Moreover, analyzing the dynamic performance of the 

drive system with and without auto-tuning could be meaningful. 
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 The performance of the online identification algorithms in the field-weakening region 

should be studied for further steps. 

 Further studies on other identification methods such as Kalman Filter and artificial 

intelligence algorithms should be carried out. At present, these algorithms are not 

implemented for machine parameter identification due to their complexity. However, 

with the technology development and computing power improvement of the 

microcontroller for motion control, it is expected that those methods could be applied 

in real-time.  
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7 Appendix 

This section presents the hardware design for the PMSM drive as well as the schematics and 

printed circuit boards. 

 

7.1 Brief Introduction of the Inverter 

For the implementation of online parameter identification methods proposed in the work, an 

AC drive system based on the FPGA+DSP structure is adopted, where the DSP is used as the 

master controller and the FPGA acts as the slave one [101]. The FPGA undertakes the tasks of 

processing feedback signals, including currents, voltages, and position [102]. The DSP is only 

required to process the control algorithm. The designed hardware of the drive consists of two 

boards: the control board and the inverter board. As already mentioned, the control board 

includes a DSP+FPGA structure. The DSP selected is the floating-point DSP F28M35H52C of 

Texas Instruments, where the FPGA is a Spartan 6 FPGA from Xilinx. The developed hardware 

of the drive is shown in Figure 7-1: 

Controller Board

Power Board

FPGA-Chip
Responsible for measurement of phase
voltages, DC link voltage, phase currents
and position of the rotor

DSP-Chip
Responsible for control algorithm (FOC)
operation and PWM signals generation

AC/DC Rectifier
In our experiment the DC link is supplied 
with a DC voltage

Intelligent power module (IPM)
IPM is on the bottom layer. On the top 
layer, Photo couplers and the related 
peripheral circuit can be found.

Voltage and current sensors 
Using converter to measure the

phase voltages, the DC link voltage and
phase currents. Current measurement
circuit is on the bottom layer

 

Figure 7-1: The hardware of the PMSM drive system (control board and power board) 
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7.2 Printed Circuit Boards and Schematics 

In this section, the schematics and printed circuit boards (PCBs) of the control and power boards 

for the PMSM drive system are shown, which are designed based on the software Altium 

Designer. 

 

7.3 3D View of PCBs 

The 3D PCB layout for the control and power board is presented as follows: 

 

Figure 7-2: PCB layout of the control board in 3D 
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Figure 7-3: PCB layout of the control board in 3D 
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7.4 PCBs of the Power and Control Board 

This part presents the PCB layout of the power and control boards. The following part shows 

the top layer, internal ground plane, internal power plane, and the bottom layer of the PCB 

power board. 
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The following part shows the top layer, internal ground plane, internal power plane, and the 

bottom layer of the PCB control board. 
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7.5 Schematics of the Power and Control Board 

The following part shows the schematics of the power board. 
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The following part shows the schematics of the control board. 
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7.6 Test Bench and Measurement Results 

In this section, photos and related 3D views of the test bench for the drive system are presented. 

In addition, the measurement results conducted by the test bench are also demonstrated. 

 

Figure 7-12: Testbench of the drive system (DC Machine and PMSM) 

 

Figure 7-13: 3D model of the testbench 

 

 

 

 

DC Machine PMSM 
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Figure 7-14: 3D dimension of the whole experimental platform 
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Table 7-1: Measurement results of the flux linkage of the permanent magnets 

𝑛ref 
(min−1) 

𝑛mec 
(min−1) 

𝜔el (rad/s) 𝑈UV,RMS (V) 𝑈UW,RMS (V) 𝑈VW,RMS (V) 𝛹PM (Vs) 

100 103 43.2 2.9 2.9 2.9 0.0547 

200 202 84.6 5.8 5.8 5.8 0.0560 

300 304 127.2 8.8 8.8 8.8 0.0566 

400 400 167.6 11.7 11.8 11.8 0.0573 

500 501 210.3 11.5 14.7 14.4 0.0526 

600 600 251.3 17.5 17.6 17.4 0.0569 

700 701 293.8 20.4 20.6 20.5 0.0569 

800 801 335.48 23.3 23.5 23.4 0.0570 

900 900 377.0 26.2 26.4 26.4 0.0570 

1000 1003 420.4 29.2 29.4 29.4 0.0569 

1100 1100 461.0 32.0 32.3 32.2 0.0570 

1200 1200 502.9 34.9 35.2 35.1 0.0569 

1300 1300 544.9 37.7 38.2 38.0 0.0569 

1400 1401 586.7 40.7 41.1 41.0 0.0569 

1500 1501 629.1 43.6 44.02 43.8 0.0568 

1600 1600 670.3 46.3 47.0 46.7 0.0569 

1700 1699 711.9 49.3 49.9 49.6 0.0569 

1800 1800 754.4 52.2 52.8 52.6 0.0569 

1900 1900 796.1 55.1 55.7 55.5 0.0568 

2000 2000 838.1 58.0 58.7 58.4 0.0569 

2100 2100 879.6 60.9 61.6 61.4 0.0569 

2200 2200 921.5 63.8 64.4 64.2 0.0568 

2300 2301 963.9 66.8 67.4 67.2 0.0569 

2400 2403 1006.9 69.7 70.5 70.2 0.0569 

2500 2502 1048.2 72.5 73.4 73.0 0.0568 

2600 2601 1089.8 75.4 76.3 75.9 0.0568 

2700 2704 1132.7 78.3 79.2 78.8 0.0568 

2800 2801 1173.5 81.2 82.0 81.7 0.0568 

2900 2903 1216.1 84.0 85.0 84.6 0.0568 

3000 3001 1257.3 86.8 87.7 87.4 0.0567 
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Figure 7-15: Permanent magnet flux linkage at different rotating speeds of the PMSM 

 

Table 7-2: Thermal test results 

 DC thermal test AC thermal test 

Current ratio 

𝐼 𝐼N⁄  
𝑇a (°C) 𝑇m (°C) 𝑇a (°C) 𝑇m (°C) 

0.1 30.8 31.4 − − 

0.2 32.3 34.0 37.7 36.9 

0.3 34.7 36.7 40.1 38.2 

0.4 38.1 41.4 43.5 40.7 

0.5 42.5 47.0 47.8 44.1 

0.6 47.9 53.4 53.2 47.9 

0.7 54.4 60.0 59.7 53.4 

0.8 62.0 69.9 67.2 59.4 

0.9 70.8 79 75.9 65.5 

1 80.6 89.6 85.6 75.3 
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Table 7-3: Identified inductances based on HF current signal injection using voltage sensing 

𝑖q (A) 𝐿d,m (mH) 𝐿q,m (mH) 

0.0 2.65 2.49 

0.7 2.63 2.46 

1.4 2.65 2.47 

2.1 2.65 2.48 

2.8 2.67 2.50 

3.5 2.68 2.51 

4.2 2.70 2.53 

4.9 2.70 2.54 

5.6 2.68 2.55 

6.3 2.68 2.56 

7.0 2.62 2.56 

Average 2.66 2.51 

𝐿s (mH) 2.56 

 
Table 7-4: Turn-on and turn-off delays of the switching device 

Positive Current (High Side) Negative Current (Low Side) 

Current (A) 𝑡on(H) (μs) 𝑡off(H) (μs) Current (A) 𝑡on(L) (μs) 𝑡off(L) (μs) 

0.000 1.00 - 0.000 1.75 - 

0.213 0.99 2.08 -0.213 1.75 1.98 

0.277 1.00 1.90 -0.277 1.76 1.95 

0.361 0.99 1.75 -0.361 1.77 1.80 

0.469 0.99 1.60 -0.469 1.77 1.60 

0.609 0.99 1.48 -0.609 1.77 1.50 

0.792 0.99 1.37 -0.792 1.78 1.30 

1.030 0.99 1.31 -1.030 1.78 1.20 

1.339 1.00 1.29 -1.339 1.78 1.09 

1.741 1.00 1.27 -1.741 1.78 1.00 

2.263 1.00 1.25 -2.263 1.79 0.93 

2.942 1.01 1.23 -2.94 1.79 0.90 

3.824 1.01 1.20 -3.82 1.79 0.87 

4.971 1.02 1.19 -4.971 1.81 0.82 

6.463 1.04 1.17 -6.463 1.85 0.80 

7.212 1.03 1.15 -7.212 1.88 0.80 
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Table 7-5: Identified resistance and inductance based on RLS without connecting 0.2 Ω series 

resistance  

Conditions Load Torque 𝑇L �̂�s (Ω) Δ𝑅err �̂�s (mH) Δ𝐿err 

Without compensation 

1.7 Nm 1.970 190.84% 6.444 160.91% 

2.0 Nm 1.580 133.24% 2.103 14.85% 

With dead time 

compensation 

1.7 Nm 1.099 62.23% 2.789 12.90% 

2.0 Nm 1.055 55.77% 3.046 23.29% 

With inverter nonlinearity 

compensation 

1.7 Nm 0.709 4.60% 3.261 32.00% 

2.0 Nm 0.669 1.25% 3.055 23.70% 

 

Table 7-6: Identified resistance and inductance based on RLS with connecting 0.2 Ω series resistance  

Conditions Load Torque 𝑇L �̂�s+𝑅series (0.2 Ω) Δ𝑅err �̂�s (mH) Δ𝐿err 

Without compensation 

1.7 Nm 1.960 121.49% 1.522 38.37% 

2.0 Nm 1.763 99.28% 2.047 17.11% 

With dead time 

compensation 

1.7 Nm 1.339 51.22% 2.981 20.67% 

2.0 Nm 1.250 41.12% 2.770 12.16% 

With inverter nonlinearity 

compensation 

1.7 Nm 0.895 1.08% 3.019 22.23% 

2.0 Nm 0.908 2.61% 3.182 28.81% 

 
Table 7-7: Identified resistance and inductance based on MRAC without connecting 0.2 Ω series 

resistance  

Conditions Load Torque 𝑇L �̂�s (Ω) Δ𝑅err �̂�s (mH) Δ𝐿err 

Without compensation 
1.7 Nm 2.036 200.52% 3.937 59.41% 

2.0 Nm 1.812 167.57% 3.741 51.47% 

With dead time 

compensation 

1.7 Nm 1.122 65.60% 2.927 18.49% 

2.0 Nm 1.048 54.73% 2.940 19.01% 

With inverter nonlinearity 

compensation 

1.7 Nm 0.700 3.35% 3.182 28.81% 

2.0 Nm 0.682 0.69% 3.134 26.87% 
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Table 7-8: Identified resistance and inductance based on RLS with connecting 0.2 Ω series resistance  

Conditions Load Torque 𝑇L �̂�s+𝑅series (0.2 Ω) Δ𝑅err �̂�s (mH) Δ𝐿err 

Without compensation 

1.7 Nm 2.291 158.80% 3.823 54.77%) 

2.0 Nm 1.976 123.20% 3.577 44.81% 

With dead time 

compensation 

1.7 Nm 1.329 50.10% 2.858 15.71% 

2.0 Nm 1.268 43.27% 2.884 16.76% 

With inverter nonlinearity 

compensation 

1.7 Nm 0.910 2.83% 3.123 26.44% 

2.0 Nm 0.902 1.93% 3.114 26.07% 
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